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FOREWORD 

The XIII International Conference on Cyclotrons and Their Applications was held at the 
Hotel Vancouver in Vancouver, British Columbia, from July 6-10, 1992. This was the 20th 
anniversary of the Sixth Conference, held in Vancouver in July 1972, and TRIUMF was 
honoured to have been chosen to host the conference a second time. The purpose of this 
conference series is to provide a forum for communication between all scientists and 
engineers involved with cyclotrons -- designers, builders and users. The organizers have 
therefore been delighted with the very supportive response from the community: both the 
attendance (241) and the number of papers submitted (181) have broken the records for 
previous conferences held in North America. We were especially pleased to see so many 
delegates from eastern European and Asian countries. The number of industrial exhibitors 
(26) was also a very gratifying record. 

These statistics indicate the continuing vitality of the field. Although the construction of 
large cyclotrons for nuclear and particle physics seems to be reaching the point of saturation, 
the demand for smaller cyclotrons for other applications, particularly radioisotope 
production, seems to be unquenchable. Moreover, the intense beams from cyclotrons have 
made possible the conception and construction of much more exotic post-accelerator 
projects -- pion and kaon factories, cooling rings and, most recently, radioactive ion 
accelerators. For cyclotrons themselves, the application of superconducting magnets and rf 
systems continues to provide a fruitful source of novel designs. The last word on cyclotron 
design seems very far from being spoken! 

The conference itself consisted of 15 oral sessions, with 24 invited and 36 contributed 
papers, and three poster sessions, with 130 papers. For the purposes of the proceedings we 
have arranged all the papers in sections according to the topics of the oral sessions, so that 
oral and poster papers on the same topic appear together. The remarks of welcome by 
Professor E.W. Vogt, Director of TRIUMF, and those of the Conference Chairman 
following the conference dinner are also included. 

The organizers are happy to acknowledge the official sponsorship of the conference by the 
International Union of Pure and Applied Physics, the Canadian Association of Physicists, 
and the American Physical Society, through its Division of Physics of Beams. They are also 
very grateful for financial sponsorship by the Natural Sciences and Engineering Research 
Council of Canada (speakers' travel expenses), by AECL Research (a major contribution 
to the conference dinner), and by TRIUMF (additional travel funds). The Welcome 
Reception was generously sponsored by Nordion, Inc., summer support for a student 
assistant was provided by Ebco, Inc., and individual coffee breaks were sponsored by 
Alphatech International and Group 3, Inverpower Controls, and Varian Canada. 

The initial planning for the conference was helped enormously by advice from members of 
the International Organizing Committee. Here there was a big turnover in membership 
from the previous conference and this is perhaps a suitable place to acknowledge the 
cyclotron community'S debt to those who stepped down in 1989 for their many years of 
service; B.W. Allardyce (CERN), A.H. Botha (NAC), Y.N. Denisov (JINR), J. Ferme 
(GANIL), H.L. Hagedoorn (TUE), EJ. Jones (Harwell), Y. Jongen (UCL), J.M. Loiseaux 
(Grenoble), M.L. Mallory (MSU), J.A. Martin (ORNL), J.H. Ormrod (AECL) , c. Yang 
(IMP) and K. Ziegler (VICKSI). John Martin, in particular, has served the committee and 
community faithfully since the very first conference held at Sea Island in 1959. The new 
members have been M. Fruneau (Grenoble), S. Gales (Orsay), H. Homeyer (VICKSI), A. 
Joubert (GANIL), R. Maier (JUlich), N.K. Mukhopadhyay (Calcutta), R. Ts. Oganessian 
(LNR, Dubna), D.K. Olsen (ORNL), D. Reitmann (NAC), G.H. Ryckewaert (UCL), H. 



Schmeing (AECL), U. Trinks (Munchen), B-W. Wei (IMP) and, temporarily, J.A. Nolen 
(MSU). Another batch of members have announced their intention of retiring following this 
meeting, and again we salute them for their many years of service: H. Blosser (MSU), V.P. 
Dmitrievsky (LNP, Dubna), W. Joho (PSI), H. Kamitsubo (RIKEN) and D.H. Youngblood 
(Texas A&M). 

The detailed organization of the scientific program was of course the responsibility of the 
Program Committee, and here we are indebted to our colleagues David Clark, Werner Joho, 
George Mackenzie, Reg Richardson and Harvey Schneider for their hard work over the last 
year, both inside and outside committee meetings. For the smooth running of the program 
we are grateful to the session chairmen, who ran what must have been one of the most 
punctual conferences ever. But our most profound thanks must go to the 663 authors, 
without whom there would have been no papers and no conference. 

For the smooth operation of all other aspects of the conference, we are indebted to the 
dedicated efforts of the Local Committee members and their helpers. The secretariat, 
responsible for registration, was led initially by Maureen Iqbal and subsequently by Pat 
Stewart, with the help of Deanna Warner. The pressure in this job may be gauged from the 
fact that Maureen apparently decided that it would be less trouble to look after a new baby! 
Peter Grant created and nurtured the all-encompassing data base, while George Ludgate 
has had the dual responsibilities of budget and printing. Special credit must go to David 
Ross for design of the conference logo. Lorraine King has handled all the abstracts and 
papers and been responsible for the production of the proceedings. Bob Laxdal has looked 
after the Data Sheets, providing new ones for storage rings and trying to make the cyclotron 
list as up to date as possible. Harvey Schneider was responsible for all equipment and 
arrangements at the hotel, including the computer terminal room, and also for arranging the 
poster sessions and for coordinating the post-conference tour to Seattle. Milos Zach 
organized the very successful industrial exhibition, which ran from July 6-8. 

The all-important social events -- the welcome reception on Sunday, the tour of TRIUMF 
and salmon barbecue at the UBC Museum of Anthropology on Monday, the excursions on 
Wednesday afternoon and the conference dinner on Thursday -- were coordinated very 
effectively by Elly Driessen. The TRIUMF tour was organized by Paul Schmor with the 
help of numerous staff members. Special mention should perhaps be made of the intrepid 
leaders of the Wednesday afternoon excursions -- Klaus Reiniger who led a 250 km tour of 
coast and mountain scenery, George Mackenzie whose group were obliged to break into a 
19th century fort in order to see it after closing hours, and Jack Carey who monitored the 
smooth operation of the bar during the boat cruise. No less than 31 participants reached 
the top of Hollyburn mountain, with the women's gold medal going to Helena Lindquist and 
the men's to George Hendry. Finally, our particular thanks must go to our own secretaries, 
Maureen White and Lynn DeCaire, for their outstanding efforts in handling multifarious 
matters over many months. 

The International Organizing Committee met in Vancouver during the conference to 
consider the traditional questions of whether the conference series should be continued, and 
if so, where the next conference should be held. The first question was answered with a 
rapid and resounding yes. The second took longer to decide, because of considerable 
competition, but a clear majority emerged in favour of accepting the long-standing invitation 
from the National Accelerator Centre at Faure in South Africa. We therefore look forward 
to the 1995 conference being held in Cape Town, probably in April, under the chairmanship 
of Dr. D. Reitmann. 

M.K. Craddock, Conference Chairman 
G. Dutto, Program Chairman 



CONFERENCE COMMITTEES 

International Organizing Committee 

E. Acerbi (Univ. Milan) 
H. Blosser (NSCL, East Lansing) 
D. J. Clark (LBL, Berkeley) 
M. K. Craddock (UBC/TRIUMF, Chairman) 
V. P. Dmitrievsky (LNP, Dubna) 
M. Fruneau (ISN, Grenoble) 
S. Gales (lPN, Orsay) 
Y. Hirao (NIRS, Chiba) 
S. Holm (Univ. Uppsala) 
H. Homeyer (VICKS I, Berlin) 
W. Joho (PSI, Villigen) 
A. Joubert (GANIL, Caen) 
H. Kamitsubo (RIKEN, Saitama) 
M. Kondo (RCNP, Osaka) 
N. N. Krasnov (IPE, Obninsk) 

E. Liukkonen (Univ. Jyvasklya) 
R. Maier (KFA, Julich) 
N. K. Mukhopadhyay (VEC, Calcutta) 
R. Ts. Oganessian (LNR, Dubna) 
D. K. Olsen (ORNL, Oak Ridge) 
R. E. Pollock (IUCF, Bloomington) 
D. Reitmann (NAC, Faure) 
J. R. Richardson (UCLA/TRIUMF) 
G. H. Ryckewaert (CRC, Louvain-la-Neuve) 
H. Schmeing (AECL, Chalk River) 
H. W. Schreuder (KVI, Groningen) 
H. Schweickert (KFK, Karlsruhe) 
U. Trinks (Tech. Univ. Miinchen) 
B.-W. Wei (IMP, Lanzhou) 
D. H. Youngblood (Texas A&M) 

Program Committee 

G. Dutto (Chairman) 
D. J. Clark 
M. K. Craddock 
W. Joho 

M. K. Craddock (Chairman) 
G. Dutto (Scientific Program) 
E. Driessen (Social Events) 
P. Grant (Database) 
M. Iqbal (Secretariat) 
L. King (Proceedings) 
R. Laxdal (Data Sheets) 

G. H. Mackenzie 
J. R. Richardson 
H. Schneider 

Local Organizing Committee 

G. A. Ludgate (Budget & Printing) 
H. Schneider (Equipment) 
P. Stewart (Secretariat) 
D. Warner (Secretariat) 
M. White (Secretary) 
M. Zach (Exhibits) 



INDUSTRIAL EXHIBITORS 

ALPHATECH INTERNATIONAL INC. 
BALZERS 
CERAMASEAL 
CTS OF CANADA LTD 
DYNAPOWER CORP. 
DYNAPRO SYSTEMS INC 
EBCO TECHNOLOGIES INC 
EDWARDS HIGH VACUUM 
EEV LTD 
GMW /DANFYSIK 
GROUP 3 TECHNOLOGY LTD 
HEWLETT PACKARD (CANADA) LTD 
ION BEAM APPLICATIONS SA 
INVERPOWER CONTROLS LTD 
LEYBOLD INC 
MDC VACUUM PRODUCTS CORP 
MKS INSTRUMENTS CANADA LTD 
NORDION INTERNATIONAL INC 
NTG NEUE TECHNOLOGIEN GMBH & CO KG 
PERKIN ELMER 
PRINCETON SCIENTIFIC CORP 
RICHARDSON ELECTRONICS LTD 
SWAGELOK CANADA LTD 
TEKTRONIX CANADA INC 
VARIAN CANADA INC 
VAT INCORPORATED 
VISTA CONTROL SYSTEMS INC 

INDUSTRIAL SPONSORS 

NORDION INTERNATIONAL INC 
EBCO TECHNOLOGIES INC 
ALPHATECH INTERNATIONAL INC 
GROUP 3 TECHNOLOGY LTD 
INVERPOWER CONTROLS INC 
VARIAN CANADA INC 



WELCOMING REMARKS 

ERICH W. VOGT 
Director of TRlUMF 

It is my privilege and honour to welcome the return of this cyclotron conference to 
Vancouver. When you last convened here, twenty years ago, we were in the midst of 
building the world's largest and most complex cyclotron- the TRIUMF H- spiral-ridge 520 
Me V machine. As you will find on this visit, that cyclotron experienced a timely and healthy 
delivery, and its science program was nurtured by the stimulating climate of ideas associated 
with the standard model of quarks and leptons and unified forces. It has now led to the 
much-anticipated KAON factory. 

You will also find a warm welcome to Vancouver, a city sprung magically in a drought
stricken rainforest. For conferences such as this one Vancouver has acted as an accretion
disk: some participants who come here never board their planes to return home. Anyone 
here wishing to explore such possibilities is urged to contact the genial Head of our 
Cyclotron Division, Gerardo Dutto. 

We now have a sixty-two year history for cyclotrons, which were some of the first 
accelerators and continue to be among the most proliferative. It is fitting that you are 
meeting here in Reg Richardson's home town. Although he was not born in Vancouver he 
moved here at a very early age and his most magnificent work is connected with this city. 
Richardson's long scientific career has spanned the entire cyclotron era. He contributed 
greatly to Lawrence's early cyclotrons. He developed seminal ideas for accelerators which 
earned him the Wilson prize last year. Thirty years ago he conceived - at his summer 
estate on nearby Galiano Island - the ideas which led to the TRIUMF cyclotron. He 
headed TRIUMF during the crucial years in which our cyclotron was commissioned. 
Subsequently, and to this day, Richardson has contributed greatly to the accelerator ideas 
pertaining to our KAON factory and he has also proudly watched TRIUMF spawn a whole 
generation of small cyclotrons for isotope production. With this meeting we continue to 
honour Richardson's leadership in all matters pertaining to cyclotrons. 

Vancouver has become a crossroads in the world of accelerators. This may seem unusual 
because, until rather recently, this was regarded as one of the remotest areas of the globe. 
Just over a century ago not a single European lived here. Exactly two centuries ago (June 
6, 1792) Captains Galiano (for Spain) and Vancouver (for Britain), had first contact with 
our first peoples and they accidentally met, near the present site of TRIUMF. The state of 
European politics was such that British interests prevailed and this became British 
Columbia. 



The first peoples whom Galiano and Vancouver encountered on Canada's west coast had 
a magnificent culture. According to the French anthropologist, Levi-Strauss, the art and 
mythology of our Haida and Kwakuitl Indians was the richest - next to the Greeks - that 
our world has produced. I urge you to experience some of this richness at the Anthropology 
Museum of the University of British Columbia when you visit it this evening. 

With the large jets Vancouver is no longer remote. We regard this now as the hub of the 
world of accelerators, roughly equidistant (8-9 hours) from CERN, KEK and Waxahachie. 

KAON will make Vancouver an exciting hub. We are ready to proceed toward construction 
and we know that the whole world of particle and nuclear physics is waiting for Canada to 
proceed. The final decision for KAON and the start to construction now only appear a few 
months away. The Governments of British Columbia and Canada have expressed their firm 
intent to provide two-thirds of KAON's construction costs (total $708M Cdn.). Everything 
now hinges on reconfirming that Canada's international partners will provide the remaining 
third of construction funds. Half of this international support is expected from the U.S., a 
quarter from Japan and the remaining quarter from a number of countries. Just ten days 
ago the federal government announced here that the Canadian delegation to secure this 
international funding will be headed by Stanley Hagen- a former British Columbia cabinet 
minister who is an exceptionally strong and visionary KAON supporter. KAON construction 
could be completed in six years. This project will make Vancouver the world centre for 
strong interaction physics and will maintain our great interest in cyclotrons. You will all 
want to return here, hopefully in less than 20 years time. 

May your scientific sessions prosper. 

August 31, 1992 
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LISTS OF CYCLOTRONS AND COOLER-BOOSTER RINGS
For these proceedings, we have attempted to make the listings more comprehensive by including,
with the assistance of their manufacturers and users, many small cyclotrons which had previously
been overlooked. To avoid repetition and keep the listings to a manageable length, data sheets
from commercial cyclotron users and manufacturers have been restricted to one column. For
convenience, the listings have been divided into five sections, as follows:

• Cyclotrons - Individual Designs:  - Entries C1-C74

• Commercial Cyclotrons - Manufacturers:  - Entries CM1-CM29

• Commercial Cyclotrons - Users:  - Entries CU1-CU124

• Synchrocyclotrons:  - Entries FM1-FM7

• Cyclotron Cooler-Booster Rings:  - Entries CB1-CB4

The last category is a new one which we hope will prove useful.  If there are any errors or
omissions in the listings, please send corrections to the undersigned.

R.E. Laxdal, TRIUMF

abbrev.: h.i. - heavy ion notations: * no data sheet received, Berlin 1989 data used
 s/c - superconducting  ** some new data added to Berlin 1989 entry
   • cyclotron exists but no data available

 

Click on the Entry # below to view the particular data sheet

Cyclotrons - Individual Designs

Entry
#

Location Description Name First Beam

 BELGIUM     
C1 Louvain-la-Neuve

 
95 MeV p,…,h.i., K=115 4 sect CYCLONE 1972

      
 CANADA     
C2 Chalk River (AECL) h.i., K=520 4 sect, s/c TASCC 1985
C3* Winnipeg (U. of Man.) 50 MeV p,... 4 sect Spiral Ridge 1965
C4 Vancouver (TRIUMF) 520 MeV H- 6 sect TRIUMF 1974
      
 CHILE     
C5* Santiago (U. de Chile) 10 MeV p,… 3 sect from U.C. Davis 1967
      
 CHINA, PEOPLE’S REPUBLIC OF    
C6* Beijing (IAE) 15 MeV p,… —  1958
C7 Lanzhou (IMP) h.i., K=69 3 sect HIRFL Inj.  -
C8 Lanzhou (IMP) h.i., K=450 4 sect HIRFL Cyc. 1988
C9 Shanghai (INR) 30 MeV p,… 3 sect INRC 1983
      
      
 CZECHOSLOVAKIA     
C10 Rez (NPI) 37 MeV p,… 4 sect U-120M 1977
      
 FINLAND     
C11 Jyväskylä (U. of) 70 MeV p,…,h.i., K=130 3 sect K130 1992
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 FRANCE     
C12 Caen (GANIL) h.i., K=28 3 sect C01 and C02 1982
C13 Caen (GANIL) h.i., K=380 4 sect SSC1 and SSC2 1982
C14 Grenoble (ISN) h.i., K=90 4 sect SARA inj. 1968
C15 Grenoble (ISN) h.i., K=160 4 sect SARA 1981
C16 Nice (CAL) 65 MeV p 4 sect MEDICYC 1990
C17 Orleans (CNRS-CERI) 36 MeV p,… 4 sect OIC 1974
C18* Orsay (IPN) h.i., K=75 3 sect ALICE 1965
      
 GERMANY     
C19 Berlin (HMI) 50 MeV p,…,h.i., K=130 4 sect VICKSI 1977
C20 Bonn (U. of Bonn) h.i., K=60 3 sect BIC 1968
C21 Jülich (KFA) 22 MeV p,…,h.i., K=180 3 sect JULIC 1968/1969
C22 Karlsruhe (KFK) 26 MeV/u d,… 3 sect KIZ 1962/1964
C23* Munich (Tech. U.) 22 MeV p,… 4 sect AEG Comp. Cyc. 1973
C24• Munich (Tech. U.) 43.5 MeV p,…,h.i. s/c TRITRON (—)
C25* Rossendorf (ZIKFR) 14 MeV d,… — U-120 1958
      
 INDIA     
C26 Chandigarh (Panjab U.) 7 MeV p,… — CVEC 1971
C27 Calcutta (VECC) 30 MeV p,… 3 sect VEC 1977/78
      
 ITALY     
C28 Catania (INFN) h.i., K=800 3 sect, s/c LNS-SCC (1993)
      
 JAPAN     
C29 Osaka (RCNP) 85 MeV p,…, K=140 3 sect AVF Cyc. 1974
C30 Osaka (RCNP) 400 MeV p,…, K=400 6 sect Ring Cyc. 1991
C31 Saitama (RIKEN) 10 MeV p,…,h.i., K=70 4 sect 715 Cyc. 1989
C32 Saitama (RIKEN) 210 MeV p,…,h.i., K=540 4 sect Ring Cyc. 1986
C33 Takasaki (JAERI) 90 MeV p,…,h.i., K=110 4 sect AVF Cyc. 1991
C34 Tokyo (INS) 45 MeV p,…,h.i., K=68 3 sect INS-SFC 1974
      
 KAZAKHSTAN     
C35* Alma Ata (INP) 30 MeV p,… 3 sect KVEIC 1971
      
 NETHERLANDS     
C36 Amsterdam (Vrije U.) 28 MeV p,… 3 sect V.U.AVF (Philips) 1965
C37 Eindhoven (U. of Tech.) 3 MeV p 4 sect ILEC 1989
C38 Eindhoven (U. of Tech.) 29.5 MeV p,… 3 sect AVF Cyc. (Philips) 1963
C39* Groningen (KVI) 200 MeV,…,h.i., K=600 3 sect, s/c AGOR (1993)
      
 POLAND     
C40* Krakow (INP) 60 MeV p,... 4 sect AIC-144 1987
C41* Otwock-Swierk (Soltan I.) 30 MeV H– 4 sect C-30 1989
C42 Warsaw (Warsaw U., HIL) h.i., K=180 4 sect U-200P (1992)
      
 RUSSIA     
C43** Dubna (JINR,LNR) h.i., K=145 4 sect U-200 1968
C44** Dubna (JINR,LNR) h.i., K=540 4 sect U-400M 1989
C45** Dubna (JINR,LNR) h.i., K=625 4 sect U-400 1978
C46** Dubna (JINR,LNR) 13 MeV 12C2+ 4 sect CI-100 1985
C47 Gatchina (PNPI) 80 MeV H– 4 sect  (—)
C48 Moscow (KIAE) 30 MeV p,… 3 sect KIAEC 1976
      
 SOUTH AFRICA     
C49 Faure (NAC) 8 MeV p,… 4 sect Inj. Cyc. I 1983
C50 Faure (NAC) 8 MeV p,…,h.i., K=11 4 sect Inj. Cyc. II (1993)
C51 Faure (NAC) 220 MeV p,…,h.i., K=220 4 sect SSC 1985
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 SWEDEN     
C52 Uppsala (Svedberg Lab) h.i., K=200 3 sect conv. s-cyc 1951/86/87
      
 SWITZERLAND     
C53 Villigen (PSI) 72 MeV p,… 4 sect Inj. I (Phillips) 1974
C54 Villigen (PSI) 72 MeV p 4 sect Inj. II 1984
C55 Villigen (PSI) 590 MeV p 8 sect Ring Cyc. 1974
      
 UKRAINE     
C56 Kiev (INR-UAS) 78 MeV p,… 3 sect U-240 1976
      
 UNITED KINGDOM     
C57** Birmingham (U. of) 7 MeV p,… 3 sect Radial Ridge 1963
C58** Birmingham (U. of) p,… — Nuffield 60-inch 1948
      
 UNITED STATES     
C59** Argonne (ANL) 21 MeV d,… — 60-inch 1952
C60 Berkeley (LBL) h.i., K=160 3 sect 88-inch 1961/62
C61• Bloomington (IUCF) 15 MeV p,… 4 sect Inj. Cyc. 1972
C62 Bloomington (IUCF) 205 MeV p,… 4 sect IUC 1975
C63* Cleveland (LRC) 50 MeV p,… 3 sect  1972
C64 College Stat. (Texas A&M) h.i., K=520 3 sect, s/c K500 1988
C65 Davis (U. of Cal.) 68 MeV p,… 3 sect Davis 76-inch 1966
C66 Detroit (Harper Hosp.) 50 MeV d 3 sect, s/c K100 1988
C67 East Lansing (NSCL-MSU) h.i., K=500 3 sect, s/c K500 1982
C68 East Lansing (NSCL-MSU) h.i., K=1200 3 sect, s/c K1200 1988
C69 Oak Ridge (ORNL) h.i., K=100 3 sect ORIC 1963
C70* Princeton (U.) 50 MeV p 3 sect P. AVF Cyc. 1968
C71* St. Louis (Wash. U.) 30 MeV a,… 3 sect WUSFC 1965
C72 Upton (BNL) 34 MeV p,… 3 sect 60-inch 1968
C73* Washington DC (NRL) 70 MeV p,… 3 sect NRLC 1967/68
      
 UZBEKISTAN     
C74 Tashkent (INP) 20 MeV p,… 4 sect JINR U-115T (—)

 

 

 

Commercial Cyclotrons – Manufacturers

Entry # Model Description # sold/oper.
ION BEAM APPLICATIONS (IBA) — Louvain-la-Neuve, Belgium   
CM1 CYCLONE 3 1.9 MeV/u d 4 sect 3/2
CM2 CYCLONE 10/5 10 MeV H–, 2.5 MeV/u D– 4 sect 2/2
CM3 CYCLONE 18/9 18 MeV H–, 4.5 MeV/u D– 4 sect 5/2
CM4 CYCLONE 30 30 MeV H– 4 sect 14/10
     
EBCO TECHNOLOGIES — Vancouver, Canada   
CM5 TR-30 30 MeV H– 4 sect 2/1
     
THE JAPAN STEEL WORKS, LTD. — Tokyo, Japan   
CM6 BC168 16 MeV p, 8 MeV d 4 sect 4/4
CM7 BC1710 17 MeV p, 10 MeV d 4 sect 8/8
CM8 BC2211 22 MeV p, 11 MeV d 4 sect 1/1
CM9 BC3015 30 MeV p, 15 MeV d 4 sect 1/1

     
SUMITOMO HEAVY INDUSTRIES, LTD. — Tokyo, Japan   
CM10 HM-18 18 MeV H–, 10 MeV D– 4 sect 2/1
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CM11 480 AVF 30 MeV p 4 sect 1/1
CM12 750 AVF 70 MeV p 4 sect 2/2
CM13 930 AVF 90 MeV p, 35 MeV d 4 sect 5/5
     
D.V. EFREMOV INSTITUTE — St. Petersburg, Russia   
CM14 PIC-10 11 MeV H– 4 sect —/—
CM15 MGC-20 18 MeV p, 5 MeV/u d,… 3 sect —/—
CM16 U-250 40 MeV/u 2H+,…,h.i., K=200 4 sect —/—
     
SCANDITRONIX — Uppsala, Sweden   
CM17• MC-17 17 MeV p,d now sold to GE Medical Systems
CM18 MC-30 30 MeV p 3 sect 1/1
CM19 MC-32 NI 32 MeV H–, D– 4 sect 2/2
CM20 MC-35,40 40 MeV p,… 3 sect 12/11
CM21 MC-50 50 MeV p,… 3 sect 2/2
CM22 MC-60 P 60 MeV p,… 3 sect 1/1
     
OXFORD INSTRUMENTS — Oxford, U.K.   
CM23 OSCAR 12 MeV H– 3 sect, s/c 3/—
     
CTI – SIEMENS – TCC — Knoxville, USA   
CM24 TCC CS-15 15 MeV p, 8 MeV d,… 3 sect 3/3
CM25 TCC CS-22 22 MeV p, 12 MeV d,… 3 sect 4/3
CM26 TCC CV-28 24 MeV p, 14 MeV d,… 3 sect 5/5
CM27 TCC CS-30 26 MeV p, 15 MeV d,… 3 sect 15/16
CM28 TCC CP-42 42 MeV H– 3 sect 5/4
CM29 RDS-112 11 MeV H– 3 sect —/—

 

 

 

Commercial Cyclotrons – Users

Entry # Location Description Model First Beam
 AUSTRALIA    
CU1• Victoria (Austin Hosp.) 10 MeV H–,D– CYCLONE 10/5 —
CU2 Camperdown (NMC) 30 MeV H– CYCLONE 30 1991
CU3• Lucas Heights (Aus. Nuc. Sc. & T. Org.) 30 MeV H– CYCLONE 30 —
     
 BELGIUM    
CU4• Bruxelles (ULB Erasmus Hosp.) 30 MeV H– CYCLONE 30 —
CU5 Fleurus (Nordion) 30 MeV H– CYCLONE 30 1992
CU6 Fleurus (Nordion) 80 MeV p CGR-MeV 930S 1983
CU7 Gent (INS) 24 MeV p,… CGR-MeV 520 1977
CU8* Liege (U. de Liege, CRC) 20 MeV p,… CGR-MeV 520 1975
CU9• Louvain-la-Neuve (U. de Louvain) 10 MeV H–, D– CYCLONE 10/5 —
CU10• Louvain-la-Neuve (U. de Louvain) 30 MeV H– CYCLONE 30 —
     
 BRAZIL    
CU11* Rio de Janeiro (IEN) 24 MeV p,… TCC CV-28 1974
CU12* San Paolo (IPEN) 24 MeV p,… TCC CV-28 1981
     
 CANADA    
CU13 Hamilton (McMaster U.) 10.5 MeV H– RDS-112 1989
CU14• Montreal (MNU, McGill U.) 18 MeV H–, D– CYCLONE 18/9 —
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CU15* Montreal (MNU, McGill U.) 10 MeV p, d JSW BC107 —
CU16 Toronto (Clarke Inst.) 17 MeV p, d MC-17 1992
CU17 Vancouver (Nordion/TRIUMF) 30 MeV H– TR-30 1990
CU18 Vancouver (Nordion/TRIUMF) 42 MeV H– TCC CP-42 1979
     
 CHINA    
CU19• Beijing (IAE) 30 MeV H– CYCLONE 30 —
     
 DENMARK    
CU20 Copenhagen (Rigshospitalet) 32 MeV H–, D– MC-32 1992
     
 FINLAND    
CU21 Turku (Abo Akad. U.) 19 MeV p,… MGC-20 1974
CU22 Turku (Turku U. Cent. Hosp.) 3.85 MeV d CYCLONE 3 1992
     
 FRANCE    
CU23 Orsay (CEA-DRIPP/SHFJ) 20 MeV p, d CGR-MeV 520 1975
CU24 Lyon (CERMEP) 16 MeV p, d CYPRIS 325 (CGR-

MeV)
1988

     
 GERMANY    
CU25 Braunschweig (Phys. Tech. Bund.) 24 MeV p, d TCC CV-28 1973
CU26** Essen (IMSS, U. Essen) 24 MeV p,… TCC CV-28 1975
CU27 Heidelberg (DKFZ) 32 MeV H–, D– MC-32 NI 1972
CU28 Hannover (MHH) 35 MeV p, d MC-35 1977
CU29 Jülich (KFA-INC) 17 MeV p, d JSW BC1710 1987
CU30* Jülich (KFA-JCC) 24 MeV p TCC CV-28 1975
CU31 Karlsruhe (KFZ) 42 MeV H– TCC CP-42 1983
CU32 Köln (Max Planck Inst.) 17 MeV p, d MC-17 1987
     
 HUNGARY    
CU33 Debrecen (ATOMKI) 20 MeV p,… MGC-20 1985
     
 ITALY    
CU34* Ispra (JRC-AMI) 38 MeV p,… MC-40 1982
CU35 Milano (INT) 17 MeV p,d MC-17F (1993)
CU36 Napoli (FSP) 17 MeV p, d MC-17 1991
CU37 Pisa (CNR-ICP) 16 MeV p,d CYPRIS 325 (CGR-

MeV)
1986

CU38• Rome (Ist. Tecn. Biomed. Av.) 40 MeV p,… MC-40 —
     
 JAPAN    
CU39 Akita City (RIBBV-Akita) 16 MeV p, d JSW BC168 1983
CU40* Chiba City (CMSH) 18 MeV p,… SHI/CGR-MeV 370 1985
CU41* Chiba City (NIRS) 89 MeV p,… CGR-MeV 930 1973
CU42• Fukuoka (Kyushu U. Sch. of Med.) 17 MeV p, d JSW BC1710 1983
CU43• Kanazawa (Kanazawa Cardiov. Hosp.) 17 MeV p, d JSW BC1710 1991
CU44• Kyoto (Nishijin Hosp.) 17 MeV p,d JSW BC1710 1985
CU45 Kyoto (U. Hosp.) 15 MeV p, d SHI/CGR-MeV 325 1982
CU46• Maebashi (Gunma U. Sch. of Med.) 17 MeV p, d JSW BC1710 1983
CU47• Nagoya (Nagoya U. Sch. of Med.) 17 MeV p, d JSW BC1710 1989
CU48 Sanbugun (Diichi Rad. Labs/Chiba) 30 MeV H– CYCLONE 30 1991
CU49 Sanbugun (Diichi Rad. Labs/Chiba) 30 MeV p MC-40 1984
CU50 Sanda City (Nihon Medi-Physics/Hyogo) 30 MeV H– CYCLONE 30 1990
CU51 Sanda City (Nihon Medi-Physics/Hyogo) 30 MeV H– CYCLONE 30 (1992)
CU52 Sendai (Tohoku U., CRC) 40 MeV p,… CGR-MeV 680 1977
CU53 Sodegaura (Nihon Medi-Physics/Chiba) 28 MeV p SHI/CGR-MeV 480 pF 1985
CU54 Sodegaura (Nihon Medi-Physics/Chiba) 70 MeV p SHI/CGR-Mev 750 pV 1986



LISTS OF CYCLOTRONS AND COOLER-BOOSTER RINGS

http://accelconf.web.cern.ch/accelconf/c92/CycloData/Cyclist.html[16/10/2013 12:36:46 AM]

CU55* Takarazuka (Nihon Medi-Physics) 26 MeV p TCC CS-30 1974
CU56* Takarazuka (Nihon Medi-Physics) 26 MeV p TCC CS-30 1981
CU57• Takarazuka (Nihon Medi-Physics) 30 MeV H– CYCLONE 30 —
CU58• Takarazuka (Nihon Medi-Physics) 30 MeV H– CYCLONE 30 —
CU59* Tokyo (IMS) 26 MeV p,… TCC CS-30 1973
CU60• Tokyo (Nat. Nakano Ch. Hosp.) 10 MeV p,d JSW BC105 1979
CU61 Tokai (Nippon T&T) 16 MeV p, d,… JSW BC168 1984
CU62 Tsukuba (NRIM) 17 MeV p, d,… JSW BC1710 1986
CU63 Yokohama (NKK Corp.) 12 MeV H– OSCAR 1991
     
 NETHERLANDS    
CU64 Groningen (U. Hosp., PET) 17 MeV p, d MC-17F 1991
CU65* Petten (Mallinckrodt Diag.) 28 MeV p,… Philips 1964
CU66• Petten (Mallinckrodt Diag.) 30 MeV H– CYCLONE 30 —
     
 NORWAY    
CU67 Blindern (U. of Oslo) 35 MeV p,… MC-35 1979
     
 RUSSIA    
CU68• St. Petersburg (Inst. of Hum. Brain) 17 MeV p,d MC-17 —
     
 SAUDI ARABIA    
CU69 Riyadh (King Faisal SHRC) 26 MeV p,… TCC CS-30 1982
     
 SOUTH KOREA    
CU70* Seoul (KAERI) 50 MeV p,… MC-50 1986
     
 SWEDEN    
CU71 Stockholm (Karolinska Hosp.) 17 MeV p, d MC-17 1981
CU72 Uppsala (U. PET Center) 17 MeV p, d MC-17 1991
     
 TAIWAN    
CU73• Taipei (Vet’s Gen. Hosp.) 17 MeV p,d MC-17 —
CU74 Taiwan (INER) 30 MeV H–,  D– TR30/15 (1993)
     
 UNITED KINGDOM    
CU75• Aberdeen (U. of Aberdeen) 15 MeV d, a TCC CS-30 (from WGH, Edinburgh)
CU76 Amersham (Amersham Int.) 27 MeV p, d Philips 1966
CU77 Amersham (Amersham Int.) 42 MeV H– TCC CP-42 1981
CU78 Amersham (Amersham Int.) 35 MeV p MC-40 1986
CU79* Bebington (Clatterbridge H.) 60 MeV p MC-60 1984
CU80 London (Hammersmith Hosp.) 40 MeV p,… MC-40 1986
CU81 London (Hammersmith Hosp.) 1.8 MeV/u d CYCLONE 3 1991
     
 UNITED STATES    
CU82 Ann Arbor (U. of Mich. Med. Sch.) 26 MeV p, d TCC CS-30 1982
CU83 Arlington Heights (Medi-Physics) 40 MeV p MC-40 1979
CU84 Arlington Heights (Medi-Physics) 40 MeV p MC-40 1982
CU85 Arlington Heights (Medi-Physics) 70 MeV p PV-750 1986
CU86 Baltimore (Johns Hopkins U.) 16 MeV p, d MC-16F 1982
CU87• Baltimore (Johns Hopkins U.) 1.9 MeV/u d CYCLONE 3 —
CU88 Bethesda (NIH Clinical Cent.) 17 MeV p, d JSW BC1710 1985
CU89 Bethesda (NIH Clinical Cent.) 26.5 MeV p TCC CS-30 1985
CU90 Billerica (DuPont Merck) 22 MeV p TCC CS-22 1970
CU91 Billerica (DuPont Merck) 26 MeV p TCC CS-30 1976
CU92 Billerica (DuPont Merck) 26 MeV p TCC CS-30 1978
CU93 Billerica (DuPont Merck) 26 MeV p TCC CS-30 1980
CU94 Billerica (DuPont Merck) 30 MeV p MC-35 1989
CU95 Billerica (DuPont Merck) 30 MeV H– CYCLONE 30 1990
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CU96• Boston (Mass. Gen. Hosp.) 17 MeV p,d MC-17 —
CU97 Buffalo (SUNY Nuc. Med.) 30 MeV H– CYCLONE 30 1992
CU98* Chicago (FMMRI) 15 MeV p,… TCC CS-15 1969
CU99* Emeryville (Medi-Physics) 22 MeV p,… TCC CS-22 1970
CU100 Cincinnati (Christ Hosp.) 11 MeV H– RDS-112 1991
CU101• Cleveland (U. Hosp.) 17 MeV p,d MC-17 1985
CU102 Houston (M.D. Anderson) 42 MeV H– TCC CP-42 1981
CU103• Houston (U. of Texas, HSC) 35 MeV p,d MC-35 1984
CU104• Irvine (U. of Cal.) 17 MeV p,d MC-17 1989
CU105• Iowa City (U. of Iowa) 17 MeV p,d MC-17 —
CU106* Los Angeles (U. of Cal.) 22 MeV p,… TCC CS-22 1971
CU107• Los Angeles (UCLA Sch. of Med.) 18 MeV H–, D– CYCLONE 18/9 —
CU108 Los Angeles (USC/SYNCOR) 11 MeV H– RDS-112 1992
CU109 Madison (U. of Wisconsin) 11 MeV H– RDS-112 1986
CU110• Manhasset (NSUHRC) 17 MeV p,d MC-17 1987
CU111 Miami Beach (Mt. Sinai M.C.) 27 MeV p TCC CS-30 1972
CU112• Minneapolis (Vet’s Admin. Med. Cent.) 40 MeV p,… MC-40 1989
CU113 Nashville (Vanderbilt U. Med. Cent.) 11 MeV H– RDS-112 1989
CU114 Peoria (Methodist Med. Cent.) 11 MeV H– RDS-112 1991
CU115• Philadelphia (U. of Penn., Sch. of Med.) 30 MeV p,d JSW BC3015 1987
CU116 Sacramento (N. Cal. PET Cent.) 11 MeV H– RDS-112 1992
CU117• St. Louis (Wash. U., Mallinckrodt Med.) 40 MeV p,… MC-40 1984
CU118• St. Louis (Wash. U., Mallinckrodt Med.) 16 MeV p, d JSW BC168 1990
CU119* St. Louis (Wash. U.) 7 MeV d Allis-Chalmers 1964
CU120* St. Louis (Wash. U.) 15 MeV p,… TCC CS-15 1978
CU121 Seattle (U. of Wash.) 50 MeV p,… MC-50 1982
CU122 South Plainfield (Medi-Physics) 22 MeV p TCC CS-22 1973
CU123 South Plainfield (Medi-Physics) 30 MeV H– CYCLONE 30 1989
CU124 Upton (BNL) 17 MeV p, d JSW BC1710 1982

 

 

Synchrocyclotrons

Entry # Location Description Name First Beam
 CANADA    
FM1* Montreal (McGill U.) 100 MeV p,… McGill S-Cyc 1949
     
 FRANCE    
FM2* Lyon (U. Claude Bernard) 28 MeV d,… S-Cyc Lyon 1963
FM3* Orsay (IPN) 201 MeV p,… S-Cyc 200 1977
     
 GERMANY    
FM4 Gottingen (U. of) 13.5 MeV/u a,d  1962
     
 RUSSIA    
FM5 Dubna (JINR,LNP) 680 MeV p            4 sect Phasotron 1984
FM6 St. Petersburg (PNPI) 1000 MeV p  1967
     
 UNITED STATES    
FM7 Cambridge (Harvard U.) 159 MeV p  1949

 

 

Cyclotron Cooler-Booster Rings

Entry # Location Description Name First Beam
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 GERMANY    
CB1 Jülich (KFA) 2500 MeV p COSY (—)
     
 JAPAN    
CB2 Tokyo (INS) 220 MeV/u a TARN-II 1989
     
 SWEDEN    
CB3 Uppsala (Svedberg Lab) 1300 MeV p,… CELSIUS 1988
     
 UNITED STATES    
CB4 Bloomington (IUCF) 500 MeV p,… Indiana Cooler 1987
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Cl ENTRY NO. ........... ................. ........ ................ . Date ... JAAE; .199;2 ............. ... ....................... . 
Name of Machine . . . C'xC;IrO!'ll' . .... ... . . .. . . .... .. . .. .... ... ... ... ..... .......... . ... . .......... ...... ....... .... ....... . ..•.... 
Institution ... 1!1,l~y.e.r.s.~~~. 9i'F.qq~~q,,!,. !i.e . . I,'?\lYi'.i" ................................... . ...................... . ................. . 
Address . . GI)~l)l~" . . d.l.! .GY").P.t.r:qIh. 7 .... k: P~~. ~.o.l.!,!~~I,l:-)..a:·}l'l\lY!' .... )l'l~g~!l!,\ . . .... . . ..... .... .. ........ .. ................. .. 
Tel .":~?:- ! 9;.4.~~ ??~ .... .. .... Telex .. ~~9?5 .. ~~I,L ...... .. . . Fax ... ':R:19:-~.W.~ ~ ........ EMAIL .~~9!<!'!l.A"'~'!'@.~:t.C:·.l!q:{I.~·BE 
In Charge: .G • . 1lJ.G.KEW!ERI .. . ........................... . ... . . Reported by : .... 11." .LQ!SELl';r. ......... .... ....... . ........... .. 

HISTORY 
MILESTONE DATES: 

Design ... 1.~(i?............... Model Tests ...... ! .9.~~ .......... . 
Construction .. .1.'t99:-.1.'tlJ..... . First Beam ... . 1.~n .......... . 

DESIGN/CONSTRUCTION BY: 
in house ...... . ... . other6" 99.~:~.~ . ....... .. . . . ... 6 ...... . 

COST: Accelerator :~ .~ .. 1.q '.' .li.~.~.... Facility. 9:.5 .. ~ .. 1.0 ... \lP .. ~. 
FUNDED BY: . .limY: . .<!~. ~.o.l!y?i.I\ • . g~~ .. <,S.t;~~!') .......... .. .. . 

STATUS 
STAFF: Machine 

Scientists .... .4. . ..... . .... .. ... Engineers ..... ~ .......... . .. . . . 
Technicians ... 1 J. ................ Students .... .. .......... .. ... . 

Research (in house/external) 
Scientists .. .. . .. . .. / . .. ... . .. . Engineers .......... / ... ...... . 
Technicians .... . .... / ......... Students ......... / ....... .. 

BUDGET: Machine ............. ... .. Funded by .... ...... .. .. ... . 
Research .................. Funded by . . ............... . 

TIME DISTRIBUTION: 
Basic Research (in house/ext8rAal) .. . .. ?? .. .. % / . . . . .. .... . . % 
Applied Program (iA "'Gys./ellt.FRal) ... 21< ••. •. • % / ... . .. ... .. % 
Development . . ...... 1.0 . • .••. % Maintenance .... l,3. •.•..•••. % 

MAGNET 
POLE PARAMETERS: 

Diameter .. 2.1.5.6. em Rex1r&cl .. .. 93 ... em Rinjecl . ..... .. . em 
HILL PARAMETERS: Gap (min) ... l6 ... 5 .. em Bmu .. . 2.l5 .. T 
(tII4 .x.lD.~. AT) Gap (max) ... :-...... em Bmin ..... : ..... T 

VALLEY PARAMETERS: Gap (min) .40.5. .. em Bm ... 1 • .1.5 •• T 
(til t. .. x .1U~. AT) Gap (max) ... :-...... em Bmin .... -: ..... T 

AVERAGE FIELD : < B >min .... O .•. f! .. T < B >mu ... to P .... T 
NUMBER OF SECTORS: compact/separated .... 4 . . .... / . . .• ...... 

sector angle . .. v.'HLilP.~", ... deg. spiral (max) ...... .5.3 ....... deg. 
FIELD TRIMMING: Trim Coils ...... 1.2 .pa.i.J:s ....... ..... . ....... .. 

Harmonic Coils .... 2 .~ .. 4 .. p~i.r.s .................... ... . 
Other . .. . .... . . . .. :: . .. . .. . ... . ... .. .. ... ...... ...:5 ..... . 

CURRENT: Main Coils ... .1.1.QQ ...... Amps Stability ... 1 P ....... .. 
Trim Coils .WP:-.~q9:-.7.QQ ... Amps Stability . ... 1.Q-:-? ...... . . 
Stored Energy (cryogenic) ........................ ..... .. MJ 

WEIGHT: Iron .. ZOO .. t.o'I)s......... Conductor ... 9 .. t .ClllS ........ .. 
ION ENERGY: Bending Limit E/A = ... 1,1,~ .......... q2/A2 MeV/u 

Focussing limit E/ A = ... 9.'i ....•. .... .. q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: .I)lPY:~l).g. 'p'~1,l!,.1.~ . ; . . 4 .<!~!'.s .... !l.q . ~!'ll .... " ..... . . . . 
No. of Gaps/turn .. ~.......... dE/dn(max) .. 'O.·.?99 . .... MeV /q 
Voltage(max) .. 0 ... Q50 . ..... MV Harmonic frr/fion .. 1 • .2. •• 3. P .... 
Freq .. .1 .0.6:-;2.3 ........ MHz Powerin(max) ..... Q:~P.Q ...... MW 
Stability: Phase .. Q,l .. q<;g ......... Voltage . ..1.(r~ .......... .. 

OTHER CAVITIES (Flattopping or otherwise): 
Description: . . . .... . ................. ... ........................ . 
Region of Influence: Rmin ... ..... .... em Rm .............. em 
No. of Gaps/turn ........... .. dE/dn(max) ............. MeV /q 
Voltage(max) ........ ... . .. MV Harmonic frr/fion ........ .. ... . 
Freq .. ..... ....... . .. MHz Power in(max) . .... ....... .. ... MW 
Stability: Phase ..... .. .... ..... . . . Voltage .... ......... .. ... . 

VACUUM SYSTEM 
OPERATING PRESSURE: .. ;2. ••• 1 0 ~.6 .......... . . . . ..... .. . . . ....... . 
PUMPS: No. and type .. 2.9;i..l . .c!i.rf.l!9~p"'.17.·.Q99 . V~ ...... •. ... 

. ....... . ............. . Z. ('.r'y',!p~!,!p'~ ....... ,3, '.999. ,l(~ ... .. .. . .. . 

ION SOURCE(S) 
Type 

(a) ~.i.':~':i\.s.~,?,: ... 
(b) ~~.~ .? .s.t;~g!,.s. 
(c) l'.C.~.!. .s.~'i-g!, .. 
(d) .............. . 

Intensity 
(mA) 

INJECTION SYSTEM 

<n = /3'Y< 
(lI'mm mrad) 

Ion Species 

"~!'?""~'"'' 
.. • .. . .. . .. . ... . .l)",,,yy' . iom . 
.. ............. r .<\<liOil.<:tiy.<;. ions 

'Il{;i.<\ ~. j,pj <;<: t i p.rl.. . ......... . .. ....... Efficiency (I\l~l<:) . .1.ft % 

EXTRACTION SYSTEM 
.sI(' .. 'l~!,.c~r:qHfl.~~" +.)I!'!gt> .... c!ql).: ...... Efficiency (I\l'i-~),~g % 

CHARACTERISTIC BEAMS 
Current(part I'A) 

Accelerated Ions E/ A (MeV /u) Internal External 
(a) .. L .......... . &~/.6.S. ........ .................... .5.1.~~ .... . 
(b) .. q. ............ . 1.1!' ...... . ... ....... .. . . ... .. ..... .1.'i ...... . 
(c) beAvy .iOM .. .. 115 . .Q?1A. ................................. . 
(d) radiQ~c.t.i yeo ions .. (.1.~~ • . 1.9}1",) . .....•••. • .... .• . • J O.Q .9pA .. 

Secondary Particles E (MeV) part/sec 
(a) Il.from .p.:I-.. Be. at .65. MeV .. .. .......... . . 10.1.1 ............ .. 
(b) .............. ..... . .................... . ....... ... • . ... .... 
(c) ....... .. .. ................ ...... ......... ................ .. 

EXTRACTED BEAM PROPERTIES: 
For ..... ,~ .. ..... I'A of .... 6.5 ....... MeV/u .... .. 11. ...... ions 
AE/E .. 0,3 . ................ . % At/> ........ . . .. .. . . . .. .... Orf 
<n = /3'Y< X •••• 2:> ... ... . lI'mm mrad z ..... 1:> ...... lI'mm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed .... 4.9.9 .... m2 Moveable .. .. .1.3.QQ .. m2 

Target Stations: ... 1.1 .... No. Served At Same Time: .. \ ..... . 
MAGNETIC SPECTROMETERS: ........ .... . . .. ................. . 
OTHER FACILITIES: . \lP.~ .I'!,.l.~~.:-. .Il~".t.r.qD~)1.<;H·PY .. (1)l>,.l.~H .e.,!yes 

. <;p.l.~j.(lli'.t.ql').:: . p).'.o.~'?t>.t.h.'ll'~py .. :-. P.'!. H.n.~ .l)li'.s.~ . ~.e.p.~;-i'.t.'?,. 
. . Sk~~9]") .. :. Fi'.(H'?i'~.~i,y!, .. "~?!".s ....... ... . ..... ....... ... .. ... . 

REFERENCES/NOTES 
(a) .... .... ..... .. .. ...... .... . .. ........ . .. .. . ...... . .. . ........ . 
(b) .... .. .. .. . ..... ..... ........... ....... .... ... . .. .. . . . .. ...... . 

PLAN VIEW OF FACILITY. COMMENTS 



ENTRY NO •...... ~~ ............................................. Date ........... ...... . . .... . ............................ . 
Name of Machine .~4~YY .. (:r:'!~4"'1!'. ~.c.c.E;~"l:"?-~?.r .. ~'!I?"'l:"~?n.<l:'!"~~?!l . . c.Y."~?~!'?r:) .. . Institution AECL Research . . ................................. . .......... . 

Address .. C;h';ik 'Ri~~~' 'L;b~~~~~'r'i~~;' Ch~'lk 'Ri~~~': 'o~~~~i~': 'C~~~d~" 'Kcij' iJo·················· ........................ . 
(
613" 5s4'-':33i i' ........................................................................................................ . 

Tel .... ) .................... Telex . 9?.3.-.~~~?? .............. Fax. (?m .. 5.8.~-:~9?~ ......... EMAil ........................ . 
In Charge: ... J.·.G, . \!!':rPy . ..................................... Reported by: ... ~' .. ~,,~~~.i.1'\& ............................... .. .. . 

HISTORY 
MILESTONE DATES: 

Design .... . 1.9.n ............. Model Tests .. ~97.4::!? .......... .. 
Construction .. ~ 9.7.~-:?~. . . . . . . . First Beam .. q~l'~ .... ~ ?~.5 . .... . 

DESIGN/CONSTRUCTION BY: 
in house ... ~....... other ..... . ..... . ........... . .......... . 

COST: Accelerator ................... Facility .................. . 
FUNDED BY: .. ~~.C.~ . ~~.s.':~::~?: ...................•.............. 

STATUS 
STAFF: Machine 
~ .... Scientists.and. Engineers ...... ~~ ............. . 
Technicians ....... ? ............. IIMMntIlQperators . .. 15 . ... .. . 

Research (in house/external) 
Scientists ..... 1.5 .... / ... .. ..... Engineers .......... / ......... . 
Technicians .. ?9 ..... / ......... Students ......... / ...... .. . 

BUDGET: Machine .................. Funded by .. ~~~~ .. ~7:'~.'!JO::~. 
Research .................. Funded by . . ~~~~ .. ~:~~.,,:r:~? 

TIME DISTRIBUTION: 
Basic Research (in house/external) .... . ~~ ..... % / ...... ...... % 
Applied Program (in house/external) ........... % L ...... •.... % 
Development ....... ?9 ....... % Maintenance .... ~~ .......... % 

MAGNET 
POLE PARAMFtRS: 

Diameter .. ~?: ... cm Rex', •• ' ... ?? .... cm Rinje.'" ~~:.~ .. cm 
HILL PARAMETERS: Gap (min) .. },! .... cm Bm• x .... 6.·.9 .. . T 

(III .. ........ AT) Gap (max) .......... cm Bmin ... ....... T 
VALLEY PARAMETERS: Gap (min) ........ cm Bm .. ........ T 

(III .......... AT) Gap (maxi ... ~~ ..... cm Bmin ... ~".~ ... T 
AVERAGE FIELD: < B >min ...... ~ .... T < B >m.x .... 5.·.9 ... T 
NUMBER OF SECTORS: compact/.eparated . ... ~ ..... / . ........ . 

sector angle ............... deg. spiral (max) .. ... 5.9 .. ...... deg. 
FIELD TRIMMING' Trim Coils 13 saturated rods in 

Harmoni'c Coils .. .. ~.~~~: (l:~~~~.~· :~?i.~:::::::::::::::: 
Other ................................................. . 

CURRENT: Main Coils ... ~?99 ....... Amps Stability ... ±)9.!"A .. .. 
Trim Coils .. . . .... ...... ... Amps Stability ................ . 
Stored Energy (cryogenic) ........... X? . . . . . . . . . . . . . . .. MJ 

WEIGHT: Iron .. P.Q. H).I1'1~~...... Conductor ..... t:l1?:r.~ ......... . 
ION ENERGY: Bending Limit E/A = ...... ~?9 ........ q2/A2 MeV/u 

Focussing Limit E/ A = ..... l.~q ...... .. . q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: . .... .... S ............ . ........... ... .......... . 
No. of Gaps/turn. ....... ..... dE/dn(max) ... ?: .~ ...... M'e'Vi~ 
Voltage(3'la:di .... 9.·.1 ..... MV Harmonic f'l/fioB /'" ~! .. ~ .... 
Freq .............. "1' 111Hz Power m(max) .................. MW 
Stability: Phase .. ;l: .-:~............ Voltage ... ?:.~~~ ........ .. 

OTHER CAVITIES (Flattopping or otherwise): 
Descroptlon: ........ . ......... . ....... .. ........................ . 
Region of Influence: Rmin ............ cm Rmax ............ cm 
No. of Gaps/turn ...... . .... .. dE/dn(max) .......... ... MeV /q 
Voltage(max) .......... . ... MV Harmonic f,r/f;on . .. .. ........ . 
Freq .. .. .... MHz Power in(max) ................. MW 
Stability: Phase ............... Voltage . . ................ . 

ION SOURCE(S) 
Type 

(a) 
(b) 
(c) 
(d) 

Intensity 
(mA) 

INJECTION SYSTEM 

<n = (3"« 
(1fmm mrad) 

Ion Species 

Carbon stripper after radial 'i;'j~'ction"""'" ...... .............. Efficiency ......... % 

EXTRACTION SYSTEM 
Electrostatic deflector, 
'~;'p~'~~~";d~'c'ti~g' 'mag':'~i:' '~harin'';i'''''' 

Efficiency ......... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

AC6il!'rated Ions E/A'MeV/u) Internal External 
(a) (:'11 .......... · ...... 50 .... · .................. 23·;i6:.·3' .... · 
(b) irZ; .. · ...... · ...... ig .... · ................. T .. Sxib:.:3 .. .. 
(c) .............................................. i.:j,;;ib:.:6 .. .. 
(d) y~.~~ ................. :'3 ................... ... .............. . 

Secondary Particles E (MeV) part/sec 
(a) ............ ..... ... .................... . .. .............. . . . 
(b) .................... .................... . ............... . .. . 
(c) .......................................................... .. 

EXTRACTED BEAM PROPERTIES: 

~~iE .: ::.:1:: : 9:.:~ .~~. ~:. : : : : : ,:'.5. '6'; .. M.~~ :.u. ~ ... ~.~? ............... io.n~ 
<n = (3"« x ..... 9:? ..... 1fmm mrad z ..... . D .•. 9 .... 1fmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ........... m2 Moveable ........... m2 

Target Station.: ... ~ ..... No. Served At Same Time: . .. 1 ..... . 
MAGNETIC SPECTROMETERS: '" .. Q3I? ......................... . 
OTHEfsbtC~~~Tif;~ 'i!~~'~ .:~~.~p:~!.~~ ~p.e.C; ~!'?"!~~~:r . .......... . 

:::: ~:t:~~~~: :~~y~:~~~: p:~~~~:~~~: p~~~~~:s::::::::::::::::::::::: 
scattering chambers, AMS, SEU . ......................................... .............. ........ . 

REFERENCES/NOTES 
(a) Ij: .. S."I)l!'~.i.1'\g, .. e.~ . ?;t .•. , .. f;r.~c;: .. l.~~~ .. I.~~: .. C.~o:~,' ............ . 
(b) .. ?!' . . ~¥~.l.~~:?!, .. ~O:~ .. ~~e.ir: .~pp.li::~.t.~'?O:~.' .. ~7!,.l.~'.'! . .1.~~? . 
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ENTRY No. C3 University of Manitoba 
NI\ME OF MACHINE . Sp.i.ra.l.Ric;lge. ~yc.1.qtrQ~ .. . ... DATE .. ........... . .. . .. . .. ...... . ............. .. 
INSTITUTION .L!nhe('~Hy . . 0J .M~r) it9PiI .. A.c.c~ 1. erH9f .. L.a.qqr:HQ('Y. . . . . . . . . . . . . . . . . . . . . . . .. . . . . •• •• . . ... .. 
ADDRESS .......... L!niversHy. .oJ .M~r)it9PY., . .I'U~~i peg,. fo1.a.n.i.~qq~,. ~~:r. .2,N.2., . . ~~NAOA . . . ....... . 

TEL .. (.204).47!l.-9.17.8 ..... TELEX ... '07.-.58n21....... ... . ... .. .. .......... .. ....... . .. ........ . ...... .. 
IN CHARGE .. .. J.S. COo McKee ...... REPORTED BY .S •. Oh •. Y .•.. Uer:enc(1vk • . ,1'" AnqerSQt:l .......... . ... .. ... . .... . ... . .... . 

HISTORY AND STATUS 
DESIGN. date ..... 1959 ...... . . Model tests . . l.9.5.9-J 961 .... . 
ENG DESIGN. date ... L960"63 ... . ..................... ... .. . 
CONSTRUCTION. date . . 1960~64 ...• ................. . . .... . 
FIRST BEAM. date (or goal) .. 1965. . . ......... .. . . ..... . 
MAJOR ALTERATIONS .100%. ext.er.na 1. i ~ject.i.an .P965l" .. 
MagneUc .field. r.e.s.haped. (1935.) .. II.Q .t:lew. p.e.e .. ~Y.$t~ .. 1~!l.5). 
COST. ACCELERATOR .)1.600 • .0.00.0.0. (196.0.) .. . .......... .. . 
COST. FACILITY. total .. )1 . 1,50.0.,.000.00 .................... . 
FUNDED BY . Un.iller.s ity . of. Mani.toba . and. NS£RC .. . ... . .. . . 
ACCELERATOR STAFF. OPERATION AND DEVELOPMENT 
SCIENTISTS .... . . 5... ..... ENGINEERS ..... l .... .. . . . . 
TECHNICIANS .... .3 . ... .. .. CRAFTS ........ l . . ... . ... . 
GRAD STUDENTS involved during year . .......... . 8 . . ....... . 
OPERATED BY .... x. .... Reseerch staff or ..... ..... Operators 
OPERATION .. . ... hr/wk. On target ... . ..... . " hr/wk 
TIME DISTR . in house ....... . . '0' "6" Outside ............ % 
BUDGET. op & dev ... } . 500.,.00 ... 0 . T,.," ................. . 
FUNDED BY ... NSE.R.C., .. Univer.sit.y .~ ... an.itob.a .......... .. . 
RESEARCH STAFF. not included above 
USERS. in house .... .11 ....... ... outside .... 1.4. . . .. . 
GRAD STUDENTS involved during year .... 12 ............ ..•..• 
RESEARCH BUDGET. in house. . . ........ . ...... . .. . 
FUNDED BY ... NSERC ...... . . ..... . .... . ..... . ... . . . . .. ... . 
MAGNET 
POLE FACE. diameter (compact) 1.17. cm. R extraction 3.o.52cm 
R injection .. .0 .. 8 . . . cm 
GAP. min ... 3.6 ... cm. Field .. 26. .. 5 ..... kG } 

max ... -1.5 ... cm. Field .. 15 . .5 .. . .. kG at . 280.,noO . 
AVERAGE FIELD at R ext .19. 2d.9 ... 7 ....... kG Ampere turns 
Bmax/ < B> .... LA ..................... . ......... . . .. . . 

NUMBER OF SECTORS g~;~:;;:d : : ~: : : } Spiral, max 5.Q deg 
SECTOR ANGLE (SSC) . . . ............. deg 
TRIMMING COILS .T~t~). P.f. .~4 )nyar. b.loc.ks . s i t~ate.d . . .. . 
on .the. four .. hi.l.1S .. .. ........... . ......... . . .. . .. . ...... . 
CONDUCTOR. material and type .Water. cD.o.l.eq .copper .. . ..... . 
STORED ENERGY (cryogenic) ............. ..... ..... . . ... MJ 
POWER: main coils. 113 .. max, kW ; current stability .1.0Q~ 

trimming coils . ... + .. max, kW ; current stability ... ~ . 
WEIGHT: Fe ... 38 . .... . . . . . . tons; coils ..... . . 4 ..... . ... tons 
COOLING system. " .oeminer.al ized. water: .. . ..... .. . 
ION ENERGY (bending limit) E/ A = .. 50 .. . q'/a' MeV /amu 

(focusing limit) E/ A = ........ q'/a' MeV/amu 
ACCELERATION SYSTEM 
DEES, number .... 2 ..... . . . . ; angle ........ 51' . ..... .. . deg 
BEAM APERTURE ... .1 .• . 8 .... cm; DC Bias . , . ~ , . .. . ....•.. kV 
TUNED by, coarsesl.iqj~g. ?hor,t fine ,varlab. e .. ca~acl.tor .. 
RF . 21. to ... 3.1. . mHz. stable ± . 1/.10. ........ . 
OrhF .15 .25. to ... 28 .. 3. mHz 
HARMONICS, RF/Orb F, used .... l . . o.r .2 ....... .. . . ... . . . .. . 
DEE· Gnd. max. ,42 .. kV. min gap .... .0.3. . .. . . . . ... cm 
STABILITY. Ipk·pk noise)/(pk RF volt) .... 11l0.3 .. 
ENERGY GAIN, max .80. for. H . .. .140. for. O . .. .... ... . kV /turn 
nF PHASE. stable to ± ..... 1Q .... . .......... . .. ... . . .... deg 
RF POWER input. max. .2. x .15. . .... .. .. . . . ... .. ... kW 
rREOUENCY MODULATION. rate . ..... . . .• ... .. . .......... / s 

modulator. type ...... E. . . ................ . .. . . ..... . 
beam pulse. width . . . . . . . . . . . . . . . . ..... . . . .... . . . 

VACUUM SYSTEM 6 
OPE'RATING PRESSURE . I?~.2.5 .x . 10 ........ . .... Torr or mbar 
PUMPS. No, Type, Size .. 2.~. 1fi:' . .Ba.l.z;er$ . t;1.if.f.u.s.i.q~ .p'~mp? .. . 
. J . x. 6." .. NRC . d j ffu.s.i.on . pump • . 2 .. c.r..Y.QP~IJlP~. (J.n .i .n5 ~c t i on .. . 
SYSt."J11 ............ .. .. . ... .. ... . 

ION SOURCES 
lluopla.'ill)d t~on •. E.hl.~r:~. $Q~rc;.e .. fqr .H ~ . ~. 0- ' . Lamb-shi ft 
nuclear spin filter source for H- & D ions. 

INJECTION SYSTEM 
. ....... . .......... Ax.i3l .. 1 nj 6!ct ion . ...... ........ . 

EXTRACTION SYSTEM 
litr.ippi.ng ·of . ,,1 ectrans .fr.olll. f.l~ . &. 0.-. by ·a . s td pp.i n9 · fo .i 1 
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TUNED by, coarse . . . .. . . . .. . . .. line .. ............ b' ..... . 
RF .... 5, 9 ..... to .. 19.3 ... mHz, stable ± .. ~~~Q~ ...... .. 
OlbF .. 6. to .. lZ.2 ... mHz 
HARMONICS. RFIOrb F, used .... . 1st .. .. .... ............. . 
DEE· Gnd, max .7. 0 ... kV, min gap ... 26.5 . ...... . .. . ... . .. ern 
STABILITY, (pk·pk noise)/lpk RF volll .. . hI 0 .•. 3 . .. ........... . 
ENERGY GAIN, max ... 200. " ............ . . . ..... . . .. kV Iturn 
RF PHASE, stable to ± . . ~ .. .. .. . ......... .. ........ . ... deg 
RF POWER inpul, ll1ax .120 ......................•........ kW 
FREQUENCY MODULATION, rate .... . 300 ........ . .... ... . , Is 

modulator, type .. c.ut~ide . Ul.Od.ulatQr ... .. ........ .. ... . 
beam pulse. width .2~ 3 . C~ ..........•..... • .. 

VACUUM SYSTEM 
OPERATING PRESSURE ... 1. x .10~? .....•. . . . .. Torr or mbar 
PUMPS, No. Type, Size .......... .. ... . . .. ..... . . . ........ . . 

ION SOURCES 
.... ... ......... PIG .. t,y.pe ... .. . ...... . ....... . . . . ...... .. . . 

INJECTION SYSTEM 

EXTRACTION SYSTEM 
........ .. ......... .. .. E.l.ec;tr:QH~~ .is: . p.e.n.E:~W· .. .. ...... . 

FACILITIES FOR RESEARCH 
SHIELDED AREA, fixed ..•. 150 .... m' ; movable ...•.. . •... rn' 
TARGET STATIONS . ... 3 .... In . ... 2 .... rooms 
STATIONS served at 8ame time, max ... 1. ............ .. ...... . 
MAG SPECTROGRAPH, typa . . .. .. . . .... . .......... .. ...... . 
COMPUTER model .................................•....... 
OTHER FACILITIES ....... • .. . . .. . ... . .................... .. 

CHARACTERISTIC BEAMS 
PARTICLE ENERGY (MeV) 

Goal Achieved 
p 3-20 6-15 ::::ti:::::: ::::)~i~: : :fHL:: 

.. .. ~lp~L ..... ~:~9 .. ... ~~~Q .... 

SECONDARY 

BEAM PROPERTIES 

CURRENT (PIIA) 
Internal External 

200 60 ... "200 .. " .... 60 .... · 
:::: )P::: : ::::J::::: 

(part/s) 

MEASURED CONDITIONS 
PULSE WIDTH . £. .. RF deg .. J. ... PI' A of .. l.a MeV P .. iOll8 

PHASE EXC, max .. . RF deg .•..... PI' A of ... . MeV •.. ions 
EXTRACT eft .. 0.7 . . % ....... PI' A 01 ..• • MeV •.. ions 
RESOL 6E/E .. "". % ....... PI' A of .... MeV ... ions 
EMITTANCE 

(R mm. mrad) { .• . aXladl} • ...... PI'A of .. ... MeV ... Ions 
. ... ra 

OPERATING PROGRAMS, time distribution 
BASIC NUCLEAR PHYSICS .~O% SOLID STATES PHySiCS ... . 
BIOMEDICAL APPLICAT. . .. . ISOTOPE PRODUCTIONS ... . 

REFERENCES/NOTES 

PLAN VIEW OF FACILITY, NOTEWORTHY FEATURES. 
COMMENTS 



ENTRY NO •.... . ~? ... .. .. .... . .... .. . ... . .. .. . .... . .... ...... .. Date .•....... ~~n.e. ~?(~~ .. ............. . .. .. .... .. ...... .. . 
Name of Machine ..... . ~I.R,FJ.. ?~~~o.r. f9~~~i.n.g. ~¥~1qt.r.o.n. !!~~~c.t.o.r) ............................... .. ... ... ... ....... .. .... ......... . 
Institution Institute of Modern Physics. Chinese Academy of Sciences (IMP) 

Address . ... .. ...... ~ ."q."BP.~" ~i~' .. ~~.~~~?~ >>,oP?9;"~ '''~' 'c~!~~ ...... .... .................... .... .... .............................. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :: : : : : : : : 
Tel ........ ~a~5.l ............. Telex .. ?2m .. I.M.p~~ .. ~~ ........ Fax . .oP?~:~~1.-.2.3?99 ........... EMAIL .I!"n.~~.r~~~ : .......... .. 
In Charge: ........ ~ .. ~ .. w~! .... .. .. .... .... . ..... . .. . . ... .. ..... Reported by: ........... f:~': .. . ... . .... !~~~·.C.E~~:.~~ ........... . 

HISTORY 
MILESTONE DATES: 

Design .................. .... Model Tests ... .. ... .... ..... . ... . 
Construction .......... . ........ First Beam . .. . •.... .. ...... . . 

DESIGN/CONSTRUCTION BY: 
in house ........... other ........... . .........•. . .......... . 

COST: Accelerator. ..... . ......... ... Facility .......... .. . ..... . 
FUNDED BY: ...... . .. ... . .................. .. . . . ... . ..... . ..... . 

STATUS 
STAFF: Machine 

Scientists . .. . .. . . ~~ . . . . . . . . . . .. Engineers ....... 1.0 . ......... . .. . 
Technicians . .... . lq .. . ........... Students ....... ~ ......... .... . 

Research (in house/external) 
Scientists ..... ..... / .. .. ...... Engineers .... .. .. . . / ......... . 
Technicians ......... / ......... Students ......... / . ...... . . 

BUDGET: Machine .. ............ .... Funded by .. ........ .. .. ... . 
Research . . .... ... ... ... .. . Funded by ................. . 

TIME DISTRIBUTION: 
Basic Research (in house/external) ....... . . ... % / . . ... . ...... % 
Applied Program (in house/external) ........ .. . % / .. ......... % 
Development ....... ... ... .. . % Maintenance ................ % 

MAGNET 
POLE PARAMETERS: 

Diameter ... P9 . .. cm Rextracl . . . .7.~ . .. cm Rinjecl" .4 ... 5 .... cm 
HILL PARAMETERS : Gap (min) ..... 1.9 •••• cm Bm .. ... ~ . .o .... . T 

(ID .......... AT) Gap (max) .......... em Bmin .......... T 
VALLEY PARAMETERS: Gap (min) .... .... cm Bm ... ... ... . T 

(ID .......... AT) Gap (max) ... 3.1:? .... cm Bmin .. ..l.·f .... T 
AVERAGE FIELD: < B >min ... ~,~ .. . . T < B >max . . .. 1 ... 6 .. . . T 
NUMBER OF SECTORS: compact/separated ..... ~ . . .. / ..... . ... . 

sector angle .... ....... .... deg . spiral (max) .... .. n~ ...... deg. 
FIELD TRIMMING: Trim Coils .. ... ... . . 1.2 ... ....... . ........... . .. . 

Harmonic Coils ..... . ....... ~.~.~ ..................... .. 
Other .. .............. . . . .. . ... ... ............... ~ ..... . 

CURRENT: Main Coils ... ,l,399 ....... Amps Stability " ' !'~~4" "" 
Trim Coils ....... 5.0.0 .. .. .... Amps Stability ...... !.~~ ...... . 
Stored Energy (cryogenic) ................ ... .. ... ....... MJ 

WEIGHT: Iron ..... 2.2.0 .. t,o.n.s...... . . Conductor ..... ~~. ~~~~ ..... .. . 
ION ENERGY: Bending Limit E/ A = ....... ?~ .... ... q2 / A2 MeV /u 

Focussing Limit EI A = .......... .... . .. q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: .. ... .. 1/.2 .. 1 ~!"!>~~{.!. r~~q~~~q~ ... . .. . .. . ... ....... . .. . 
No. of Gaps/turn .... .. 2 ....... dE/dn(max) .... q .. ~ ...... MeV/q 
Voltage(max) .... !~~ .. . . . .. MV Harmonic frf/fion . .. . !: .~ .... .. 
Freq .. ?7f? ...... . .... MHz Powerin(max) ..... ~:? .. . ... ... MW 
Stability: Phase .. . .. . ;'0. . . . . . . . . .. Voltage . . ... 1.0.-.3 ....... . .. . 

OTHER ~AVITIES (Flattopping or otherwise): 
Descnptoon: .......... . .. .................. .. .. .. ..... . . .... .. ... . 
Region of Influence: Rmin ..... ... . ... cm Rmax ............ cm 
No. of Gaps/turn . . ....... . ... dE/dn(max) ... ... . .. .... MeV /q 
Voltage(max) .. . . . ......... MV Harmonic frf Ifion ............. . 
Freq . .......... ... ... MHz Power in(max) .... ....... .... .. MW 
Stability: Phase ........ . ... . ...... Voltage .. .. . .... . .... .... . 

VACUUM SYSTEM 
OPERATING PRESSURE : . 5.~ .10~~ .. P.a .. .... .. ..... . .. .. . .. 
PUMPS: No. and type ... .?~!RFL.~qq.~~~~-'pu.m'p.s.' . ........ . ...... . 

. .. . . . . . .. . .. ~ . ~y~qq-.p'u.m'p.s ... r.o.u9.h. p~~pj ~g. ~¥H~11) .... ............. . 

ION SOURCE(S) 
Type Intensity CI <n = (3"« 

(a) ...... E.C.R . .... .. 
(mA) (1I'mm mrad) 

... 9: l:q, ~ .. . .. . .. . 2.0.0 ........ . 
(b) ........ ...... . 
(c) .. .. .. .... .... . 
(d) .......... .... . 

INJECTION SYSTEM 

Ion Species 

C - Ta 

. ~pjr~l.~l~c.t.r?~~~~!~ .i~~l.e.c.t.o.r ....... . .... Efficiency 30 

70 

CHARACTERISTIC BEAMS 
Current(part I'A) 

% 

% 

Acceler,r.ted Ions E/A (MeV/u) Internal External 
(a) ... ~.: ... ... ... .. .. ... 1·. ~ ... .................... .. .. : ..... .. 
(b) ... ~~: ................ ~:~ ........................... : .. .... . 
(c) .. . P.; ......... ....... 1 : ~ .... . .......... .. . ........ .. 1 .. .... . 
(d) ... ~r.: ..... .. . ....... ~'.~ ... .. ............... ....... 9:? .... . 

Secondary Particles E (MeV) part/sec 
(a) .................... . ......... . ......... . . ... . ....... . .... . . 
(b) .................... . . . ...... . . ...... . .. . .................. . 
(c) ... ......... ... .. ................................ .. ........ . 

EXTRACTED BEAM PROPERTIES: 
For . ..... .. . ..... I'A of .............. MeV /u . ... ...... .. .. ions 
6.E/E ...•... .. • ..... • .. •. ... % 6.</1 . ...• •. .. . . .. . . • .... . . • Orf 
<n = (3"« x . .. . ..... ... . 1I'mm mrad z ............. 1I'mm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed .. ... ...... m2 Moveable ..... .. .... m2 

Target Stations: . ...... . . No. Served At Same Time: ........ . 
MAGNETIC SPECTROMETERS: ..... . ......... .. ...... .......... . 
OTHER FACILITIES: ... . ...... ...... .. . ...................... ... . . 

REFERENCES/NOTES 
(a) . ... . ....... . .... .. .... ... .. . .... . ........... .. ....... . . . . 
(b) ...... .. . ........ .. ........ .. .............. . . . . ...... . ........ . 

PLAN VIEW OF FACILITY. COMMENTS 

.u"" ..... . , ... 

·" .... V l • • • 
... I ~"" , .. '''_ 
:::~~~:~ ~ ., •• ~· I< .. , 

!'':~,r:.::~ 

:':'i~ ~:~~ .. 
. . .. d.,~C".nr ... , ........ .... 
",.,-.. 1"" ... , 
.,1" ".,>4"," '" 
:::.: ~ .. ~::::-;::. "." .. '" ' 0< 



ENTRY NO •. . . . . c.~ .. . ...... . ... . .......... .. ... .. . . . ...... . . ... . Date June 20/ 92 Name of Machine HIRF U Separated Sector Cyclotron (Main Accelerator) ... ..•. . •.•..• . . ....... . . .. . ..•• . . ..... ... ..... .. . . . . 

Institution Ins;i't~~~' ~f 'Mod~~~ . Phy'si ~ ~ : . Chi'n~~~ . A~a'd~~~ ' ~f . S;i~~~~ . (iMP'" .. ... . ..... . ... .. . . . . . . . .... . . . . ....... . ........ . ...... . 

Address .... . ~.~~(q ... ~o"x" ~i; \a"n.~.h?~ .·i~o"o.O?: " ~ ;~ .. c.h.i~~" """ " :"""""" " ": : " ":::""""" " """: : : : :::"" " "" """::::" : ::" "" " "" "":"":": : """ """ ":: : 
Tel . . .... . ? . . ... . ..... . .. .. Telex .. .1.2.1 .5~ . !~~~s. ~~ . . . . . .. . .. Fax . . 0.0~?:~~1.-.2.3~99 . .. ... ... .. EMAIL . .I~~.~ . ~x . .I~~~! .......... . 
In Charge: .. ... . . ... . . B: ~: ~~i . . . ...... .. .. ... . . . . . ......... .. .. Reported by : . . ... . . .. . ~ : '!~ . . . .. ... . .... !~~~ ... C.E.R~ :. ~~ .. .. . .... . . 

HISTORY 
MILESTONE DATES: 

Design . . . ... 1.9.7.6. . . .. . .. . .. .. Model Tests .. . .. . . .. ~~~~ . . ...... . 
Construction . . ... . 1J?~. . . . . . . .. . First Beam .... D.e.c:.1.2.' . . 1 .9~~ .. . . 

DESIGN/CONSTRUCTION BY: 
in house .. . . J'~ ~ .. .. other . .. e.n.!li.n.e!'r.ing .cp.n.tr.a.c~.s . ... . .. .. . . . . . 

COST: Accelerator . . . .1.0.0. ~. J'~~~~ . . . . . Facility .. . .l.~o .. M. Y!'~~~ . . .. . 
FUNDED BY: .... . .. ~~~t.e .. P.1 .a.n.n!rg. ~~,!,!,!~~!9~! .~~~ ..... . .. . . . .... . 

STATUS 
STAFF: Machine 

S ' . 40 50 clentlsts . .. . . . . . 60 ' . . . . . . . . . .. Engineer. . . . . ............. .. .. . 
Technicians . . . .......... . ....... . Students .. .. ... .. 19 ... . . ... ... . 

Research (in house/external) 
Scientists . . . .. .. . . . / . . . . . .... . Engineers ... . . . . . . . / ......... . 
Technicians . . . .. .. .. / ...... .. . Students . .. . . .. . . I ........ . 

BUDGET: Machine . . . . . lQ .t1.Y.4a.n.s .... Funded by . .. . ?~~ . . . .... . .. . 
Research .. .. .. 2 . .M. y.u~P ~ .. .. Funded by .... ~~? ... . .. ... . 

TIME DISTRIBUTION: 
Basic Research (in house/external) . .. .. . 49 .... . % / .... . 1.1 ...... % 
Applied Program (in house/external) .... 1.0 ...... % / ..... ~ ..... % 
Development .... . . 1.4 ... . ... . . % Maintenance . . . .. ?Q . . . . •.• •• % 

MAGNET 
POLE PARAMETERS: 

Diameter .. ?P ... . cm Re.tract ... ~41 .... cm Rinject . .. .1.0.0 •.. cm 
HILL PARAMETERS : Gap (min) ... . . 19 .... cm Bm .. ..... 1.6 ..•. T 

(41 ........ . . AT) Gap (max) ..... 19 .. . . cm Bmin ..... ? ... T 
VALLEY PARAMETERS: Gap (min) ... . .... cm Bm .. ..... . . . T 

(0 . . .... .. . . AT) Gap (max) . .. .. ..... cm Bmin . . ... ... .. T 
AVERAGE FIELD: < B >min .... Q, ~~ .. T < 8 >m.. . . .0:.9.2 .... T 
NUMBER OF SECTORS: compact/separated .. . . ... . .. / ... ~ ..... . 

sector angle .. . ... ~~o •••.• • • deg. spiral (max) ... . . .......... deg. 
FIELD TRIMMING: Trim Coils ................ 3.6 .. . .. .. .. .. . ... . .. . . 

Harmonic Coils . . . . . .. .. .. . . .. ... ... . . . . .... . . ......... . 

CURRENT~~~~ C~i'I~ ' .~~~'.' .4.0W .·.·.·.· 'A;';~~ . 'S~~bi'li't~': : ~ 5: ~ ~~'. :: : : :: 
Trom COIls . ...... . .... . .. . . Amps Stability .. . ... . ~ . ... . .. . . 
Stored Energy (cryogenic) .. . ........ ... . . .. . ..... .. . . . .. MJ 

WEIGHT: Iron .. . ~qqq .tp.n.s. . . .... . . Conductor .. 1 .5:~ . t?~~ ..... . .. . 
ION ENERGY: Bending Limit E/ A = . . .... ~~~ .... .. . q2 / A2 MeV /u 

Focussing Limit E/ A = .... . ............ q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: .. . . W; .l.a.m.bp.a. I. ~. r~ ?9~~ t9~~ .... . ..... . . . . .. . .... . .. . 
No. of Gaps/turn ... . . 4 ........ dE/dn(max) .... 1,Q . . ... . MeV/q 
Voltage(max) . .. ... ??9 ... .. MV Harmonic f,clfion ... ?,.,,.? . . . 
Freq ...... ? :?:~ ~ .. ... MHz Powerin(max) . .... 9:?\ . .. . .. MW 
Stability: Phase .. . . . . 1 ~. . . . . . . . . . . . Voltage . . . . 1.q-........... . . 

OTHER CAVITIES (Flattopping or otherwise): 
Descroptlon: ... . .... . .... . ..... . .......... ...... .. .. .... . .. . .... . 
Region of Influence: Rmi n .. ... .. . .... cm Rm .. ......... .. . cm 
No . of Gaps/turn ............ . dE/dn(max) ... . ...... ... MeV /q 
Voltage(max) .. . . .. . .. ..... MV Harmonic f,clfion ... . ......... . 
Freq .... .. .. .. ....... MHz Power in(max) .... .. ..... .. .... MW 
Stability: Phase ..... . . ... . .. ...... Voltage .. . .... . ....... . .. . 

VACUUM SYSTEM 
OPERATING PRESSURE: ... . .. .... .. ~ g ~ ~ .~~ . . ... . ... . . .. ... . . . .. . 
PUMPS: No. and type . . . . .. 4. H.IRF~. ~og. ~ ~:(~~~~,,!P.s . . ".it.h . .. . ....... . 

.. . ...... ... . .. ....... .. . .r.O.U.9.h p~~p!n ~. ~ :t~ te~ .. .... ......... . .. . 

ION SOURCE(S) 
Type Intensity 0 < n = /3"1< Ion Species 

(a) . .. ... E~.R .. ... . . 
(mA) (1rmm mrad) 

.. . 9:!~q,L .. ....... 299 ... ..... . . . ~~ :~ .. .. . . . 
(b) .... . . ... .. . .. . 
(c) . ............ .. 
(d) . . . ... .. . .. . .. . 

INJECTION SYSTEM 
be~<!i. ~~ .,,!a.!ln~t~. ~ . ~~f! ~c~0.r. : . !"~~~~t.i ~ . ~h.a.n.n.e.1 .s Efficiency 50 % 

EXTRACTION SYSTEM 
bump'~<!~~1.~St.0l:+f!O~9~~!! ~. c~a!,.n~! .s:~~~d.i '!~ .,,!a.g.n.e.t.s Efficiency 50 % 

CHARACTERISTIC BEAMS 
Current(part IlA) 

Accelerated Ions E/ A (MeV /u) Internal External 
(a) .. . .. c.r . . . . . .. . .. .. . ~D. • . . . .. .. ....•..•..•.. • . .•..• D. •. O} ..• .. 
(b) ..... C./ ..... ......... ??...... . .. ........... .. 0. 07 
(c) .. .. . 0.-\, ...... ..... .. 59 .... .. ... ... . ......... :::::::~.:~5::::: 
(d) .... .I\r.1 .. + •.....•.... . !'? .. . . .. . .. ...... . ................... . 

Secondary Particles E (MeV) part/sec 
(a) .. . .. . . ....... . ..... ........... .. .. . .. .. . .. . ... . . . .. . ...... . 
(b) .................. .... ...... .. .......... ..... .. .... ...... . .. 
(c) ... ....................... ........ .. . . . ...... . . .. ...... . .. .. 

EXTRACTED BEAM PROPERTIES: 
For .... q •. ~ . . .. . . . IlA of . ... ~~ .. .... .. MeV/u ... . ~~~ . . ..... ions 
6E/E .. ..... .0:.3 ........ . .... % 6r/> .... .. .... .... .. .. .. .. . orf 
<n = /3"1< x . . ... ? ... .. . 7rmm mrad z . . .. . . ? . .... 7rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ... ~~5.6 ..... m2 Moveable ... .... ... . m2 

Target Stations: .. . . . 8 . . .. No. Served At Same Time: ........ . 
MAGNETIC SPECTROMETERS: . ... ........ .......... .... ....... . 
OTHER FACILITIES: . ~~Q\op.e .. S.ep~r~~9r, . )~:~~~1]1 . .7:~,:~y. . . .. . ....... . 

Mea suring Devi ce, Heavy Ion Telescope, Ionizati on Chamber , Scatte r-

:i:n~ :c~:a~)l~;':, : f~ ;~: ~~~~1 ~ ~~~ : ~~~a:~a:« o~: App~r~ ~~~~ : ~~ !~ ~i ~ j : $~ { ~~~~ 
.~e.r:m.i.n.a.1 ., .. A~?!,,!~ . ~~r~! ~ ~ . T~ ,:,,!i. ,!~ 1 ... . ............ .. ..... .. ....... . 

REFERENCES/NOTES 
(a) . ........ . . ... .. .. . . . .... . . .. . .. .. ...... . .. .. ... . ............. . 
(b) . . ..... .... . . ................... . ...... . ... . . . ... . ............ . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO • .. . .. ~? " .... .. .. ......... ...... .... ........ .. ... ... Date 
Name of Machine ....... INR . C .clo.tron .................................................... . 
Institution ...... Jnst;i;t;1,l.:t.El. 9~ .~).l,q+~~~: ~~~~~r~h; . A'cademia' 'sin'ice:; 'Shanghai ' " ........... . ...... .... ... ... ..... . 

~:t~s.s .. ·9.53·9~~~r.~:·h'·:'~~~· ............... ........ ..... :.: ... :.:.: .... : .... :.: ... :~~~: ~ ~:.::.::.:::::::::::.:":: :.::: ~~:~;~:::::: : :::: : :::::::::::::: 
In Charge: ... :Un~:J:'-ng .... ~:P ................................ Reported by: ... . Gen-:-:xJ.a.ng ,Q-1,l.. . ... . . . ........ .... .. ... . .. .............. ..... ......... . 

HISTORY 
MILESTONE DATES: 

Design .. : 1.97B1"~~6~1· 9B;::>' Model Tests ..................... . 
Construction.. . ... . . .... ...... . First Beam .. Hov_.1.9B3 ..... . 

DESIGN/CONSTRUCTION BY: 
in house .... . ...... other . .......... . ... .... .............. . 

COST: Accelerator. ............. . . . .. Facility .................. . 
FUNDED BY: ..... Mp.Q.~:j.!3: . S.:l,~;i..9~ . ... .. . . .... .......... .. . . 

STATUS 
STAFF: Machine 

Scientists . .. .... .... . .... ... ... Engineers .......... .. . . ... . ... . 
Technicians .......... . . ........ . . Students ..................... . 

Research (in house/external) 
Scientists .......... / ....... . . . Engineers .......... / . ........ . 
Technicians ......... / ........ . Students . . . . .. .. . / . . . . .... . 

BUDGET: Machine . . ..... . .......... Funded by . . .. . ............ . 
Research .. ..... .. ......... Funded by ................. . 

TIME DISTRIBUTION : 
Basic Research (in house/external) ..... 3Q .... 'I. / ............ % 
Applied Program (in house/external) . . . ~9 ..... % / ....... . ... % 
Development ................ '10 Maintenance ...... H~ ...... . Y. 

MAGNET 
POLE PARAMETERS: 

Diameter .. ! .~8 ... cm Rext"ct . . . 6.1 . .. . cm R;nject . .. ..... . cm 
HILL PARAMETERS: Gap (min) .. J.4.·.6 .. cm Bm .. . n .. .5 ... T 

(to .......... AT) Gap (max) .. ... .. ... cm 8 m;n .. . ....... T 
VALLEY PARAMETERS: Gap (min) .. ~? •. 4. cm 8 m ... 1J.~7 .. T 

(to ...... . ... AT) Gap (max) . ......... cm 8 m ;n .......... T 
AVERAGE FIELD: < B >m;n • . 1A~~ .. . T < B >mu ..... . .... T 
NUMBER OF SECTORS: compact/separated ... ? ..... / ........ . . 

sector angle .............. . deg . spiral (max) ..... ... .... ... deg . 
FIELD TRIMMING: Trim Coils .......... 9 ....... .. . .... .......... . 

Harmonic Coils .. ............. 3 ........................ . 
Other . ............. . .... . .... .... . . .............. . ..,.5 .. . 

CURRENT: Main Coils .... 450 .. .... Amps Stability ... ?~~ .... . . 
Trim Coils ..... .40.0 . .. ... . Amps Stability ... ).xl Q ....... . 
Stored Energy (cryogenic) ............................... MJ 

WEIGHT: Iron .... '\ 2.Q. :ton.s. . . . . Conductor ................... . 
ION ENERGY: Bending limit E/ A = ...... ?? ... ..... q2 / A2 MeV /u 

Focussing Limit E/ A = . ... 3.0 . . ....... . q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDI\MENTAL ACCE LERATION: 

Description: ......... 1 xl OQ . i-lGP. . .... .. .... ...... ... . . 
No . of Gars/turn .... . 2 . ... . . dE/dn(rn"x) .... n .1AQ .. MeV/ q 

o 07 . Voltage(mrd . .... , .. . .... . MV Harm onic frf /f;on ·lOti .. .... .. . 
Freq .... .. .. -:-22 .. .. . MHz Power in(ma x) ..... ()~ ......... MW 
Sta bility: Phase ." . . .. . . . . . . .. . . Voltage. . .. . ...... .. . . . 

OTHER CAV ITIES (Flattorping or otherwise): 
Descrirtion: .... .. . .... . 
Region of Influence: Rmil1 ...... . ..... cm Rrn,l,X ........... ern 
No . of Gaps/turn . dE/dn(Il1"x) MeV/q 
Vol tage(max) ... .. . .... MV iia rnlOllic f" / f;o" .. 
Freq MHz Power in(", ax ) MW 
Stability: Phase Voltage 

VI\CUUM SYSTEM ,. 
OPEHATING PRESSURr:.: .. . . . . 1. ~ 5. x1 CJ-:- J 

.. j ;~nT 
PUMPS: No. and type .... ?.x125P .. ~,;~ .. qi.J,.~\Lr/;::::: ::: : ::: 

ION SOURCE(S) 
Type Intensity ill 

PIG t e (mA) 
(a) ...... • . . ~ .... .Y.P ......••.••..•• 
(b) .............. . .............. . 
(c) ................... .. ........ . 
(d) ............................. . 

INJECTION SYSTEM 

(n = " {3-y( 

("mm mrad) 
Ion Species 

. . . . . . . .. . ......... . ...... .. . . . ........ Efficiency . .. ...... % 

EXTRACTION SYSTEM2 sections of electrostatic 
deil,.-t: YO.G •. .I.~"\.g· .. Gl;1.!\l)tJ..e;L:': .11!l.g~. Efliciency ......... Y. 
Heak. Channel 
CHARACTERISTIC BEAMS 

Current(part IJ.A) 
Accelerated Ions E/A (MeV /u) Internal External 

(a) ...... P .. . ........ 19."7?~ .......................... ~8 .. . : .. 
(b) ... ... Q. ........ ... 20.'7 ...................... . 
(c) ... Fl:4.ph~ ... .... . )~::-~.q ..... ............. .. ::: ::TL:::: 
(d) .. .. . ............... . ............... ...... .. . 

Secondary Particles E (MeV) part/sec 
(a) ............ . . . ...... ... ......... . . ......... . . . .. . ......... . 
(b) ................................... .. . .. . .... ..... .. . .... . . . 
(e) ... ........ .. ....... .. .................... ...... ..... ... .. .. 

EXTRACTED BEAM rROPERTIES: 
For ...... ... '4)~L~of .. .. 15-:-3.Q ... MeV/u ... .. P. ....... ions 
~E/E ... . G.· .... .. .... ........ % ~<p ....................... Orf 
(n = {3-y( x .. .. .. .... ... "mm mrad z ............. "mm mrad 

FACILITIES FaR RESEARCH 
SHIELDED AREA: Fixed . .......... m2 Moveable . . ......... m2 

Target Stati ·)ns: ...... . . No. Served At Same Time: ........ . 
MAGNETIC SPEC. TROMETERS: ............................... , .. 
OTHER FACILITIES: . . ........................................... . 

REFERENCES/NOTES 
(a) ....... .... .. . ........ . .. . . ... . .. .... . ......... . .... .... ...... . 
(b) ..... . .......... . . . ..... ........ ..... .... .. .. .. . .... . . ..... . .. . 
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ENTRY NO. CI0 

HISTORY 
MILE.STONE 9~Y2S: 1975 

Des.gn ...................... Model Tests ... A ...... ... .. 9 .. . 
Construction . .. .. ... . .. . ...... . First Beam .. ':l~;S.~ .. 1 .. . 77 .. . 

DESIGN/CONSTRUCTION BJ 
in house ... P? .. .. ,. .0rM$ .. ~ .. ~~b?~: :. ~':l.~~.i~ .. .... .. .. . 

COST: AcceleraH'r . . . .. . . . ... . ....... Fac.hty f' p; . . .. .. . . . . . .. . 
FUNDED BY: .. . ~~~.1f9.~ f-.qy.~k . . ~.q ?M~Y .. <? .. .. .s ~.E! P.C; ~.~ .. .. 

STATUS 
STAFF: Machine 

S ' . 4 . 3 c.ent.sts .. . ....... i . . . . . . . . . .. Engineers .. . ......... .. . .. . .. . . 
Techniciar.s . .. . . . ... . ? .. .... .... Students ......... ~ . .... ... . .. . 

Research (in house/external) 
Scientists ...... 0 .. . / .. .. 9. .. ... Engine."s ..... 9 .... / ........ .. 
Technicians .. .. Q .... / .. .... . .. Students .... 9 .... / ...... .. . 

BUDGET: Machine .. ...... ......... . Funded by . .. .. .. . .. ... ... . . 
Research . . . . . . ... ... . . . . .. Funded by . .. . ... . .... .. . .. . 

TIME DISTRIBUTION: 
Basic Research (in house/ external) ...... . .. . .. % / ... . . . ~.Q .. . % 
Applied Program (in hou5e/external) .... . .. 1 . . .. % / ..... ~.~ . .. % 
Development ... . .. .. ... .. .. . % Maintenance .... .. ... ..... .. % 

MAGNET 
POLE PARAMETERS: 

Diameter .. . 1. 2.Q .. cm R. xIrAc ' .. 59 ..... cm Rinjec' . .. 1 .... i? .. cm 
HILL PARAMETERS: Gap (min) "'i ~.·. g .. cm Bm .. ... 1:.r .. T 

(II! .......... AT) Gap (max) ... .. ...... cm Bmin ... ~.' . '1 .. T 
VALLEY PARAMETERS : Gap (min) ~.~ . ..... cm Bm .. l·.1? T 

(II! .... .. .... AT) Gap (max) ... .... ... cm Bmin ...... . ~ 1 .. T 
AVERAGE FIELD : < B >min ........ 1 .. T < B >rpu ... ~: .. ? .. T 
NUMBER OF SECTORS: compact/separated .... . . '!' .. . / ... . . . . . . . 

sector angle .. .. . ..... . .... deg. spiral (max) ......... 7.0 .. .. deg. 
FIELD TRIMMING : Trim Coils .. ... J.~ ........ . . ......... ) ..... ... . 

Harmonic Coils .. .... . . . . . 1 .. (;qr.~j:; .. J:l..~~: ...... . .. . 
Other . ... . ...... ... .. . .... . . .. ........... . . . ... . ... . .. . 

CURRENT: Main Coils .... Q9.Q .. .. .. Amps Stability .. 1.~ :-. ? ... .. .. 
Trim Coils ....... .. . ?9.Q ... Amps Stability ..... 1. E! :-) .. .. . .. 
Stored Energy (cryogenic) ............ .... . .............. MJ 

WEIGHT: Iron .. .. .. 1.1.Q .. 1;.. .. ... Conductor ..... . 1.1 . : ~ .. ~ .. .. .. 
ION ENERGY: Bending Limit E/ A = ... .. .... :1-.Q .... q2/ A2 MeV /u 

Focussing Limit E/ A = . . ..... .. ... . .... q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATdON: 

Description: .. .1 .. 9-.~!= .. Y?9 . . ..... ...... .. ... ...... "8" . .... . .. . 
No. of Gaps/turn .. 0 .. 04...... dE/dn(max) .. .. O .. . Q .. .,. MeV /q 
Voltage('cr1

2
·6···· ·: ······ MV H~rmonic f,r/fion .. 0 .. " . . .. .. . . 

Freq ................. MHz Power .n(max) ... .. ...... : .. . .. MW 
Stability: Phase .... .. ..... .... .. .. Voltage .... ?E;.;) ... .. .. .. . 

OTHER CAVITIES (Flattopping or otherwise) : 
Description: .. . .. .. .. . .. .. ....... . .. . . ....... . .. . ... . ...... . .... . 
Region of Influence: Rmi n .... . ... . . .. em Rm .. ... .. . . ..... cm 
No. of Gaps/turn ...... .. ..... dE/dn(max) ....... .. .... MeV /q 
Voltage(max) .. ...... . ..... MV Harmonic frr /fion . . . .... .. . . .. . 
Freq . . . ..... . . .. ... . . MHz Power in(max) .............. . .. MW 
Stability: Phase . . .. .. .. . ... . ...... Voltage . ..... . .... ... .... . 

VACUUM SYSTEM _ 4. 
OPERATING PRESSURE' 6.10 ' l' il 
PUMPS: No. and type .~ '><~0:~~: :t! < :~]}r: pumps:· .. .. .. .. . . ... . ... . ....... 

Date ..... . . J:V-p.~ . ~.Q .!. . J.Q~? .. ........ . .... ....... .... .. 

ION SOURCE(S) 
Type Intensity II! 

(a) .J;il.It ~.r: . P.f:(l; . 
(b) lM<;;r: . nil: . 

(mAJ 
.. ... 9.!. .... .. 
.. . .. 9 .• 0.'5 . .. . 

(c) .... .... .. .. .. . 
(d) .. .. ... ...... .. 

INJECTION SYSTEM 

<n = {3"« Ion Species 
(1rmm mrad) 

.. .. .. .... ..... .. ·J?t~"·"· N 

..... . .. ....... )~.~ .. " ' ·4a Ei .. 

4 x tp.:\. . . i.nj~!=!.t;i.QI). ,. ?P.t r.SlJ.. tAD-.~~.·Efficiency 1.?:-. -:t9 ... % 

EXTRACTION SYSTEM 
¥P:gA~ :t. i.c .. r.~ g.~1f~ r: ?:t:Q ;r: l. . ......... Efficiency ... ~ 9 .... % 
3 e l ectros tatic defl.s ec tions 
CHARACTERISTIC BEAMS 

Current(part /loA) 
Accelerated Ions E/A (1f!V/u) Intf8'81 ~~1r8al 

(a) .. .. a .. · .. · .. · .. .. ... "0 .. · .. · .. .. · .. 10·0 ......... 4.:. ·1'0 .... · 
(b) ...... +.-j' . . ....•.. . . . •..•.•.. . .•• . . . .• .. .. . ... . .....•. . .... . 
(c) .. )aEi 'l'-t .... .. .. .. .. . 1.e .. .. .... ... ... 20 .... .. . .. 4:-.. 9 .... . 
(d) .. 4R~ . .. ............ .1.0 .......... ... . 2Q ......... 2. -:- .. 9 .. .. . 

Secondary Particles E (MeV) part/sec 1 2 
(a) .. I). ~ :t1-t;r:9P' fi' .................. 9 ...... ... ......... . ),Q . .. .. . 
(b) . . . ... . .. .. ... . . ........ ... ............ . . . . . ........ . . . .. . . . 
(c) ..... .. .. .. . .. ....... .. ... .. .... .. ............. .. .. .. ..... .. 

EXTRACTED BEAM PROPERTIES: 
For .... ... 19 ..... /loA of .. .. . 3.0 . .. .. . MeV/u ... . .. P. ...... ions 
t:.E/E . . .. .. ...... .. . . . . . 1 . . . . % M ..... . ..... . . ~.Q ..... .. orf 
<n = {3"« x .. . ... . 1. J . ... lI'mm mrad z ..... ? ... ? . .. 1rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed .s .. ~? ~ . .. m2 Moveable ...... 9 .... m2 

Target Stations: . ........ No. Served At Same Time: . .. ! ..... "4 
MAGNETIC SPECTROMETERS: R=;O .•. ~JIl . .. 1 2 4}l,~ g,AA!.ij:".5 .· . 1 ° 
OTHER FACILITIES : . ... ......... . ... ..... . .. .. .. E' 
M]l.J, j:;.~ ~A?l')~.~+ .. l!l.~gP, ~:t. t ~ .. ~.r:~.~ Y.:;;~.r:. Y~ ... ": ?? 9P ... .. . 
A(:.l} r.QJ1l.qt .j, ~ . . J1l.E!gP, t?:t.Q P.P :t.t !=!.SlJ. . . flY.fl:t; !=P! . ,(NJ!QFl ) .. 9.Q ~.,.;l ID 

REFERENCES/NOTES 
(a) .J.·.$.t<Il;r:?E!, .~t .. 'iif-., .. I;'r.q~.·.l?~~~ . . Q?, .. ~~n .i. r: .. ....... . 
(b) V .•. B.e:jp,Qx<;f::. , ~.i; .. Sl L;1:); .·.J;il.t< : ~9p.f.·. , .,.<1 ~~~.1)9.f? f-.qy. : ., 

J I NR,D9- 89- 708,Dubna 1989,pp. 44- 48 
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HALL 2 

- MAGNET MONOCHROMATOR 
- ACHROMATIC 

MAGNETOOPTICAL SYSTEM 
3 - MULTICHANNEL MAGNETIC 

ANALYZER 



ENTRY NO •...... ~~~ ... . ................ . ...... . ..... . ... . ...... Date .??'.~'.:~?? ....................................... . 
Name of Machine . .. ~1~9. ~y.c.1.qt~9!1 . . .. ... ... . ... . . ... ...... ........ . . . . ... . ....... ........ . .... . . .. ..... ....... ............ . 
Institution .. Oeppr.1;l1)€!l)t . pf . .P.hys i cs~ .. Uni vers.i.t,y. .of. J},.v.asky1 a .. (J.Y.F.L) ............. .. ......... .. .... .. . ........... .. . ... •. . . 
Address . . . . P ,P ... B.Q>I.35 •.. 4.Q4~1 . ilY.v~.S.~nl;\,. F.i.n.1.C!Q9 .......................... . +358-41-602400 +358-41-602401' ......... .. .......... . .•.. . ...... . ... . ..... 
Tel ·····:··E:· L; ~k'k'o'~en"" Telex ......................... Fax ... .... .... . ..... .... . : .. . EMAIL .. . . ..... . .. ... ........ . 
In Charge .... . ........ ... .. .. . ....... . . . .... ..... ... . ....... . Reported by: . :r .... ~q1~9)?1 .n.~~ ..............•................... 

HISTORY 
MILESTON~ DATES: 

Design . ... ~~~. . . . . . . . . . . . . . . Model Tests .. ~~~~ . . . ... 1). ...... . . 
Construction .1.~~?~.9.q ... . .... .. First Beam . .1.~~? .. 11 .. ..... . 

DESIGN/CONSTRUCTION BY: 

C~S~:u~:c'~I~;~~~; a·ti. ~t~e{11 fein 'LJS'$ ' F~jlc' t:I't't'y' ·ab·.·2·0 · m'n 11ciri' (JS$ 
{j ••• • • • " t"'f'):""l a' " ............... . 

FUNDED BY: ... ?~~.r: ~f!1e~ . .. ? .. ~~ .~.~ .. ....... .. . ....... .. . ... . 

STATUS 
STAFF: Machine 

S" 5 4 Ctenttsts .......... ............ Engineers .... 1-' •••• • • •• • • • •• •• • 

Technicians ...... 3 ...... ..... .. . .. Students . . . . ? ........ . ...... . 
Research (in house/external) 

Scientists .. .. .. . ... / .......... Engineers . .. ..... . . / ........ . . 
Technicians .......... I. ......... Students .......... / ......... . 

BUDGET: Machine 1 [lll.1.l. 19f1 . . ~~$I.Y.~il- Y'funded b{i9y.e.r:I)(II!!.'1t. 9.~ X] n-
Research .................. Funded by1~!1~ .. t~!.o.~~~ .. ~~jv. 

TIME DISTRIBUTION: 
Basic Research (in house/external) .... ~9 ..... . % / .......•.... % 
Applied Program (in house/external) ... ~ . .... . . % { ......• . ... % 
Development ..... ) P ...... ... % Maintenance . ... 9 ... .. ...... % 

MAGNET 
POLE PARAMETERS: 

Diameter .. .2.40 ... cm Rexlract ... ~§ ... . cm R;njec •... ~ ~ .... cm 
HILL ~~OR~~OETERS: Gap (min) .. . }j .... cm Bmu .~:)? .... T 

(ill .. .... ..... AT) Gap (max) ...... 4 ... cm Bm;n .......... T 
VALL~60P~~OAMETERS : Gap (min) F: ..... cm Bmu ........ T 

(el .... : ..... AT) Gap (max) .. J.7 ... 4... cm Bm;n .. 1.:?? .. .. T 
AVERAGE FIELD: < B >m;n .. Q:~.~ ... T < B >mu .1.: ?? .... . T 
NUMBER OF S~f~~RS: compact/separated . . .. 3 .. ~ .. / .. .. ..... . 

sector angle .... : .......... deg. spiral (max) ..... ~ ......... deg. 
FIELD TRIMMING: Trim Coils ... l .5 .............................. .. 

Harmonic Coils .. 4 .. ~~~.s .. j r . .v.~ 1) !!.Y.~ .................. . 
Oth~r ···.'····1 oM' .......................... ·J5· ..... . 

CURRENT: Mam COils . ... .... . . . . .. Amps Stability .. 19 ......... . 
Trim Coils ... .7.0 ...... .... . Amps Stability . ... ............ . 
Stored Energy (cryogenic) ..................... .......... MJ 

WEIGHT: Iron .. 306 .. 1;Q(l? . . ... . . . Conductor .. 1? .~Q(l~ ... .. . ... . 
ION ENERGY: Bending Limit E/ A = .. 130 ........... q2 / A2 MeV /u 

Focussing Limit E/ A = . ~.Q ....... ...... q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: . .>l4. !.e.~C? n?t.~~ i . . 2 .. ?~.e.s ......... ..... . ........... . 
No. of Gaps/turn .... d5 .. ... .. dE/dn(m~x) .P'J~.5 ...... MeV/q 
Voltage(max) ..... 0: ....... MV HarmOniC f,r/f;o,1.' .1.2..3 . ... . .. 
Freq ... 10~2.l .. ...... MHz Power in(max) ... O:? ........... MW 
Stability: Phase .. .. ....... .. .... .. Voltage ...... .......... .. . 

OTHER CAVITIES (Flattopping or otherwise): 
Description: ....... . ............................................ . 
Region of Influence: Rm;n . .. . .. . . . . . . cm Rmu .... . ....... em 
No. of Gaps/turn.. ... ....... . dE/dn(max) ........... . . MeV /q 
Voltage(max) .... .......... MV Harmonic f,r/f;on ..... ....... .. 
Freq .. .. ... . ..... .... MHz Power in(max) ................. MW 
Stability: Phase ............. .. .... Voltage ........... . ... ... . 

VACUUM SYSTEM 
10-7 

OPERATING PRESSURE: ....................................... .. 
PUMPS: No. and type .. 2 . .c.r.yo. P.UfllpS ....... . ... .............. . . . 

...................... 500.Q .~/s .. (fpr . . l)it.r:Qgen) .... ... ... .... . . 

ION SOURCE(S) 
Type Intensity 

(mA) 
(a) .... .. ........ . 
(b) ... ~~~ ........ . :~~~:J:::::::: 
(c) .......... .... . 
(d) . ... ........ . . . 

INJECTION SYSTEM 

'n = f3'Y' 
(1rmm mrad) 

Ion Species 

AXlal. splra1 lnf1ector. buncher . . .. . .. .. . ......... . .. .. .... . . .... d' ... Efficiency ... ...... % 
(l st+2 n ) 

EXTRACTION SYSTEM 
eJ.ectfP.~tptic .. def.l.+.I:t:1Ct2..pa.ss.i.l(e .... Efficiency ......... % 

channels 
CHARACTERISTIC BEAMS 

Current(part IJA) 
Accelerated Ions E/A (MeV/u) Internal External 

(a) ...... P ............ ... 7D ...... ............................. . 
(b) .... 4(lA .... .. .... .. ... ?5 .. ~~y . ................... .. ....... .. 
(c) ....... : .............. P .•. Q ........................... ...... . 
(d) ..................... .. ........... .... .. . . ... ..... ..... .. . . . 

Secondary Particles E (MeV) part/sec 
(a) .. ..... . .... . ...... . .. ..... .. ...... ... . . . . ................. . 
(b) .................... ........ . ..... . .. ... . .. .. . ......... .... . 
(c) .......................................................... .. 

EXTRACTED BEAM PROPERTIES: 
For .. ... ... ...... IJA of . .. . . .. . .. .... MeV /u .............. ions 
t:.E/E .... .... .. .. ........ ... % t:.¢ ....................... °rf 
'n = f3'Y' x .... .. ....... 1rmm mrad z ... ...... .... 1rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ........... m2 Moveable ... ~.2.~ .... m2 

Target Stations: .... 9 .... No. Served At Same Tjme' 1 
MAGNETIC SPECTROM!P"ERS: .g.~~ .. f.i.! ! ~.d .. ~~~.~~ ! .. s.~~~r.a:~?r: 
OTHER FACILITIES: ?~~. ~ .n.~ .mo?·s.sr . ~et?~~? ~.~ ~ . t ..... t . ........ .. 

gamma an e ec ron spec rome ers . ............................................................... . 

REFERENCES/NOTES 
(a) .l.} . ~p'gnet .. desj,gn . by .. JYFJ..~ . oes.i.9~ .. a.nO . c.Qnstr.lIct.i.o.n . by 
(b) .... Si=.a.nc.ii.t.r:Q(lix . I;~ •.. Sl:Ieil.e;n ...... . ...... .... ............. . 

PLAN VIEW OF FACILITY, COMMENTS 

K130 CYCLOTRON 
o 



ENTRY NO • . . . .. CJ.2. .. ..... ..... . . . ..... ... ..... . . . .. .. . ....... . Date .. .. P.l/.Q"Zl.l<;1<;1;! •• • ••• . • •••. • . • •..• . • ..•.• . . . ••••• ..•• 
Na~e ~f Machine . . . !>.1VrH·. {:P.l .. a.'IQ .CO;! .. <'Il:W~ijo(l~ .: .. O~ . .<l9.891.ijond QAI. (firs.t .ooam. Ju.n.e .92) pro.j.aG~") .. . . . . . ... . ... ... . 
Institution . . ........ . GANIl • . ... . . .. . . . •.• . •.......••••. . ...• . • • • .•• •• . •.•.•• • •• . • ••• • .••. • .. ..•.•• .• . • . •. • .. . . •• •• . . •• ••• ••• • 

Address . . .. I11? • ~O;!7 . . -: .~ . lIlP;!.l, .Q>,J;:~ . {:1'!l.e.>I ••••••• ••• • • •• .. •• • . •• • ••••••• • • • • ••••••••••• •••• • • ••• • •••••• • •••• • • • •••••• • • ••• • • 

Tel .. 3.1..45 .!\p .. !H .. . ... .. .. . Telex .• l.7.Q5n f . . . .... .. .. . . . . Fax . ~J. .• :t.s .. .4fl,t>:; . .... .. .. ... EMAil ... ... .... . ......... .. . . . 

In Charge : . ..... ~ .... ~~~ . .. . .... ... . . . ... . . . . ..... . . . . . . . .. Reported by: .. . ~~!~ . . s:~J>:E.'~ .. .. .. . .. . .. ......... ... .......... . . 

HISTORY : see SSC1, 2 entry ION SOURCE(S) 
MILESTONE DATES: Type Intensity CI (n = i3"1( Ion Species 

Design. . . . . . . . . . . . . . . .. . . . . . Model Tests .. . ... . . .. . .. . .... . . . . (mA) (1rmm mrad) 
Construction . . .. . ... . .. . .. . .. . . First Beam . ... . . .. . . . .. . .... . (a) . COl . ~ . . KIO:R4~14.S. .Gllz.) ..•.. • 

DESIGN/CONSTRUCTION BY: (b) .. . .. .... .. . .. . ... ... ... .. .. . . .. .. .. .. .. .. ... .. .. 1I·e.3 -;V 2'38 • 
in house ..... . . . .. . other . .. . .. .. . . . . . .. .... .. . . . . .. . .... . . . (c) . .c02 . . : .. EClUUO.liHz) . ... ... . 

COST: Accelerator . .. .. ..... ... .... .. Facility .... .. . .. . .. .... . . . (d) ............... .. .. ....... .. .. 
FUNDED BY: ............ ... . . .. . .. .. . .. . .. .. .. .. . . . .. . . .. . .... . . 

INJECTION SYSTEM 

STATUS : see SSC1, 2 entry 
STAFF: Machine 

C!ll: lOJlkV .inj.ectiQn. .l.:inl'.-:&p.in')... .:loU Efficienqllg. t p .. fl~ . % 
C02 : 20kV injec t i on line-Muller infl up t o 25 , 

Scientists ........... . ...... . . . . Engineers . .. .. .. . . .. ... .. . . .. . . 
Technicians . . . . . . .. . .. ... .. .. . . .. Students .. . ... . .. .... ... . . .. . . 

EXTRACTION SYSTEM 
I'.l,~<;tmst:~tj.p .. Q~nekt;Qr .. .. ... . ...... Efficiency .+99 .... . % 

Research (in house/external) 
Scientists . . . .. .. . . . / ..... . .... Engineers .. . .... . .. / .... . . . . . . 
Technicians .. .. . .. . . / .. ....... Students .. ....... / . . . .... .. 

BUDGET: Machine ..... . .. .. .. ...... Funded by . .... . ..... . ..... . 
Research ............ . . . . .. Funded by . . . . ... .•... . . .. . . 

TIME DISTRIBUTION : 
Basic Research (in house/external) . . .......... ~. / ............ % 
Applied Program (in house/external) ... . ..... . . % / ........ .. . % 
Development ..... ... . . .. .... % Maintenance .. . .. .. . . .. . . . .. % 

+ electros tatic quadrupole 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A (MeV /u) Internal External 
(a) .C01 .. , .l>le.+~ ..... .. .. . 1 . .. .. .... .. .......... . .. . ... .. 4 .... .. 
(b) .. .. .... Ta:.2.~ ..... .. .0.4 .. .. . ...... ...... ....... .. .. O',f .. .. 
(c) .C02 .... lIIe:+".6 .• . .•..• . .l. .. ... . . . .. . . . .. .. .. .. . .. ..... ~.2 ... . 
(d) ...... .. U~f.4 ... .. .. .. . Q,1., ......... .. ......... .... .. Q, 97 .. . 

Secondary Particles E (MeV) part/sec 
(a) .. .......... .. ........ .. .... . .. .. .. .. ..................... .. 

MAGNET 
POLE PARAMETERS: COl 7.41 

Diameter ~31. 6. .. cm Rex'T&c, .48.11.~5 . cm Rinj ec' C;:9 i!. ) : ?~cm 
HILL PARAMETERS : Gap (min) . .2.1, .. ... . cm Bm .... ........ T 

(0 .......... AT) Gap (max) .. .. ...... cm Bmin ...... .. .. T 
VALLEY PARAMETERS: Gap (min) ... ~9 . . . cm Bm .. ...... . . T 

(b) . . . ....... . . .. . .. . .. .. .. .... . . . . .. . .. .. . . . . .... . ... . . .. . . .. . 
(c) ................ .... .... .. .. .... . .. . .. .... .... .. .. .... .... .. 

EXTRACTED BEAM PROPERTIES: (maxi mum values full width) 
For . . . . . .. . .. .... /lA of ... .. . .. .. . .. . MeV /u ......... . ... . ions 
t.E/EO .•. ~'7L.5 .... .. .. .. .. .. .. % t.</> .P .... .. .............. orf 
(n = i3"1( x ... ~9 . :-.. 4~ .. 1rmm mrad z .. ~.5 ... . ..... 1rmm mrad 

(0 .... . .... . AT) Gap (maxi ... .. .. ... cm Bmin ........ .. T 
AVERAGE FIELD: < B >min . .. . ...... T < B >m .. .. . 1 ... ~?~ .. T 
NUMBER OF SECTORS: compact/separated . . ... 5 . . .. / . . . .. .... . 

sector angle ...... .. .. ..... deg. spiral (max) 1;9 ... =: . 9.· .o.~~r. deg. 
FIELD TRIMMING: Trim Coils . . . Ei . 11').x;<; \lJ..a.x;1 .... . . . .... . ..... . . . 

Harmonic Coils . . ..... . . . .. ...... . . .. .... .... ... . . . . . .. . 

FACILITIES FOR RESEARCH : s e e SSC1 , 2 e nt ry 
SHIELDED AREA: Fixed .... . ...... m2 Moveable .. ... .. ... . m2 

Target Stations: . ... . .. .. No. Served At Same Time: .. . . .... . 
MAGNETIC SPECTROMETERS: ... .. ... . . .... .. . .. . . . .... .. ..... . 
OTHER FACILITIES : . . . ... .. .. . ... . .. . . .. .. . .... . ... ... ...... . ... . 

Other .... . . . .. . .. . ...... . .................... .. . . . .. . . . 
CURRENT: Main Coils .. . 15.0.0 . . . .. Amps Stability .... to .-.~ .. .. 

Trim Coils ... . . .. 500 .. ... Amps Stability . .. . ... . to.-.'!" .. . . 
Stored Energy (cryogenic) . .... . ........... : ............. MJ 

WEIGHT: Iron . . .. ... . . ..... .. .... Conductor . ... .. . . .. . ... . . . . . . 
ION ENERGY: Bending Limit E/ A = .. .. .. 28 .. .... . q2 / A2 MeV /u 

Focussing Limit E/ A = . .. . ...... . ...... q/ A MeV /u 

REFERENCES/NOTES 
(a) . M.P .. BOURGJ\aeL .. ~1; . il)..., . l41:t.ll.lll.t; , . CPA!; ,. PA . <;Yf'.l.<;>tm'l . BERLIN89 
(b) . !: •. ~Jo.uo . . ~t; . il). .•. . W;i.,,, .pmc;~~9.i.'Ig~ ................... . . . 

ACCELERATION SYSTEM PLAN VIEW OF FACILITY, COMMENTS 

FUNDAMENTAL ACCELERATION: 
Description: .180 . ~. Dr . res.QnijotUr . t\l1\~Q. . PY. . t ¥ P . . 'l'9Yi'-.~1,,!, . .P."\I)els 
No. of Gaps/turn ... 2 ... ..... dE/dn(max) ... . 0.18 . .. . MeV /q 
Voltage(max) ... . ... 0.09 .. MV Harmonic frf /fion .. . ~ . ... .. . . . . 
Freq .. .. . 7 . :-.. 14 .. ... MHz Power in(max) .. .. ............. MW 
Stability: Phase .. . ;!: . o..1.~ .... .. .. Voltage .. .. . 1C1~~ .. .... .. 

OTHER CAVITIES (Flattopping or otherwise): 
Description : .. . .............. .. . ..... . .... . .. . ........... . .... . . . 
Region of Influence: Rm in ........... . cm Rm .. .... . .... . .. cm 
No . of Gaps/turn ... .. .... .. .. dE/dn(max) .. .. ......... MeV /q 
Voltage(max) .. .. .. . . . . . ... MV Harmonic f,f/fion .. . ....... .. . . 
Freq ...... .. ... . ..... MHz Power in(max) . .. . ... ...... .. . . MW 
Stability : Phase ............... . ... Voltage . . ........... . .... . 

VACUUM SYSTEM 
OPERATING PRESSURE: ...... :] .. lo:-~ .. lIasc.al. .. ... ... . ... .. ... . 
PUMPS: No. and type .1 . c.ry" . on .vacuum. chamber (20JlOOl/s.l .. 

. . . . . . . . . . . . . . . . . . . . . . 2. m ;yo. on . HF •. r:<> s o.na t or . ' 200JlO .l/ s. ) . ... 

.'P ".," ( f OO I! (r 

q"·"T'" 
'---"-...,,-I"-"'-,,~ 



ENTRY NO •..... ~)..3 .. ..... ... . .... .. ................ .... . . .... .. Date ... 9;t/9.7/'J.,,!~? ... ............... . ...... ... . . ... .... . 
Name of Machine ... ~.l\l'P;J;..~l'q. N!q.~~f:.2 .. tQWH'9AA .: .. Q~. '<,l.~Il~I. i'pp. .Q~+. LL!'J.'W .. Pf'Pjl".c.t;"l ............................. . 
Institution .......... ~.l\lfJ;J;. .. ..... .... . . . ........ .. .•..•.. .. . ... . . ... . ..•.•.•.•.•••• •.••••.... • . .•••••.. . • . . ...• •••••• ••..•••. 

Address ..... . ....... ~~ .~?~!. r .. ~~<?~~. ~~ .<;':'?!'?' ... ....... . .... ......... . .... .... ........................ . ................ .. 
Tel .. 1l.45.§6 ... 'l'l ........ . .. Telex . ~'Z0533. F ... .... ... ..... Fax .. 31.AS.46.65 ........... EMAIL ....................... .. 

In Charge: .... ~:. ~~~ .... .. .......... . .................... Reported by: .... G~;r~ .. ~'1;lVff ................................. .. 

HISTORY 
MILESTONE DATES: 

Design .. )'!'J.7.~77fi............ Model Tests ... ).,'HQ ............ .. 

Construction .. ;L9.7.E?7!l.2. . . . . . . . . First Beam . . ~9)T • • Il? ........ . 
DESIGN/CONSTRUCTION BY: 

in house ... ~.. .. ... other ........... . ........... . .......... . 
COST: Accelerators. .400. ME. (86~. ... Facility .... 'J50 .MF .. 'Q6~ .. 
FUNDED BY: ..... CEA .. -; .CNRS ....... ... ..................... ... . 

STATUS 
STAFF: Machine and research 

Scientists ........ _............. Engineers ..... 79 ............. . . 
Technicians .... ll7 ............... Students .. . .. . . ';' ............ . . 

Research (in house/external) 
Scientists . . ;til ...... / ... 199 .... Engineers .... . :-.... / ........ .. 
Technicians ......... / ......... Students ... 10 ... . / . ....... . 

BUDGET: Machine .. ) .. '50' MF '\91.')" Funded by l .. Cro..: ',;.' t:'NIl.S"· 
Research . J .•.....•........ Funded by J ... .. ........... . 

TIME DISTRIBUTION: 5530 h (91) + 1500 h (SHE 91) 
Basic Research (in house/external) .. 66.5 ..... % / ......... .. . % 
Applied Program (in house/external) .. 3..5 ..... % / ........... % 
Development .... 7 .. 5 ........ % Maintenance .. dULiog. shut;- % 
Tunings : 22.5 , down 

MAGNET 
POLE PARAMETERS: SSCl:81.4 

'Diameter .. ... ... . em Rext .. ct .. :}QIl .... em Rinject ~!?<;:f.:.~?\l em 
HILL PARAMETERS: Gap (min) .. ~o ..... em Bm ... l:-ns .... T 

(<<I .l9.QQQIl .. AT) Gap (max) .......... em Bmin .q: 7 ...... T 
VALLEY PARAMETERS: Gap (min) ....... . em Bm .... ...... T 

(<<I .......... AT) Gap (max) .......... em Bmin .... .. .... T 
AVERAGE FIELD: < B >min .0. .. 39 .... T < B >m .... , .Q,~:; . . T 
NUMBER OF SECTORS: compact/separated .......... / .... 4; .... . 

sector angle .. 5.2. (straigbt):jeg. spiral (max) ............... deg. 
FIELD TRIMMING: Trim Coils .. l.~. tp .. '!~;-:L.e.,:. ~?:r: .~~?C:~~?~.~"'~ .. 

~~~~ro~~~ .~~i.l~ . : '. : : : : : ~~: : : : : : : : : : : : : : '. : : : : : '. : : ~~: : : : : : : 
CURRENT: Main Coils !'J.!lQJs:W;-,l,1l'?9 .. Amps Stability . . . ~q ... .... . . 

Trim Coils .. 1.40. kW .•••.•. . Amps Stability ..... .1.Q:-~ ...... . 
Stored Energy (cryogenic) . . ....... . .......... .. .. . . .. ... MJ 

WEIGHT: Iron .. ~ 700. ::Coos....... Conductor ... H. :r.ql)!? ... . ... . 
ION ENERGY: Bending Limit E/ A = . .... WIl ........ q2 / A2 MeV /u 

Focussing Limit E/ A = ................. q/ A MeV /u 

ACCelERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: 2x3.'l~. rMOOi't.Q:t;-'>. JIIQ'I'i;lP).,Ol . Pi'n'lL .. :r:qt'i'~.~,!9 .. l.~qp 
No . of Gaps/turn ..... 'l....... dE/dn(max) .... q,li! ...... MeV /q 
Voltage(max) ... 0 ... :/51l ..... MV Harmonic f,r/fion s.~<;+.:.5::9~~.2.:.2 
Freq .. . . 7..7 . .1.4 .... . . MHz Power in (max) .... o, •. Y.r''4'!'?!'!'.t:OfI1IW 
Stability: Phase ... '~P" 'J. . ~ ........ Voltage . ... W:- . .......... . 

OTHER CAVITIES (Flattopping or otherwise): 
Description: ..... ...... ..... . ............................... .. .. . 
Region of Influence : Rmin .... .... ... . em Rm .............. em 
No. of Gaps/turn ............. dE/dn(max) ............. MeV /q 
Voltage(max) .......... . ... MV Harmonic frr /fion ......... .. . . . 
Freq ... ..... ... ...... MHz Power in(max) .... . ............ MW 
Stability: Phase ................... Voltage ............ ...... . 

VACUUM SYSTEM 
OPERATING PRESSURE: ... 6 .10.~~. J>.a.'lc;:i'). .............. .. ..... .. 

PUMPS : No. and type ...... 4. 1:)..11;1;>9 .. : .. ~:;P.q . UP . ............... . 
.. . ....... ... . .. . ... ...... . li!. ~.r:Y9 ... : .. 79.o,Q9. V'! .... ... ...... . . 

ION SOURCE(S) 
Type Intensity (I <n = f3ry< 

(rnA) (7rmm mrad) 
Ion Species 

(b) ........ !:>.'l'l.Te.l,qt!,p .. ~I)1:;:r:xl ............................ . 
(a) .. ~:>.Gl.. ;i.Aj~~~e.q . by .• COl .. Qt: . C02 .............. ! ........... . 
(c) .. l'.S.<;? :L!~j~\,~~C! .9y .. ~~q . . '!:ft!'.:r: .99.l.~C!. fp,.i,l .. ROlF. JJ:J3B. 
(d) .. 9~.Z:i.1'P!".Z: . lpo!'!i. ... l'.l .. '1t!,.iEPipg .~'i'~.~q. F • • ~. ~) •••• ••••• ••• 

INJECTION SYSTEM 
· .electrastatic . .inflect.or . . .. .. .. . ... Efficiency BlhlOo.. % 

and magnetic channel 
EXTRACTION SYSTEM 

· .eleo1!rosta.t!i.,. deflecco".. . . .. . .. . . . Efficiency . aQ,;, lO.Q % 
and magnetic channel 

CHARACTERISTIC BEAMS 
Current(part I'A) 

Accelerate't~ons E/ A (MeV /u) Internal Externrl 
(a) SSCl.-:l'ie ........... .1.5 ... ................... .. 1.2.5 .. 10 .. ?Pps 
(b) ....... u:~~ ......... .4. ........................... 5 . .lO. . ~!lpps 
(c) .sSC;2;-.ti~:~~ ........ ~.!i .... .1.j"m;i..t;eQ. t.Q . 40P .. W •. .1..Z. ).I).~~PllS 
(d) ...... u":~~ ......... 25 ............................. lO? ... pps 

Secondary Particles E (MeV) part/sec 
(a) IU.B . by .. fragmeotation.(SISSI. .upg;raQe px:oje".t; . ill. AA<JI'.OlSS) 

(b) .... Ben ............ 'lQ.I'l.E\\{/.\1 ...................... ).~ .... .. 
(c) ... .014 .............. 'lO .I'l.E\Il/.u ................. § . .l<P. .. ... .. 

EXTRACTED BEAM PROPERTIES: (maximum values full width) 
For lo.~,"'lo.~~.pp",Aof25",95 ........ MeV/u ... C.,..D ... .. ions 
6.E/E ... 9 ... 1.--:9,:'1 ....... ..... % 6.q,s~!2.\ ,li! :-)..0',~l'~~;+9.-:J.~ Orf 
<n = f3'Y< x s.~<;L:.7 . .. .... 7rmm mrad z ~l'.<;J.; 7 ... . .. 7rmm mrad 

SSC2:5 SSC2:5 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ........... m2 Moveable .. ~?!l.~ . ... m2 

Target Stations: . l.Q ..... No. Served At Same Time: .. ~ . . ... . 
MAGNETIC SPECTROMETERS:a( •. !il?~ •. i'\l)Q.. k~S~.(Rnl) ...... . .. . 
OTHER FACILITIES: ............. .. .............................. . 

· 4Jr.q'i'J:!,.qt;9r~ .. !~l\P:J;:J;W.s.--::J;~M-:-9~.I.q~ l ..................... . 
· :):!lp.~9t!,,:i.'!L .. ,!J?P;L.i.q'!t:L?.'~'! .. (?~~~~.a.t:<:'c;I,l .................... . 
.~~.~ll)~~ :-.~'?~:L~ .'!~?t." .P!'Y.':~'?:' .. '?~. !' .. "'~:r.': . g. :>:~~,:,:r .. ~~!'~.~I.'~ng (SHE) 

REFERENCES/NOTES 
(a) .. . .... .. .. .. . .. . ................ .. ................ . .......... . 
(b) ............................... . .............................. . 

PLAN VIEW OF FACILITY, COMMENTS 

COl CSSl CSS2 

C02 l'J~~~ NAUTll.US 

ORION 

SPEG 

S.A.I.F 



ENTRY NO .. ... .. <;l~ . . .. .. .... .. ..... ............. .............. Date .... J.lIne .l~~.2 ....................................... . 
Name of Machine .. . ~~RA .. U.T)j~~t9r.l. ............ . . . .... ..... . .. ..... . ..... . ... . .. .......... .. .. ........................ ... . . 
Institution ....... J;~STlJ].J.T .. Q~S . SP.Ef'.I~~~ NUCLEA~RES 
Address ......... ~~,. !l.v.e.rJY~. Q!!? !~a:r:ti\~: : .3.~Q~~ : ~R~.N.O:~~~: ¢~~~:x: : : ~r~~.c.e: : : : : ........................ .............. .. ..... . 

(33)76 2 40 0 ....... ...... ...... .... . . . . .. .............. .. . 
Tel .L ..... :.?: .. . · .. Q ...••.• Telex .~~P.3.q~~ ................ Fax (3J.m:~.8 ... ~Q:9~ ........ . EMAil ....................... .. 
In Charge: ... D .... 6J!.RNW.U.Q •. r:1 • . FRUN~I)U ... ........... ..... .... Reported by: .... M· .. ~~V~~!I.U .. . .. . . . . .. .... ............. ..... .. . . 

HISTORY 
MILESTONE DATES: 

Design .. : . .1.9JiI96'3~ i96'j '" Mod~1 Tests .. .. i-~.~~ ............ . 
ConstructIon ............. . .. ... F,rst Beam . .. . ..... . .... . ... . 

DESIGN/CONSTRUCTION BY: 
in ho.use ........... ttrOil .. . ~)J : . .. :: .. "5"106 .. ·rfI ...... · 

COST. Accelerator ............. '"'. . . . . FacIlity ... ' ....... :/I . ..... . 
FUNDED BY: .. !N.2.~~I.~.N.~~ .................................. . .. . 

STATUS 
STAFF: Machine 

S " 1 9 clent~s~s .. ·27··· ······· .. · .. ·· Engineers .. i·· ···· .. · ··· .. · .. ·· 
TechnicIans ...................... Students ..... .. ... .... .. ..... . 

Research (in house/external) 
Scientists ....... . 40 / ~P ........ Engineers ......... ~ / ......... . 
Technicians ...... . ~. I. '6 .... .. Students ........ q / ........ . 

BUDGET: Machine .... )Q ..... b J. .. Funded by .I.NZP3J.C~R~ ... . . . 
Research .... 0 ... 5 . lD .. . t . Funded by .IN~~J/'C;~~5 . . .. . . 

TIME DISTRIBUTION: 
Basic Research (in house/external) . . .. .. .. 70 . . % / .~Q ...... ... % 
Applied Program (in house/external) ...... .. 2 ... % / .~ ......... % 
Development . . .... . ... .... ~. % Maintenance ...... ? ...... .. % 

MAGNET 
POLE PARAMETERS: 

Diameter .. 212 .... cm Re• troct ....... 88 cm Rinjec ....... . f. cm 
HILL ~~Al~FERS: Gap (min) .. .... . 1G cm Bm ......... L.9 T 

(<<I .......... AT) Gap (max) .... .. .... cm Bmin .......... T 
VALLEY PARArETERS: Gap (min) ... ~Q ... cm Bm ........ I ... 2T 

(<<I .. 3.60.W AT) Gap (max) .......... cm Bmin .......... T 
AVERAGE FIELD : < 8 >min .. . .... J ... 6T < 8 >m .. . . . .. . . )., .. 6 T 
NUMBER OF SECTORS: compact/separated ......... 4 / .... .. . . . . 

sector angle ............... deg. spiral (max) ...... . 40 ...... deg. 

FIELD TRI~a~~~~ic T~~s C~.il.s ... : : .. ~ t ........ : .... : .. : ........ :: .. : .... : :: : :: : :: : 
Other . . . ....................................... 5 ...... . 

CURRENT: Main Coils ....... 1.~Q9 .. . Amps Stability ... 1.Q~ 4 ...... . 
Trim Coils .............. ~QQ Amps Stability ..... .1.Q~ ....... . 
Stored Energy (cryogenic) ............ .... ........ .. .. ... MJ 

WEIGHT: Iron ... ..... ... 200 .. ~. . . Conductor ~~. )~ . 1<. )~ . m ... . 
ION ENERGY: Bending Limit E/ A = .. ...... 9.0 ...... q2 / A2 MeV /u 

Focussing Limit E/ A = .......... ,; ..... q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: . .. . . .2 .1:19Y.i.Qg. P}J,r)(1!!.l .. r~?qrJ~ t9.r:~ ... .. .. ..... ... . 
No. of Gaps/turn .... . !I....... dE/dn(max) ........ ..... MeV /q 
Voltage(max) .. . O.D.G .... .. MV Harmonic f,tlfio" '<'1.1 •. 2 .• ) ... 
Freq .. lO.,.~. t9. )(i . +' MHz Power in(max) .. O.P.~ . . . ....... MW 
Stability: Phase .... ". 0.,.1 ~ . . . . . . . . Voltage ... ± .. 107~ .... .... . 

OTHER ~AVITIES (Flattopping or otherwise): 
DescriptIon: . ..... . . .. ............. . .... .. .. . . .. ..... . .......... . 
Region of Influence: Rmin ..... . . . .. . . cm Rma •. .. ... ...... cm 
No. of Gaps/turn. . ... ........ dE/dn(max) ... . ......... MeV /q 
Voltage(max) .... .......... MV Harmonic f,!lfion .......... . . .. 
Freq ... .... ....... ... MHz Power in(max) ...... ...... ..... MW 
Stability: Phase .. ...... ... ........ Voltage ......... . ........ . 

VACUUM SYSTEM 6 
OPERATING PRESSURE: ... )..O.~ ... ....... .. . .... .. ... •. •.•. . ..... 
PUMPS: No. and type ...... ... . .. ......... .. .. .... . .. . ... . . ..... . 

2 NRC OIL Diffusion .. .. ..... .. ...................................................... 

ION SOURCE(S) 
Typ~ 

(a) m~.IJ1f)O.o.~ . . 
(b) .~~PR.r.~~ .... .. 
(c) .............. . 
(d) .............. . 

Intensity 
(rnA) 

INJECTION SYSTEM 

<n = /3-y< 
(1rmm mrad) 

150 
: : :::::\~q :: :: 

Ion Species 

1.~ .1]1 • .l.i.l')e. t .. B.~ll]1p.nt .I(lf.l.~c;:tQr ......... Efficiency .... ~O ... % 

EXTRACTION SYSTEM 
E.l.ec;::tr.Q~ t.at.i.c' . t. M.agnetl.c .. c;:bqnne lL .. Efficiency .... 7.5 ... % 

CHARACTERISTIC BEAMS 
Current(part /"A) 

A'7~lerated Ions E/A (MeV/u) Internal External 
(a) .. N~97' ............. ~. P ........................... 4 . ellA .. .. 
(b) ~gS.t~h""'" ..... 3.8 ........................... 2 .. eIlA .... . 
(c) 8il.GaiS .... .... .. ... 6.6 ............... .... ..... . .1. ·.~~llA .. .. 
(d) .. .I\r: .. : ........... .4.0 ................... .. . .. . P.·)~\lA .. .. 

Secondary Particles E (MeV) part/sec 
(a) . .. . ...... . . . ...... . ..... .. .. .... .... ... . . . . ......... . .... . . 
(b) . .... . ... .. . .. .. .... .. .... . . . .. ..... ..... . .. .. .......... . .. . 
(c) .......................................................... .. 

EXTRACTED BEAM PROPERTIES: 
For . .. 1 .......... /"A of .. 5 .. ......... MeV /u .Neon.6.~ ...... ions 
AE/E ... P .. .4 ................ % A</> .......... JP . .. ........ °rf 
<n = /3-y< x ..... ~~ ...... 1rmm mrad z ........ H ... 1rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ... ~QQ .. ... m2 Moveable . . .. . ...... m2 

Target Stations: ...... .7 .. No. Served At Same Time: .. ~ ..... . 
MAGNETIC SPECTROMETERS: ..... . .. . ........... . ..... . ...... . 
OTHER FACILITIES: .......... .. .......•................ • ... . ..... 

REFERENCES/NOTES 
(a) .lhma.les . .de. rad ioe.1.ectr.i.<:i teo :om. Apr.n .l9p.6 . . 1/ ,.l.2k )..50 
(b) . ~e\'l .. qeY~.l .QP'I]1~nt~ . iI.\ . ~!\.R.I\, . T.h.~~ ~ . P.r:9~!!.e.c\ i (19.5 .•........•. 

PLAN VIEW OF FACILITY. COMMENTS 

See following entry 



ENTRY NO •. .... c~;; ............ . ..... ........ . ........... . ...... Date ,].une .1992. ....... .. .. .......... ....... ............. . 
Name of Machine ..... S.~~~. (P~?t.-.~<:<:~) ~r.a.~~r: l ..... ....................................................................... . 
Institution .... .. . . . . IN.S.UTVT. Dt:.S .. ~CI~~(:t:.S . . NVC~~A.I.R.E;~ .... ....... ...... . ..... . .. . ... ......... .. .... ..... . . . ............ . . . . 
Addrm) . 76' '28 ' 40' ag·3., . im!l~.e .. qe:~ . t:1i1r.tY.r:~ . . ~~Pf.6 . . G~~~P!3.L.E .. ~~Q\!/< . . . F:r:iHl(:\! ........... .. ... ....... . ..... . .... . .... .. . ... . . 
Tel ........ : .. : ... : ......... Telex .. 3.2.q~q~~ ................ Fax ... P:3.U9,?? .. !'l.Q·.Q4 .... EMAil ............. . .. ..... ... . 
In Charge: ... 0 • . SIIRN.E;QUO •. ~,. f.RU~~I.IU ........... . . .......... Reported by: .. M, . J;~U~t:AU ......... . ............... ......... .... . 

HISTORY 
MILESTONE DATES: 

Design . ... 1.9.~9 . .. ........... Model Tests .. . f.~~? .... .... ... .. 
Construction Jn~~ ~~~.1........ First Beam .~~?f .. .......... .. 

DESIGN/CONSTRUCTION BY: 
in house .Y.E:~ ....... other 6 " . '.1' ..... . :: ..... . .. '6 .... J" .... . 

COST: Accelerator . . ~ .6. lQ . .... -1/.... Faclllty .. Ii. ~P ..... if . . . . . . 
FUNDED BY: ....... J~.2.~~'~.N.~~ .. .............. . .. .. ......... .. . 

STATUS 
STAFF: Machine 

Scientists .... 1. . . . . . . . . . . . . . . .. Engineers . ... . 9 ............... . 
Technicians.?? .................. Students ..... 1 ................ . 

Research (in house/external) 
Scientists ... ..... 19 / ?P: ....... Engineers ......... ~ / .......... 
T h . . 8 / 8 ec nlClans .. :. . . ... "6 " :.II " Students ........ . / .. .. .... . 

BUDGET: Machine . . .... Wo .. .., .... . Funded by . )~?P.~ I. ~N.R.~ ... . 
Research .O,~ .. ~O ... $ ..... Funded by .. ~~?P.3.1. ~~g~ ... . 

TIME DISTRIBUTION: 
Basic Research (in house/external) ........ 7.Q. % / .~9 ...... ... % 
Applied Program (in house/external) ........ 2 ... % / .9 .. ..... .. % 
Development ........ ..... . 7. % Maintenance ...... 9 ......... % 

MAGNET 
POLE PARAMETERS: 

Diameter . .4~D . ... cm R •• IrAct .. . . 2.H. cm Rinject . ... . QQ . . cm 
HILL PARAMETERS: Gap (min) ........ 6 .. cm Bm .. .... 1.: 9? .. T 

(CI .......... AT) Gap (max) .. .... ~ ... cm Bmin .. J.~~ ? .. T 
VALLEY PARAMETERS: Gap (min) ........ cm Bm ...... 0 ... T 

(CI .. .. ...... AT) Gap (maxJ .......... cm Bmin ...... 0 ... T 
AVERAGE FIELD: < B >min 0, . .. . .... T < B >m .. .. .... 9,9. T 
NUMBER OF SECTORS: compact/separated .. . .. : . . .. / .... 4 ..... . 

sector angle ....... 1~ .. . ... deg. sj?iral (max) ...... 9 ... ..... deg. 
FIELD TRIMMING: Trim Coils ...... ). .5 . ....... ........... . ....... .. 

Harmonic Coils .. . .. . ...... ~ ........ . ......... ... . ..... . 
Other ..... ... . ... . . ...... _ •............. ............... 

CURRENT: Main Coils ..... ~9.Q ..... Amps Stability .~ . . 10~:; .. ... . 
Trim Coils ........ . .. ?P.Q .. Amps Stability ....... lO~~ ..... . 
Stored Energy (cryogenic) ............................... MJ 

WEIGHT: Iron . ........ AQ9.:t..... Conductor .. 1.~ .>:- . • 1.~ ,I)ll)l ...... . 
ION ENERGY: Bending Limit E/A = ..... \99 ........ q2/A2 MeV/u 

Focussing Limit E/ A = ................. q/ A MeV /u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: . A ... ~l:lilP.e:q . p.e.e: ~ . rn.o.~i (19. .P'q.!l!1.~ l.~ . ... .... . . .. . . . 
No. of Gaps/turn ...... 4 . ..... . dE/dn(max) .. 9:.2 .. .. .... MeV/q 
Voltage(2'ox2 '32" .O .•. Q~ .... MV Harmonicf,r/fion O .. d39 ....... . 
Freq .. .... .... ....... MHz Power In(max) ......... :'4' ..... MW 
Stability: Phase ... . 0 , ~.o. . . . . . . . . . . Voltage ..... 1.Q~ .. . . . ..... . 

OTHER CAVITIES (Flattopping or otherwise) : 
Description : .. .... ... . .. ... .. ................... . ......... .. .... . 
Region of Influence: Rmin .... . .. ..... em Rm .. . .. . .. .... . . em 
No. of Gaps/turn. . . .. . .. ... .. dE/dn(max) . .. ...... . ... MeV /q 
Voltage(max) ...... .. .... .. MV Harmonic f,l/fion . . ...... ... . . . 
Freq .. . .. . .. . ...... . . MHz Power in(max) .. .. . . . .... . .... . MW 
Stability: Phase ... .... ............ Voltage .. . . .......... .... . 

VACUUM SYSTEM 
OPERATING PRESSURE: .... . '2 0~6 .. 11)~~r .. ....... ... .. . .... . .... . 
PUMPS: No. and type . ....... . '$~og·n ~ tT3Z0' .... .. ......... ... . 

........ . ... .. .............. ... .. .. . .. . ... ........ . .. .. .. . . . . . .. . 

ION SOURCE(S) 
Type Intensity CI (n = (3"(( Ion Species 

(mA) (1I'mm mrad) 
(a) ............................ .. 
(b) ...... See .. pl."eceeding .en.tr,y. 
(c) ................. ..... . .. .... . 
(d) ..... ....................... .. 

INJECTION SYSTEM 
.3. IIta.90eti~ .t .l.e 1.ectr.Q~ til:ti c .. CbillVle 1lSfficiency ..... 7;, .. % 

EXTRACTION SYSTEM 
. ~. ~.l.~c;:~r:o.s.~'!~) .c .. +.1. ~.l.~<:trp~ t.i.<: .. .. .. Efficiency ..... 7.5 . . % 

channels 

CHARACTERISTIC BEAMS 
Current(part I'A) 

Ac~~er~~~ Ions E/A (MeV/u) Internal External 
(a) '2'gtj~r3'+'''''' ........ ~8 ........................ Q.6 .... e1.lA 
(b) 5l3~12zr+ .... .. · ...... ·2~ .. · ..... ....... ......... Q.02 ... e1.lA 
(c) .... l. .................. ~ . ................ ....... Q,O~ . .. e\lA 
(d) ....... .... .......................... .. .................... . 

Secondary Particles E (MeV) part/sec 
(a) ................................. . ...................... . .. . 
(b) .... . ....... . .. ..................... .. ........ . .. ... . ...... . 
(c) .......................................................... .. 

EXTRACTED BEAM PROPERTIES: 10+ . 
For . .. 0 .. 2 ....... I'A of ...... .... 30 .. MeV /u .~eD!\ ........ Ions 
6E/E 9,.5 ................. ... % 6<1> ........... .. . ?O ...... . orf 
(n = (3"(( x ... . . ?9 .. . .. . 1I'mm mrad z . ......... . . 1.01l'mm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed . . Q99 . .... . m2 Moveable ........... m2 

Target Stations: ....... ? No. Served At Same Time: . J. ...... . 
MAGNETIC SPECTROMETERS: .................... . .. . ........ . . 
OTHER FACILITIES: ............ .. . .. . .. ....... •. . .. . ............. 

REFERENCES/NOTES 
(a) .. n:.E;~f~.S::~O ... ~~ . ~ .. 1\~\W.s.t. ~~.&~ ................. . . ....... . 
(b) . . ....... . .............. ... .. .. . ..... . .. .. . . ... . ......... . . . . . . 

PLAN VIEW OF FACILITY, COMMENTS 

See preceeding entry 

Pr(lD':'seo 
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ENTRY NO .. . .... ~~~ ............................. ... ........ .. . . Date JULY 1992 Name of Machine MEDICYC .......•...•••.••..........................••.•..•••. 

Institution 'CYCiOT'RON' 'LA'ioRATO'RY;' 'cEiiTRE' ANTo'INE' 'LP:CA S'SA GiiE ............... .... ......... .. ...... ....... . . 
Address ... '227"' A ~'~~~'e" d'~' i'~' i:a'~ t'e';n~' . 0'620'0' N'rcE" i F;;~~'d ~ i·· ········· ........................................ . 
Tel ....... · .·(J·)·)·. ·9).·.;.~·.r;j.·99.' ';'~I~~ ................................................... ·F~~· ·.(~~i·. 9j.·.1.~ '.94' 3)······· EM' ·A·I·L·····:········ ······· .. ···· 

P MANDRILLON . .. ....... . .............••.....•.•. 
In Charge: .............. .. .. ... ...... ... .. ....... . ........... . Reported by: .. ?:.~~~~~~~.~~ ...... ........... ........ ... ...... . 

HISTORY 
MILESTONE DATES : 

ION SOURCE(S) 
Type <n = /3'Y< Ion Species 

Design ... !.9.~~,(!9.~4........ Model Tests ..................... . 
Construction .. 19.8.41.19!3.9. . . . . . . First Beam .e.~~r~.c.~,<9-.. i.l). P!".c. 9~a) )Il.l.JH~ .. qV~P .. . 

Intensity 
(mA) 

1 
(lI'mm mrad) 
.... Q,l? ... .... . , ..... J:I~ .... . 

DESIGN/CONSTRUCTION BY: (b) .............. . 
~ .......... 5t~e~FF"""'" . ........... . ........... (c) .............. . 
COST: Accelerator. .............. .... Facility ... 1.?9. Mlflf........ (d) .............. . 
FUNDED BY: .. 9!"p..~r~ .. Al)~?~Ae . ~~.<:~~~~.!\l)<;' ............. . ..... . 

STATUS 
STAFF: Machine 

Scientists ..... "1.... .. .......... Engineers ... ? ................ . 
Technicians ... !? ..... .. ..... ... . Students . .. 1 .................. . 

Research (in house .......... ) 
Scientists .. 1. . . . . . . / .......... Engineers ....... ... / ......... . 
Technicians .. ;; ...... / ......... Students ......... / ........ . 

BUDGET: Machine ............. . .... Funded by ................. . 
Research . .... . ... . .. ... ... Funded by ................. . 

TIME DISTRIBUTION: 
Basic Research (in house/external) ......... 1.0. % / ....... . . ... % 
Applied Program (in house/external) ..... .. ?.o .. % / ........... % 
Development ............. 1.9. % Maintenance .... ...... .... .. % 

MAGNET 
POLE PARAMETERS: 

Diameter ..... Jp.Q cm Rextract .... 013 .• .!l cm Rinject ..... .::;,5cm 
HILL PARAMETERS: Gap (min) ..... 1J ... cm Bm .... . .. ?,15 T 

(III .......... AT) Gap (max) .......... cm Bmin .......... T 
VALLEY PARAMETERS: Gap (min) .. . n .. cm Bmax .... 1: 7. T 

(III .......... AT) Gap (max) .......... cm Bmin .......... T 
AVERAGE FIELD: < 8 >min .. .. . ..... T < 8 >m&x . ......... T 
NUMBER OF SECTORS: compact/separated ....... .4.. / ......... . 

sector angle .......... 1.2,5 deg. spiral (max) ............. 60 deg. 
FIELD TRIMMING: Trim Coils .. !~ .'i~r.c.l.J~'!-r ..................... . 

Harmonic Coils ... ,(," .. ........ . ......... . ..... . .. .. . . . . 
Other .. ........ .... .. ... ... .................... 5 ...... . 

CURRENT: Main Coils .... 1.;;99 ... ... Amps Stability . . 1.0.-... .. ... . 
Trim Coils .... 1.99 . . .. ... .. . Amps Stability ... 10:-~ ......... . 
Stored Energy (cryogenic) ............................... MJ 

WEIGHT: Iron ... J3.Q.t9P.1:! ....... Conductor .. ~p.!lll"'r .......... . 
ION ENERGY: Bending Limit E/ A = .......... ':/0 ... q2/ A2 MeV /u 

Focussing Limit E/ A = ..... . .......... . q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: .. ~. 9-!".e.s .. '1~.t)1 . 75 .. q~g .... a,P\lr.t.l.J'\"\l . ........ ........ . 
No. of Gaps/turn . .4. .......... dE/dn(max) .. Q·.l?P ...... MeV/q 
Voltage(max) . .. Q,955 . .. ... MV Harmonic f,r/fion .1. .......... . 
Freq: ... ..... .. ... 25. MHz Powerin(max) .......... 0~D.50. MW 
Stab,loty: Phase . < j).5 . o.ll.g, .. .. . . Voltage ..... 1 D.-: ......... . 

OTHER CAVITIES (Flattopping or otherwise): 
Description: ........•................................ .•.. ....... . 
Region of Influence: Rmin ............ em Rm ........ .... . . em 
No. of Gaps/turn. ........... . dE/dn(max) ............. MeV /q 
Voltage(max) ..... ... . . .. , . MV Harmonic f,r/fion ...... .. ..... . 
Freq ................. MHz Power in(max) ............ ' ..... MW 
Stability: Phase ................... Voltage .... . . . .. . ........ . 

VACUUM SYSTEM 
OPERATING PRESSURE' 10-7 Torr 
PUMPS: No. and type . .'?: i~~~9::~:?: :~~Y9g:~rii~:s:::::::::::::::: 

INJECTION SYSTEM 
A?S~~f .. w:i:t~. ~.p.~rl!-;L .i.r:q~.c.~,?r .......... Efficiency ......... % 

EXTRACTION SYSTEM 
...By .1l.t.r;i.IlP;i.P.g ....................... Efficiency ... .. 1.00. % 

CHARACTERISTIC BEAMS 
Current(part /JA) 

~:r~~~~~~~d~:I~~> : ~::~ :~~:~~ ~:u:): :::: ~r~~~:: :: :::: ~~~~:: : : 
(c) ........................................................... . 
(d) ........................................................... . 

Secondary Particles E (MeV) part/sec 
(a) ,. Neut.rona .'.11. 20 . ay.e.ragll. . . . . . . . . . . .. . .................. . 
(b) .................... . ........ . ............. , .. . . . . . ... . .... . 
(c) .......................................................... .. 

EXTRACTED BEAM PROPERTIES : 
For .. , . ........ .. /JA of .... ...... .. .. MeV /u ....... . ..... . ions 
AE/E ....................... % At/> ....................... orf 
<n = /3'Y< x ............. lI'mm mrad z ............. lI'mm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ........... m2 Moveable ........... m2 

Target Stations: ......... No. Served At Same Time: ........ . 
MAGNETIC SPECTROMETERS: ........ . .. ........ ...... . ..... .. . 
OTHER FACILITIES: ................... • ......... . ... ...• ...... , .. 

REFERENCES/NOTES 
(a) .p.!;Q~., •. 1 Oth .1\1t .•. . CoPt.· .. ~Y.c.J" . !tne;. j\.p.p.l-L . .1.9(l(",):1S.u ..... . 
(b) .I?n'.c. , .. 1 ?t.IJ . ~P.t,· .. YP.l1f.' , . 'cy.c;l-, .. a,I).~. MPH., .. 1913.9. •. BIl.r:lill. 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY No. G1 7 
NAME OF MAr.HINE ORLEANS ISOCHRONUS CYCLOTRON DATE JUNE 1992 
INSTITUTION CENTRE NATIONAL DE LA RECHERCHE SC1ENTlF1QUE 
ADDRESS C.E.R.l. 3A RUE DE LA FEROLLERIE 45071 ORLEANS CEV EX 2 

TEL . .• . • .. . . . .. ......... . TELEX . . .. . ..... .... ... . . . . .. ... . . ....... .. .. .. ...... . ... . ...... . . .... ........... .. ... . . 
IN CHARGE .. . .. . O,CJOJN .. ... ..... REPORTED BY . . . 0,001& . .. .. ... . . . . . ... .. .. .. . . . . .. ......... . .................... .. .. . . . 

HISTORY AND STATUS 
DESIGN, date .. .. 197J ...... ... Model tests .. . 197.1 .. .... . .. . 
ENG DESIGN, date . . . . .. .. 1971 .. . . . ... . . ...... .. .... .. . . . . . 
CONSTRUCTION, date ... . 1 97l:-.1.9.7} .. ... .. . .... .... .. ... .. . 
FIRST BEAM, date (or goal) ...... .1.9,1,4 . . . . .... .. .. . . .... ... .. . 
MAJOR ALTERATIONS . .. . . .. . . . ... . . . . .... . ... . . ... .. ... . . 
. •....••• • • ••••• • •..• • ••• • • • . • . • '6' . •• . •••••.•••• •• • •.•. • •.• 
COST, ACCELERATOR .... 9 . ~ . .1.0 .. H.(1.nOJ6 . ........... .. 
COST, FACILITY, total .LSdO. FF. U.9.7A). ~ .hIO .. FF.I.1.9.~Ql .. . . 
FUNDED BY . C,N .. R •. S .. .. .. . . . . .. . ... .... .. .. ...... . .... .. . 
ACCELERATOR STAFF, OPERATION AND DEVELOPMENT 
SCIENTISTS ............. .. ENGINEERS . .3 . . ......... .. . 
TECHNICIANS .. 1......... . . CRAFTS ' ... . ...... .. ...... . 
GRAD STUDENTS Involved during year .......... . .. . ........ . 
OPERATED BY .•... . . .. . Research staft or ... , .... 6 .. Operators 
OPERATION .. •.. . • . . 91. hr/wk. On target ........ 1(, .. hr/wk 
TIME DISTR. in house . .. 6 . . ..... %. Outside • .. .. . .. . . . . % 
BUDGET, op & dev -= 10 FF (1992) 
FUNDED BY CWTRt:. NAT.IQNM . Qt:. J.A. Rf;CHI;RCI:I~ . SCJ.EN.T,!HQ.lJ~ 
RESEARCH STAFF. not included above 
USERS, In house ... )0 • . . . •• . ••• . • outside ... • 6 . . . . . ... . .. . . 
GRAD STUDENTS Involved during year .............. . ...... . . . 
RESEARCH BUDGET, in house ..... .. ... . ...... . ... . . .. .... .. 
FUNDED BY ... . .... . . . . . . . ... . .. . .. . .. . .... . ... . .... . ... . . 
MAGNET 
POLE FACE, diameter (compact) ] 60. cm, R extraction67,S. cm 
R injection . .. . . .. • . cm 
GAP, min .. U ..... cm, Field . 19 ........ . kG } 6 

max . J..7 .... .. cm, Field .11 ...... .. . kG at .. Q,.Z5.10. 
AVERAGE FIELD at R ext .. ... . 15 . . .... ... kG Ampere turns 
B maxI <B> ...... . ... .. . . . 1,27 .. ............. . .. ... . .. . 

NUMBER OF SECTORS {~~~~:~d : :4: : : : } Spiral, max ~~ deg 
SECTOR ANGLE (SSC) . . . . .... .. . . . . .. deg 
TRIMMING COILS 1,I~~!-lPtJ.I.C .. ~q~ ~~ .. 4 ... . . ...... . . . ....... . . . 
.... .. ........ . .. eIRe .. .caILS ... .. 8 .. .... .. .. .. .. . . . ..... . . 
CONDUCTOR, material and type .. . ... ... . . . . . . . .. .. .. ... .. .. . 
STORED ENERGY (cryogenic) .. . . ... ........ . . . . ... .... .. MJ

S POWER: main coils ).1 n . .. max, kW ; current stability 2 . .1.0'-'5 
trimming coils . . .. .. max, kW ; current stability 2 . .1.0.-. 

WEIGHT : Fe . .. .. .. . 1.QQ . . . . • tons; coils . . .. . ... . . . . ... . tons 
COOLING system VHUNERALlSEV . t:JATER . . .•..•• ... . .. •. . .•. . . . 
ION ENERGY (bending limitl EI A = . 50 .. .. . q'/a' MeV lamu 

(focusing limit) EI A = . 50 ..... q'la' MeV lamu 
ACCELERATION SYSTEM 
DEES, number .. . 2 •.. .... . .. ; angle ... . . . 60 . . . ... .. .. .. deg 
BEAM APERTURE ... 3 .. . .. . cm; DC Bias . .. .. .. ... . ... . . kV 
TUNED by, coarse. M.-PANEL . ... . fine .. kPANH .. .. ...... f ' 
RF .. .. 20 ...... to .. 40 .. .. .. mHz, stable ± .... I ...... /.19 .. 
Orb F . 5 . .... .. . to .. 20 ...... mHz 
HARMONICS, RF/Orb F, used . . .... . . .. ...... . . . . . . . . . ... . . . 
DEE - Gnd, max . ~O" '. kV, min gap .. .... .. . . . . _.~ .. ...... . . cm 
STABILITY, (pk·pk nOisell(pk RF volt) ... 5 •. J O . .. . .. ... . ..... . 
ENERGY GAIN, max ...... .. . U~ . .. . ....... . . . . . . . ... kV/turn 
RF PHASE, stable to ± ... . .. 0.2 . ... .. ... ... .. .... .. .... . deg 
R F POWER input, max ... . . .. ! 1 O . .. . . .• . .••••.• .. • .. •.•.• kW 
FREQUENCY MODULATION, rate ........ . . . . . . . . ... ....... Is 

modulator, type .. .. .. . . ........ . . . . . ... . ... ... .... . . . . . 
beam pulse, w idth . . . ... .. .. .. . . . . . . .. ...... . ... . .. .... . 

VACUUM SYSTEM -6 
OPERATING PRESSURE . .. ... Z . ~ . 10 . . ...... . . .. . Torr or mbar 
PUMPS, No, Type, Size. VJFFU.S.r.o.l-I. PlJ~IPS .... ... ..... .... . . . . 
. .. .. •. .•. . 2 . .JC. .QQQQ . L./. 1> •• •••• ••• • • • • • ••• • • • • • • • • :' •• ••• ••• 

ION SOURCES 
... .. . JNnRNAL . U~IIJQST9N.E: .r:~~~ . . ....... ..... . . ...... ... . 

INJECTION SYSTEM 

EXT·R,n:Ci-io·r·.{sY~iTEM· ...... ... ...... .. ... ... ... .. ...... . 
E.l~CTRO:;;T.A.TJC . P.E.F.L~~TO~tfQC(I$.IfJ.G. JIAql-lf(' ........... ... . . 
FACILITIES FOR RESEARCH 
SHIELDED AREA, fixed . . . 2.5 ..... . m' ; movable . ::. ~ ~5 ..... rn' 
TARGET STATIONS .. ~ .... . . in . . . ( .. . . rooms 
STATIONS served at same time, max . . . .1 .. ..... . . . .. .. . ...... . 
MAG SPECTROGRAPH, type ... . . . . . . . ....... . .. . .......... . 
COMPUTER model ... . . . .. .................. . . . ........... . 
OTHER FACILITIES-FAST. .NI;{JW,JtJ. PROJ).l(C,T.VJN . fQ~ . NWTRO,NTII.£.
RAPY •. 1HQLOOY. "-tin. A,C.T.1YAHO&. ~ . SHORT. .Ul! ~Q. Q~ l. .I ,sP.T:O, ~ ~ .. 
PRO,O.IlC'OO"'71S0TOP.E .. ~RQD.lICnON ... .. . . . ... ~C;I I ~~.IT STRY. FA.C'JPJ Y. 
CHARACTERISTIC BEAMS IVITII IIOT CELLS 
PARTICLE ENERGY (MeV) CURRENT (PitA) 

Goal Achieved Internal External 
... . P ... .. . . . 5,38 .... ... 5, 36 . . . . . . .... .. ..... " .... . . 55 . . 
.. .. d .. .... .. 5,24 . ...... 5, 25 .... ... .. ...... . .... .. . 55 .. 
.ALP-ItA ....... 1.0,48 .. ... 1.0,50..... .. ....... .... .. ... ) 0 .. 

SECONDARY (part/s) 
.ll,F.ROM. PtBe. .. . F.OR . 1 Oxl.Onm . F.I E LV. S1 ZE. AT. .1.3 5 ~Jy$$D;' .. .. . 
. .34 .Me.v ... . . . .. . ..... . VOSE . RATE~ /7. CG!} -Il1 .c /l· · .. ....... . 

BEAM PROPERTIES 
MEASURED CONDITIONS 

PULSE WIDTH 25.-.,3.0 RF deg 5 ... .. . Pit A of .2-5- . MeV d. ions 
PHASE EXC, max ... RF deg ..... .. Pit A of ... . MeV . . . ions 
EXTRAC;r eft . H ... . % . 40 . . . . Pit A of 34 . MeV p . ions 
RESOL 6E/E ..... .. % ...... . PI' A of . . .. MeV . . . ions 
EMITTANCE 

(n mm. mrad) {'4" axladl} . 3 .. ... PitA of 45 ... MeV ~ ions . 0 .. ra 
OPERATING PROGRAMS, time distribution 
BASIC NUCLEAR PHYSICSot SOLID STATES PHYSICS 69% 
BIOMEDICAL APPLICAT. 3.1.%. ISOTOPE PRODUCTIONS. fJ.% 

REFERENCES/NOTES 

PLAN VIEW OF FACILITY, NOTEWORTHY FEATURES. 
COMMENTS 



ENTRY No. CIS 

NAME OF MACHINE .. f.kl~.E ............... . ........ DATE . .. ~~ . "!'!r:-~. ~ ~~.4 ....... ... . . . ... ......................... . ......... . 
INSTITUTION .1 o~t .i.tjJ. t. .Qfi . ~ny.s.i .qu.~ .t!~~ J !!p.ir.~ ...... ....... ...... . . .. . . . .. ... . ......... .. ............... . ........ .. . ..... . 
ADDRESS .... B.P •. no . .l. .... Ofl:lAY. HA~~~ ..... . .. .. . ............. ..... . . ........ . .. . ............. . ........ . ....... ........ . 

TEL . . 9.41 .7.3 . O!l . . . . . . TELEX ........ . .. .. . . . ... ... ...... . ......... . ...... ... .... . . . ... . ............... . ...... . 
IN CHARGE . R.ichanroe .. . .. REPORTED BY .. . ~i'nWfllI: ... . . . ....................................................... . 

HISTORY AND STATUS 
DESIGN. date .... .1959 ....... . Model tests . ~~.5.8.-. ~~ .... . .. . 
ENG DESIGN. date .. 195.9~62 ..... . ... . .. . . ................ . 
CONSTRUCTION. date . 1960.64 . .. .. ... .... . . . ... ... . .. . .. . 
FIRST BEAM. date lor goall .... 1965 Apr-i! .. ....... ...... • ... 
MAJOR ALTERATIONS .. .l ioer .. i n.iec; tor .l9till .. . ......... . . 
.............. .. .... .. ... Neill . Beam~ .Area .l972. .... ........ . 
COST. ACCELERATOR ... 5.109. £. . . . . . .............. . ..... . 
COST. FACILITY. total ... 12 .10P. E . ..... .. . .... . . .. ... .... • . • 
FUNDED BY . . MinisMr.ade la o Recherche. Sc.i.entifique ... . 
ACCELERATOR STAFF, OPERATION AND DEVELOPMENT 
SCIENTISTS . . ......... 0. .. ENGINEERS . ... .. , ...... .. . 
TECHNICIANS .. ..... . V. CRAFTS . .. ... . ........... . 
GRAD STUUENTS Involved during year .. . .... . . .. ........ . .. . 
OPERATED BY ..... . .... Research staff or ..... Il .... Operators 
OPERATION ... 120 .. . ... hr/wk, On target . .1.QQ ....... hr/wk 
TIME DISTR. in house .. 49 .. ...... %, Outside . .. . ~~ ...... % 
BUDGET. op&dev ... 0.9.10~.f . . . ...... ... .............. . . 
FUNDED BY .... IN2P3. ........ ...... ... ... .... .... .. . .. . . . • 
RESEARCH STAFF, not Included above 
USERS, In house .. . , . 3B. ......... outside ..... lil . , ... ... . . , 
GRAD STUDENTS involved during year, ... (; .• . , ... , . , . , .. , . , .. 
RESEARCH BUDGET, In house . . .. IJ.7. .10 .. F ............... .. 
FUNDED BY .. . W2P3.-.CtlRS ... . . . . . . . ..... .... ... ... .... ... . 
MAGNET 
POLE FACE, <.liameter Icompact) . . . . cm, R extraction .eo. em 
R injection .... 20 .. . cm 
GAP, min . . .. 21 .. cm, Field ..... . .1.8 . .. kG } 6 

mex ... . 4.7. .. cm, Field .. .... J2 .. 4. kG at 9 :7.5 . .1.Q .. 
AVERAGE FIELD et R ext .. . .. . . . .... ~~ .. . kG Ampere turns 
B ",axl < B> .. .. .. . 1, .2 . . . ... . .. . ... . ...... . .. ........ . . 

NUMBER OF SECTORS {~~~~:~etd : : : 3: : } Spiral, max .. deg 

SECTOR ANGLE ISSCI . . . . .. . ... 50 .... deg 
TRIMMING COilS . ... . . . ... . . .. . . ~ .. . ... . ......... .... ... .. 

CON·DUC-roi:l,· ~·a·t~;I~i ~~d · ly·~~ : : : : : ~ i ~~:iA{4ni : : : : : : : : : : : : : : : 
STORED ENERGY Icryogenic) ............ ..... ... . ... . ... MJ

5 POWER : main coils .. 490. max, kW ; current stability .~ )Q~ 
trillll11lng coils ... 72. max, kW ; current stability . ~ )0~5 

WEIGHT : Fe .... ZbO . .. . .... tons; coils . .. .. 20 ..... . .. . tons 
COOLING system ... Clil. and .dElf1lineralized .lIIater .. . 
ION ENERGY Ibendinglimit) EIA = .. 75 . . .. 4' /a' MeV/amu 

(focusing limit) EI A = .. q'/a' MIN lamu 
ACCELERATION SYSTEM 
DEES, number .... . 1 ........ ; angle ......... . . HlP ...... <.leg 
BEAM APERTURE .. 5 ....... cm; DC Bias . ... . . . . P ... . ... kV 
TUNED by, coarse. . . . fine .... 1ijIM. ~AP .. '6 ..... . 
RF .... .. . 5.... to . .. . . ~P., .~ mHz, stable ± .. ? 1.0.-... .... . 
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FREQUENCY MODULATION, rate .. . . . .. . ,. .. ... . . . .. . . Is 

modulator. type . . . . . . . . . . .. •• .... 
beam pulse. width ..... . ...... . ................... . ... . . 

VACUUM SYSTEM 6 
OPERATING PRESSURELUII\C . 5 •. JO:? .~ ~V . W' . .. Torr or mbar 
PUMPS. No, Type, Size .~. d.iJf4~ )9[1. P.u-'llP.~ .Ql1e . 80 .. em ..... . 
. . . . thr.ee. 60. em .T.UIl607I'1P)"J,CU~A~ . PWf'WS . ... . .............. . 

ION SOURCES 
... lnter.oa 1. p.eJ'lfrin9. 9(1P. )...i.~q<; . '(I) ~~ . . in.~E!rna 1. s.tr. i . pp~ ~~ . 

in the cyclotron 

INJECTION SYSTEM 
. . Ioternal .s.trtppi(lg . .in . .t.tll: .c;yC;1QtrOfl .... . , .. ...... . . . 

EXTRACTION SYSTEM 
. ... El ectros.tat i. ... deflector .. +..2 .lIIagtlet.ies . .c.hannel .... . . 

FACILITIES FOR RESEARCH 
SHIELDED AREA, fixed .. . 290. . ... m' ; moveble . .. , ....... rn' 
TARGET STATIONS ....... 9 . In . . 2 . .. . . . rooml 
STA nONS lerved at 8ama time, mex . . 1 ..... .... , , .. , . , .. ..... . 
MAG SPECTROGRAPH, type . .. . . 12.00 .. n~1/2 . . ............. . 
COMPUTER model, , . . tB~ . J~O.70. , . . ........... , ' " , ..... . . 
OTHER FACILITIES . ... P.OP. .11/05. aJtd. .11/.34 •.• , , , , . . , ..... . . 

CHARACTERISTIC BEAMS 
PARTICLE ENERGY (MeVI CURRENT (PIIA) 

Goel Achieved Internal External 
. . !~N?+ .. .... ........... . 21D. .. .. •.• , ........ , . . ~Q .1)1\ . . 
.. ~OCa.1.5 ......... .. ...... ~DO .... . ........... ... 100,01\.. 
.. ? !Cu.2.O ... .. ..... . ...... ~5D. ... . .. .. ....... ... . 80 .1)1\ .. 
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The compact cyclotron is on energy fixed 
machine with rother high beam intensities 
for light ions including the radioactive 
triton beom. It is used nearly exclusively 
for radioisotooe production. 
Very stroGg 57Co-sources of obout 1 Curie 
ore produced with the 500 uA proton beam 
on 0 high speed rotational target. Biolo
gical tracer isotopes, as 2BHg or 42K • 
are produced using the triton beom . 
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1) Intensity of polarized proton and deuteron beam is 
increased up to 600 nA at tal'get . 

2) Horizontally polarized proton and deuteron beam are 
used in experiments . 

3) 6Li3+(~2l0 MeV). 7Li3+(F~180 MeV) and 40 Ca 7+ 
(~147 MeV) are supplied using back bombard method 
with LiF and CaF2 crystals. 

4) The J-beam line is equipped with recoil mass 
~eparator (CARP) . 

5 1 The six sector ring cyclotron as a booster of the 
present cyclotron was completed in March 1991 . 
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. . 'B~~;'; ·d;";::';i;t·i·C:~.· R'i'';g ' ;.;i·th · 200M;''.! .. Ii ' '+-'i';~;''c'ti ~~' ..... 

:: :~~~?:~4~~Y:~~~~~: :~?~~~~:::::::::::::::::~ : :::.::::::::: : ::: 
REFERENCES/NOTES 

(a) .. ~'?'Jl!".':~ ~ ~?r:,:~? .<:~. ~.~~ . ~~.~~ . ~.i .n.~ . ~y'c.~?~~.~r: ~ .~.r.<:'? : .. <:~ . 
(b) .. t;J:~.s. S?:'.f ..... .... .... . .... ........................ . ..... . .. . 

H. Ikegami , The RCNP Ring Cyclotron Facilities , 

PLAN VIEW OF FACILITY, COMMENTS Proc. of the 12th 
. Conf . on Cyc . 



ENTRY NO. C3 1 Date July 1, 1992 
Name of Machi'n'~' . ... 7·15·CYCi.oiRoN-mN ··· · .. .. . . . . . . .. . .. . .. . .. .. . . . .. .. . ..... .. ... . . .. . . ........ . . . . . ........ .. . 

Institution . Th~·~ti;~t~ 'of'Phy's;~ '~d'Ch~~;~ai 'R~s~a;ch' (RiKENi' ...................... .. .. . .. . .. .. .... .. .... .... . .. ..... . ... . 
. . . . . . W~~~hi', 'S'ai~~ 35i:oi,'J~p~' . .. .. ... ..... ... . .... .. ......... . ................ ... .. . . . . ........ .. .. ... ..... ... . 

Address .. .. 0484-'6i.'liii· .. ······· · ·· 29~i8ii mN i " .. .... ... ............. . .. ... ... .. ... ......... ... ... ........ .. : ........ .. . 
Tel .. . .... . .. ............... Telex .... ... ... .. ... .. . . .. .... Fax . .. D.4.8.4:9f~~q4;~ . . . . . . . .. . EMAIL goto @ nngps.riken.go·JP . Y. Yano A oto ' ... .• ... . .. . .. • • .. . . .. •.. 
In Charge . . ... ... . ........... . ....•. . .. .. . .. . ....... . . . .... . . Reported by: . . .. . :.q ....... .. ....... ... .... ............... .... . 

HISTORY 
MILESTONE DATES: 

Design ... f?~?:~?~?... . . . . . . Model Tests . .. .. . ...... . ..... . . . . 
Construction . f?~7:~??? ........ First Beam .. . ~p~.I .I?~~ ...... . 

DESIGN/CONSTRUCTION BY: Dsign RIKEN/SHI 
in house ........ . .. othel .. ... Con~1!:Jc?q~ ~I1I . .... . ......... .. 

COST: Accelerator ~ P?,)O .. (i,!cI.I~n.. Facilitv ...... . ...... . .. . . . 
FU N D ED BY: .. . S~!~~c:e. ~~ .1.'~hn<!lo$!'. A.g.e.n.cy. ,~~:'>-) ... .... . ... .. .. . 

STATUS 
STAFF: Machine Same as those ofRIKEN Ring Cyclotron (RRC). 

Scientists . ........... . .. .. ... .. Engineers ................. . . .. . 
Technicians ..... . .... . ....... . . . . Students . .... .. .. . ....•. . . . ... 

Research (in house/external) 
Scientists ...... . .. . / ...... .. .. Engineers .. ........ / .... .. .. .. 
Technicians ...... .. . / .. .. ..... Students .. .... .. . / ........ . 

BUDGET: Machine ....... . ..... ..... Funded by ... .. .. .... . .. . . . . 
Research ... . . ...... .... . . . Funded by ..... .. . ......... . 

TIME DISTRIBUTION: 
Basic Research (in house/external) ....... .. ... % / ........ .. .. % 
Applied Program (in house/ external) ........... % / ..... . ... .. % 
DevelC'pment . .. .. ... .. .. .. . . % Maintenance ....... .... •. . .. % 

MAGNET 
POLE PARAMETERS: 

Diameter . .1.7.~.~ .. . em Rex.,ac •.. 7.1:4 . .. em Rinjec'" ! :?~ . .. em 
HILL PARAMETERS: Gap (min) . .. . ~~.~ . . . em Bma. . .. 2:9? ... T 
(~ .. 3.~Q,9PP .. AT) Gap (max) .. .. .. .... em Bmin .......... T 

VALLEY PARAMETERS: Gap (min) .... .. .. em Bma. ... . .... T 
(~ .. . 32Q,PPP. AT) Gap (max) .. , ;>9:9 ... em Bmin .. P4 .... T 

AVERAGE FIELD: < B >min . ... Q.? .. . T < B >ma. .. .I:? .... T 
NUMBER OF SECTORS: compact/separated ... ~ . .. ... / . .. . . . . .. . 

sector angle .. .. ........ .. . deg. spiral (max) .... .... . ~Q .... deg. 
FIELD TRIMMING : Trim Coils .. ... ?p~~ ........ .. .... .. ........ .. 

Harmonic Coils . .. 4-,~~ (i.n. ~.e. ~~~~P!l~. r::g.i~~i . ....... . . . 
Other . . ......... . . . . . ..... . ..... . .. . ... .. . ..... . . . . . .. . 

CURRENT: Main Coils .. ~n;> .... .... Amps Stability .. ;!; !;:<!9:' .... . 
Trim Coils . .. ~Q-.3.Qq . . .... .. Amps Stability . . ±.2."lQ·~ ....... . 
Stored Energy (cryol(enic) .... ........ .... .. .... .. ... .. .. MJ 

WEIGHT: Iron .. . ~9:'-.t.0.n.s. .... . . . . . Conductor . .. ? ,~t!J.n.s .. . ..... . . . 
ION ENERGY: Bending Limit E/ A = ...... .. 79 .... .. q2 / A2 MeV /u 

Focussing Limit E/ A = ..... ............ q/ A MeV /u 

ACCelERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: ..... .. . ?;:<??: . :~ ... .. . .. ... .. .. .... ......... . .. . .. 
No. of Gaps/turn .. .. . fl. .. .... dE/dn(max) ... 9:~ ...... . MeV /q 
Voltage(max) .... . 9:Q~ . .... MV Harmonic frf /flon .. . .. 2: ..... . . . 
Freq .... 12:24 . .. .... MHz Power in(max) .. .... .0.'9(1 .. , .. MW 
Stability: Phase . . . ~.o . 2 · .. ..... ... Voltage.. .± .5.'\W . ...... . 

OTHER CAVITIES (Flattopping or otherwise): 
Description: . ... ...... . . .. .. ..... . .. .. .... ...... . . . ... . .... . . ... . 
Region of Influence: Rmin . ... ..... . .. em Rm&X .. . ... . . . . .. em 
No. of Gaps/turn. ...... .. .. .. dE/dn(max) ............. MeV /q 
Voltage(max) . . . .. . ... ..... MV Harmonic frf Ifi on • .. ... .. .. . ... 
Freq ....... .. ........ MHz Power in(max) .. .. ...... .. .. ... MW 
Stability: Phase . . . .. . .. . . . . .. . .... Voltage . . .. . . .. . . .... . .. . . 

VACUUM SYSTEM 
2xlO" Torr OPERATING PRESSURE: ... ............ .. .. ....... .. ... . ....... .. 

PUMPS: No. and type .... ) ?DDI!~ J¥?'\ I .......... . . .. ..... .. . ... .. 
400.0 Vs CRYOxl. 650.0 Vs CRYOxl . .. .... . .. .. . . .. ............ . ... . . ... ..... . .. ...... . .... . .. . .... . 

ION SQURCE(S) 
Type Intensity (Q (n = /3"'(( Ion Species 
EC (mAd (lI'mm mrad) 

~: ~ :: ~t~ :(?~~~ :c~~s~~O;~~~~~~! :~e ~?~P~~~:#: f~) : : :::~: : ::: : : : 
(c) .... .... .. .... . .. ...... .... ......... .. ...... . .. .. ..... .. ... . 
(d) .... . .... . . . ... . .. .. .. . ......................... . . .. . . ..... . 

INJECTION SYSTEM 
.. . Axi~! ~olenoi~! Spiral inflector . . . .. . . .. . . Efficiency . . f9:~9 . . % 

EXTRACTION SYSTEM 
... . 1?~~e.ctor, Mag.chan: , !'.3!i~~'-:~ f<?C!lsit:lg c.h.3!l:. Efficiency . . 4Q:I!<l .. % 

CHARACTERISTIC BEAMS 
Current(part /-lA) 

Accelerated Ions E/ A (MeV /u) Internal External 
(a) fi" . jl/d .. .. ..... 4-9.9/4-9.5 ........ ...... ... .. .. .I.-4tH ... . 
(b) . c:: ,.1~N,.'69,2~.e, . . .. ~.-? . . . .. . ... .. .... . .... . .0.5-2 
(c) 24Mg, "A1 : .. ..... . ?,L .. .. ... ... ..... .. ... .... ·.0.03 .. .. · 
(d) .. 'oAr . .. .... . ... 4 :~-.~.f ...... .. .... .... .. ... : : :q.~~-~.~:::: : 

Secondary Particles E (MeV) part/sec 
(a) . .... . ...... . . . ... .. .. . ... . ... . . . ....... . . . . ............... . 
(b) . . ..... .. . . . .. .. ...... .. .. .... .... .. ... . .. .. .. . . .. . . . . .. . . . . 
(c) ............ .. ...... .. .. .. .. ...... .... .. ......... .... ...... . 

EXTRACTED BEAM PROPERTIES: 
For ... . . .. ..... .. /-lA of .. ... . ... ... .. MeV /u .. ... . ... ... . . ions 
AE/E ........... . . . . . .. . .... % A </> ...... ... .. .. .......... Orf 
<n = /3"'« x .. . . .... ..... lI'mm mrad z .......... ... lI'mm mrad 

FACILITIES FOR RESEARCH Same as those ofRRC. 
SHIELDED AREA: Fixed .. .. .. .... . m2 Moveable ........ .. . m2 

Target Stations: .. ... . ... No. Served At Same Time: ... . .. .. . 
MAGNETIC SPECTROMETERS: . ............ . . . ...... .. .... . . . .. . 
OTHER FACILITIES : . .. . . .. . .. ... ... .... ...... .. .. ... . ... . . . ..... . 

REFERENCES/NOTES 
(a) A.C;oto. et. al.: Proc,12th Int.Cyclo: C:onf., ?1 .\1?~~) . .. . . .. .... . . . .... . 
(b )A .. G!J~<? .e1.a!·.:,i?i~·., .~39 S!???) .... .. ... . ... . .. . ...... . ... .. . .. . .. . 

PLAN VIEW OF FACILITY. COMMENTS 

This cyclotron has been used as an injector for RIKEN RING Cyclotron (RRC) 

The stand-alone use of the 715 cyclotron will also start from this fall. 



ENTRY NO • ... . .• C3.~ ....... ...... . ................... ... .. ... . . .. Date . ~~i~. i:.~~~~ ...............................•.......... 
Name of Machine .. ~N Ring Cyclotron 
Institution .•... ~7 ~~~~ ~~~~r~i~ ~~ ~~~i~~ ~~~~~ :~Nj ... .... ... .. ........ .... . ... ............. ............... ........ . 
Address .. , ~~':~~~t .~a!~~. ~~~~.1 ! ~~~~... ..... .. .... . . . ...... . ........... .. .....•.. . ................................... 

Tel ... ~?~~~-n~~ .... ....... Telex 296-2818 RIKEN j' " ... 'F~~" ·0484-62464i· .. ···· .. ···· EMAiL.· .. ioto·@)rlngps:riken:io.jp .. 
In Charge: .. :::~~ ... ................................................... .............. Repo~~~d ·b~:··.·. ·h:~~i?·.·.·.·.·. ·.·.· ....... .................................................... . 

HISTORY 
MILESTONE DATES: 

Design .... ~~~~ ........... ... Model Tests . . 1.~7? .............. . 
Construction J?~P:J??6_........ . First Beam .. 1?7~: .1~/.l.~~q . .. . . 

DESIGN/CONSTRUCTION BY: Design RIKEN 
in house ........... other, ...... <;?~~~c~~~ .S.I:rr. .(:,:~jo:). . ...... .. 

COST: Accelerator .. f4~l9~......... Facility .If.l?7.x.l.Q· ......... . 
FUNDED BY: Science and Technoiogy Agency (STA) ..... .. ... .. . ... . 

STATUS 
STAFF: Machine 6 

Scientists ... ....... ...... . ... .. Engineers ... . .. 1.~ ... .......... . 
Technicians • . ......... . . . •... . .. . Students . . .... . . .. .. ... . ..... . 

Research (in house/external) 
Scientists ..... 4(> ... / . , ~49 ..... Engineers ... ~ ...... / ........ .. 
Technicians ........ ¥ / .. ....... Students ......... / . !!O .... . 

BUDGET: Machine .. ¥ 4,~~JOj ...... Funded by .. ~!~ . . ... . ..... . 
Research .... ~.~.x.l.q ... ..... Funded by .. ~A ........... . 

TIME DISTRIBUTION: 
Basic Research (in house/external) . .... ... ~?. % / ... , . . ~q .... % 
Applied Program (in house/external) .. .. ....... % / ....... . . .. % 
Development ....... 10, ..... % Maintenance ...... 20 ....... . % 

MAGNET 
POLE PARAMETERS: 

Diameter .. ... .... cm Rex1r&cl .... 3.5.~ .. cm Rinjecl" .~? .. . cm 
HILL PARAMETERS: Gap (min) ... .. . ~ ... cm Bmu . . .1:97 .... T 

(Ill . 1.28xlo' AT) Gap (max) ..... ~ .... cm Bmin .......... T 
VALLEY PARAMETERS: Gap (min) .. ... .. . cm Bmu . . ... . .. T 

(Ill .......... AT) Gap (max) ..... ..... cm Bmin ...... .. .. T 
AVERAGE FIELD: < B >min .. . ....... T < 8 >mu .... 9:~7 .. T 
NUMBER OF SECTORS: compact/separated .......... / .. ~ ...... . 

sector angle ........ ?9 .... . deg. spiral (max) ............... deg. 
FIELD TRIMMING: Trim Coils .. 26x4 P.a!I:s .. ...... . . .. . . . .. ........ . 

Harmonic Coils ... ... .... . .......... ..... ..... .. .... ' ... . 
Other . . .................................. . .... . ... .. . . 

CURRENT: Main Coils .. .1.Q7.~ ... ... . Amps Stability ::;~~1.Q"' ...... . 
Trim Coils .... 2}.Q-~9~ ...... Amps Stability . .. :::.5.~W: ... .. . . 
Stored Energy (cryogenic) ............. .... ....... ..... .. MJ 

WEIGHT: Iron .. .:f!Q9.!9!l~......... Conductor . . . 1.9. !~~~ .......... . 
ION ENERGY: Bending Limit E/ A = ......... ?19 .... q2 / A2 MeV /u 

Focussing Limit E/ A = ................. q/ A MeV /u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACC~LERATION: 

Description: •. 2x.23.5 ... -D.~ ..................................... . 
No. of Gaps/turn ... ~. .. .. .... dE/dn(max) ...... ..l. .... MeV /q 
Voltage(ma~1 ""'" 9:~? .. MV Harmonic frr /fio. 5,9,10,11 . .. . . . 
Freq ..... .1J!.-........... Mtlz Power in(max) ...... . ~~Q.3 ...... MW 
Stablhty: Phase .... :to .. ? . . . . . . . .. . Voltage . . ;±; L~~~9 ........ . 

OTHER CAVITIES (Flattopping or otherwise): 
Description: ........... . .. ..... ......... . ............•......... . . 
Region of Influence: Rmin . .... .... . . . em Rmu ............ em 
No. of Gaps/turn ............. dE/dn(max) ............. MeV /q 
Voltage(max) .............. MV Harmonic fr!lfion . . ....... .. . . . 
Freq ...... ... ........ MHz Power in(max) ................. MW 
Stability: Phase ... .. . ... .... . . .. .. Voltage .............. . .. . . 

VACUUM SYSTEM 
OPERATING PRESSURE: ... .. . ":\>:!9".'.~'?'! ... , . ............ . ... ... . 
PUMPS: No. and type .... 5,9.QQ Y~.C::~<?l?~:i.s.~~ ..... . ... . ..... .. .. . 

. . . . • . . • • . . • . . • • • • . • . • • . ~91QQ<? !l.s. 9.ry?p~!I!I'~ .~.l.q .. . .. . ........... . 

ION SOURCE(S) 
Type Intensity III (n = {3-y( Ion Species 

(mA) (1rmm mrad) 
(a) I;~~!1!al injection by use of two injectors. (7).5. ~c1otron and heary:i?!I.~~~) 
(b) . ... .. ..... ... ...... . .. . . . ..... . ....... .. .... .. . ... .... . ... . 
(c) ........... . ... ......... .. .. ................ .......... .. .. .. 
(d) .......... .. ... ...... . .... . . .. . ...... ... ........ . ..... .. ... . 

INJECTION SYSTEM 
. M~~~~~~ ~h~ .~.q ~i.e~~~~c. :~~'. .. ... . . .. Efficiency .... . "(Q •• ~. 

EXTRACTION SYSTEM 
. !,.i~~t;r9~~~c ."h.ap. \U)(L~ag!)~~~ ~)11'-!l'. ......... Efficiency .. .! Q9... % 

CHARACTERISTIC BEAMS 
Current(part /JA) 

Accelerated Ions E/ A &MeV /u) Internal External 

(~) . 'ci/c :'4ii,i'o:;"N~ :-?f6-R5 ' .... .... .. ............ 18t%J'" 
( ) ............... .. ' ........... .... ........... .. "<i.o·3·-ci.i" .. 
(e) .. 40~ ...... ; ..... 7,~:~L.... .. ... ......... . , . . 
(d) 1l~I"xe... .... .. 7 ,q-,2,q" .. .. ........ . ...... ... P:99~:9;q91: 

Secondary Particles E (MeV) 

~~~ ::: ;:~~ ::::::::: : '. :: :::: :J~~.::::: :::: 
(c) .. I6C ' ............ .. .... If?9 ........ .. 

EXTRACTED BEAM PROPERTIES: 

part/sec 
3xlO' ······ 1·;10 .. ·· ·· ··· · 

::::: :i~ji{: ::::::: 

For .... . ......... /JA of .. ............ MeV /u ... . . .... . .... ions 
6.E/E ... . Q.,l ................. % 6.", . ... .. ......... 4 ....... °rf 
(n = {3-y( x ........ 9:?. 1rmm mrad z ...... o:? .... 1rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ..... ~9P9 .. m2 Moveable ........... m2 

Target Stations: ... .l.~ ... No. Served At Same Time: . ) .. . .. . 
MAGNETIC SPECTROMETERS: QQD-QD(SMART) " .... . ........ . 
OTHER FACILITIES : . Projectile Fragment Se!'arator.~.~) ........... " . 

Gas-filled Recoil Isotope Separator / Ion-guided Isotope 

Separator On-line (GARIS/IGISOL) 
Scattering Chamber (ASCHRA), Muon Channel (Large n) .......... . .. . 

REFERENCES/NOTES 
(a) .. X·X '!I!<? .: )1:\s. ~~~~e.r:~?: ....................................... . 
(b) .............................................................. . 

PLAN VIEW OF FACILITY. COMMENTS 

10 m 20 m 
,--_..J..' _--', 



ENTRY NO •.... ~.3.3 ..... . .............. . . .. ...... . ..... .. . . .... . . Date ..... 1.fl . .]\l<1.~J • .1.Q~~ . . .. . . ........................... . 
Name of Machine . . ... ~~. AVJ!. .<;Yc;:;Lp;t,I;ql) ................................................................................. . 
Institution .'l;Ql>asPM .Ijq.di.atiPJl .0000~p;t.I;Y. .~~p,r;c;l} .J::st:9P.1.:i.!lI:nreP.t; •• J:<'I])liro. 11;t,QJ\tic;:. sp~;r:CJY. .~s~p,r;c;l} . wsJ:;i..t;qj;£; •............. 
Address ... 1233. WataDuki:-.c:ho •. Tal<Mc\l<;:i. •. GlJlljljCl. •. 370;-)2 .Ya~ ............................................................. . 
Tel ..... P?7) (4f,il9p}6 ...... . Telex . .. .;JH5.~~ ............... Fax ... . Q?n(~.6.l.Q~~9 ........ EMAIL ........................ . 
In Charge: ..... .I<; •• ~~\l;V? ....................... ... . . .. . ... . Reported by: ...... I<; •. l)J;~?~.",: .. . .. . . .... . . . . . .. .. .... .... .. . ... . 

HISTORY 
MILESTONE DATES: 

Design . ........... . ......... Model Tests ... ... . . ............. . 
Construction . .1."1e~:-.l."1~;L. . .. . . . First Beam .~c;:l1J .. J,~9.1. ... . 

DESIGN/CONSTRUCTION BY: 
in house ........... other ........... . ..... . ..... . .......... . 

COST: Accelerator ................... Facility .................. . 
FUNDED BY: .... TI1~ .9~~.E¥}9~ . . <'lI)9-. :r~9J:lpP),99Y .. 1l-g'?P.c:Y, ...... . 

STATUS 
STAFF: Machine 

Scientists . . ......... 5.......... Engineers .... ; ... 5 ............ . 
Technicians ......... e ............ Students ..................... . 

Research (in house/external) 
Scientists ... . . ~P ... / ... .. flQ ... Engineers .......... / ......... . 
Technicians ......... / ...... . .. Students ......... / .. 7.0 .... . 

BUDGET: Machine ... . ;L.7.Q.I::r.>'m .... Funded by ?9.:i,· .. r!,!.q, . ?>-gEl , . 
Research .... ?O.o .. ~ ..... Funded by ~j ... '~!=: " . .(\g~,. 

TIME DISTRIBUTION: 
Basic Research (in house/external) .. ..... 5 .... % / ...... ;; ..... % 
Applied Program (in house/external) ... )5 ... . . % / ... . ~.5 ..... % 
Development ........ ~o ...... % Maintenance ......... ;I..Q .... % 

MAGNET 
POLE PARAMETERS : 

Diameter. .. 216 . . . em R •• troct ... ~2 ... ~. cm Rinject ......... em 
HILL PARAMETERS: Gap (min) .. .. l.Q. 6 .. cm Bm .... 2,J.Q ... T 

(CD .. -:l32QOO. AT) Gap (max) .......... cm Bmin .......... T 
VALLEY PARAMETERS: Gap (min) . ~.o .•. 5 .. em Bm .... . ..... T 

(CD .. -:l32QQO. AT) Gap (max) .......... em Bmin .. 1.?J. ... T 
AVERAGE FIELD: < 8 >min .J,: P.~ .... T < 8 >m.. . ) ..• . 6.Q . .. T 
NUMBER OF SECTORS: compact/separated .. , .. ~ .... / ......... . 

sector angle ............... deg. spiral (max) ....... 53 ... .. . deg. 
FIELD TRIMMING: Trim Coils ..... .. ;L? .. I?~;r:q ......... . ........ .. 

Harmonic Coils ...... . ...... a .pai.I:s . . . .... . ...... .. ... . 
Other .. . ............ .... ........... . . . ........... '5 ... . 

CURRENT: Main Coils .. .. . . ~P.Q .... Amps Stability . t:tX19:-'f ... . 
Trim Coils .............. . .. Amps Stability .... ±;2X10:-..... . 
Stored Energy (cryogenic) ... . . . .. ....... ..... . . . ........ MJ 

WEIGHT: Iron .. .... 2~O .. t;QI)S. . . .. Conductor ..... "1. tPI\~ . ...... . 
ION ENERGY: Bending Limit E/ A = ....... H9 ...... q2 / A2 MeV /u 

Focussing Limit E/ A = .... ... 9.5 ........ q/ A MeV /u 

ACCelERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: .... . ........... . ... . ...... . ......... ...... . ........ . 
No . of Gaps/turn .. ... ~....... dE/dn(max) .... 0.,.1,(i. ... MeV /q 
Voltage(max) ..... P ... QQ . . .. MV Harmonic f,dfion ).. .•. 4 ,~ ...... " 
Freq .. J,0 .•. 6::?7.·.0 ..... MHz Powerin(max) ........ O:'O.~ ... 3 MW 
Stability: Phase ........ ±Q,? 9,Elg, Voltage ..... .. :!;:P<:;I..q~ . . .. . 

OTHER CAVITIES (Flattopping or otherwise): 
Description: .. . ..... . ................. . ....... .... ........ ... ... . 
Region of Influence: Rmin .... . ...... . em Rm ••............ em 
No. of Gaps/turn ........... . . dE/dn(max) ............. MeV /q 
Voltage(max) ....... . ...... MV Harmonic frf /fion ............. . 
Freq .. . . ...... .. . .... MHz Power in(max) . .... . . . ....... . . MW 
Stability: Phase .. . .. ... .. .... ... . . Voltage ........ ... .... . .. . 

VACUUM SYSTEM 
OPERATING PRESSURE: ...... ;2. .)). ;L.o.~5 .p,a, ................... .. 
PUMPS: No . and type ... T.urbo. roc>lec::ular .. P1.lll'P .. (20P.Qr../S .•. 1.. s~t) 

.... <;:+y~~j..q .P].lflP.. J~.o.QQY.~ .fo;r: '~L' .•.. 4.13.~t;sl . .. ..... .... . 

ION SOURCE(S) 
Type Intensity CI <n = {3"Y< Ion Species 

(mA) ("mm mrad) + 
(a) .. . cusp ............ 1.3 ..... . ..... 300 ........... R ........ . 
(b) ... cusp ........... . 1.D. ...... ................. l1tP.\+ .... .. 
(c) ... ~ ............ ·~··~~2 ......... lOP ......... B~M18+· .. · 
(d) ............. .. .... .......... ..................... ~ ...... .. 

INJECTION SYSTEM 
~~+. j..njEl9tj.RI) t ?J?i.r::ql. ;i.n~l~c;:j:p.I: .... Efficiency .. 2P . .. .. % 

EXTRACTION SYSTEM 
~.q~~~r ... ~Sll1~tJ:c .. ~Ell . . .... . . .. Efficiency . . ~.o ... .. % 

CHARACTERISTIC BEAMS 
Current(part ~A) 

Accelerated Ions E/ A (MeV /u) Internal External 
(a) .I?:rpmIf .............. ~O ........................... l.Q ...... . 
(b) .q.~\l~J;'9!1 ........... . n;; .... ..................... 4.Q ...... . 
(c) . ~tI!'! .................. ?? ........................... l.Q ..... .. 
(d) .~9Az;~~ ............... 4 •. 4 ... ........ .............. 3.0 .... . 

Secondary Particles E (MeV) part/sec 
(a) .neut.ron .... Be.(d .n) .. .. . .. . .. . .. .. .. ... .. ................ .. 
(b) ............. Be.(8.0) ..... .. ... .. ....... ... ................. . 
(c) .......................................................... .. 

EXTRACTED BEAM PROPERTIES: 40 8+ 
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(a) . f...~ yt!1S."! 1; '?!1 .. . 9 .. .3 .. ... . ................... . 
(b) .. .. . .... : .... . 
(c) ... ........... . 
(d) ... ..... . .... .. 

INJECTION SYSTEM 

Ion Species 

. . . . . . . . . . .. .. . . ... . . ... ..... . ......... Efficiency ... .. ... . % 

EXTRACTION SYSTEM 
. !,.l.e;"t!,p~t:~1;~.c.:t . l'!a9.'1e;1;~" . . C!>~t;l!1!'.~ . .. Efficiency .. ?? .... % 

CHARACTERISTIC BEAMS 
Current(part lolA) 

Accelerated Ions E/A (MeV/u) Internal External 
(a) .. . P .............. ? .. -.. ?? .. ... .. .. ?,o.q . ... ....... ~ .5 .. .... .. . 
(b) .. . 9 .. . ... . ... ... . J. .. -. . :J.? .. .... .. . .. ... ...... . ... !-? ....... . 
(c) ... !l.eA ........... !i.:: .1? ........... .. . ...... .... !-'O ....... .. 
(d) . .. C?' .. ...... . ..... ? .. -.. ~? ........................ ~? ........ . 

Secondary Particles E (MeV) part/sec 
(a) .. .. ...... . ........ . .. . .. .. . .. ..... .... .................... . 
(b) . ........ . ..... .. . .. .... ............... . . ...... . .... . . . .... . 
(c) .. ........ .. .............................. .. .............. .. 

EXTRACTED BEAM PROPERTIES: 
For ..... ~Q ....... lolA of .... f.4. ....... MeV /u .. ... P ........ ions 
t:.E/E ..... ,o.'.~ .. .. . .. ... . . .. % t:.r/> ..•.•.••. 4.Q ......... . .. orf 
<n = (3"'« x . . .. ? . .. . ... 1rmm mrad z ...... . ? .... 1rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed . . . .. ...... m2 Moveable ..... ... ... m2 

Target Stations: . ........ No. Served At Same Time: .. . . . . . . . 
MAGNETIC SPECTROMETERS: .. . ..................... . ....... . . 
OTHER FACILITIES: ... .. .. . ..... ... . ... . ... . .. ...... . ........... . 

. ... . .. . . . I.l}t!'.r.'!~ ;t . . I. ~'?tp'p'e; . J?.r.o.~\l~~.i.,?,! .............. . ... . ... . 

. . . .. ... . . ~,:1;!'.r.'!~;t .. I.~,?):p'p'~. J?.r.o.~\l~~.~,?,! ... . . . . . ............. . . 

REFERENCES/NOTES 
(a) ................ . ......... . . . ........................ . ....... .. 
(b) ........ . ............. . .... . .......... . ..... . ..... . ........... . 

PLAN VIEW OF FACILITY. COMMENTS 
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Institution . .... ... . ~;"l;\(;lt>p)fi'l\ .Ql)}YI'F.s.i .t.Y .9f Technol ogy 
Address . . .. . ..... .c;¥",~,?::.r.on Laborator¥, EUT': 'P :0: ' BO'".· 'sij : ' 56'ciei 'ME ' El:t,iDHOVEii,' Th~ · N~th~'r·ia:~ci.~· · · · · ·· . .... . . .. .... . . . 
Tel ..... (iI.OJ . . 47 ,Ml .. .4.6 ......... T~I'e'~ · ..... ·i.l.~.6.~· ... ·.· ... · ....... ·.·.·.·.·.·.· .. 'F~~ "'" 43 ·. 8·0' .'60············· 'E'M' ·A· I·L· · ···· · · · ·· · · ... . . ... . ..... . .. ...... ... ......... .. .. . . ... .... .... .. ..... .... .. 
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HISTORY 
MILESTONE DATES: 

Design ...... .1.~~?........... Model Tests .. . ... 15l.~I? ........... . 
Construction .1.'l65:-.1.'l6e.... . ... First Beam .. .1.'l6;J ... . ... . .. . . 

DESIGN/CONSTRUCTION BY: 
in house ... .'le~ .... other ... .'19 ............................ . 

COST: Accelerator . Pf.r,. ~9.o. ·.Q99.... . Facility l?f~ . . ~99.·.c!99 . . .. . . 
FUNDED BY: ..... P.'1~Y!".r:'!~J:Y ........... . .. . .. : ... ............. . 

STATUS 
STAFF: Machine 

Scientists ...... l. . .s. . . . . . . • . . . .. Engineers ...... J ............. . 
Technicians .. . . . 1. ................ Students . . . . . . 'f. . ..... . . .. .... . 

Research (in house/external) 
Scient ists .......... / .......... Engineers .......... / .... . .... . 
Technicians ......... / ......... Students .. .. .. ... / ....... .. 

BUDGET: Machine .on . .20, OP.Q . . .. . Funded by . .. . J;:V:r ..... . .... . 
Research .................. Funded by . .. . . .. . . ........ . 

TIME DISTRIBUTION: 
Basic Research (in house/external) ..... .1.QQ ..• % / ............ % 
Applied Program (in house/external) ..... . . .... % / ........... % 
Development ..... .1.QQ ..•...• '10 Maintenance .... . ........... % 

MAGNET 
POLE PARAMETERS: 

Diameter .... 20 ... cm Rext ract ... Hi .. .7 .. cm Rinject ......... cm 
HILL PARAMETERS: Gap (min) ..... ~ , ~ .. cm Bmu .. f. .. S ..... T 

(II! . . 5P ... 000. AT) Gap (max) ...... .. .. cm Bmin .. ... .... . T 
VALLEY PARAMETERS : Gap (min) . ? .. Q ••• cm Bmu f.·.~ .... T 

(II! .. 5.0 .•. 000. AT) Gap (max) .. ........ cm Bmin .......... T 
AVERAGE FIELD: < B >m in .. ... t. 4;3. T < B >m u .. L .4.~ .. . T 
NUMBER OF SECTORS: compact/separated .. . . . ~ .... / .. .. . . ... . 

sector angle .. 40:' .. hiLI.. . .. deg. spiral (max) .. 0 . ....•...... deg. 
FIELD TRIMMING: Trim Coils . . Il.Q .c~.r.c;,.~ .. .r ... . ..... . .......... . . 

Harmonic Coils ..... . . 4. ~Il.t.'i .... . . . ... . ............... . 

CURRENT~~a~~ C~i·I ~ · ............. i~.Q·"""" A;';~~ ' 'S~~bi'li't~':: ):ci.~~::::::: 
Trim Coils ...... ;1.0 ....... . . Amps Stability ...... 1.Q:~ ...... . 
Stored Energy (cryogenic) ........................ .. ..... MJ 

WEIGHT: Iron .. 2 ... a.tpll.'i . . .. . ... Conductor .. 'O ••• ~;;.:t."!I} ...... . . 
ION ENERGY: Bending Limit E/ A = .... .. .. ~ .. .. ... q2 / A2 MeV /u 

Focussing Limit E/ A = ...... .. ......... q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATIO N: 

Descript ion: .. 2up. .I)oI'IlIQl)i>: . . C!e'O? ................ .. ........... . 
No. of Gaps/turn . .4 .. .. ...... dE/dn(max) .. 0 , P.8.Q ..... MeV/q 
Voltage(max) ..... p.·.Q:?e ... MV Harmonic f,tlfio n .... . ? ...... . . 
Freq ..... 4) : ;; ...... .. MHz Power in(max) ....... Q:9.1.4 .. ... MW 
Stability : Phase .... . 0.2.~ .. .... .. . Voltage .... J.O.-:~ .. ...... .. 

OTHER CAVITIES (Flattopping or otherwise): 
Description : .. t~P .. qtlo .. l)ill"!'lP.rri·c;: . . f.~ilJ::t.o.P.. ~!".e.,! .... .. ......... . 
Region of Influence: Rmin .. . . ~: .5 ..... cm Rmax ..... 1.6 . .. ? .. cm 
No. of Gaps/turn ..... iI. ...... dE/dn(max) . .. . .. Q,9.1.2 .. MeV/q 
Volt age(max) . ... O.·.QQ~ .... MV Harmonic frf /fion .... 9 . . ...... . 
Freq ..... 1.~Q .. ? ..... . MHz Power in(max) . .. . 0. ·.999.2. ..... MW 
Stabili ty : Phase ... . Q. 7:'. .. . . .. . .. . Voltage .... )..Q:~ ......... . 

VACUUM SYSTEM -5 
OPERATING PRESS URE : . ....... ~O .... t9.r.r: . .. . ... .. ............. -1 
P UMPS : No. and type ......... . l. P."],. sl.1..U\l?1..,,!I}. P.11l1)p .. 3.QQ9 . .l.s 

ION SOURCE(S) 
Type Intensity C! (n = f3-y( Ion Species 

(a) .I.'1t!""."'!~ .. .. . 
(mA) ( 1I"mm mrad) 

...... ? .. ............... . .... . 
(b) .. ........ .. .. . 
(c) ............ .. . 
(d) .. .. .. .. .. .. .. . 

INJECTION SYSTEM 
. . . . . . . . . . ..... ... . . . ........ . . . ....... Efficiency 

EXTRACTION SYSTEM 
!".J..'lc;:J:".,,!s:t'! J:~ !" .. '!'!? . p.,,:~~~.v:e; . ~a\1!",.e.t; ~~ . . Efficiency 40 

CHARACTERISTIC BEAMS 
Current(part j.<A) 

Internal External 

% 

% 

Accelerated Ions E/A (MeV/u) 
(a) . P'!=!\;9!1.s.. .... .. .. . 2. : '1.. .... . .. . .. . ... ?Q ........ . ~q ... ... . 
(b) .. . ..... . ........ . ..... . .. . .. . 
(c) .. .. ......................... . 
(d) ......................... . .... .. ........................... . 

Secondary Particles E (MeV) part/sec 
(a) .................................................. .. ...... .. 
(b) .... .. ............ .. .. .. .......... .. .... .... ............ .. .. 
(c) .. .. .......... .. .. : ........... .. .......................... .. 

EXTRACTED BEAM PROPERTIES: 
For .. . ...... . .... j.<A of .... . ....... . . MeV /u ..... . . .... . .. ions 
t:.E/E ..... .. ................ % t:. ¢ ..... . .. ......... . . .. .. Orf 
(n = f3-y( x ............ . 1I"mm mrad z ......... . ... 1I"mm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed .. . 40 ..... . m2 Moveable ..... 6.Q •... m2 

Target Stations: . .. ~ ..... No. Served At Same Time: . t .. .. .. . 
MAGNETIC SPECTROMETERS: . .. ... . ... . . . . .. . ... . . . .... . . . . . . . 
OTHER FACILITIES: .. . '.' ............ . . . .............. . ....... . .. . 

REFERENCES/NOTES 
(a) .:[ ,{\: . . "il'.' . .':"\'l'. tl.e.~9!"., . . 'l: ~: .. "!':l~.l ... ~r:'~.t:r:: ~. ~,:t;l;: .. ~?~? ~ ~ ?~.5) 32-35 
(b) J, . J<. , . . V.OO. A'll;. 1I.'l;'Q.IlJ .. El .... ·. li\lc;:)..·.~l).?~.r:, Ii<. !'\E~tl;1: .. llq~.(.I.'lil;1) 336-341 

PLAN VIEW OF FACILITY. COMMENTS 
The pole faces are copper plated to form grounded parts of 
the RF circuit. 
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Name of Machine EINDHOVEN AVF CYCLOTRON 
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Tel .. (~.o) . .4 7 . ~ p .. 4.~ . .. . ... . . Telex . ... .. ~~ !? ? ...... .. .... .. :: : 'F~~ ' : ( ~ 9·1>.3j~;~?·. ·. ·.·.· ... ......... EMAil '::'. :::::::::'.:::::::::::: 
In Charge: . . ~ ·.l1: .1li'!J.E.I:!0?I3I:1 . . . . . .• .••• •. •. ... .• .. ..• . •. .....• Reported by : .:r .•• J; .1':) •• 1l?.tJ!Ia.l1 • • \<, . l2J.\<;'l11 ~ . •.•.• . . .• ..•••.••...•• • 

HISTORY 
MILESTONE DATES : 

Design .. .. .l.'lE/9. . . . . . . . . . . . . Model Tests . . .. . .. ~ ??~ . . .. . . .. . . . 
Construction . !??.2:: ~ ??.3. . . . .... First Beam . .. . !'f'.:r.: ~~ . . 1.~~~ .. . 

DESIGN/CONSTRUCTION BY: 
in house . . . .. .. ... . other .. . . !,)1.i.~ tf'~ . . . .. .. . .. . . .. . . .. . . .. . 

COST: Accelerator gA~~ .. f.r.~I!'. ?t:~ ~~ps Facility . . I1~l .. (.\~9~) .. . . . . 
FUNDED BY: . . ~.i.l19J:!9Y.~I} . £n.~y~!.sA¥ .. E;l!1' .. . ... . .. .. .... . .. . . . 

STATUS 
STAFF: Machine 

Scientists .. . . . .. J . . . . . . . . . . . . . Engineers . .. . . ..... . .. . .... . .. . 
Technicians . .. ... ~ ........... . ... Students ... . . .... ~ . . . . ... . ... . 

Research (in house/external) 
Scientists .. . . 1.0 .. . .. / ... . ~ . .. .. Engineers .... .. ... . / .. . .. . . . . . 
Technicians .. f .... .. / .. . ... . . . Students ... ?9 .. .. / . . .. ~ ... . 

BUDGET: Machine ..... k$. J.QO ... . . . Funded by . . !lVf' .... . .... ... . 
Research . .. . K$. . ?p.o .... ... Funded by ' .. E;9'F . .. .. . ...... . 

TIME DISTRIBUTION: 
Basic Research (in house/external) . ... .'!Q ... .. % / ... .. . ... .. . % 
Applied Program (in house/external) . .. . .... ... % / ...... . 4?. % 
Development .. .. ... .. . 5 . . ... . % Maintenance ..... . )~ ..... . . . % 

MAGNET 
POLE PARAMETERS: 

Diameter .. l ~ .o .... em Rexlracl . . .. . . ~~ . em Rinjecl ... .. ~ ... em 
HILL PAR~ETERS: Gap (min) .. ... .. 1.~. em Bmax .... . ? ... T 

(<<I • !l .. ~0 .... AT) Gap (max) .......... em Bmin .. .... .... T 
VALLEY PARAMETERS: Gap (min) ... ~9 .. . em Bmax .. ~:? ... T 

(<<I . ~ .. ~9? ... AT) Gap (max) ...... .. .. em Bmin .......... T 
AVERAGE FIELD : < 8 >min .......... T < 8 >max ... .1. :?? .. T 
NUMBER OF SECTORS: compact/separated ..... .3 .... / .... . . . .. . 

sector angle ..... 7.0 ..... . .. deg. spiral (max) ...... .... 3. ~ ... deg. 
FIELD TRIMMING : Trim Coils .. . .. . .. l.Q ...................... . .. . . 

Harmonic Coils .. .. .. . .. . . . . 3 . . ... . .. .. .. . ... ... ... .. .. . 
Other ... . ...... . . ... . . . ........ . ............... _ ..... . 

CURRENT: Main Coils .... ~P'O . . ..... Amps Stability . . Y?~;? .. .. . . 
Trim Coils ..... . ... . ?~.q ... Amps Stability . ... .. \Q :-~ . ..... . 
Stored Energy (cryogenic) . .... . .......... . ........... . . . MJ 

WEIGHT: Iron . . ..... S.o. .W n. . .. . . Conductor . .. .. . . 1.0 . . t9r. .. .. . . 
ION ENERGY: Bending Limit E/ A = ....... ~.o ....... q2 / A2 MeV /u 

Focussing Limit E/ A = ............ .... . q/ A MeV /u 

ACCelERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: . .. .l.illllbP.a.I. iI. r.'l~QJ;lil.t,o ..... . ... ..... . . ...... .. . . .. . 
No . of Gaps/turn .. .. .. ~.. ... . dE/dn(max) ... .. Q: L .... MeV /q 
Voltage(max) ......... D .•• Q~ MV Harmonic frf /fion .. . . J. . . q, .;3 . . . 
Freq .... ~ .7 . .2.~,~ .. .. MHz Powerin(max) ..... Q: L ...... .. MW 
Stability: Phase ..... .1 .. q~g........ Voltage ...... ~9.-.5 ........ . 

OTHER ~AVITIES (Flattopping or otherwise) : 
Descroptlon: . .. .. . . . . . ....... . ... . ......... ... .. .. ... ... .. . .. . . . . 
Region of Influence: Rmin . .. ...... . .. em Rmax ..... . .... . . em 
No. of Gaps/turn ... .. ........ dE/dn(max) ............. MeV /q 
Voltage(max) .. .. .......... MV Harmonic f, r/fion .. ........ .. .. 
Freq . . .. . .... . ....... MHz Power in(max) ............ . .... MW 
Stability: Phase .. ... .. . . ... . ...... Voltage . .. . •. . .. .. ..... . .. 

VACUUM SYSTEM -6 
OPERATING PRESSURE: ...... . .. l.Q .... ~~!'::. . . ... . ... . . . ... .... . 
PUMPS : No. and type . . ... .1 . . oH .. (UHll.q~9P . . flQQP . . ~b .... . .... . 

ION SOURCE(S) 
Type Intensity CI <n = /3"« Ion Species 

(mA) 
(a) .. }P.~'H\'). .. ~tyi.r:<;J'~ J:?r:. ~¥p.'O . 

(lI'mm mrad) 

(b) .. . .. . .. . .. . .. .. ... .. .. . ..... . 
(c) .. ............ . ............ .. . 
(d) ...... ........ . .... .. ........ . 

INJECTION SYSTEM 
Efficiency ......... % 

EXTRACTION SYSTEM 
.. el. l'.c;t;,qs ~p..t;i l' , . . Spe: I. P.Q .~y /.4!,!,,) ... .. . Efficiency .... 79 . .. % 

f o l lowed by magnet i c channe l 

CHARACTERISTIC BEAMS 
Current(part J.lA) 

Accelerated Ions E/ A (MeV /u) Internal External 
(a) .... P ........... .2"'~' :-.. ~'l : ? .. .. . .. . ?9'O ............ !99 .... .. 
(b) .... 9 .... .. ........ ~ .:-.. 1. ~ .. ........ ?9.0 ..... . ...... !9~ .. .. .. 
(c) . . .. ~ !li! ...... .. . . .. q.:-. . ~Q .. . . . ..... . ?q . .... . .. ... . ?.o ... . .. 
(d) . .................. . . .. ... . ....... . .. . . .. .. .. .. . . . . . ..... . . . 

Secondary Particles E (MeV) part/sec 
(a) . . . .... . . . ... ... .... .. ... . . . ............ . . . . ...... . .... .. .. . 
(b) .... . .. . .......... . ... . . .. ........ .. ........ . .. . .. . ... . .... . 
(c) .. ...... .... ........................ .. .................... .. 

EXTRACTED BEAM PROPERTIES: 
For .. .. ... \Q9 .. .. J.lA of .. .... 12.5 ...... MeV/u .. .. .. I? .. ..... ions 
AE/E .... Q . ~ ......... .. ..... % A4> .... ........ .. ~9 ....... °rf 
<n = /3"« x .. .... 9 ...... lI'mm mrad z ...... 4 .... '" lI'mm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA : Fixed .. . tf'O ..... m2 Moveable . . ... ??9 ... m2 

Target Stations: ... 53 ••••• No. Served At Same Time: . . 1 . ... .. . 
MAGNETIC SPECTROMETERS: ... . ...... .. . ....... ... . . . . . ... . . . 
OTHER FACILITIES: ... . ... ~?9.t;qJ?"' . 'p'I;9\'111.C.1;~9fl •....•.•.• •. • . •... 

. . . . .. ..... . .. . . .. ... . ... . p;r.~~ . tfl.C;:i,:j.;l.t.Y. ..•......•.•..•. .. ..•.. 

. .. .. .. ... ... . .. ...... . .. . lJI}..c.I;9!>!,.'\f(l . . .... .. .. ... .. .. . . .... .. . . . 

. . .... . . . ... .. ....... . .... y)1.,\l)O:~}..~l)9' .. f.,,:,,~}'.~1;~ ... . . . . .. . . . . . . . 

REFERENCES/NOTES 
(a) . ~P.~ . ti> !'."' :i, ~ .. S.c:l}\l):.~~ . .<,1 .9.~ ~ 1. .' .. Y?-fl .. 1!~\l.s.'Or: . . (.1.~?~) .. . .... . 
(b) . l'l9.t,n}G'l1 .• U,?~.l.l . .. .... . ............ . . . .. . . . .. . .. ....... . . .. . . . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY No. C39 
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TEL... .... ..... . . . . ... . . TELEX .. .... .... . . .... . ........ .. ...... .. .. . .. . ....... . .. . ... . .. .... . ..... .. ...•.•...... 
IN CHARGE . .s .... G'llh .... . .... . .. . REPORTED BY .Il·.\{,. ~~"F!,)J.d.e.r: . . .. . ...... ... ... . .................. . ............. . ... .. . . 

HISTORY AND STATUS 
DESIGN, date . .1.~~Ii ... .... . .. . Model tests . . .. .. .......... . 
ENG DESIGN, date . . 1 .9.B.~ . . . . .............• ... .•..••. .. .. ... 
CONSTRUCTION, date . .1.~l!l!:-!?9.2 .•..... .. . ... . .. , ... . .... . 
FIRST BEAM, date (or goal) .. 1997 . . . . . . .. .... .. . .. , . ...... .. . 
MAJOR ALTERATIONS ...... . .. ....... •. .. . ....... . . . . ..... 

COST, Accel.E'RAT·OR· : :~fi: ~j::: ::::::::::::::::::::: : :::: 
COST. FACILITY, total .. .... . .... .. ....... . ... .. .. ... ..... . . 
FUNDED By ... . ... . ... . .......... . .... . .... . ...... . 
ACCELERATOR STAFF, OPERATION AND DEVELOPMENT 
SCIENTISTS ...... . . . .. . ... ENGINEERS .............. .. 
TECHNICIANS . . . . . . . . . . . . . . CRAFTS . ..... .... ........ . 
GRAD STUDENTS Involved during year ... . . • . ........ . .. . . ... 
OPERATED BY ...... .... Research staff or . . ... .. . .. Operators 
OPERATION . . ..... ..... hr/wk, On target . . . ..... . ... hr/wk 
TIME DISTR. in house ........... . %, Outside . ... ....... . % 
BUDGET, op & dev .... .... .. .. .. .. ..... .. ..... . .... . . . ... . . 
FUNDED BY ..... . ........ .. . ... ........... ... .. . .. .. . . .. . . 
RESEARCH STAFF, not included above 
USERS, in house .................. outside . ... .•.. .. ... ... .. 
GRAD STUDENTS involved during year ... . .... ...• •........ . .. 
RESEARCH BUDGET, in house .. .. ... . ..........•............ 
FUNDED BY .......... ... .. .. ... . . . . ... . . ...... ..... . . . . .. . 
MAGNET 
POLE FACE, diameter (compact) . .l.B.Bcm, R extraction .. ~~ cm 
R iniection !, :1:-.1 .• ,7, . cm 
GAP, min . . . .7 .... . cm, Field . .. ..... . . .. kG } 

max .... . . ... cm, Field . ..... . . . .. . kG at .. .. .. .. . . 
AVERAGE FIELD at R ext . .\'?-:-~L . .... . ... kG Ampere turns 
6 maxI <6> ...................... . ...... ... ...... .. ... . 
NUMBER OF SECTORS {~~;~:~d : :~: : : } Spiral, max . • deg 
SECTOR ANGLE (SSC) .. ... . ... . . ..... deg 
TRIMMING COILS .. .. !:; .... .... . ................. .. .. ... .. . 

CON'DUCT6R,'~~'t~;i~i ~~d'i;p~:: :~~T~::::::::::: :::: :::::::: 
STORED ENERGY (cryogenic) . ... . 5.1 . ...... ....... .... . .. . MJ 
POWER: main coils ...... max, kW ; current stability . .. .. . 

trimmin~ coils .. ~P .. max, kW ; current stability . .. .. . 
WEIGHT : Fe .... .3. .q . ... . ... tons ; coils ..... . ... ...... . tons 
COOLING system .................. .. . .. . . .. . . . . ...... . .... . 
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STORED ENERGY Icryogenicl .. ... .. . . ... .. . .. ........ .. . M! 
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TARGET STATIONS . .. . ... .. In .... ... .. room. 
STA TIONS .erved et .,me time, max . • .••• .. . ......••.. .• .... • 
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Research n : .J,~RP.+~.(?!1. Funded by ................. . 

TIME DISTRIBUTION: 

CHARACTERISTIC BEAMS 
Current(part J.fA) 

Accelerated Ions E/A (MeV/u) Internal External 
(a) .......................................................... .. 
(b) .. . ...... . . ... ... . .. ............... ....... . . ............... . 

Basic Research (in house/external) ...... ..... . ~. / ............ % 
Applied Program (in house/external) . .......... % / ........... % 
Development ................ % Maintenance .. . ........... . . % 

(c) .............. ... ........ .. .. ... .. .. ........ ... ....... .... .. 
(d) ........................................................... . 

Secondary Particles E (MeV) part/sec 
(a) .................... .................... . . ................. . 

MAGNET 
POLE PARAMETERS: 
Diameter .~.QO .... cm Rex1r&cl .. 8.~ ..... cm Rinjecl ......... cm 

HILL PARAM~ERS: Gap (min) .. ?'" 7 .... cm Bmax ~. , !5.~ .. . . T 
(<<I .Q ,,=i~.1. 9. AT) Gap (max) . ~ .•. ~.5 .. .. cm Bmin ?"'~""" T 

VALLEY PARAfJlETERS: Gap (min) ~ .~:.2 .. . cm Bmax ~:.? .... T 
(CI .q:.~J,{.1.9. AT) Gap (max) ).~: .2 .... cm Bmin .. ~:.~ .... T 

AVERAGE FIELD: < B >min . ~.'. ~ ..... T < B >max .. ~ : .~ . ... T 
NUMBER OF SECTORS: compact/separated .... . 4. .•.. / .•.. ... ..• 

sector angle .... ,42 ....... deg. sBiral Jma~ ............. r ~g. 
FIELD TRIMMING: Trim Coils ... .. ~ . . .12 .. :~ . ... ":<;.~~!.. ?.':? .. ~ ... . 

Harmonic Coils ... .. .. .. ... . ..... . ... . . ... . .. .......... . 
Other . . ......... ... .............................. 4 .... . 

CURRENT: Main Coils . .lil.QO . . 1Jl.ql;{. Amps Stability .. ~I.!P .... . . . 
Trim Coils .. ~.=i9 .. f!\~~ .. ... Amps Stability .. Y.~9 .... .... .. 

(b) . .............. . .. . ....... ... .. ..... .. ... ...... ...... . ..... . 
(c) .......................................................... .. 

EXTRACTED BEAM PROPERTIES: 
For .............. J.fA of .... .... ...... MeV /u .............. ions 
t:.E/E ....................... % t:.r/> .. ..•..•..••. •. . •.•..•• °rf 
<n = /3'Y< x ............. 1rmm mrad z ............. 1rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed .. ~O ....... m2 Moveable .~~.QO ..... m2 

Target Stations: .... .7. ... No. Served At Same Time: .. J,. •••••• 
MAGNETIC SPECTROMETERS: ................................. . 
OTHER FACILITIES: .. P;~~:rg'y. ro'?n'?~J:1:r:9!l\,!- ~.~ ~ .a, t .:i,,?!: ...... . 

. .. 9y .. ~.Y!'? .. ~.~9 .. 9-~g .. J1l?-.S~.Elt.s.: . . . ....... ... . .... . . ........ . 

Stored Ener~y (cryogenic) ............................... MJ 
WEIGHT: Iron.? .. 9 .. t~I)!l.~~..... Conductor .. ~.q .. ~9!l.1)~.~ .... . 
ION ENERGY: Bending Limit E/A = .... +.6.9 ........ q2/A2 MeV/u 

Focussing Limit E/A = .. .lG ............ q/A MeV/u 

REFERENCES/NOTES 
(a) ...... .. ... ................. ... . ................ ...... ... ... . . . 
(b) ...... . . .. .. .. .... .. . .. ... . . ... .. ............... . ............ . . 

ACCELERATION SYSTEM PLAN VIEW OF FACILITY, COMMENTS 

FUNDAMENTAL ACCELERATION: 
Description: .. tX9 .. 4? . 9.Elg .. 9~.fi!p .. i".H.l1. !ll9Y.,!-P.+!= .. \".t:~!ll .. . 
No. of Gaps/turn . . . 4.. ....... dE/dn(max) .. . 9 ... ~ ...... MeV /q 
Voltage(max) .. 9.·. 9.7.~ ..... MV Harmonicf,~/fbon .~ I.~ I~. (:4 .... 
Freq . .. ... ~?:-:?l ..... . . MHz Powerin(max) ... ~.:.P'4""" MW 
Stability: Phase .... :1; . 1. deg.. .. .. Voltage.1 flO .. ...... . .. . 
OTHE~ ~AVITIES (Flattopping or otherwise): 

Descnptlon: ..... ..................... . .... .... .... .... .. . ..... . . 
Region of Influence: Rmin ............ cm Rm ... . .. . .. .. ... cm 
No. of Gaps/turn ............ . dE/dn(max) ............. MeV/q 
Voltage(max) .............. MV Harmonic f,dfion ........... . .. 
Freq ... . .......... ... MHz Power in(max) . .. .... . ......... MW 
Stability: Phase .................... Voltage ..........•........ 

VACUUM SYSTEM 6 
OPERATING PRESSURE: . 1nO ... T.r ............ . .. .... .. .... . . . 
PUMPS: No. and type . .4. oil. dif.fusion .. pump.s ..... .. .. . . . 

... . 1.7.00 . . 11. s .. e.ach, .. li.quid .. Ilitr.og.en .. tr:ap.s ........ . 
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SCIENTISTS ..•••.. .. . • .... ENGINEERS • ...... .. .....•. 
TECHNICIANS . . . . . . . . . . . . . . CRAFTS ... .••••. ... . .... • • 
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OPERATED BY .• . . ... •.• Research staff or . ......• .. Operators 
OPERATION . ... JQ .. .... hr/wk, On target ... . 25 . ... .. hr/wk 
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DEES, number ..... 2,429 .. . . ; angle . .. . .... . ..... .. .... deg 
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beern pulse. wirllh ...... . 7 . . • • • ••• .. . . .•.•• . ••.••. . •••• • 
VACUUM SYSTEM 6 
OPERATING PRESSURE .. 2. I<. .lO~ . ..... . . ..... .. Torr or mbar 
PUMPS. No, Type, Size ... 2 . oiJ .. <Hf.f.us i PJ1. Jl.~I1)R~ . ... .. ... . . 
.. . . . . " ......... ........ 4.o.o.o . .l. .s. . ~~<;b . . . ....... ... ...... . 
. . . .. ,., .................... ... ......... .... .. .... .... ... . . 
ION SOURCES 
........ . ... , ... Ar.c . J:YP.~ .I-li t~. h.e.a.~~Q. ~i\~h.o.d.~ . ... .. . .... . 

INJECTION SYSTEM 

EXTRACTION SYSTEM 
.. . .. :;.t.r. i. P.Ri~g . t . tn~g.n.e.t;i,G . <;b~{l{lI!J ..... . .... . . ... . . .. ... . 

FACILITIES FOR RESEARCH 
SHIELDED AREA, fixed . • • . <:~~ ... . m' ~ movable .• . •. ... . .. m' 
TARGET STATIONS . A .. . . . . In ..... ~ . •. rooms 
STATIONS served at 8ame time, max . •.. 1 ... .. .... . .. . . ... '" . 
MAG SPECTROGRAPH, type . • . •.. . . . . . . . .... . .•. ...•• • •..•. 
COMPUTER model .. • ..••...•...... •• .. •• . .•• ...• • ••. . • . . • • 
OTHER FACILITIES, .•...•...•.. . .. •• ... • ....•..•..• •••. . ••• 

CHARACTERIST!C BEAMS 
PARTICLE ENERGY (MeVI CURRENT (PIIAI 

Goal Achieved 
. ~He.l:t: ...... .. .39 . ....... .3Z .. .. 
~ ~c.3.-I: .. ... ... 208 .. .. .. .. 198 ... . 
~PAr.~i: .. ..... 2.l0 . ... ... 2.~0 .. .. 

Internal External 
.... 600 .... .... 6.0 .... . 
. .. . . 20 . . ... ... 10 . . . . . 
.. .0,.012 . .. .. 0.006 ... .. 

SECONDARY (part/.) 

BEAM PROPERTIES 
MEASURED CONDITIONS 

PULSE WIDTH . . 30. RF deg •. . ... . PII A of .• .. MeV • . . lOllS 
PHASE EXC, max . . . RF deg . . . ... . PII A of .. .. MeV .. . Ions 
EXTRACT eff4.o.,. ~00. % .. .. ... PI' A of .. . . MeV •.. lOllS 
RESOl 6E/E ..... ~ . % ... .. .. PII A of .... MeV . .. Ions 
EMITTANCE 3.0 

{
. axial } 5 37 a I (n mm. mrad) .!9 . rad . ., ••. . • PIIA of ..... MeV ... ons 

OPERATING PROGRAMS time distribution 
BASIC NUCLEAR PHYSICsipp% SOLID STATES PHySiCS .... 
BIOMEDICAL APPLICAT. . . . . ISOTOPE PRODUCTIONS . •.• 

REFERENCES/NOTES 

1) Proc.of the Vlth Int .Cyclotron Conf . , New York~232 , 1972 

PLAN VIEW OF FACILITY, NOTEWORTHY FEATURES. 
COMMENTS 
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BUDGET. op & dev ....................... . . . . .. ........... . 
FUNDED BY .... . .. . ... . ........ . ...... . .... .. .. .... .. ... .. 
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GAP. min .. .. lO .. . em, Field ... . ??:? .. . kG } 6 

max .... ~Q .. . em. Flald .. .. H .. . .. . kG ad :??:!P". 
AVERAGE FIELD at R 8xt ... .... . . l~ ... 5 .. . . kG Ampere turns 
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SECTOR ANGLE ISSCI .. " .. . A!i . . . " . dog 
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ACCELERATION SYSTEM 
DEES, nUlllbar - . .... . ~ . .. . . . ; angle . . .. ... ~6' ... ....... deg 
BEAM APERTURE .. W ..... em ; DC Bias .. V .. ... . ..... .. kV 
~~NED 1~y:5coarse .. ,,~~ . 2.5". " fine .. " " .C .... · 10"5""" 

·""5 ·]5·" to .. " "12 ' 5 mHz, stable ± .... "" ... " .. 
Orb F .... '. . . . .. to ........ : . rnHz 
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beam pulse, widlh . . .... . , .. ........... . .. ... . . .. . .. . .. . 

VACUUM SYSTEM 
OPERATING PRESSURE . . (Q, ~.-.1.l .. )Q~? ... . .. . .. Torr or mbar 
PUMPS. No. Typo, Size . .. ~QQQ9 . !I.s . . ~Q~ . ~ ..... .. . . ... . .... . 

ION SOURCES 
... . . . .... . .. ~.-.4QQI . PIG .. wi.th. he~ .te.d .c athode. .. ~ . ECIt .. ... 

INJECTION SYSTEM 
. ... ~q~~9(l . ~.tr.i .p.p.~r: . ~H!!r. r~.d.i.a. l .. il)j~<;:tj9f1 .... . ....... . . 

EXTRACTION SYSTEM 
.... electros.tAti.c .deflector .•. magr)eti~ . cll~nn.e.l . .. .. .... . . 

FACILITIES FOR RESEARCH 
SHIELDED AREA. flxad •. 1500. • . • . m' ; movable . ..• . . . ... . 011 

TARGET STATIONS . 10 . .... . In ...... . .. rooma 
STATIONS served at same tlma. max ..•. 1 .. . ... . ... . . .. . . .. . . . . 
MAG SPECTROGRAPH, type . • ..• • . • . .•• . ••• .. •. • •••••. ...•• 
COMPUTER model .... . • . ........ . .... . .. •.. .. . . .. .... .. . .. 
OTHER FACILITIES • . .••• • ..•• . •. . ... • ..• •.. .. .• . • •.. . .. . .. . 

CHARACTERISTIC BEAMS 
PARTICLE ENERGY IMeV) CURRENT (PIIAI 

16 Goal Achieved o 1920 
Intarnal External 

: : ?~~(J : : : :: ::: : ~?~p: :: ::::::: :::: 

SECONDARY Ipart/a) 

BEAM PROPERTIES 
MEASURED CONDITIONS 

PULSE WIDTH •••.• RF deg ••..• . . PI' A of •• . • MeV • . . Ions 
PHASE EXC, max •. . RF dag • • • .• . . PI' A of . •. . MaV • • . Ions 
EXTRACT elf .. • .. • . % • • .. .. . PI' A 01 .. .. MaV ., . Ions 
RESOL 6E./E •• • •••• % ....... PI' A 01 ... . MeV .. . ions 
EMITTANCE 

In mm. mrad) { . .. axladl} • ... ... Pl'A 01 . .... MeV . .. Ions 
. .. . ra 

OPERATING PROGRAMS, time distribution 
BASIC NUCLEAR PHYSICS .. SOLID STATES PHySiCS . ••. 
BIOMEDICAL APPLICAT. . • • • ISOTOPE PRODUCTIONS • • .. 

REFERENCES/NOTES 

1) Proc. of the X Int .Conf.on Cycl .and their Appl:, 
1984, East Lansing, USA, p.317 

PLAN VIEW OF FACILITY. NOTEWORTHY FEATURES. 
COMMENTS 
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FIELD TRIMMING: Trim Coils . . ............. .. ... . ... . ... ..... . .. . 

Harmonic Coils ... . 3 . . pairs .... .. ...... ...... ....... . 
Other . ... ..... c.Qlls::entr.ic., .. 8 .. pair.s ............ . 

CURRENT: Main Coils .. ...... . ..... Amps Stability . ... .. ... . . .. . 
Trim Coils . ....... . ....... . Amps Stability .......... .. ... . . 
Stored Energ3bcryo/enic) . ...... . . . ..... . .. ... ...... .. .. MJ 

WEIGHT: Iron ... .... 9 ... 9.lf!'l.. ... Conductor .... 7.Q .. ~9A$ ..... . 
ION ENERGY: Bending Limit E/ A = ................ q2 / A2 MeV /u 

Focussing Limit E/ A = ....... ... ....... q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: . . . 9-.~\l.E!. A1,t!l)l?~:r . . ?,.!W,g;I..~ .. WQ .. 4M, ... . .. .. . 
No. of Gaps/turn. .. ...... .. .. dE/dn(max) . .. ... . . ..... MeV /q 
Voltage(ma~) t· ·. ·2b······· MV Harmonic f'f /fion .......... . .. . 
~req ... ..... .. .. ~ . .... MHz Powerin(max) . .. . .. 10-:J.% .. .. MW 

tab.hty: Phase ....... . . . .. ... .... Voltage .. . ...... .0 . . .. . . .. . 
OTHER CAVITIES (Flattopping or otherwise): 

Description: .... .. .. ..... .. .. . ....... ... . . ' .... ... ... . .. . ........ . 
Region of Influence: Rmin ........ . ... cm Rmu ... .. .. .. .. . cm 
No. of Gaps/turn .. . ...... . ... dE/dn(max) ............. MeV /q 
Voltage(max) ... ......... .. MV Harmonic f'f /fion ...... . ...... . 
Freq ................. MHz Power in(max) ............. . ... MW 
Stability : Phase .. ....... . ... ... . .. Voltage ...... . ..... . ..... . 

VACUUM SYSTEM 5 
OPERATING PRESSURE: . . ... . 1. 9.~ ... t.o:p:: ... . .. .. . .. . ........ . . 
PUMPS: No. and type ........... .. .. ... . ... ... . . . ...... . ....... . . 

ION SOURCE(S) 
Type Intensity CI 

(mA) 
(a) ... P·enn.:i-ng . t~p-e . ....... . . 
(b) .... ......................... . 
(c) ... ... .. . ...... . ............ . . 
(d) .. . ....... . .. ... ........ . .. .. . 

INJECTION SYSTEM 

(n = /3'Y( 
(1rmm mrad) 

Ion Species 

. . . . . . . . . . . . . ...... . .. . .... .. . . ........ Efficiency . . ....... % 

EXTRACTION SYSTEM 
.. JU~.Qj;:roJ:{t~tic . defl •. ,mag •. chan,Efficiency ...... . . . % 

CHARACTERISTIC BEAMS 
Current(part I'A) 

Accelerated Ions E/A (MeV/u) Internal External 
(a) .P '-6t .. ... ... ............................ .. .. ... 30 . .. ... . 
(b) ....... ~~aC'" ........... . .. . ... .... .... .. ... 7 • .5:-:1 • .5 ... . 
(c) . . . ..... . .. .. 1~ ...... .. .. ..... ... . ...... .. ....... 7 .• 5 ..... . 
(d) .... . .. .... .... . . . ... .. . . ..... . . ... ... ... ... . . ..... .J ...... . 

Secondary Particles E (MeV) part/sec 
(a) ....... .. . .. . ... . ... ..... . . . .. . ...... ..... ................ . . 
(b) .................... .... ....... .... ..... . .. ..•.. . ........... 
(c) . ... ....... . ........ .... . . .. . . .. ... . . . .. . ....... . ........ . . . 

EXTRACTED BEAM PROPERTIES: 
For ........... . .. I'A of ......... .... . MeV /u ... .. . . .. ..... ions 
t.E/E ...... . ........ . ... ... . % t.<b .. .. ..... . ............. °rf 
(n = /3'Y( x ...... . ZQ . . . 1rmm mrad z .. . .30 .... .. 1rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ........... m2 Moveable ........... m2 

Target Stations: ...... ... No. Served At Same Time: . . ...... . 
MAGNETIC SPE:CTROMETERS: . ............. . . . . .... . .... . . . . .. . 
OTHER FACILITIES : . .. . ......... . ... ... . . . ......... ..... . .. ..... . 

REFERENCES/NOTES 
(a) .V.e~ik:Qv .. N •.. I • .. e •. a •.. IEEE .. Tr.an.s •.. on . Hucl~ ... . 
(b) .S~U .... , . . V ... . NS:-:Zp .. £.19.19.) .. 19.96 ...................... . . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO. C49 Date June 15/92 ..... .............. .. .................... .... ....... . 
Name of Machine . . ~!'~ .. I.r;~ ~'?::?!' .. Cyclotron 1 

Institution ... N.,!~~?~?l . . A."':"~~!'?t.o.~ :q~;~f~: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 
Address .. ~ . . C? ~?':'. 7.2 .•.. ~<:':l!'~ . . ?P~ !. ~~P.'-\~~~" . ?1-'. .S.~'!~t:. !'fF.i.':"! . . ... . . . . . . . .... ... . . . ............. . ....... .. ....... . ...... . 
Tel .. .2.':-:~~??~ .......... .. . . Teleit~.x ... ~~?9~?.~P: . . . ... .... Fax .. ?~;-;4.3.!:i~ ~ .............. EMAIL~.~.I'MG~,!fe<G,IIC;.ZA 
In Charge: .. .I!:. \l!'~.t.,,\~r;,? ............. . ..................... Reported by: ... 11 ,l;l •. Ilp.th"i .................................... . 

HISTORY 
MILESTONE DATES : 

Design ...... ~~?~....... . .. . . Model Tests ..... 1.~?~ .. -: .l,~!3.q ... . 
Construction .. J.~.r:fl.:- .. 1.~1}il.... First Beam .I{El9(l{1\.Q'lL .1.~1):? .. 

DESIGN/CONSTRUCTION BY: 
in house ... ;:~? .... other .V:"!':'~?l!"1 . !,,,gtr.<o<:,:,tr£ . C?'!tr?,.,,1;9r:s. 

COST: Accelerator ......... . . . . .... .. Facility .... ..... ....... . . . 
FUNDED BY: . . .... ...... . ... .. .... .. ...... .. . . ..... . . ..... . . . .. . 

STATUS (See NAC Separated- Sector Cyclotron) 
STAFF: Machine 

Scientists ....... . . .. . .. .. .. .... Engineers ... . ..... ... ....•... .. 
Technicians ....... . .... . ...... ... Students .. . ..... .. .. . .. ...... . 

Research (in house/external) 
Scientists . . ...... .. / .. ...... . . Engineers .......... / .... ..... . 
Technicians . .. .. . ... / ......... Students ......... / . .... . .. . 

BUDGET: Machine .... .... . ........ . Funded by ............•... .. 
Research ...... ..... .... ... Funded by . . , ............. ,. 

TIME DISTRIBUTION : 
Basic Research (in house/external) ......... .. . % / ............ % 
Applied Program (in house/external) .. , ...... . . % / .....•..... % 
Development ........... , .... % Maintenance ....... ......... % 

MAGNET 
POLE PARAMETERS: 

Diameter .. )J.P.,. em Rex1r&cl .. 47 :f5 .•. em Rinjecl ..... -.. . . em 
HILL PARAMETERS: Gap (min) . .. . ...... em Bm .. . . . .. . .. . . T 

(<<I ...... .. .. AT) Gap (max) . ..1.~:? ... em Bmin .. ~:?3 .... T 
VALLEY PARAMETERS: Gap (min) ........ em Bm .. ........ T 

(C! .. .. ...... AT) Gap (max) ... ~~ : ~ ... em Bmin ... ?:?~ .. T 
AVERAGE FIELD: < B >min ... 9.·.:? .. T < B >mAX .,. 9. ·.~1} .. T 
NUMBER OF SECTORS: compact/separated , ... 4., ... / ... . ..... . 

sector angle ...... '\5 ....... deg. spiral (max) ...... :: ....... deg. 
FIELD TRIMMING: Trim Coils .... ~ .............................. .. 

Harmonic Coils .. . ... . . ~ .............. . ........ ... " ... . 
Other 2 cone coils 

CURRENT: Main 'C~i'I~ ':: : .~·9?::::::: 'A;';~~' ·S~~biii·t~··.:: \q~~'.::'.:: 
T ' C 'I 180 A S b'I" 10-' '1m 01 s .. , .. " . . " . ... ,. m8s ta 1 Ity . , .. .. .. ... . .. , .. 
Stored Energy «;r¥os-i4 ....... '.~ ...................... MJ 

WEIGHT: Iron., . ~.4 .. ~. ~,o.r;,!, .. , .. Conductor., .. 1 ... 1}!? .t.'l"?. , , .. 
ION ENERGY: Bending Limit E/ A = ... .. .. q .. ..... q2 / A2 MeV /u 

Focussing Limit E/ A = ...... :-.......... q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: ... To/~. ,1/4, ,r.'l'i9r.a.tm·~. Yi~ J:P .. ~Q? .cl'l'i'13 . ...... , , . , . 
No. of Gaps/turn ..... 4....... dE/dn(max) .... 0 ... 2,4 .... MeV /q 
Voltage~m~x) . 2' .C?:9f5.C! .... MV Harmonic f" /fion .. ? ... f! . ..... . 
Freq . .. . : .. . -: .. ? ..... MHz Power in(max) ,? ~. 9, ·,C??? .... . MW 
Stability: Phase . . .. 9. ·). (i.e,g .. ,... Voltage., ... J.9:-.' .. ... .... . 

OTHER CAVITIES (Flattopping or otherwise): 
Description: .. ,' -: ....... , ..... . . , , ......... , , . ....... ........... . 
Region of Influence: Rmin ., ... ,." . . , em Rmax ,.,' .. ,., . . , em 
No, of Gaps/turn.. ........... dE/dn(max)." .. , . ... . . . MeV /q 
Voltage(max) , ... " ...... , . MV Harmonic f,( /fion , .. ". , .. ,.". 
Freq ............ .... . MHz Power in(max) ................. MW 
Stability: Phase .. ', .. , . . . , ..... ". Voltage, .. , ... . . . ... .. , .. , 

VACUUM SYSTEM 
OPERATING PRESSURE' 1. 5 x 10- ' mbar 
PUMPS : No. and type .~·T~:~~~:~: .:ci:~;::~':~:.: : i: F:;~t~ :i.io :~3:~:,. 

. +. ,R.Qti",ry .. Yilne: .60 . . 11]' .• h.-, I ••.••• , .• • . ••• , ."." •• , • • , •• , •• , ••• . 

ION SOURCE(S) 
Type Intensity CI <n = /3"'« 

(mA) (7rmm mrad) 
Ion Species 

(a) .... .P.W ...... . ...... .4. ..................... . ...... !? ........ 
(b) ... .......... .. 
(c) .............. . 
(d) ............. .. 

INJECTION SYSTEM 
. . . . . . . .. . ......... . ... .. .... . ......... Efficiency ...... .. . % 

EXTRACTION SYSTEM 
~)..<o,,~r?s):~tt~ .. 8( .? .m?,£,!~):.i." !=,I)?r~<: ~ ? Efficiency .. . ~f5 .... % 

CHARACTERISTIC BEAMS 
Current(part I'A) 

Accelerated Ions E/A (MeV/u) Internal External 
(a) ...... I? ......... J..-.4..7.!3 ............ 4J.~ ...... ..... 3.~q ...... . 
(b) .. .... <? ......... ?.-~ .. 7 .). .·.~ ......... .. ? .. .... ....... :? ...... . 
(c) ..... ~ J;I~.+ .......... .'~:?? .............. ~ ............ . L .... . 
(d) ...... c: ............ . ~ :?~ .............. ? ............. ~ ...... . 

Secondary Particles E (MeV) part/sec 
(a) .................... . .. ................. . .................. . 
(b) ... .. .. .. . ........ . . .......... . .. ..... .. . . ... . .. , ......... ,. 
(c) .. . ... ..... .. . . ..... ,................... . .................. . 

EXTRACTED BEAM PROPERTIES: 
For, . .... ?~Q .... I'A of .. "~"J.~ ...... MeV /u ..... P ........ ions 
6E/E ...... C?:?? ............. % 6<1> ........ ~~ ......... .... Orf 
<n = /3"'« x .... 9 ... ~? .... 7rmm mrad z ... C? : ~~ .. .... 7rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed .... ... . , .. m2 Moveable ........... m2 

Target Stations: " ....... No, Served At Same Time: ... . .... . 
MAGNETIC SPECTROMETERS: ...... , .... .. , ................... . 
OTHER FACILITIES: .. ....... ......... . .......... .. ............. ,. 

. .. ~""', !,,:,~q . ?ep<::?t::,,<?:-~.e.':t?!' .. ~¥~,l.~~r?!1 .............. , .. .... . 

REFERENCES/NOTES 
(a) . )~f~!='.· .. Imt;l). ~nt; •. [CY.GL . . C.Qof ...... 67 .•.. 94 •.. 373 .. (.198A~ ... 
(b) .. ~':'?!='. ' .. p'e.'('!"!=.h. '~""):'" .<;Y$O.l .•. , (;p.rr('. • .. ~,. J.9.~. (J..9.flf!!. . .... 

PLAN VIEW OF FACILITY. COMMENTS 

BB 
ECR 
L 
P 
SPC1 
SPC2 

SC 

Beamline buncher 10 

ECR ion source (basement) 
Low energy experimental area 
Polarized ion source (basement) 
Solid pole injector cyclotron for light ions 
Solid pole injector cyclotron for heavy or 
polarized ions 
Separated-sector cyclotron 

20m 



ENTRY NO •.. . . . . ~~Q .............. . ... . ............ . ... . .. . ..... Date ... J.,"!!)". J.?1.9.2 . •........ .. ..... .. .. . . . . .... ... . ....• .. 
Name of Machine ... ~~~ .. I.,:~ :~~?: .. C.y'~~,?~:?:' .. 2 .... .. . .... . ............. ... . .. . . ..... . .. ..... .... .. ....... . ......... .. .... ... . 

Institution .. ~!'-.t.i.'!l)"'~. A~.c.e.~",:,?~>" . . C.,,!)"!;,:,!, ............... . .............. . . ..... .... ... ......... ... ............. . ... ........ . . 

Address .. ~. ? .B.C:>: .?? I. r.":'"!,:" .. ?P.l .... ~<;'\'\lP.l.i.c . . '{f. ~?!'.t.q .~f'~~!1 ............................. .... .. ...... ... .... ........... . . 
Tel .. ~~;-.':~~~? ............. Tele](t,,:, .. . 5.5.~C!~9. ~(I. . • . • . . . . . . Fax ... ;;4:-4;o?2.~ . . . . . . . . . . . .. EMAIL~.~ N/I(:. OOl.NAC .• '\(:.ZA 
In Charge: .. P.· . . ~"H(Il!1!1.n. . . . .... ...... . . ... ...... . . . ....... . . Reported by: . .. A.Ji •.. 60tl1l'. ...........................•........ 

HISTORY 
MILESTONE DATES: 

Design ... ~ ~~.~ . -;- . . 15~~? . . . . . Model Tests .. ..... . .. . . .. . ... .. . . 
Construction .... )'!'.~~ . -;-..l.~~il. . First Beam . P!l<;<:''''P.'l''. ~.9.'l~ .. 

DESIGN/CONSTRUCTION BY: 
in house . . Y.':~ .. ... other Y!1.r:~,?\l~ .. "ng~!)!'~.r:~r:K .c<?n.t.r:'l-\':t.s ... . 

COST: Accelerator .......... .. . . Facility .................. . 
FUNDED BY: ................................................... . 

STATUS (See NAC Separated-Sector Cyclotron) 
STAFF: Machine 

Scientists . ... . . .... . . .......... Engineers ..... . . ... . . ........ . . 
Technicians ...................... Students ..... .. ...... ....... . . 

Research (in house/external) 
Scientists .......... / . . .. ...... Engineers ....... .. . / ..... • . .. . 
Technicians .. . . ..... / ......... Students ......... / ........ . 

BUDGET: Machine . .. ......... ..... . Funded by ................. . 
Research . ............. . ... Funded by ... . .. . ..... .. . . . . 

TIME DISTRIBUTION: 
Basic Research (in house/external) .. ......... . % / ............ % 
Applied Program (in house/external) ... .... . . .. % / ........... % 
Development . ............... % Maintenance . .. .......... . .. % 

MAGNET 
POLE PARAMETERS: 

Diameter .. ~J.Ei .. . cm Rexlracl .. A.7..6 .. cm Rinjecl ......... cm 
HILL PARAM~TERS: Gap (min) .... . ..... cm Bm ............ T 

(III 1 ... ~?~.1.C! . AT) Gap (max) .. ~?:.~ ... cm Bmin ... 1.·.?4 ... T 
VALLEY PARAMETERS: Gap (min) ... . .. . . cm Bm ....... . .. T 

(<<I .1 .•. ~!?~.1.Q: AT) Gap (max) .. ?~ ... Q ... cm Bmin .. D.,75 ... T 
AVERAGE FIELD: < 8 >min . .. Q,? .... T < 8 >m ..... 1,,0 .... T 
NUMBER OF SECTORS: compact/nparat~ ... A ..... . / ........ . . 

sector angle ... .. .4:>.0 .... . . deg . spiral (max) .... . .. ,. ....... deg. 
FIELD TRIMMING: Trim Coils .. . 9 .... ............. .............. .. 

Harmonic Coils .. ? .................................... . 
Other .. . ~'?~:' . . ':'? ~f.s. : ... ~ ...... . ... ....... . . .......... . . 

CURRENT: Main Coils ... E??? ...... . Amps Stability . . . ~9~t ... .. . 
Trim Coils ....... ~O? ...... Amps Stability ...... ~?~ ....... . 
Stored Energ~ (cryogenic) ............................... MJ 

WEIGHT : Iron ..... '!: ~ .. t'?~?.. .... Conductor ).:.!:l~. );P.'1'1. $OP.P.R\,f. 
ION ENERGY: Bending Limit E/ A = . . .... ~J. ........ q2 / A2 MeV /u 

Focussing Limit E/ A = . . ... :-: ..... .. .. . q/ A MeV /u 

ACCelERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: .~\"? .A.~ 4. r."'i?r.a.~9'p .. "it tr .. ~9? .cl'l\,~ ............ . . 
No. of Gaps/turn ..... ;'1....... dE/dn(max) ... 9:.;;4 .... . MeV /q 
Voltage(max) ... ?: ?~~ ..... MV Harmonic frdfion .. ?,.? .. ... 
Freq ...... ~.-:- . .2.6 .... MHz Power in (max) .;;.~ . .o.·.9?? ...... MW 
Stability: Phase .... . C!:~ . . ~"S..... . Voltage ...... 1.Q-:

3 
••••• • • •• • 

OTHER ~AVITIES (Flattopping or otherwise): 
DescriptIon: .... :-... . ...... ...... .. .... .... . . ............ .. ..... . 
Region of Influence: Rmin .. . ......... cm Rmax ... . ....... . cm 
No. of Gaps/turn. .. .. . . . ..... dE/dn(max) ... . ......... MeV /q 
Voltage(max) .............. MV Harmonic frr/fion ............. . 
Freq ................ . MHz Power in(max) ..... . .. . ........ MW 
Stability: Phase . .. ... ... .... .... . . Voltage ..... .. ........... . 

VACUUM SYSTEM 
OPERATING PRESSURE: . .. 8.~ .. l~ -:- s . . ~<:- ....... .. . ............. .. 
PUMPS: No. and type . .1.T.u.r:9o . . 2. ·. ?rn: /~, .. 1 . . 9ry.q.+9 .. rr(!~ .. . . 

. ;>.'1q . ? .. !l!, .. . c.r:lio.l.a .f]1~ I.e. . . ..... . .. .... ..... . ....... .. ...... .. 

ION SOURCE(S) 
Type Intensity «I 'n = /3'Y' 

(1I'mm mrad) 
Ion Species 

(mA) 
(a) .... .E.G11. .................... . ............... .. P .. to.X<: .. .. 
(b) p.'?~: ?.o.'!':'9!". (~t· 13.·. \. 9.·.Q;;? .. . . . .. . Q: ll. . . . . .. .. p .. qr:(l .. d . ... . 
(c) .............. . .............. . 
(d) .. . .. . ............ . ......... . . 

INJECTION SYSTEM 
~ .~!' :t!lr:<;l1apg'l'l-9)..e. ~p.iml . . ip:('1.e.<;i=9f.'!. Efficiency ......... % 

EXTRACTION SYSTEM 
.~~:!".t:,:,?s.t"'.t.i.~;? .m~&,::~.i.". ~J:a!1.l!"~~ ... Efficiency ... . ..... % 

CHARACTERISTIC BEAMS 
Current(part J.lA) 

Accelerated Ions E/A (MeV/u) Internal External 
(a) .. P.':'?~?r:~ ........ ~ .-:- . ~ ............ ........ ............... . 
(b) ..... ~': ......... ?:.2 .. -:- .~:.~ ......... ........... ............ . 
(c) ..... ~:' ......... ?:.~.:-.? ... ~~ .............. ... .......... ... .. 
(d) . . ........ . ... . ..... . . .... ..... .... .. . ......... . .. ... . . ... . . 

Secondary Particles E (MeV) part/sec 
(a) . ... . ........... . . . . ........ . . .. . .. ..... . .. ..... . . . ....... . . 
(b) .. . .. . ..... . ........ ........ ....... .. ... . . ... ......... .. . .. . 
(c) .................. ........................ ................ .. 

EXTRACTED BEAM PROPERTIES: 
For .......... .... J.lA of .. .... ........ MeV /u ... . .......... ions 
t:..E/E ........ ............... % t:..¢ ....................... Orf 
!n = f3'Yl. x . • ...... ..•.. lI'mm mrad z . ... . .. .. .... 1I'mm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed .. . ... .. ... m2 Moveable ...... ... . . m2 

Target Stations: ......... No. Served At Same Time: . . . . . . .. . 
MAGNETIC SPECTROMETERS: ... ... .... ......... ............. .. 
OTHER FACILITIES: ........ . ............ ...... .... .. ... ........ .. 

?e." . ~(I.C .. S>:P.":r:? ~.e.q-;~!,.c.~'?, .. C.Y.'i~>'.t:':'?" .. . . . . . ................ . 

PLAN VIEW OF FACILITY. COMMENTS 

BB 
ECR 
L 
P 
SPC1 
SPC2 

SC 

Beamline buncher 0 10 

ECR ion source (basement) 
Low energy experimental area 
Polarized ion source (basement) 
Solid pole injector cyclotron for light ions 
Solid pole injector cyclotron for heavy or 
polarized ions 
Separated-sector cyclotron 

20m 



ENTRY NO. CSl . Date .. . ..[Y0!" .. 1.~1.'l:? ... .. .. . . .... . . ...... . ............... . 
Name of Machi'~~ ... .. ~A.C" .~·<;·~~i~.t.~.~~s·~~t~~· c~~'i~t~~~' ... ........ . 
Institution ... ~~~~?~~.l .. ~<;<;,: ~~:.a.t.~r: : ~~~~r:e: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 
Address ... p . . 9. ~?~. 7.2 .•.. ~"'\':~ . . :;:~~~ I. !,!,p.l!~lic of South Africa 
Tel ... ~'!:'7~?~.0. . . . . . . . . . . . .. TeleJf t .e.x .. . ~?? ' 9~.6" .~~ ................... . F~~' '. '. ?;;~.3.~~~·. '. '. '. '. '. '. '. '. '. '. '. '. ' .. EM'AiL~ '.~ 'w.~: M:~~ .. A~:~ 
In Charge : . .r~ ' .. I.'!'.i.t.m.'!'!" . ... . ..... ......... . .... . ... ......... Reported by: . /\ . .1;1 •• llp.t.h.a. ..................................... . 

HISTORY 
MILESTONE DATES: 

Design ...... ~ ~7? . . . . . . . . . . . Model Tests .. .... .. . .... . ... . ... . 
Construction ...... ~~7.9..... . ... First Beam .Qc; );P.\{ '!L .1.'l~\i ... . 

DESIGN/CONSTRUCTION BY: 
in house ... ;,;:,.s . . ... other .~",: .i.o.l! ~. !'r:g~!,.<:,,:~!\& . c.o"1'ri'."~'?r.s. 

COST: Accelerator ......... ,......... Facility ........ . ....... . . . 
FUNDED BY: .. S.~':~~ . . ~~r:~::.,,:r:. ~?,:'!r:~!".'~r:~ ..... ....... . ....... . 

STATUS 
STAFF: Machine 

Scientists . . . .. ;t..~ . . . . . . . . . . . . .. Engineers ....... J.;; ......... . .. . 
Technicians .... ~~ . ... ............ Students ........ ? .... ... . ... . 

Research (in house/external) 
Scientists .. J3 .. ... / .. .. ~? ... Engineers .... . :-.... / ... :-. .... . 
Technicians ... ?-.1 ••. . / ..•. 9 .... Students . ... ? ... / . .. ~~ ... . 

BUDGET: Machine .... .. . . .... . ..... Funded by .S.~. ~?,:e;:~!".<:r:~ .. 
Research ......... . . . . . . ... Funded by ?~ . ??v.':r:'.':n.e.r:~ . . 

TIME DISTRIBUTION : 
Basic Research (in house/external) .. . . . l.~ ..... % / ...... 2.~ .... ~. 
Applied Program (in house/external) . .. ~ '.~ ..... % / ..... 2? ... % 
Development ...... ~ ....... . . % Maintenance ..... ~~:? .. . .... % 

MAGNET 
POLE PARAMETERS: 

Diameter ... -;- .. ... cm RextrAct. A-;1il .... cm Rinject . . ~9.1 .... cm 
HILL PARAMETERS: Gap (min) .. . 6. .. ? .. .. cm BmAx .. ~:?: ... T 

(<<I ~ :9.8. ~~9.5 . AT) Gap (max) .......... cm Bmin .......... T 
VALLEY PARAMETERS: Gap (min) ..... ... cm Bmu . .... . . . T 

(<<I ... .. ..... AT) Gap (max) .. ........ cm Bmin ........ .. T 
AVERAGE FIELD: < B >min .. .... .. .. T < B >mu .. 9: .~,! ... T 
NUMBER OF SECTORS: colT1'p'3{:t/separated . .. ....... / ..... 4 . ... . 

sector angle .... ;3.'\ ..... . .. deg. spiral (max) ........ 9 ...... deg. 
FIELD TRIMMING: Trim Coils .... ~~ ............................. . . 

Harmonic Coils .. f:! •. ..... ...... .. .. ....... .. .. ... . .. .. •. 
Other 2 yoke coils 'on each of the 4 sectors 

CURRENT: Main C~i·I~ · .. .... \~¢9"."""" 'A;';~~ ' ·S~~bii;'t~· ::: ·. )~<5::::: 
Trim Coils ......... ~Q9 . .... Amps Stability .. ...... ~?~.' .. .. . 
Stored Energy bcryogenic) ........ ~ : ?.. .. .. .. .. .. .. .. .... MJ 

WEIGHT: Iron .. ~4P .. ~?r:~ .. .. .. . Conductor .. .. . ~ : ? .. t.'?':? .. .. .. 
ION ENERGY: Bending Limit E/A = .... ~.~? .. .... .. q2/A2 MeV/u 

Focussing Limit E/ A = ... ~~? .......... q/ A MeV /u 

ACCelERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: .. ~ . ~i'.~~?!'!.~ . :!,;S.~r:",~.o.r: ~ I. p.l!~J:1 :-P.l!~J:1 .. m.'??!' .. .... . 
No. of Gaps/turn ...... ~...... dE/dn(max) .... .... ~ .... MeV /q 
Voltage(max) ...... ?:.2!? .. MV Harmonic f.f /fion .~ .. ":':<;1 .. l.~ .. . 
Freq .. q.);P .. ~9 ....... MHz Power in(max) ... :? ~ .. Q,+ ? ..... MW 
Stability: Phase .. .. . q.) . . d.<:g . . .... Voltage . ... ~9:-:' .......... . 

OTHER CAVITIES (Flattopping or otherwise): 
Description: . . .. :-. ... . .................................. . .. . . . . . . 
Region of Influence : Rmin . ..... ...... cm Rmu .. ... ....... cm 
No. of Gaps/turn . . ......... .. dE/dn(max) . ........... . MeV /q 
Voltage(max) ... ........... MV Harmonic f.!lfion ............ . . 
Freq ... .......... . ... MHz Power in(max) .. .. ...... ....... MW 
Stability: Phase ... . .. .......... .. . Voltage .... .. .... . ....... . 

VACUUM SYSTEM 
OPERATING PRESSURE: ... 7..~ .. W :-.' .. '1)l?~r ... 3 ••••••••••• • •• •• •••• 

PUMPS
3
: No. and type . "'. !,.q1;~rY .. '{~!'''. )?9 .. '1) . J:1:-.' .•.. 4 .. R.,?,?t;S . . . . . 

~~9 .. 111.1) :-.' .•.. 9 .. t.4r:99. 'p't,lI]1P.s .. 2. (Tl~ .~-;-~. Al)O. 2 .. GJ;yP,Al)IJ1P.s .. ;;. ~ .,, - ' 

k;8 Injector Cyclotron ION SOURCE(S) 
Type Intensity «I (n = {3,,/( Ion Species 

(mA) (1rmm mrad) 
(a) .............. . 
(b) .... .. ........ . 
(c) ............ . .. 
(d) .............. . 

INJECTION SYSTEM 
~ . s1.ip'qj.!,~ i'>'l<i. P . . l1Jagry!':t.i.<; . I'Pq.nMJ.. .... Efficiency . .. ~OD ... % 

CHARACTERISTIC BEAMS 
Current(part /JA) 

Accelerated Ions E/A (MeV/u) Internal External 
(a) ...... P.. .. .. .. .. .~7..:-.. ~:?9... .. .... ?9.5.. .... . ?P.Q . (9P .. r.J(!Y) 
(b) ...... ? .. ." ........ 3.~.:-.Aq .. .. 2 2 
(c) ..... :t'.~H.... 10 - 12.5 ::: :: ::: j:: ::: :: ::~:::::::::: 
(d) ...... ~.e .... .. . :: :~q : ~: :5.q : : :: ... ..... i2. . . . . . . .. .2. . .. .. .. .. . 

Secondary Particles E (MeV) part/sec 
(a) .. . . .. . ..... .. . . . . .. ......... . .......... . .. .......... . ..... . 
(b) .. . . . . ..... . .. . .. ............. ... .. . ... ... .. .. .... ... . ..... . 
(c) ............................ .................. ............ .. 

EXTRACTED BEAM PROPERTIES: 
For .... . :'3\ ..... /JA of .... ~? ........ MeV /u .... P ......... ions 
6.E/E ...... :~ ............... % 6.", ........ ~? ...... .... ... orf 
(n = {3,,/( x . . ~ .. .7. ... .... 1rmm mrad z ... 9:13 .. . .. . . 1rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed . . . :?? .. .. m2 Moveable .. ~9.q ..... m2 

Target Stations: ... ? .... No. Served At Same Time: .. ... ~ .. . 
MAGNETIC SPECTROMETERS: . .. . ~.;.~?9 .. q~9 .. .. .. ............ . 
OTHER FACILITIES: .6.~. f:1".'-: . t??C:<:"Y.i.C;. ?y.~1;~[ll . . (qf. n'lY);r.qry .. 

.t.~<;r:?Pl ~ . ? .~':!'!" .. ~~~!'.I!i": . ro.r:. ~.e.l!~,,?n .. ~~!".e.-: '?r :-.t:~~g)1:t: ... . 
~.~~~~.r.~~~~.~~ ~ . ~ .. ~:?.~ . ~~~.~~~!,.i.r:J$. ~.h.~f!l9~.r. , .. ? .n.e;Y~!'.C!r: .. . 
.t.~"!,: :-.o.~:r~.i.!?i~~. r'!'?~t.i.~:( I.!'. ~r.~"<? .y .. "'?rr.'lj.~:t.i.,?" .. t.''\t?~!''. 

REFERENCES/NOTES 
(a) .F:"9~.· .. ~.L!,.~",,);)1. ' ~");'" .G9!1.f. · . •. 9 .. (~~13.6.l. . ... . . . ........ .. . . . 
(b) .~r:'?~: . . ~,:,,:,.1. ~~J:1 .. I.r:~: .. c.'?r:r: .•.. !?? .(~~?9) ... . ........ . .. .. .. . 

PLAN VIEW OF FACILITY. COMMENTS 

IP: Isotope production 
L: Low-energy area 
P: Polarized-ion 
SPC1: Injector cyclotron 

for light ions 

SPC2: Injector cyclotron for heavy 
sse Separated-sector cyclotron 
TC: Isocentric system for neutron therapy 
TR: Horizontal beam for proton theropy 
Tl. fu ture isocentri c system for proton therODY 
Other letters serve to identify beomlines 
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ENTRY NO ....... ~~: . ............................. ..... ...... ... Date .,2 .7,.1;J.9,~ .................. ........ ... ........... .. 
Name of Machine . ?'!~.t.a.f .. ~~::'~; .. ~~~~'?~;?r: . ........ .. .. . ........................... ...... .......... ... .... ................ . 
Institution .. .. .... l'\l~ . .s.v.E:<lberg . .I.a.bot'atp;r,y. . . .............•. .............•...................... • ... .. . ...... ...... .. .. .... . 
Address .......... ~??' ... ~~~ I. ~;-.7.~H L . P.P.P.'!'!f~l .. s.w;e;q,!I,l ................................................................... .. 
Tel ......... 74618182500 ... Telex .. 7.608S.l'SL-.lSV .. S ...... Fax .. +4618183833 ......... EMAIL ... stigh.~ .t51.u.u..se ... 
In Charge: .... ll •. 1IP.lJrI ...•.•...•••••••••••••••.•••••.•••.•••• Reported by: •••• ~/. Ro.l.llj . • .• ... . •........................... . .. 

HISTORY 
MILESTONE DATES: 
Designl.~~?-.. l .• 1.9.n :-....... MoclelTests .. L9.~~.:-.. ~??~ ...... . 
Constructiool ~~6;-.~~ e ~.9.~?:-~.6.. . first Beam 1.~~~ ... ~~~?, .. ! ?~.~~xt 

DESIGN/CONSTRUCTION BY: 
in house .... ~ ...... other ........... . ........... . .......... . 

COST: AcceleratorR8cousLI:. 25MSEK.. Facility .. 70. MSEK .. tata~ • 
FUNDED BY: .. Swedish .sta.te ................................. . 

STATUS 
STAFF: Machine 

S " 3 E ' 5 ClentlSts ... ... '1' . . . . . . . . . . . . . ngmeers ..•..•..•....•........ 
Technicians ...................... Students .. ~:: .............. . . . 

Research (in house/external) 
Scientists ...... aQ .. / J..()O ...... Engineers .......... / ......... . 
Technicians ......... / ......... Students ... : ... .. / ........ . 

BUDGET: Machine .. ~ .MSEK .......• Funded by .. Swe.dislt. .stat.e. 
Research .. lD . .HSEK. ... .... Funded by .. Sw~Ais\l. Atat.e. 

TIME DISTRIBUTION: 
Basic Research (in house/external) .••...• ti!l. .• % / ............ % 
Applied Program (in house/external) .... . m ... % / ........... % 
Development ........... \Q . .. % Maintenance .......... 19 .... % 

MAGNET 
POLE PARAMETERS: 

Diameter ... 28.0 .. em R. xlr• tl .. !Z!l ... em Rinjecl ......... em 
HILL PARAMETERS: Gap (min) ... '0 ..... em Bmu .... ~.P ... T 

(<<I .. P ... Ii ... .MAT) Gap (max) .......... em Bmin .... Q\~ ... T 
VALLEY PARAMETERS: Gap (min) ... . ~fi .. em Bmu . .1:) . .. T 

(<<I .. ll ... Ii .... MAT) Gap (max) .......... em Bmin ... 0.5. T 
AVERAGE FIELD: < B >min ...... P.·A T < B >m.~ .... !: 7.5 .. T 
NUMBER OF SECTORS: compact/separated .......... / ......... . 

sector angle ............... deg. spiral (max) ............... deg. 
FIELD TRIMMING: Trim Coils .. , .... 1.~ .V!'.i.r:. :~.r.~':~!'.r: ......... . . 

Harmonic Coils ........... .. . ?-•. ~~~:' .•.••.••....••••.•.• 
Other ···········1 b'dO ••......•••...•••..••.•• 1 b' ...... . 

CURRENT: Main Coils ............. . Amps Stability ........ ~~~ .. . 
Trim Coils ..... ... ... l.oO •. Amps Stability .. . .. . 100 • • PP1l1 •• . 
Stored Energy (cryogenic) . .. ....... ......... ...... . ..... MJ 

WEIGHT: Iron ....... 6.00. tp.llS... Conductor ..... .5.o .tOM .... .. 
ION ENERGY: Bending Limit E/A = ....... 2.QO ..... ql/Al MeV/u 

Focussing Limit E/A = ...... lO!i ........ q/A MeV/u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: ........... 1,'i1I\D.d.'1-:\1l1AJ;~\!r •• ~ij.y,i.~Y •.••••••• . ••.•••. 
No. of Gaps/turn ........ ~ .... dE/dn(max) ...... Q,.2.Q .. MeV/q 
Voltage(max) ,., .... Q, P.5.Q. MV Harmonic f,r/fion .. 1 •.. 2 .•. ? ... 
Freq ..... 1.4. ;-.. ~4 .... MHz Power in (max) ........ 9 ... ~9P ... MW 
Stability: Phase ..... t:-.Q·. ~. ?<:!l: . . Voltage .. . ;t;-:9: .1.~ .... .. . . 

OTHER CAVITIES (Flattopping or otherwise): 
Description: ... , . ... ............. ..... ....... ...... .. . ... .. .. ... . 
Region of Influence: Rmin ............ em Rm ..... . . .. . .... em 
No. of Gaps/turn......... .... dE/dn(max) ............. MeV /q 
Voltage(max) ............. . MV Harmonic f,r/fion ...... .... .. . . 
Freq ." .... " ....... , MHz Power in (max) . ...... .. ..•..... MW 
Stability: Phase .. ,.. ....... .... ... Voltage ........ .. ........ . 

VACUUM SYSTEM -7 
OPERATING PRESSURE: ..... ~, ~9 ... '!'~!'.r: ................... , .. . 
PUMPS: No. and type .2. .'1P.?~~f: .. P.'!I!'P.~,.~~!'."l: . ?QQ9 l/sec 

,q'i'!,.f.~~~, .. 1,,~.e,t;'!'~?A'! ~~ .. V:'!~!'!l."!: . ~ .. ~9 ... "!~~!'.' .. ?99 .. ~( ?!'.< : : 

ION SOURCE(S) 
Type Intensity «I 

(a) .. r.~q ......... .... ~~f~.d .. .. 
(b) .. EGR .............. ~'.? ..... .. 
(c) .. P.alarj,z«d ....... P.050 .. .. 
(d) ............................. . 

INJECTION SYSTEM 

<n = {3"« 
(1rmm mrad) 

Ion Species 

P.-+: ~ • ~.~~t7 .... 
Heavy .. ions .. 
flot,. d.+. ....... 

$p~;r.'1~.;i.l}f.l.\.M~<:r.n.;i.A.1~~.t.i9'l ........ Efficiency .. S~i' .... % 

EXTRACTION SYSTEM 
.PF~.,!~~13+0A'I+, •. t;~g.e~!'.r:'1t iv.e . ... ...... Efficiency 6.Q . :-.. ~Q. % 

CHARACTERISTIC BEAMS 
Current(part p.A) 

Accelerated Ions E/ A JtteV /u) I~beonal EXl?fnal 
(a) . Pi" ......... ~O.::.~ .......... .... .......... ....... YdOnA .. . 
(b) . ""!" .......... ~0? .. : .. 1.9.~ ................................... . 
(c) .. Heavy ions 5 - 50 0.1 - 100 0.05 - 0.5 
(d) ........................................................... . 

Secondary Particles E (MeV) 6 part/sec -4 
(a) . Jleut.t:oos ............... . ::: .. L90 ...... .. LO ... :1.0.. ,1.0 .... 'it' 
(b) .................... ... . .. . .... . ..... ... . .................. . 
(c) ..... .. ............. ................... ............. ....... . 

EXTRACTED BEAM PROPERTIES: 
For ......... P.·.\. p.A of ......... ~P ... MeV /u ........ P.'t ... ions 
t:.E/E ................... O ••• ~. % t:.rJ> ................. ~9 .... orf 
<n = (3"« x .......... ? .. 1rmm mrad z ........... ~. 1rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ..... 600 ml Moveable ......... .. ml 

Target Stations: ..... 7 . . No .. Served M Same Time.: ... ..... . 
MAGNETIC SPECTROMETERS: HESM, PACMAN, LISA ........ . 
OTHER FACILITIES: .. I.r:eatmeot. b.E:oclt. .tor. AYe.1lI.E;l.a='L ... . 

... Cave . .f.ar. p.t:oduc..tioll. .af. ;l...s.QtOP.E;~ • ... ... .. . . ... ......... . 

. .. S.peciAl. til.t:get .. syst.e.!ll. fp.t: .Ol! ll.tJ;OIl •• 1lJ;OIlAC;tj.PA ..•••.•. 

. ............................................................... . 
REFERENCES/NOTES 

(a) . :>.·.Ii9}.f1\ .~~ .. a.~,. P.h.x~~F.'" .$~.r.~Qti'., .. Y'?}" •• ~~, •. 5.n:-.s.~?,.1.~~? 
(b) . ~ ... ~~~.t.r:~'!' .. e.~ . ~~".~l:¥;;.~<;~ . . S.""~P.t.,:! Y?.1:~??.' .. ~~?;-.~~? .... 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO •... . . . G~3 ..... ..... ........•.. .... . . .............. ... Date .. . J~ly .. 1 .~~2 ..... . ........ . .. . .. ... . . . ... ... .. . .. .. . 
Name of Machine .~~! . pr.i.1.i.p'~. ~y~.l.o.t.r:QT).:' .r .nj,~<;tQr. J." ................................ .... . ........ . . ... ............ . .... .. . 
Institution ..... . . ?~~ . p.a.u.1 .. ~~~~::.e.r: .~~H! ~.u.t.~ ............ ....... ........ ... . .... . . . ..... .. . ... .. ... . ... . . . ..... . ........ . 
Address ... .. ...... ~~. ~.3.2 .. ~~ ~:! ~~.n .. ~~! ~. ?~.i.t.~~~! ?~~ . ................. . ..... .... . .... ... .... . ... ......... .. ............... . 
Tel ... n .4.1..(O)56 ... !l!l .3J.J.l Telex .827 .. 4A2 . psi..c.h ........ Fax .+'-1;41.(0.)56.99.33-.83 .. . EMAIL ...... ....... ........... . 
In Charge: . Pro .U .... ~<;bry.b.~r: ... .. .. .... .. . . .. . ..... . ... . . . . . .. Reported by:LtP •. -A •. Schme.1.zbach ......... .. ... ... .... ......... . 

HISTORY 
MILESTONE DATES : 

Design .. 1.9€i7 .. ~ 196!) . . . .. .. . Model Tests . .1.968 .. -. .197.l . ..... . 
Construction .. 1.970 .. -.. 197.3.... First Beam . Jan •. Jst, .. 1.914. 

DESIGN/CONSTRUCTION BY: 
in house ...... ..... other .. Phi 1 i j:}S . ...................... . 

COST: Accelerator .. 14- .MSrr ... ·..... Facility ... :1< .. . ........... . 

FUNDED BY: . .swi 55· ·~edera 1· Goverooeflt·· ................... . 

STATUS 
STAFF: Machine 

Scientists .... . j. .••.. .. .•.••.... Engineers .. ~ .................. . 
Technicians . .. 4 .... ... ... ........ Students ... .. . ..... ... ..... .. . 

Research (in house/external) VE + pol. I nj. mode 
Scientists ...... 5 ... / ... 75 ..... Engineers .. ........ / ........ .. 
Technicians ......... / .. .. .. . .. Students ........ . / )9 .... .. 

BUDGET: Machine .......... ~ ..... .. Funded by .... * ............ .. 
Research ........ .. ":....... Funded by ... '!' .. . .......... . 

TIME DISTRIBUTION: 
Basic Research (in house/external) ....... .3. ..• % / . . ... ... 7fJ. % 
Applied Program (in house/external) .. ... 14 .... % / ........... % 
Development ........... . . 3. . % Maintenance ............ . ].0. % 

MAGNET 
POLE PARAMETERS: 

Diameter .... .. ;lSO cm Rexlrocl .. ... 1Q!). cm Rinjecl ..... 1 .. & cm 
HILL PARAMETERS: Gap (min) . ..... -34. cm Bm .. ... .... .. . T 

(III .......... AT) Gap (max) .......... cm Bmin .. .... .... T 
VALLEY PARAMETERS : Gap (min) ... ~? .. cm Bm ... .... .. . T 

(III ... .. ..... AT) Gap (max) .......... cm Bmin .......... T 
AVERAGE FielD: < 8 >min .. .. ... . .. T < 8 >mu . .l .6 ... ~ .... T 
NUMBER OF SECTORS: compact/separated ....... 4 . . / .... .. .. . . 

sector angle .. .. . ... ....... deg. spiral (max) .. 5.5 ..... ..... deg. 
FIELD TRIMMING: Trim Coils ... 12 .c.ancentr.ic ... . .. .. .. ... . .... . 

Harmonic Coils .. . ... .. 4. sets. harlOOfl'ic;: .............. . 
Other .. . . .... .............. .. ................... ... ... . 

CURRENT: Main Coils . .. "=' .7.00 .... Amps Stability W .1i: .6o .. . .. . 
Trim Coils .... . ... . . ::'-350. Amps Stability ... H}!;-6 .. .. .. . . 
Stored Energy (cryogenic) ............................... MJ 

WEIGHT: Iron ...... ... 470 . t..... Conductor. 20 . t. A 1 ........ .. 
ION ENERGY: Bending Limit E/ A = .. . . 1.35 .. . ..... . q2/ A2 MeV /u 

Focussing Limit E/ A = .. 13.5 ........... q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: . . .. .1. .Dee., .. 2. H.F. . sys.tems .. t lit:! .. IQj, .. roool!.~ I ..... 
No. of Gaps/turn ......... 2... dE/dn(max) ...... O .l.6. .. MeV /q 
Voltage(max) ..... .(),OS . ... MV Harmonic f'f /fi.n ... 1. 3 .. /.. 3 . .. 
Freq .. 4 .. .6 .to .. l.Jl5'() MHz Power in(max) ............ 0 . J .. MW 
Stability: Phase . . 1 .. deg/. .. Q,.j. .deg Voltage .lCl ['-.2 ./ .. 1.OEr4. .. 

OTHER CAVITIES (Flattopping or otherwise): 
DeSCriptIon: ..... . . . ..... ...... .................. .. .. ........... . 
Region of Influence: Rmin ... . . . ... .. . cm Rm .... .. . . . .. ... cm 
No. of Gaps/turn ........ .. ... dE/dn(max) ............. MeV /q 
Voltage(max) . .... . ... . .... MV Harmonic f" /fi.n ....... ... ... . 
Freq . . .... . . ... .. ... . MHz Power in(max) .... . .. ........ . . MW 
Stability: Phase ... . ....... . ...... . Voltage .... .. ........ .... . 

VACUUM SYSTEM 

OPERATING PRESSURE: ·witl1'Out · ga5' 'lOE-6' mbar·· .. · .. · ···· .. 
PUMPS : No. and type . 2b'OOO ' +"120D'0'1 i"s"<i il'-'dHf: ' pumps'" 

.... ttlciT zi:'rs 1; . 'c'ryog'eriit' 'panel . (Ph'i'l'1 ps')' ... . .... .. . . . . . . . 

ION SOURCE(S) 
Type Intensity CI <" = {3'Y< Ion Species 

(rnA) (lI'mm mrad) 
(a) .In.tElr.tlal..Liyi,ngst.Qr) .................... ... P .• . 9 ........ . 
(b) .. ... ....... . .. ............ . . ... .. ..... . . .... !A.~) ... (1~ .. .4) 
(c) . a x.i. a 1; .. atoDl.i c . beam. pol. . sour.ce .......... p., .. d ......... . 
(d) . . .. . .. . . [CR . !' Capd.ce':. heavy . . i.oo. source. (]9.93) ........ . 

INJECTION SYSTEM 
·ax4-all.e.m ... Eju-ads., .booG~er • .fAirror.· Efficiency ......... % 

EXTRACTION SYSTEM 
.~]~.c.~r:9~t.a.~i~, .. ~1 .e<;tr.ql1)\lg.n:, .. IJI?g.n .... Efficiency ... n ... % 

CHARACTERISTIC BEAMS 
Current(part I'A) 

Accelerated Ions E/A (MeV/u) Internal External 
(a) po . \lnj."lIlo.cie) .. . 12 ................ 2.1.5 .......... 20n .... .. 
(b) j:} . 'VE'4~Qde.) .... 1.0 . ~ .. 7.2 ......... ~J.l.0 ........ ~ 1011 .... .. 
(c) ..... No ........ .. 5 .. r .. 30 ............ 4 .......... .. 3/ ... /0..01 

(d) Feclo',,';j~~ ~~r~ici~~·a . , . . ].2·E· (~~i;)' . ~.1.5 .. . .. g,~~t;:'2" ' " 
(a) fl., .. 1?9.l., .. (1 ......... ... ,3,q . ~ ... q ...... .. ~.5 .. ~~ . /r ~.~ ... .. . 
(b) !1., .. P.9.l .. rJ .. ....... ..... 2.QQ. ~ .. ~~9 ....... 5 .. ~~~U(~!1' ... ~ .. .. 
(c) .. . . .. . .. . .. ..... .. . . ..... . .... . .. ... . .. . ... . .. . .. . .... ... . . 

EXTRACTED BEAM PROPERTIES: 
For ...... lOO .. . .. I'A of ..... . .. . 72 .. . MeV /u .. ... .. p ..... . ions 
6.E/E ............... 0.5 ..... % 6.<1> ......... .. . ..... 15 .... Orf 
<" = {3'Y< x . . ... .. ... 3 . . lI'mm mrad z . . ...... 2 . .. . lI'mm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed . .......... m2 Moveable . .... .. . ... m2 

Target Stations: ...... . .. No. Served At Same Time: . . 1 .. .. .. . 
MAGNETIC SPECTROMETERS: ....... .... ... .. ........ . . . ...... . 
OTHER FACILITIES: .T)~P.r:Qr;!\J~.1;i9!1 . . ~q.rg.~~~, .. ~P'j [1 .. r:Qt?t.qr~ ., .. 

.lJSe~.O'(lnEld[ OP.Elr.~t.e.cj. tie.v.i.Ge.s.: .. GrY.~t~J .. ~P~I=.t.r:QlJle.1;f:r • . . . . 

.4.1l.-.. scatter.i.ng . chambe.r.s,. dQuoJ I!. .scatterjn9, . ARP~r.C\tIJS, 

. .. s.pectr.aroet.er.s •. Mol. . . ~erl.i.caJ. .Qeam. .( 199.:11 ........... . 

PLAN VIEW OF FACILITY, COMMENTS 

* see PSI 590 MeV Ring Cyclotron (this compilation) 

REFERENCES/NOTES 

1) The SIN injector cyclotron (A. Baan et al .) 
IEEE Trans. Nucl. Sci. NS - 20 .3 (1973) 257 

2) The ax ial injection system of the SIN injector 
cyc lotron (N. Hazewindus ) , I. Design considerations! 
II. Description and experiments, buncher, Nucl. Instr. 
& Meth . 129 (1975) 325!331 

3) The central region of the SIN injector cyclotron 
(J.M. van Nieuwland et al. )Nuc l. I ns tr . Meth. 142 ( 1977 ) 

339 
4) Improvements in the SIN inj ector RF system (P. Sigg) 

Nucl . Instr . & Meth. 155 ( 1978) 1 
5) As pec ts of the 100)JA operation (G . Heidenreich et al.) 

9th Int. Conf. on Cyclotrons, Caen (1981) 365 
6) Polarized Beams at PSI (P .-A. Schmelzbach e t al.) 

European Particle Acce l erator Conference, Rome ( 1988) 



ENTRY NO ..... . . ~~~ ........................... ')" .... . ... . ...... Date .. J.l.I 1y . J ~~.2. ........................................ . 
Name of Machine . . P.SI. Jnjector .. CY.~l.QtrOf1 .. 2. .. ~ . ... .. . ..... . .. ..... . . ... . .. .......... ...... ........ . .........•........ .... . 
Institution ... P.S.I., .~Wl .. S.C;hE!r:r!!f . .r.I1~~it\J~.e . ........ ... . . . . ............. .... . ................. ... . . ..... . . ........ .... ... .. . 
Address ... . .. ~~~~?~~ . .v.i.l.119~~ . ?S.I., . . ?~! ~.z.~r: 1. ~~9 ...... ...... ....... .... .......... .... .. .. . ...... ..... ..... .. .............. . 
Tel .. tt .4.1 . .cO 156.99 .. 31 .11. Telex .82.7 . .442. ps.i .. ch .... . . . . Fax .-1-+41. .( .0).56.99 . .3.3. .83 .. . EMAIL ... .... .. . .. . . . .. . ...... . 
In Charge: . D.r .. U •. Schr.y.ber. .... .. ...... ... . .. . .. .. . . . . . . .. . . Reported by: Dr .. W •. Jonp., .. Qr. • V, .. S.cJV:yQ~r. ...... ... ..... .... .. . 

HISTORY 
MILESTONE DATES: 

Design . . . !.9?L . ........ . .. Model Tests .. 1~7}.~ .. 1.~~9 ...... . 
Construction .1 ~?8 .. ~ ] ~!3) .. . . . First Beam ARr:!.l .. 1 ~?~ ..... . 

DESIGN/CONSTRUCTION BY: 
in house . P.S I. . . . .. other . ... .... ... . ........... . .. . . ...... . 

COST: Accelerator . .. 22. MSF.r... . .. ... Facility . . 1.34. MSF:r. .... . . . 
FUNDED BY: .. Sw.i.ss. F.ederal. .Go.v.er.mn.e.nt .................... . 

STATUS 
STAFF: Machine 

Scientists .. . ca •.. 15 ......... ... Engineers . . C.il.,. J 5 ............ . 
Technicians ...... 50 .......... . .. . Students .. . .................. . 

Research (in house/external) 
Scientists ..... AD . . / .... 300 . .. Engineers .......... / ... . ..... . 
Technicians ......... / . .. .. . .. . Students ......... / . ....... . 

BUDGET: Machine .. 1 .. NS>Fr .. . .. . .•. Funded by Swi s.s. .F.ed .... Go.v .. 
Research ............ . ..... Funded by ........... . .. ... . 

TIME DISTRIBUTION: 
Basic Research (in house/external) ........ . . . . % / .. . ......... % 
Applied Program (in house/external) ... ....... . % / ........... % 
Development ............ . .. . % Maintenance ................ % 

MAGNET 
POLE PARAMETERS: 

Diameter ......... cm Rextr.cl .. . 34-3 .. cm Rinjecl ..... -4i;. cm 
HILL PARAMETERS: Gap (min) ..... ~ .. &. cm Bm ....... 11.(). T 

(Ill ...... .... AT) Gap (max) .... 3,& . . cm Bmin ..... ],0: 5. T 
VALLEY PARAMETERS: Gap (min) . . ...... cm Bm ... ....... T 

(Ill .......... AT) Gap (max) ... . . ..... cm Bmin .. ........ T 
AVERAGE FIELD: < B >min ... . 0.33 .. T < B >max .... 0.36 .. T 
NUMBER OF SECTORS: compact/separated .......... / .... 11. ••.• • 

sector angle . ... . . .. 2.7 ..... deg. spiral (max) .... . ........ O. deg. 
FIELD TRIMMING: Trim Coils .. 1.1 . . ~a·i.rs. pe.r: . l1lagnet ............ . 

Harmonic Coils .. 1 ... . .......... . .. . ... . ..... . ......... . 
Other ........... _ ... . ...... .. .... .. .. . .......... .. .... . 

CURRENT: Main Coils ..... 9.0.Q .. . .. Amps Stability ... ~~~? ..... . 
Trim Coils .. . ..... .. ~ .4.Q .. Amps Stability ...... ~~~? ..... . 
Stored Energy (cryogenic) ... ... ......................... MJ 

WEIGHT : Iron .. II.)S.J il.Q. tons.... Conductor .11 .. >1. P.·.Q€i. ~.o.~~ .. . 
ION ENERGY: Bending Limit E/ A = .......... . . U .. q2 / A2 MeV /u 

Focussing Limit E/ A = ................. q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: .2. !'1'.S. Qop.:t.Qr:~ .. 5.Q. ~M.z ........... . ............ . ... . . 
No. of Gaps/turn ... ~..... . ... dE/dn(max) ....... L P ... MeV /q 
Voltage(max) ....... Q,5 .... MV Harmonic frr/fion .l.Q ......... .. 
Freq .... .. 50,p ..... .. MHz Powerin(max) ......... 9 ... 1) ... MW 

ION SOURCE(S) 
Type Intensity III <n = {3-y< 

(mA) ("mm mrad) 
Ion Species 

(a) .cusp . . type, .. i n. L.ac~cr.aft. Wa Hon .pre.il.Cce.l erat.Qr. . . .. ... . 
(b) .. . .. . .. . .. .. ...... . s.n .......... .... ........... .p ........ . 
(c) . .. . .. ........................... .. ... . .............. ... ... . 
(d) ............... ............... . . . .. ....... . ................ . 

INJECTION SYSTEM 
Axial., .. a.t.87.o.kell.magtl_ .. cone. w.Hb ... Efficiency .. .1.00 . . . % 

n = 0.6 
EXTRACTION SYSTEM e1 . stat, deflector 

;2. ·sept·urn- magnets· .. " ........ . ..... . .. Efficiency ... 1.00 ... % 

CHARACTERISTIC BEAMS 
Current(part IJA) 

Accelerated Ions E/A ~MeV/u) Internal External 
(a) . P .. ..... .. ..... ... ) ........ .... .l.QQP .......... .1.QQ9 ...... . 
(b) ....... . .. . ........... . ........... .. ........ . .. . .... . ... . . . . 
(c) ..................... . ...... ....... . . ...... .. .. ...... . . .. . . . 
(d) .... . ...... . .. . . . .. . .. .. . . .... . ... . ... . . ........ .. ... ... .. . . 

Secondary Particles E (MeV) part/sec 
(a) ..... . .............. .. . . .. ... .. ......... . ..... ..... . .. .... . . 
(b) ............. .. . . .. . .................... . .. .. .............. . 
(c) .................................... ... ................. ... . 

EXTRACTED BEAM PROPERTIES: 
For ..... l&OQ .... IJA of 0 ...... 1;2 ..... MeV/u .............. ions 
6.E/E ..... . ............. :?. % 6.</> .... J6. ................ °rf 
<n = (3-y< x ....... 1.5. .. "mm mrad,=z .1..5 .... . .... "mm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ....... . ... m2 Moveable ... . ....... m2 

Target Stations: . ........ No. Served At Same Time: . . ..... . . 
MAGNETIC SPECTROMETERS: ... ... . ..... .. . ..... .. ........... . 
OTHER FACILITIES: .r.~ 9t9.P.E!. pr.q<!y~t.i.q~ ..... . .. .. ....... . ..... . 

sel' .. t:Q):t.Y.. :' P.S.~. 59.Q .~!!Y .. ~i r.9. .~y~.l.Q1;r9.n.': ...... . .... . ........ . 

REFERENCES/NOTES 
(a) ....... . ............ .. . ... .... . . . ............................. . 
(b) ............ . ......... ..... ............ . ...... .. .. . . .. . . . . . ... . 

PLAN VIEW OF FACILITY, COMMENTS 

1) Two stage accelerator for 72 MeV protons (see Proc. 
9th Int . Conf. on Cyclotrons & their App li cation, 
(1981), 43 , 
Stage 1: 870 keV DC preacc. (Cockcroft-Walton) 
Stage 2 : Isochronous ring cyclotron 

Stability: Phase . O ... OJ. deg . . .. . .. . Voltage.Q, 0.3 .. %. .. . . .. . . .. 2) See PSI 590 MeV Ring Cyc l otron (this compilation) 
Special coils outside vacuum chamber for correction 
of isochronism 

OTHER CAVITIES (Flattopping or otherwise): 3) 
Description: .2. f.l.attop.ca)J.i.t i es . .. 150. .Ml:fz ........... . ....... . 
Region of Influence: Rm in .... . .. . 80 . . cm Rmax . . .... 342 ... cm 4) 
No. of Gaps/turn . .. . 2........ dE/dn(max) ........ 0_.1. MeV /q 
Voltage(max) ... ':": 0.05 .... MV Harmonic frf /fion . .30 ... ...... . 
Freq .... .. 151...8 ..... MHz Power in(max) .... O.Ol ........ MW 
Stability: Phase . :" .Q. l.c\e~. ... . .. Voltage .. 0,.,. .% .... •.. . ... 

VACUUM SYSTEM 
OPERATING PRESSURE: .. 2E.-.6 ................................ .. 
PUMPS: No. and type ... -4.)( . . t~rbo.m" .l.aGyla.r . pumps . ... ..... . 

.. .. ... .. . ... ... ... .... . ·2200 ·1/,50 ·each· .. · ·· · · ...... ...... .. .. 

RF-systems: two /2- resonators (50.6 MHz) for acce
l eration and two flattop cavities (151. 8 MHz) 



ENTRY NO •..... c.~~ ... . . .. ............ . ..... . ... . ..... .. ...... .. Date .. ~I,IJy. J.9.~2 ................ . ...... . ........... . .... . 
Name of Machine . ~?.r. .. ~~9. ~~Y .. ~i.T)g. ~y~.1.~~r:9(l ... (Y".i.~~ . ! !1,i.e.c.~Qr:c;Yf:.l.o.1;r:QI). J . . a.n.c! .? , . ?f'.e .. ~~P'\lr~t.e .. ~T)~ri !!.sJ ............. . 
Institution PSI, Paul Scherrer Institute Addres ........ tff-'~2j2' v11 hgeri . (>5"(: 'Swl tierya:rid ................ . ..... . ............ .... .... ... .. .. ............... ... . . 

s ... . ........................ . ......... .. ........... ... ................ .. .. . ......................................... . 
Tel .+.+.41. {0)5.6 .. 99 .3l. .1.1 .... Telex . . 821.442 . .p.s1.cb ........ Fax ttll.l .. (.0\56. 99 .. 33 .83 .... EMAIL . . . ................... .. . 
In Charge: . . Qr: . ~ : .. S.c.~r:Y~\!r. ................................. Reported by : .Qr: .1:1 •• JphQ .q.od. Dr .. M, .O JiYIl ...... .. .. .. ......... . 

HISTORY 
MILESTONE DATES: 

Design .. l9.6;/............... Model Tests . 196.2 . T.19.6~ ........ . 
Construction .. J 9.6.~ .; .. 1.~H. . . . First Beam .. Jq.tl, . . 197!1. ... . . . 

DESIGN/CONSTRUCTION BY: 
in house . . . P.Sl. .... other . .............. ... 0 .•.••••••••••.•• 

COST: Accelerator. 3.5 . MSF.r. . (.19.14), Facility .1.34 . MSF.r.. U975J. 
FUNDED BY: .. Sw.i.ss.Federal..Go.ver.oDle.nt .................... . 

STATUS 
STAFF: Machine 

Scientists .. ca .. .1.5 .. . . ... .. .. .. Engineers .. ca ... J 5 . . ....... . .. . 
Technicians ..... 50 ............... Students ........ " ............ . 

Research (in house/external) 
Scientists . .... . 040. / . 3J)0 ..... Engineers ... ...... . / ......... . 
Technicians ......... / ......... Students ........ . / ........ . 

BUDGET: Machine .. 7. MSF.r ......... Funded by Swi.6 . .F.ElQ, . .GGV, 
Research .. .......... .. .... Funded by ................. . 

TIME DISTRIBUTION: 
Basic Research (in house/external) ............ % / ............ % 
Applied Program (in house/external) ... .... .... % / ........... % 
Development ................ % Maintenance ................ % 

MAGNET 
POLE PARAMETERS: 

Diameter ... ...... cm Rexl .. cl. -445 .... cm Rinjecl' " 2.1'() .. cm 
HILL PARAMETERS: Gap (min) ..... 5 ... . cm Bm ..... 2,,09 . .. T 

(<<I .......... AT) Gap (max) .... 9 ..... cm Bmin ...... 1.:~ . T 
VALLEY PARAMETERS : Gap (min) .5- ..... cm Bm .......... T 

(Cl .......... AT) Gap (max) .......... cm Bmin .......... T 
AVERAGE FIELD: < B >min ..... Q.?!l. T < B >m ....... Q·.?7. T 
NUMBER OF SECTORS: compact/separated ........ " / .. \l ...... . 

sector angle ............... deg. spiral (max) ............ 30. deg. 
FIELD TRIMMING: Trim Coils ... 1.? ...... ......... ............... . 

Harmonic Coils ........ 5 ........ . ...................... . 
Other ................ . ............ ..... .............. . . 

CURRENT: Main Coils .. . 900 ........ Amps Stability. 5£~6 ....... . 
Trim Coils ....... ;q;/O ..... Amps Stability .... 5E.~4 ....... . 
Stored Energy (cryogenic) . .............................. MJ 

WEIGHT: Iron .... l.96Q. tORS...... Conductor .. 28. tons ... . .... . 
ION ENERGY: Bending limit E/ A = .. 59.0 .... ...... q2 / A2 MeV /u 

Focussing limit E/ A = ................. q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: .. 4. c.avit.i.es. 5.0. .~t1z..tI:lJ.l . . ............... .. ... .. . 
No. of Gaps/turn .... ?t ........ dE/dn(max) ... .... 2.0 ... MeV/q 
Voltage(max) .. 0.5 .. " .0 •. 7.5 MV Harmonic f,dfion .. 6 .......... . 
Freq .... .sO. 6 ........ MHz Power in(max) .0 .l5. .". 0 ... 5 .... MW 
Stability: Phase . G .. Q 1 . de~ .. .. .. .. Voltage .. O. U3 . % ......... . 

OTHER CAVITIES (Flattopping or otherwise): 
Description: .. l. f.1q.t:t.o.p. CAv.Hy .. 1.50 .. M.~::: ..................... . 
Region of Influence: Rm in .... 2J.0. .... cm Rm ......... 4~5 .. cm 
No. of Gaps/turn ......... l. . . dE/dn(max) ... ':":'.0.3 .... MeV/q 
Voltage(max) . .... ~.0.3. .. MV Harmonic frl/fion .... 1B . .. .... . 
Freq .... 1.51.8 ........ MHz Power in(max) ..... "':'.35 ........ MW 
Stability: Phase .. "'.0 ... 1 .. deg. . . . .. Voltage .. 0 .. 1 . . % .. . ... ..•.. 

VACUUM SYSTEM 
OPERATING PRESSURE: ... 2£"6. mbar ......................... .. 
PUMPS: No. and type ..... . 4- .turb.olllol... .pump.s. 50n.1 Is .. and . . . 

. .. 4- -Gl'yopump& ·aAd· A . T~ ·~sub.1 .i.lllii.to.r:s .l4-0QO .. 1./.> ...... ... . . 

ION SOURCE(S) see entry "PSI - Injector 1/2" 
Typ~ Intensity to <n = i3"f< Ion Sp~cies 

(rnA) (1fmm mrad) 
(a) .4. :r.i.~sup.1.i.J]1pt.Qr.s . .1.4000 . . 1. l.s. e.acb . .. .. . ..... ... ......... . 
(b) ... ..... ....... ............... . ................... . .. .. . .. . . 
(c) ........................................................... . 
(d) ... ............ . . .......... ... . .............. . . . . ......... . . 

INJECTION SYSTEM 
MagJ:let.i.c .aJ:ld .. a1ec.tro>ta.tiG . channel ... Efficiency .. 1.00 .... % 

EXTRACTION SYSTEM 
E·1·eetf'Ost·atk' · septum .................. Efficiency ~<S9, Il .. % 

CHARACTERISTIC BEAMS 
Current(part /JA) 

Accelerated Ions E/A SMeV/u) Internal External 
(a) . P ................. ~L ............. ?9P ........... ~Q9 ...... . 
(b) ..............................•........... . ................. 
(c) ........................................................... . 
(d) ........................................................... . 

Secondary Particles E (MeV) part/sec 
(a) .............. ........... 3.0.~.ti.OO .......... 10E.-.10 ...... .. 
(b) ..... ..................... 5..~ . .l.25 .......... 10E.-.8 ........ . 
(c) .................................. .... .................... .. 

EXTRACTED BEAM PROPERTIES: 
For ... 500 ........ /JA of .. 5.90 ........ MeV/u .. fl ........... ions 
AE/E .. 0 ... 1 ..... ...... .. .. .. % At/> .... . ~10 ............. °rf 
<n = i3"f< x ~2 .......... 1fmm mrad z ..... ~. 1. 5 .. 1fmm mrad 

FACILITIES FOR RESEARCH 
SHiElDED AREA: Fixed ........ . . . m2 Moveable ....... ~ ... m2 

Target Stations: .. ? ..... No. Served At Same Time: ........ . 
MAGNETIC SPECTROMETERS: .2. piGJ:l . .s.pElct.r.ometer. •.. . .. .. .. 
OTHER FACILITIES : .2 .SlJp.e r.cond:mlJD.n .ch.anoe.l.5 .. . . .. ........ . 

detec.tars .. :f.ar .. the. ohs •. of .. care .dec.ays'fSR~faci l.i.t i es.,. 
anllexes . p.l'oll. and . proto~ .. ther3flY, . nuc 1 eo.n . area •. mat e r.i.a 1 
.i.r.r.adi.atio.n, . isotope .product.inn ..... . .................... . 

PLAN VIEW OF FACILITY, COMMENTS 



~~~::f ~'ehi'n'~ ~·~·~·".·~".~·.·?·~g"~Y.~.~~·t;·~??·. · . · .·".·.·.·.·. · ............ ,' ................. ~~~~.: :::: : :~~:e: ::::::: ::::: : ::::::: : ::::: :: :::::::::::::: 
Institution Insti t ute for the nuclear Research Ukra~n~an Academy of Sciences 
Address .. : .Q~~~i~~:: ii~~ :;: i:O.2:0:ifi :;~;~~.~.~~ :~~~k'i': ';' 7·· ........ ·· ................. .... ............. ................. .. .. . 
Tel .<.0.4.4). ?~~t~.5.~{shve;,ski Telex .1.3.2.~~~ "~~? t.~.~·"""""""" "" ·F~~··.·. ~?'~'~.). '.~~ ~~~'?'.j. '.'.'. '. '.'.'.'.' EMAiL.·::::: ·.·. :·.: ·.: :·.::::::·.·.::: 
In Charge ........ . .... . ....... ... ... . .............. . .. ....... Reported by : . ;\.];,. fiiP.a.&l) .. .................. .. .. . ... . .•...... 

HISTORY 
MILESTONE DATES: 

Design .~9fi.5 .. 7 . .1.9)Q ........ Model Tests .... 1.9.q~.:-.)~?6 .... .. 
Construction ... . 1.9Jil? :-. ) ~? 7. . First Beam ... ~.r."I:' .. 1.~!1? .. . 

DESIGN/CONSTRUCTION BY: 
in house .. . X!'~ ... . other Efremov ' s Institute/Leningrad 

COST: Accelerator .... .. ......................... Fa~ili~;' .5.(r~~ ($~>::: : :: : 
FUNDED BY: . V~.S.~. ~~.a~,:,I.">' .. o~. ~.~~':'!'~.~~ .... . ...... . .... .. ... . 

Comittee Utilization of Atomic Energy 

STATUS 
STAFF: Machine 

Scientists . . ... ... .. P. . . . . . . . . .. Engineers ...... ?9 . . .. ... . . ... . . 
Technicians ....... fi.Q ............ Students ....... ? ............ . 

Research (in house/external) 
Scientists .. 79.Q . ... / .. . ....... Engineers ... . .. .. . . / .. . . .. . .. . 

B~~~~~~~a~hi~~ ... ~ .. . $.~~"X~·?~.qt~~:~d '';; ~·~.:A/ .?'.f. ·.$~·~.~n 
Research .................. Funded by . .... ..... ... :: ~~.s 

TIME DISTRIBUTION: 
Basic Research (in house/external) .. .... ~~ ... . % / ............ % 
Applied Program (in house/external) ..... ... ... % / .. . .. ... .. . % 
Development ................ % Maintenance ............ 3.U. % 

MAGNET 
POLE PARAMETERS: 

D' t 240 R 102 lame er .. .. . ... . em extract· •• 2'j . 2' em Rinject .••. '2::r em 
HILL 1(f.~~~ETERS : Gap (min) .. . .. . : .. . em Bm .. . ..... . . . . T 

(<<I •. : ..• ~ ... AT) Gap (max) .......... em Bmin ...... .. .. T 
VALLEY PARAMETERS: Gap (min) . .53.2 .. em Bm .... U.2. T 

(<<I .......... AT) Gap (max) .......... em Bmin . ......... T 
AVERAGE FIELD : < B >min ........ .. T < B >max ... .. .t,l .. T 
NUMBER OF SECTORS: compact/separated . .. . ? .... / ......... . 

sector angle ............... deg. spiral (max) . ........ . A? .. deg . 
FIELD TRIMMING: Trim Coils ... ~? ~.~~"!,)..8: t;~!l& ."'?:L.l.~ ......... . 

Harmonic Coils .. . ... ). P.~~. ?!".c.t;'?!' .................. .. 
Other .... '-:'<:t~)..t;~ . !,,?i~? .ql?~~ . . ,,!,:,~.t.~ lO ! .............. . 

CURRENT: Main Coils .... ~}gg ..... Amps S~ability .. i.·t=.~ ... .. 
Trim COIls .. . . .... . .... . . .. Amps StabIlity ... . . . • ......... . . 
Stored Energy (cryogenic) ....... . ............ .. ........ . MJ 

WEIGHT: Iron .... 650 .. t OIlS . . . . . .. Conductor ... . 8i> . . tOllS ....... . 
ION ENERGY: Bending Limit E/ A = ...... J iIlJ. . .... . q2 / A2 MeV /u 

Focussing Limit E/ A = .. . 8.U <PrP.t;Ql)~) . q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: .1Sif. .. dee. .aDd . .dumm.y .. dee .... ................. . .. . . 
No. of Gaps/turn . ... . ...... 2 dE/dn(max) .. .. .Q.lS . .. . MeV /q 
Voltage(max) .... 0 .•. 09 ... .. MV Harmonic fd /fion . .... ~ ... 3 .... . 
Freq .... . ) . 7' .. 4~ .... MHz Power in(max) ........ O .•. 2.~ .... MW 
Stability: Phase .. .± . fO. . . . . . . . . . . . Voltage ..... 2 .•. '!:-? . ...... . 

OTHER CAVITIES (Flattopping or otherwise) : 
Description: .... .. .................... . ........... ...... . . ...... . 
Region of Influence: Rmin . .. . ... . .. . . em Rmax . ........ . .. em 
No . of Gaps/turn. ... ... ... .. . dE/dn(max) ....... .. . ... MeV /q 
Voltage(max) . . ..... . . . . ... MV Harmonic frf /fion ............. . 
Freq ..... . ...... MHz Power in(max) . . . .. ............ MW 
Stability: Phase ... .. ... Vol tage . ..... . . .. .. . . .... . 

VACUUM SYSTEM 
OPERATING PRESSUR E' 2.0 e --6 
PUMPS: No. and type .... Y ~:iff~~:~~~: p:~~~~: :(50: :~m) : :::::: :: 

ION SOURCE(S) 
Type Intensity «I 

(mA) 
(a) . . ~!'.~ <;~!l!i.~ . V~g .............. . 
(b) . . ~~.t.J;. ~~.~~,!,!,n.~ ..... ~ ...... . 
(c) .. :v.i.~~. ~.r:~~:~c.~ ............ . 
(d) .. ~~.": ~~~ .. ~~~~0.~'7. ~:.~-:~:.O . . . 

INJECTION SYSTEM 

<n = f3"« Ion Species 
(1rmm mrad) 

.t', lJ, C:l 

. .. .... '3+;" '3+ '" ':H' " '4+' " 

...... CLi+" <>4+" N. 5","··N .. ". 

.. .... F· ..•. 0. • . Na ... , . . ate. . 

AxiaJ. . injee.tion ...... mirror. i.nfle.c.totEfficiency ......... % 
not in operation 

EXTRACTION SYSTEM 
ets. rleflec.t.or, . c.Qmpensated. magnetic:. Efficiency . 20.,.5.Q . % 
channel and iron channel 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A (MeV /u) Internal External 
(a) . .P.W~.o.I!L ....... ?9:-.~L ....... . !'P .. ~'?f.QO .. . ...... ~Q .... 

~~? ~:~':;~'7~;:~?~":::::::~::::: ..... .. !.Q-:?~ .. ···· · ·?~·a~5 · ·· 
(d) .. ~ .................... 1.~ ..... ::::: ::::::J: :::::::::~~?::: 

Secondary Particles E (MeV) part/sec 
(a) ................... . ................... . . .................. . 
(b) . ... .. ... .. . ..... .. ....... . ......... ... .......•......•...•.. 
(c) .... ....... .. ..................................... .... .... .. 

EXTRACTED BEAM PROPERTIES: 
For ..... _;\ ....... /lA of ..... . l.Q ..... MeV /u ...... 1;' ...... . ions 
6.E/E ± .. Q.3 ................. % 6.q, .... .... ...... ;39.<· ...... °rf 
<n = f3"« x .... . ~ .. ..... 1rmm mrad z .... .... . ? . . 1rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed . . ~99P .. ... m2 Moveable ..... ~~.o.~. m2 

Target Stations: ...... ~? No. Served At Same Time' 1 
MAGNETIC SPECTROMETERS: .. ~.S . . ~~~ . . ~~?~.q . c:::n .. ~~·!~.::"~~~~:5: 
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INJECTION SYSTEM 

EXTRACTION SYSTEM 75 KV D.C. 

FACILITIES FOR RESEARCH 
SHIELDED AREA, fixed . . • . • . . ~&Q. m' ; movable . .. . •. . . . .. In' 

TARGET STATIONS ... 3 .. . . . . In . ~~!11.e . .•. roon" 
STATIONS served at same time, max . . .. .. .. . . •.• . • . ... . •.. ... 
MAG SPECTROGRAPH, type .. . . . . .• nQne .. •.. . ...... .... •. .. 
COMPUTER model . .. . .. .. • . ... . . .. . . . ... •... . ... . . . . . . . . .. 
OTHER FACILITIES . . 's'eniox . hD.t. .call,;;. ~.unj.o ... ""t. caL1s . 
. .~adi"chBmj.stry.J&bo .. at"ra8G. iQ~lud~nB . glQve.~ ... . 
. . ~,!<;~~ .i.t.i.e;~ . .. ..... .. .... .... .. . .. .... . ... .. . .. . ... . . ... . 
CHARACTERISTIC BEAMS 
PARTICLE ENERGY IMeV) CURRENT IpltA) 

Goal Achie. ved 
Deuterons <'I " 

Internal E~Brnal 
. Al' h .. .. .. ....... .... . .. lI3':a ' " .. . e. ~.s ...... . . . .......... . .. . .. . 

H2 10.2 
: 8e~ : : :: : :: ::: :: :::::: ::: ~~: .:~ :: : 

.... .... . ..... ·30····· 

. . . ........... ·50····· 

::: :::::: :: ::: :~q : ::: : 
SECONDARY Ipart/a) 

BEAM PROPERTIES 
MEASURED CONDITIONS 

PULSE WiDTH . ..• . RF deg •. .... . PIJ A of ..•. MeV ... ions 
PHASE EXC, max . .. RF deg . .. .. .. PIA A of • . •. MeV ... Ions 
EXTRACT ell . . ... . . % .. ... . . PIA A of . .• . MeV . .. Ions 
RESOL 6E/E .... .. . % .... . .. PIJ A of ... . MeV ... ions 
EMITIANCE 

lit mm. mradl { .. . aXladl} •. .•. .. PIAA of .. • .. MeV . . . ions .. . . re 
OPERATING PROGRAMS. time distribution 
BASIC NUCLEAR PHYSICS . . SOLID STATES PHYSICS . .. . 
BIOMEDICAL APPLICAT . . ?9~ ISOTOPE PRODUCTIONS ~Q~ . 

REFERENCES/NOTES 

PLAN VIEW OF FACILITY, NOTEWORTHY FEATURES, 
COMMENTS 



ENTRY NO • ... ... ~~~ ............................................ Date .... .11JT.lI'. '2P., . . L992 .. . ...... .... . . . . . . . ........ ...... . 

Name of Machine .~~:-~p.e.l\ .C;Y \'~9):.r.o.'1 ........................................................ . .... . ........... . . . ........... . 
Institution ........ J..{l¥r.ene.e; .J)",.l<I'.l.e'y' .I.,{l99)C!'.t.C!y;Y ................. .. . ..................... ...... .. . .... .... . ......... ... .... . 

Address .......... L Cy.c.J.QtJ:Oll . RJo.a.d • . ~l'rl<.eJ.~y, •. Ca. 9.4.7.20. U. S .. A • .......... .... . . .... ... . .. . .... .. ..... ... . ........ ..... . . . . 
Tel . 5J..o.lA66.,.5PB.8 .... . .. . ... Telex . 9.1.0.--:~qQ:-7D.3.7. ... . ...... Fax .~lQ!~~.6.--:~~I1:} ........... EMAIL Cm..YJ1E~S . @.:r.nL.GOY . ... . 
In Charge: ...... C; •• ~'" .r.y'I}'Ii~ ................................ Reported by : .. ll, . .1 •. ClP.r.k .. ... . .. . .. . .......... ...... .. . .. .. . 

HISTORY 
MILESTONE DATES: 

Design .. . 1958. .. . . . . . . . . . . . Model Tests ... 1956.,.59 .......... . 
Construction . . 195.9.,.62. .... .... First Beam =ter.nal . .1.962 .. . 

DESIGN/CONSTRUCTION BY: 
in house ... Yes .. . .. other .. Q1Jtll.ic!e . c.olltr.'Icts .............. . 

COST: Accelerator 3 .. .5 .~$.. . . .. . .. . .. Facility . 5 .• L X$. . .... .... . 
FUNDED BY: .. U.·.S.,.D ... Q.J;:, . . ...................... .... ... .. ... . 

STATUS 
STAFF: Machine 

Scientists . .. . 3................. Engineers ....... :} ............. . 
Technicians .. J.2 ............... . . Students ... . . ........ . 

Research (in house/external) 
Scientists .. . 2.0 . ..•. / .. .5.0 ..... Engineers .... L ... . / ......... . 
Technicians .. 4 ...... / .. ... .. .. Students ...... ~f<. / l~ ...... . 

BUDGET: Machine .........•.. ... . .. Funded by ... Q,9.·.F; •........ 
Research . .. ......... .. .. . . Funded by .. .1).9.·.1;· .. .... .. . 

TIME DISTRIBUTION : 
Basic Research (in house/external) ........ ?f< .. % / ... ~? ...... % 
Applied Program (in house/external) ...... :-:-... % / ... 2.0 .. .... % 
Development ............. . . 7 % Maintenance ....... )? ....... % 

MAGNET 
POLE PARAMETERS: 

Diameter ... . 221<.. em R •• tT&ct .... 99 ... em Rinj.ct . . ..... O. em 
HILL PARAMETERS: Gap (min) ..... t 9 ... em Bm .. ... . 2·.L. T 

(C! .• 9?'.1.Q? .. AT) Gap (max) .......... em Bmin .......... T 
VALLEY PARAMETERS: Gap (min) . 3D. .... em Bm ..... 1.5 .. T 

(III .• 6xl0~ .. AT) Gap (max) ........ .. em Bmin .......... T 
AVERAGE FIELD: < B >min ... ... . .. . T < B >m ..... . 1 .. 6 .. T 
NUMBER OF SECTORS :@m~aS1Vseparated .. . 3 ...... / . . ....... . 

sector angle(\"IJ) 9D ..... . .. , ego spiral (max) . .... . 5.5 . .. . .. deg. 
FIELD TRIMMING: Trim Coils ........ P .. Gir.e.lI.\.?r .. .. ... .. ..... . . 

Harmonic Coils .............. ~ .Vi1),l,~y ................. . 
Other ... . . . .. . .. . .................... . ................ . 

CURRENT: Main Coils . ~P.QQ ........ Amps Stability ... 1Q:? .... . 
Trim Coils .75.0.,.25.0.0 ...... Amps Stability ...... l.O:? .... .. 
Stored Energy (cryogenic) .. .... ......................... MJ 

WEIGHT: Iron . . ... 290 .. t .QI}S .. . . . Conductor ..... 10. tp.n$ ... . .. . 
ION ENERGY: Bending Limit E/ A = .. loP ........... q2/A2 MeV /u 

Focussing Limit E/ A = .. 6.'\ ............. q/ A MeV /u 

ACCelERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Descriptio n: ........... . 1.B.q. ~~.&""'~. A<;", . ... . ...... . .... .. ...... . 
No. of Gaps/turn ...... . .. 2. . . dE/dn(max) .... 1 ........ MeV /q 
Voltage(max) ..... .. ... Q5 ... MV Harmonic f,ilfion 1.3 .• 5,7 .... .. 
Freq .~ ·.5 .. - .. H) .·.2 ..... MHz Power in(max) .......... ~ ....... MW 
Stability: Phase ... . . . .......... . .. Voltage ... .. . 1.0:~? ..... .. . . 

OTHER CAVITIES (Flattopping or otherwise) : 
Description : ......... . ......... . .... .. ..... . .................... . 
Region of Influence: Rmin ....... .. ... em Rm .. . . ...... ... . em 
No . of Gaps/turn............. dE/dn(max) .. ........... MeV /q 
Voltage(max) .............. MV Harmonic frf /fion ............. . 
Freq ................. MHz Power in(max) ................. MW 
Stability: Phase ... . ........... Voltage . ... ..... . . . ..... . . 

VACUUM SYSTEM 
OPERATING PRESSURE: . . ~~W·-: ~. tP.U .......... . ........... . .. . 

PUMPS: No. and type ..... 2. :-.. 81.cm.c!iU.· .. l>\l)T\P.9 ......... ... .. 
.... 2~.25. em .dif.f .p\lrn.p$. 2.o.~ .1\:. !C.r.y.OI'i'.I1~+ ................•... 

ION SOURCE(S) 
Type Intensity 0 

-3 (mA) 
(a) ECa •. AECR .... 1n .. :-.1 • . .!3 .... . 
(b)!\toQl;lc. .~I'.a.III. . 3 .. '1.1.0 ...... .. 
(c) ............................. . 
(d) ............................. . 

INJECTION SYSTEM 

fn = /3'Yf 

(1fmm mrad) 
.all.ipA~ . . . . 
. rpJ. .1;\ • • ll ... . 

.Axia.1. .inj e",UOR,. 90~ .1J1.i.uor ....... .. Efficiency ....... . . % 

EXTRACTION SYSTEM 
. .Ele",tro.stat:i.c •. 3. aect.iQT.) . .. . . . .. . .. Efficiency .... 'i0 ... % 

CHARACTERISTIC BEAMS 
Current(part /JA) 

Accelerated Ions E/ A (MeV /u) Internal External 
(a) ... .. p ... .... .... 2...,55 .....•..... . .• 50 .... .. . .... .. 25:-2. .. . . 
(b) ..... p (PHl.) .... 6.-:50 .............. . 1. .. .. ........ .. ,5 .... . 
(c) '''8~.Q~i3+'''' ...... 9 ............... iI ................ 2 .. .. 
(d) .... KL .... .. ..... LO .......... .... QQ4.. ........... ·.00;1 .... . 

Secondary Particles E (MeV) part/sec 
(a) . ..... .. .... . . .. .... .................... . .... .. ........ . .. . . 
(b) ... . ...... . . .. . . .... .. . ......... .. . .. ... . .................. . 
(c) ...... .... .. .................. .... ...... . .................. . 

EXTRACTED BEAM PROPERTIES: 4 
For ...... ;; ....... /JA of ...... 16 ...... MeV/u ... He.2.-+: ...... ions 
t:.E/E .... .... ....... ,L .... % t:.</! ....................... °rf 
fn = fhf x . ......... 3 .. 1fmm mrad z .• • . •. . •• !< . •• 1fmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ... - .-; ...... m2 Moveable . . . BO.Q •••• m2 

Target Stations: . ... 1'2 ... No. Served At Same Time: 1 . ...... . 
MAGNETIC SPECTROMETERS: .................... . .... . ..... . . . 
OTHER FACILITIES: . . o.n-;- J..i.I\e. Qli'.'i'i . s.e.M1'a.t.Q' •. .1);?llll.\" ?n.i.~ .. 

f:h~l1't!l.t.U,. ,g~1JI\Il!, .. HY .. q~+;1., .. 1I~pJl\~c. p.tr)/~;i!C.'i . fll.C.:i..!.Hy" ... 

REFERENCES/NOTES 
(a) . . ~, S.·.:!;· .. fi.2, . 0) . .l1111', .. 199l . . -;(.MCR) .. p • . .7.75 .............. .. 
(b) .. 1; .1' .. ); ,J;:,. ,P,1In .... l\.c".e.l •. CAnf.. M'IY • . 1991., .. 1' • . 2.7.96 .... .. 

PLAN VIEW OF FACILITY. COMMENTS 

el-INOH OYOLOTRON FAOILITY 



ENTRY NO. C62 Date ..... ?L ,JP.~E; .n ............ ...... .................. . 
Name of Machi'~~ ·.·.· .. ~~P.i.~~.V~iYfr.~~W(¢y.c.~~~·~?~}A~~~·~·# ............... ............................. ... ...... ...... ....... . . 
Institution .. .... .... ;Il'P.I.J\l1J}. Vfl;IY.E.ISIHTY . ....... . ... . ..... . ......................................................... . ....... . 
Address ....... .... . . 2.4.0. ~ .~~~? ~ .. S.1!I!'I?~?? .i:1!r:e; 1 • ~:-.o.o.l1!~,!\l~??.' .. ~~ .. ~ ? 4.o.~ . ... .......... .. . ........ . .. .. .................... . 
Tel ... CaL2) .85.5.-.9.365 ....... Telex .. 2.7.2.279. :U-IP.l".Al1.6.. U. ll.I.QMFax (812), 1l.5.~""661>5. . . . . . . . .. EMAIL . J.RLESBL@LUCE .• . •.... .. 
In Charge: .. J.QIil:l . ~N$.F,Qli • . J;l;irl".C.t.qL .......... .. ............ Reported by : . . . Il· .. J.., .fRr.E;~~J.. .... . . . ...... ..... .......... .. ... . 

HISTORY 
MILESTONE DATES: 

Design .. ~ 9.6.f!............... Model Tests . J~!:"~-:~~?~ .. . ..... . 
Construction .~~?8.-:-:~n~...... First Beam .S.'H?~ ... ,. J~?~ .... . 

DESIGN/CONSTRUCTION BY: 
in house ... Y.':? . .. . other .. ¥~!'~.o.'!~ . F.a1;>r.i.C:'.'~~.~r: Ye: r:' ~?r:~ ... . 

COST: Accelerator .. . ~~. ?t .. ~9. . . . . . .. Facility ~:1. ~.?t .. ~9 .. . ..... . 
FUNDED BY: .. ~!\~W~A.r, .9P.F;l:l~f: . . F:QV!'%\H9N. W?F:>. .. . ...... . 

STATUS 
STAFF: Machine 

Scientists ........ ~~ ............ Engineers ...... ~~ ...... . ... ... . 
Technicians ...... ~? .. .. ...... . . . . Students ....... ~ ............. . 

Research (in house/external) 
Scientists ....... 41. / . ?2.QO .... Engineers ....... P .. / ... ~ .... .. 
Technicians ..... 9 ... / .. """" .... . Students ..... 5.3.. / .25 .... .. 

BUDGET: Machine . . SlQ'lClD.6 ..... . .. Funded by . . .l~Sf ........... . 
Research ......... . ..... .. . Funded by ... l:lfif ........... . 

TIME DISTRIBUTION: 
Basic Research (in house/external) .... .... ~f> .. % / .... .... ~~ .. % 
Applied Program (in house/external) ........ 2 ... % / . ....... L. % 
Development ....... .. !-.2 . .. .. % Maintenance ............ P .. % 

MAGNET 
POLE PARAMETERS : 

Diameter .. .IjIA ... cm Rext,.ct ... ;1;3.0 ... cm R;nject ..... ~OL cm 
HILL PARAMETERS : Gap (min) .. . .7.: 9 ••. cm Bmax .... ): 9:>. T 

(<<I ):;P.,.Q99. AT) Gap (max) .. },{>.. .. cm Bm;n .... .l. ·.ii~. T 
VALLEY PARAMETERS: Gap (min) . .. "! .... cm 8 m ... :,0.0.2. T 

(<<I ):;P.,.Q99. AT) Gap (max) ..... ~ .... em Bm;n ... ~P. ·.O". T 
AVERAGE FIELD: < B >m;n .9: P.~f} ... T < B >max ..... Q: (if>. T 
NUMBER OF SECTORS: compact/separated .... N/A .. / .. .... 4 . . . 

sector angle ... 36 .......... deg. spiral (max) .'ci/ A . ......... deg. 
FIELD TRIMMING: Trim Coils .. . . 21 . G.I:adiant ... ................ . 

Harmonic Coils ..... . . . . 1>. /\Xia).. , . . 4. Ra.dial ......... . . 
Other .................... l'I.Ql)I' ....... ................. . 

CURRENT: Main Coils ....... 1.o.QO . . . Amps Stability . ;1.x.~cr.~ .... . . 
Trim Coils ... .. ...... ... 9.~Q Amps Stability .... ~.~~~-:-.. .... . 
Stored Energy (cryogenic) ...................... .... ..... MJ 

WEIGHT: Iron ..... ~Q99 .. ~9'.l?... . Conductor ... 1.Q. T!"!'.'\ ..... . .. . 
ION ENERGY: Bending Limit E/A = . ..... ~~? ....... q2/A2 MeV/u 

Focussing Limit E/ A = .... f.l.5 ..... . .... q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: .. . 2:-~!.4. Wa\le. RF .. B.es.anatD.I:S .................... . 
No. of Gaps/turn . .4 .......... dE/dn(max) ... 9:.8.Q ..... MeV/q 
Voltage(max) .. . Q: f ..... ... MV Harmonic f,df;on 3:-?; .. p: .. }~ ... 
Freq .. 25:-.15.5 ....... MHz Power in(max) .... . .1.50 ........ MW 
Stability: Phase 0.25 .. Il.r. ne:nf'.e. .. Voltage .... . ~. A . l O:-.5 ..... 

OTHER CAVITIES (Flattopping or otnerwise): 
Description: ..... l'.Ql'IJ;: .. ... .......... . .. .. . . .. .... .............. . 
Region of Influence: Rm ;n ............ em Rmax ............ em 
No. of Gaps/turn. ............ dE/dn(max) . ............ MeV /q 
Voltage(max) .......... . ... MV Harmonic f,t/f;on .. .. .. .. .... .. 
Freq .......... . ...... MHz Power in(max) .. . .............. MW 
Stability: Phase . .... .... .. . .. ..... Voltage ..... . . . ......... . . 

VACUUM SYSTEM 6 
OPERATING PRESSURE: .. ~.:'. 1.~~ ... f."!,r: ..... .. . ... ... . . . .. . .. . 
PUMPS: No. and type .~ . .9~~9~.E:1'!~~., .. ~. PI.~~1}SI.qN . ~.~? . .... . 

ION SOURCE(S) 
Type Intensity G 

(a) .~Ak.I~9~. · .... .. Qj~t'> .... .. 
(b) .~':'?P.~ ":~!,,.o.~~?n .. 9: ?P.q . ..... . 
(c) .~.(.E.~~)~.I.~~ .. . 9:~.o.q .. .. .. . 

Ion Species (n = {3-y( 
(".mm mrad) 

. .. ~Q:9 . ....... ~/,S.F!3.~ .f!".~) 
<10.0 . P,d, He,qHe 

::~~9;~:::::::: ~~:rn:q~):~l) 
(d) ........ ...... ............... . ........ ...... . ............. .. 

*Undergoing beam development presently. 

INJECTION SYSTEM 
. . },!idp.lane. Lnj e".tipn . Radial . In~ lel'.tor£fficiency ..... 75 .. % 

EXTRACTION SYSTEM 
,F;:j,I'I'.t:.J;Qs.t".t.i.G. ¢. • .Mll&IJI'.t.:i.c;. ~E!P.t;41Jl~ .... Efficiency ..... 99 .. % 

CHARACTERISTIC BEAMS 
Current(part I'A) 

Accelerated Ions E/ A (MeV /u) Internal External 
(a) a7 .. f,. P.o.l •. a:t ... 2.Q-:Z0.5 ....... .. .... 0,5 ........... 0. 5 ..... .. 
(b) ~ .. &. .. rp.~.9.. .. ~.O.-:~O .... .......... 0 .. .5 .... .. . .. . . 0.) ..... . . 
(c) .J!.~ .............. &-:9) .............. 0 ... 3 .......... . 0.) . . . .. .. 
(d) ~fI.e .............. .7.-:~0 .............. 9:.3 ........... Q,) . . .... . 

Secondary Particles E (MeV) part/sec 
(a) . n..& .Po~ .Il .......... .. 2.0..,20.5. ............ to: ........... .. 
(b) . .. .. . .......... .. ..................................... ... . . 
(c) ...................................................... . .... . 

EXTRACTED BEAM PROPERTIES: 
For ... 0.5 ........ I'A of .. .... b.I.L .... MeV /u .... ALL ...... ions 
AE/EQ • .l .................... % A¢ ..... A .. O ........ .. .... orf 
fn = {3-Yf x . .. J,~ .. . .. . ".mm mrad z ... L·5 .... .. . ".mm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed . A!iOO .. . . . m2 Moveable ........ . . . m2 

Target Stations: ...... & .. No. Served At Same Time: ... 2 ..... . 
MAGNETIC SPECTROMETERS: .~(iP.o. .1:l;i.g.ll.I,<~.S .... $p.e.c;np.TI)E!~~.r: 
OTHER FACILITIES : .... 9~~1'.'. ?i.'1r:'. !'Jl.~<;~.r."!'!1~~ .e., ..... ... .. ... . . 

.-.-:~:? .~'!'. ?Y.r:'~)1.r."~~?'! . ~~?r:'.'g~ .. ~~~ll .. ":~ ~)1 . . E;~~~.~,,?!, . . ~,??l.~ng 
--Neutron Beam Swinger & PNF TOF Facilities 

:~~ ~~?:~~~: ~~~~~:~~?~: :~~~~~~~: ~~:~~~~:t:~: ~~:~~~~: :~~~~\~~~~:~on) 

REFERENCES/NOTES 
(a) .""7 l 9.'l1.lllCf. S.cien.t:i.fi" .. 'lnd. Ie:chn.i.cal . .l\epp.I:t .. .... ... . 
(b) .""7:rhe: .lll.C:F; . (:P.Q :j, ~l'., .. Il-. f: .... J;'I'J..l,qc;:\<, .. ~I;:IlIl .. 1'riwi \. ~.",;J. .. . 

Sci., NS - 30 , No.4, p . 2056 (1983). 
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ENTRY No. C63 

NAME OF MACHINE C.l.ey.elo~d. J:.l.i.T1i~. fil~ .t. N~4tr:on Therqpy. f~.c. i. I. HY .. ............. . .... ...... ............ . ... .... ....... . 
INSTITUTION .. . N.a.tiooal. Ae.r.o!lauti 'S .. & .Mmi n.is.t.r.a.t iQ(ls. ~~)'/.i.~ .R~~~~r~p .. C.~'1~~r: ... . ...... ...... ... ........ . ..... .. ... . . . 
ADDRESS .. .. .. M ... S .. 49.2 . . ... 21000. B.r.oQ~par~. Rd. .... Cll!y~.1P.n<I •. QI:i. HP.5 ......... ........ ..... .......... .... .... ...... . . 

TEL .. (.216). !l33.-.637.9 . .... ' TELEX .. . ............................ . .......•......• . . ..• . .. .. ............ .. .• .... . . ... 
IN CHARGE .... JalUes. B.lue . . . . . . .. REPORTED BY .... James. 6) U~ ......... •• .•.•••...••..•••.•.........••...•...•....•..•... 

HISTORY AND STATUS 
DESIGN, date ... Ref •. l ... .. ... Model tests ................ . 
ENG DESIGN, date .. .1.'l6676~ .......... .. ... .. ..... . ....... . 
CONSTRUCTION, date ...... 19.7.Q .•......•..............•.. 
FIRST BEAM, date (or goal) ... 1.9.7.2 ...................... ... • 
MAJOR ALTERATIONS .. Vert.ic..a.1.aod . hor.izolltaJ. beams .of 
. ·f.as t· neutr.OAS . for· ·GaRcer· .th8r.ii~y " ..•...•....•. . ..•••• 
COST, ACCELERATOR ..... ... .... . .. . S. L5 .M . ........... . 
COST, FACILITY. total ................. S. 2. .. 0 .N .... . ..... . .. 
FUNDED BY .. . NASA, .. Cleveland .C l ink, . .NCr ......... .... . 
ACCELERATOR STAFF. OPERATION AND DEVELOPMENT 
SCIENTISTS ... . ..... 0 ..... ENGINEERS ... 1 ........... . 
TECHNICIANS .. . .... . 1 . CRAFTS ... ... 1. ......... .. 
GRAD STUDENTS involved during year ... o .. ....... ..... . .. . 
OPERATED BY ..... . .... Research staff or .•.... 1. .. Operators 
OPERATION ... 30 ....... hr/wk. On target .. . ......... hr/wk 
TIME DISTR. in house .... eO- .... . %. Outside ... 10 ....... % 
BUDGET. op & dev ..... ~. 75,000 .. . . . ..................... . 
FUNDED BY ..... WeI.. .. ........... . ............... .. 
RESEARCH STAFF. not included auove 
USERS. in house ..... 2 .......... .. outside .... .10 ...... ... .. 
GRAD STUDENTS Involved during year ............ 0 ......... .. 
RESEARCH BUDGET. In housa ... . ... ~ . 25, 000 .............. . 
FUNDED BY .... ·we-l·,· .NASA ........ ·.· · .................. .. 
MAONET 
POLE FACE. diameter (compacll 17.5 cm, R extraction Z3.5cm 
R injection .. .. L 5. . cm 
GAP, min .... 1.7. .. cm, Field ..... 1.9 .. 2 . . kG } 

max .... 41 ... cm, Field . ..... 8.8 .. kG at ......... . 
AVERAGE FIELD at R ext ............ . .... kG Ampere turns 
B ",ax I < B> ............... ................ ... ... .... .. . 

NUMBER OF SECTORS {~~:~:~~d :: : ~ :: } Spiral, max .. deg 
SECTOR ANGLE ISSC) .............. .. deg 
TRIMMING COILS .. ... Il.pair .............................. . 

CONDuCT6R'''r;''a't~;i~i ~~d'IY'p~ :: :~cipper~hp\{Q~ :829: :c:o:cil:~~: 
STORED ENERGY (cryogenic) . .... . ....... .. ....... .. .... MJ 
POWER: main coils .250 . . max, kW ; current stability .1.Q .•. 

trilllllling coils .. 1J .. nlax, kW ; cunelltstability .1.QQ .. 
WEIGHT: Fe ... 206 .......... tOilS; coils .... 28 .......... tons 
COOLING system .. .. dei oni zed .wa ter ............... . . .. . .. . 
ION ENERGY (bending limit) EI A = ... 55 ... q'/a' MeV/amu 

(focusing li"'it) EI A = ... 45 ... q'/a' MeV lamu 
ACCELERATION SYSTEM 
DEES, nUllIber .. ... 2 ........ ; angle ... . 13.4 ........ . . .. . deg 
BEAM APERTURE .. 2. .. 5 .... cm; DC Bias ..... 0 .......... kV 
TUNED by, coarse ... panels.... fine ... .pane 1 s ........... . 
RF .. 13.6 .... . . to ..... 23 ... mHz, stable ± ... lO~~ ...... .. 
Orb F .. ·6,7 .... to ..... 23 ... mHz 
HARMONICS, RF/Orb F, used .... 1.& . 2 . . ................... . 
DEE· Gnd, max .. 7.O .. kV, min gap ....... 5. . .. ............• cm 
STABILITY, Ipk·pk noiselllpk RF volt) . . .. ................... . 
ENERGY GAIN, max ...... 2.20 . . . . ......... . .. . . . .... kV Iturn 
RF PHASE, stable to ± .. . . . . 2 ....... .. . • ..... . . ..... .. .. deg 
RF POWER input, llIax .... 200 ........................... kW 
FREQUENCY MODULATION, rate . ............... ....... ... Is 

modulator, type... . ..........•. . . . ........•........ 
beam pulse, width . . ............ . ..... ... .. . ..... .. . . . . . 

VACUUM SYSTEM -5 
OPERATING PRESSURE .... 1Q ... . ... . .......... Torr or mbar 
PUMPS, No. Type, Size .. two. ~D . . CJ1l .dialll •. ct.i.f.f.~sjo~. jllJllHl~ . 
.. . . . . . . . . . . . . . . . . . . . . . . wi tho fr.ean . ba ff.l.e.s. .............. . 

ION SOURCES 
... .. . 1 oterna 1. , . hoo.d.ed •. hot .. f.i.1.i\roe(lt ......... .• ..... ... 

INJECTION SYSTEM 

EXTRACTION SYSTEM 
. . Elec.tr.os ta tic . def.lactor: .a~d .lIlagneti.c .chaRRli!l ...• , .... 

FACILITIES FOR RESEARCH 
SHIELDED AREA, fh<ed ...... , .... m' ; movaule . , . • • ..•... m' 
TARGET STATIONS •... ~ . ... In .. 1;\01<1 •••• roollls 
STATIONS 8erved a\ 8ame time, max .••• ... l ....... , ......... . 
MAO SPECTROGRAPH, type ........ !looe., •....•..•••....... 
COMPUTER model ... two. IBM.-P.C .••.••• ••••••...•••••.• •.. • 
OTHER FACILITIES •. C:ObiltrW .teletbeipy. ul\i.t . ••••.. . •.• . 

CHARACTERISTIC BEAMS 
PARTICLE ENERGY IMeV) CURRENT (PIIA) 

G~81 AC!l~eved 
.... ~ .......... '~b"" ... ·26····· 

Internal Ext~8al 
.......... ...... 50··· · 

. "3'He .. ... .. ... 80 .... .. "Bel ..... ........... ...... 5 .. .. 

: : :~~~ : : : :: :::: : ~~ : : :: ::: :~~ : : : : : ............. · .. ·5 .. .. 

SECONDA~Y )gllrt/l) 
.n.e.u.t.r:<1r)~ .• rP!11 .• ~~ .~"Y. p . .c.r] .~~ .¥!~ lc;l~. ?~. r.a.d ... ~ ~ ........ . 
J.2.5 .. C;J1] • SSO .. .. .....•• • •. , . ...... • •••••••••••..••••••••• 
BEAM PROPERTIES 

MEASURED CONDITIONS 
PULSE WIDTH . •••. RF deg ••.•..• PI' A of •..• MeV ... iOlls 
PHASE EXC, max ... RF deg ....... PI' A of .. .• MeV ..• Ions 
EXTRACT elf ... 60 .. % .. 3~ ... PI' A of ~3 .. MeV p .. Ions 
RESOL tJE./E ....... % ....... PI' A of .... MeV ... ions 
EMITTANCE 

(" mm. mrad) { ... exladl} ..... .. PI'A of ..... MeV ... Ions .... ra 
OPERATING PROGRAMS. time distribution 
BASIC NUCLEAR PHYSICS.. SOUD STATES PHySiCS .... 
BIOMEDICAl,APPUCAT •. 95.% ISOTOPE PRODUCTIONS L~. 
RADI~T10N. DMAGE ...... ... 4.\ ............................. . 

REFERENCES/NOTES 

1) Modified 60" fixed freq . cycl. to MSU magnetic' 
field and dee design with redesigned rf system. 

PLAN VIEW OF FACILITY. NOTEWORTHY FEATURES. 
COMMENTS 



ENTRY NO •. ..... ~~~ . . ........ ................ .. ... ............. Date ..... J.~,!" .??, . J..9.~~ ................................. . 
Name of Machine ... '!'el<<l~. A&l1.K500 . .c.y.c;lQtron ............................................................................. . 

Institution .......... 1'<:''!'?!>. A~. V\l;ty.e.r.s);~y .................................................................................. . 
Address ............ ~?~~.e.q~ . ~~':'~~?':' .. ~':'~?~ . .u.~,,: . ??~~.3.-.~~~? ... ....... ....... . ..... . .. .. .... .............................. . 
Tel . (~P9)' .&4.7:-).1>.1.1, .. ...... Telex (5).0) . . 8.9.2"776/l9 ......... . Fax C4.Q91.8i>5.-U99 .......... EMAIL Qffl.CE@TAMCOMP. ........ . 
In Charge: ... . .. ~:.~: . .N.":~'!":'~~~ .............................. Reported by: ... .. ~· .. ~:.~?.&~r;9 ................................ . 

HISTORY 
MILESTONE DATES: 

Design ...... 1.~~~ .... 'If . . . .. Model Tests ................... S .. 
Construction . . ~?~.2.-:~. ~.8....... First Beam. ,J.':r:t: .. ~~! .. l.~~ ... 

DESIGN/CO~nrRUCTION BY: 
in house ..... ~. . . . . other .. .. ~~?O. . .. . ........... . ...... .... . 

COST: Accelerator $/3 .• 500.,.QOO....... Facility .. . $.36 •. QQO, O.QO .. . 
FUNDED BY: .. T~A<\". A&J1. VJl.i.'i'mi,i,t;y •. H<:l"A .I!Q\1I\c\&cw.I) ... . 

STATUS 
STAFF: Machine 

Scientists .......... ~. . . . . . . . . . . Engineers ..... .. . ? ..... .. .... . 
Technicians ... . 2.Q . ......... .... .. Students ........ . .. . . .. . .. ... . 

ION SOURCE(S) 
Type Intensity CI 

(mA) 
.019 (a) .~~~.~~.~~.~ .. 

(b) .............. . 
.. ·:601········ 

(c) .. . ....... . .. . . 
(d) .... .... .. .. . . . 

INJECTION SYSTEM 

(n = {3-y, 
(1rmm mrad) 

Ion Species 

14N6+ 
. 'lsrT~27+'" 

A'I:\-,,;L., . . B.uJ;l$'A<:, •. .sp:i,J;ii.L .. ~J;l(lI'.c,t;Qr. .. Efficiency. 1>.-.20 ... % 

EXTRACTION SYSTEM 
.E;~<:'\'~.r.'ls.t,!-~.i.<;. T. !1'!-&"~t.i.~ ............ Efficiency . ~.5::~9 .. % 

Research (in house/external) 
Scientists ... ~~ ..... / .. .. . ..... Engineers .......... / .......... CHARACTERISTIC BEAMS 
Technicians ......... / ....... .. Students .. ~.4 ..... / ......... Current(part I'A) 

BUDGET: Machine .$2 •. QOO, O.QO ..... Funded by S.tate.!lf. Texas DOE Acceler~ted Ions E/ A (MeV /u) Internal External 
Research .$.1 .. 50.Q,000 ...... Funded by DO.E,.W.e.l.cb. • . JISF (a) .... I? .... ......... ~~ ......... ...... q:9.~ ....... 9.·.q~? .... . 

TIME DISTRIBUTION: (b) . ..l.2.C~t .......... .5.0 .......... . .... 0.0J.2 ...... 0 ... 003 ..... . 
Basic Research (in house/external) ...... 9.Q .... % / .. ).0 ...... . % (c) . i.'iqM}~! ....... AO . ...... ..... . .. 0. 0.Q05 ..... 0 .•. 00025 . . . 
Applied Program (in house/external) ... . ...... . % / ........... % (d) ... .l.Ta ............. 6 . .. ......... .. . 0. On4 .. . ... 0 ... 001. .... . 
Development ........ H ...... % Maintenance ........ 7;5 ...... % Secondary Particles E (MeV) part/sec 

MAGNET 
POLE PARAMETERS: 

Diameter . .. . t!>.2,. cm R ... <&c' .. Q 7 ..... cm Rinjec" " P .•. & .. cm 
HILL PARA~ETERS: Gap (min) .... q, ~?. cm Bm .... ?"'~"" T 

(<<14, ?!\~q ... AT) Gap (max) . . :-.-: ..... cm Bmin .. . 7:-..... T 
VALLEY PARt-METERS: Gap (min) .?1.·.4 .. cm Bm .. . f+ .•. ~ ... T 

(<<I .4,?'~!9 .. AT) Gap (max) .... -:7 .... cm Bmin .. . 7:-..... T 
AVERAGE FIELD: < 8 >min .......... T < 8 >max ... ~.'.~ ... T 
NUMBER OF SECTORS: compact/separated ... ~ ...... j ......... . 

sector angle . . ... 6.0
0 

..••••. deg. spiral (max) . . ... 1.1 .. :~ . .... deg. 
FIELD TRIMMING: Trim Coils .... 1. ~ . . ............... . .......... . . . 

Harmonic Coils ......... ? ............................. . 
Oth~r ... : ..... '8'dO" ................. : : ............... . 

CURRENT: Main COIls .............. Amps StabIlity ... 2XI0:-.~ .. . 
Trim Coils . . .4.00 . .......... Amps Stability l.X10:-.4 . ...... . . . 
Stored Energy (cryogenic) ....... 22. . . . . . . . . . . . . . . . . . . . . . MJ 

WEIGHT: Iron ..... 1.00....... . . .... Conductor .. NJ>:U.;iA .<;\1 ..... . 
ION ENERGY: Bending Limit E/A = ... 5.2.Q ..•.•.... q2/A2 MeV/u 

Focussing Limit E/ A = .. ~!?9 ... ...... .. . q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: ..... .3. •. 53? .1)~)l.S . ..... .. .. . ................ . ...... . 
No. of Gaps/turn . ... . . . 6...... dE/dn(max) .... 9.·.~4 ... . MeV /q 
Voltage(max) ... Q, P.8 ....... MV Harmonic f'f /fion .. l.,.~ . ... .. .. . 
F 9-28 MH P . ( ) 0.24 MW req ................. ,3 ower In max .. . ...... 4 ...... . 
Stability: Phase .... <. .9 .. ).......... Voltage ... W:-. ... ........ . 

OTHER CAVITIES (Flattopping or otherwise): 
Descroptlon: .................................................... . 
Region of Influence: Rmin .... .. ..... . cm Rmax ............ cm 
No. of Gaps/turn....... ...... dE/dn(max) .. .... ....... MeV /q 
Voltage(max) ......... . .... MV Harmonic frf /fion .......... . .. . 
Freq ....... . ......... MHz Power in(max) ................. MW 
Stability: Phase ........ Voltage .................. . 

VACUUM SYSTEM 
OPERATING PRESSURE: ... ?)Clq~~ .. t.'~. ?)C.l.q~: .. ~<::!' ............ . 
PUMPS: No. and type .? .t':':~?"!'!le.c.':'~'.';.,. J. ~.r.o:'?p:,.~,,~ I ..... . . 

. . ~. ~.r.J:,!P:'.,!"~ ~ .. ~o . ~.e .. ~?~.e.d .l:'.t.': . ~ 9.9.~ ................... .. . 

(a) .................... .................... . .................. . 
(b) . .. ....... ....... .......... . . .. .. . ................... .... .. . 
(c) ........................................................... . 

EXTRACTED BEAM PROPERTIES: 
For .............. I'A of .............. MeV /u .............. ions 
AE/E ...... . ................ % Aq, ..... .. ....... .. . .... .. orf 
'n = {3-y, x ............. 1rmm mrad z ..... . ....... 1rmm mrad 

FACILITIES FOR RESEAR,SH 
SHIELDED AREA: Fixed ....... ? .. m2 Moveable ........... m2 

Target Stations: .... 9 .. .. No. Served At Same Time: ... J. .... . 
MAGNETIC SPECTROMETERS: .. .. ? .. .. ....................... . 
OTHER FACILITIES: ... l:ll'll.t.Y;Q\l . .l\<\lL . .".1[.r!1.":lO~!,.d .. ~'.';.t.~<;:~.e ... . 

. .. I1~~!'.c.~,?~ .. (~p...I. t. ~~.I .. I!all) •. !l.a.~2. A.r.r.'!-Y ................. . 

REFERENCES/NOTES 
(a) ....................... . . ..... .... .. . . .. . ....... ... . . .. .. •. .... 
(b) . ....... .. ........ ..... . ....... .. . ...... . ..................... . 

PLAN VIEW OF FACILITY, COMMENTS 

~ 
K~OO 

Cyclolroll 



ENTRY NO •.... .. C65 .......... . ................................. Date .................................................... . 
Name of Machine University' of California Davis 76" Cyclotron 
Institution. .. .. 'C~~~k~'r' 'N~~i~~~' 'i~b~~~~~'r';" (CNL·)····································································· 
Address ................. "V~~Y.~.~"~i~¥" ;'i' c';iif~~~i~': 'C~~~k~~' 'N~~i~~~' 'i~b~~~~~';;:' D~~i's': 'CA;' uSA' '956i6~'8'569"""""""" 
Tel .. m.6). .~~?:-.l.4.6.Q ... .... Tele; ................................................... 'F~~' ·.(.~~~i·. 'i#~q~~?'.'.' .............. EMAil' ~~l~;.~.~~~~~~·~A~~~~~·::~d.u 
In Charge: .. p.r ... .I~91;>!'r.t .. q .. . n91'f'p.i.I!~ •. ll~r.e.c.t.q, ............ Reported by: .. ~.N.~ .~~",~?pp..e.~ ................................. . 

HISTORY 
MILESTONE DATES: 

Design . . q~~~ .. ~,?PY.. . .. . .. .. Model Tests .................... .. 
Construction .1.~9~:-.l.~99..... ... First Beam ... ~~9!i ........... . 

DESIGN/CONSTRUCTION BY: 
in house ..... other W.M. Brobeck & Associates 

COST: Accelera~~; ·. ·~ .1.,.~09.,.q<i9.:"""".·· Fa~ili~;'" ~.4","~99:,:qW::::: 
FUNDED BY: .. . ~!'.C; ............................................ . 

STATUS 
STAFF: Machine 

Scientists ........ 1. . . . . . . . . • . . .. Engineers .... .N.q~~ ............ . 
Technicians ...... & ............... Students ..... ?-............... . 

Research (in house/external) 
Scientists .......... / . .. ..... . . Engineers .......... / ..... .... . 
Technicians ......... / ......... Students ......... / ........ . 

BUDGET: Machine .................. Funded by . .R:'l9\li'.r.8'.' ..... .. 
Research .................. Funded by ~~.c:l)~FI\.<;. ~? .q",~nt 

TIME DISTRIBUTION: of User. 
Basic Research (in house/external) . ....... . ?. % / ....... ..... % 
Applied Program (in house/external) . .. ... ?? .. % / ... .... ~~ .. % 
Development ................ % Maintenance ............ ~? .. ~. 

MAGNET 
POLE PARAMETERS: 

Diameter ... ~9~ ... em Re•1rod ... ~9 .... em Rinjecl ......... em 
HILL PARAMETERS: Gap (min) .... 1.~ .... em Bm .... ?:P .... T 

(III .......... AT) Gap (max) .......... em Brnin .......... T 
VALLEY PARAMETERS: Gap (min) ?!-...... em Bm ...... .... T 

(III ........ .. AT) Gap (max) .......... em Bmin .. ~:f.7 .... T 
AVERAGE FIELD: < B >min .......... T < B >m .... ~;?~ ... T 
NUMBER OF SECTORS: compact/separated ..... ~ .... / ......... . 

sector angle .. . ............ deg. spiral (max) . .... 3.Q ........ deg. 
FIELD TRIMMING: Trim Coils . . ...... .l.Q ......................... . 

Harmonic Coils ............. ) ......................... . 
Other ..... ~ .Yi'.l.~'ly .. C.qHp .... ... ... . ............... .. 

CURRENT: Main Coils ... 4.,.999 ...... Amps Stability .? .. ~)9:-.~ .. . 
Trim Coils ........... ~90 ... Amps Stability .... ? .. ~.~9:-.. .. . 
Stored Energy ~cryogenic) .... .......................... . MJ 

WEIGHT : Iron ...... . Ii? .......... . Conductor ..... ~~ ............ . 
ION ENERGY: Bending Limit E/ A = ... ?9 ........... q2 / A2 MeV /u 

Focussing Limit E/ A = ... .. .... . ....... q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: . ))I'!' . .1 .... . ......... .. ......... .. .. . ............... . 
No. of Gaps/turn .. .4......... dE/dn(max) .... 9.·.1. ~ .... MeV /q 
Voltage(max) ..... O .•. QZ .... MV Harmonic f" /fion . :1.:.\ ........ . 
Freq . .z,J.~Q.2.2 ... 5 .. MHz Powerin(max) ... Q,.1.5 .......... MW 
Stability: Phase .:t . .l.Q .01'& ·. ....... Voltage . . Q:99.5 ........... . 

OTHER CAVITIES (Flattopping or otherwise): 
Description: ....... l'!'1I).!, ....... . ...... ...... ........ .• . ..... .. .... 
Region of Influence: Rmin .. .......... em Rmu ............ em 
No. of Gaps/turn....... ...... dE/dn(max) ............. MeV /q 
Voltage(max) .............. MV Harmonic f'f /fion ... . ......... . 
Freq ........ MHz Power in(max) ................. MW 
Stability: Phase ....... . ..... ...... Voltage .................. . 

VACUUM SYSTEM 
OPERATING PRESSURE: .... W-: 7 . r.o.t:\": .... ................... .. 
PUMPS: No. and type .. ;.J? t!'.·.,,, ~? .. ~I): .. P~p.L\~i~n .. Pu~p.~ .. .. 

. . . . . • . T:"!<? .3.QQ. ~.F:I1.l:1~.c.l)~\')1.an~\'i'.~ .1:'!,!1\P'~ ..... . ....... . ...... . 

ION SOURCE(S) 
Type Intensity 0 

(a) .r:.):~ .... ll?t .. ~i;t .... t~~ .... . 
(b) ............................. . 
(c) ............................ .. 
(d) ............... .. ............ . 

INJECTION SYSTEM 

Ion Species <n = /3"« 
("mm mrad) 

.. ............. ~'?~.i.~~y!" .. ~'?? 

...... Nqn.e . . . . . . . .. . . . . ...... . _ . .. .. _ .. Efficiency ......... % 

EXTRACTION SYSTEM 
. .. J;:~I".c.~r.oHil.t;:J.r;.;t. 2 •. l:1{lg,rI'lti.C ......... Efficiency ... 3.Q-:99. % 

CHARACTERISTIC BEAMS 
Current(part JlA) 

Accelerated Ions EL A (MeV /u) Internal External 
(a) . f;r.<MP.s.. .... .. .. ::. P!l.. . ... .. ..... 99...... .. ... )9 ....... 
(b) .1l~.~~"'?p..~ .... 15 - 45 60 30 
(c) .~.l.p'I;1~.s ....... )~::~:?9:::::: :::::::~9:::::: ::::::~9::::::: 
(d) ........................................................... . 

Secondary Particles E (MeV) tart/sec 6 
(a) .\'l!'.~~H)P ................... . .......... .... .1 ... :-.. q~. ?' .. ~9 .. 
(b) .................... .................... . .. ... .... .. ....... . 
(c) .................... .................... . ........ . ......... . 

EXTRACTED BEAM PROPERTIES: 
For .... ~:P ....... JlA of '??"'~"""" MeV/u ... I:'F.o.~'?? .... ions 
6.E/E .9::' ................... % 6."' ....................... Orf 
<n = /3"« x ....... .. .. . . "mm mrad z ... .. ........ "mm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ..... ~?O ... m2 Moveable .. ~?'!" .... m2 

Target Stations: ..... 9 .... No. Served At Same Time: . ~ ...... . 
MAGNETIC SPECTROMETERS: .. . ... . .... . ................. . ... . 
OTHER FACILITIES: ............................................. . 

REFERENCES/NOTES 
(a) .............................................................. . 
(b) ..... ....... ..... ... . .. . .............. .. ... ... ..... ..... .... .. . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO . . .. . .... C.6.ii •.• . ...... ..• •• . .... . •. •. . . •...• ... ...•. •• Date . J.UlY .. 19.92 .. ......... . ... . . . ..... . ............... . 
Name of Machine HAIWEe . .HOS.P.I J AL. KlOD . l.BUlL T. AT . .NU.LONAl .. SUP.EgCOfllD.UCJ.lfllG .CY.C L.Q.1gnN . LAS., .. E .•. . LAN S.I.NG) 
Institution .G ERSI:IENSO.N. RAD1AT 1.0rll . . 0 rlI C.O LO.GY .. CEN.T.ER, .. HARP.ER .. HOS.P.I JAl . . . ........ . ........................ . ...... . 
Address . 3.99.Q . J.Qt:lt-l . . R, .' . . D£1R0.l L .. 1'1.I. ... 4.82.0.1, .. U • . S . fA ••. . ... .•.... . • . •.••...•••.•..•...••...•.•..........•....•.. . ..•. 
Tel .(31.3l. .7.~5::9191.. . . .. Telex ............ . ......... . .. Fax .(313l. ]~5 .. :23.llj . . . .. . EMAIL ........................ . 
In Charge: .R .•. L. I • .MAU.G I:lAN ............ ... ........ . . .... .. . .. Reported by: R. ~ ... . 1'1AUGHII~ . .......... ... . .... . .. . ........... . 

HISTORY ION SOURCE(S) 
MILESTONE DATES: Type Intensity «I 

Design .81:8.4.............. Model Tests .... 83.-:85... ... ...... (mA) 
(n = /3'Y( 

(1rmm mrad) 
Ion Species 

Construction ... 84.-.~g....... . First Beam .Clp.el.L . .l9.89.... (a) .CO.LD .. CATHOD.E . .. .. : . . .. .. . . . .. ... !i ...... . 
DESIGN/CONSTRUCTION BY: (b) ... . ............. ........ . ... . 

in house ... NO ..... other J1SCL, .. 1'1SU .. L .. lAN.SING....... (c) ........ . ........ . ........... . 
COST: Accelerator .$.2. ... 000,0000:. S Facility .$5 .• 0.00.,.0.00 . . u .. S. (d) ....... . .... .. .. .. .. .. ..... . . . 
FUNDED BY: JJARPER . . I:!D.SP.LT AL .•.. 1.NC. • . . ........ ..... ... ... 

STATUS 
STAFF: Machine 

Scientists . . ........ 1... ....... . Engineers ...... .2 ...... ....... . 
Technicians ....... .1 ..... ... .. .. . Students . . . ... ... . .. .. ....... . 

Research (in house/external) 
Scientists .... 1. .... / ..... -: .. .. Engineers ... . :-..... / ... :-..... . 
Technicians . J ...... I. .. ....... Students ......... / . . ...... . 

BUDGET: Machine .$.400,.00.0 . US . . Funded by . HAR.P.ER ... I:IQSP. 
Research $.60J.OO.0 . . US .... Funded by .YAR.lOUS .... . . . 

TIME DISTRIBUTION: 
Basic Research (in house/external) .... .10 .... % / ....... -: .... % 
Applied Program (in house/external) .. ol'O . ... . % / ...... -. . ... % 
Development ...... 15 ... .. .. % Maintenance ...... . . .. 5 .... % 

MAGNET 
POLE PARAMETERS: 

Diameter . ........ em Rextr&ct .... 3.0 . . em Rinj ect .. • -:- ... • . em 
HILL PARAMETERS: Gap (min) .... .3, .8 . cm Bma. .55 .. .3 ... T 

(<<I •••.••• .•• AT) Gap (max) ......... . cm Bmin .......... T 
VALLEY PARAMETERS: Gap (min) . itO •. 6. cm Bm .. y,Q,L .. T 

(III ....... ... AT) Gap (max) ..... :-... . cm Bmin . .. "7 •••••• T 
AVERAGE FIELD: < B >min .. , . 7 ••• . • T < B >ma. . .. 7 .•..•. T 
NUMBER OF SECTORS: compact/separated ... 3 .... .. / ......... . 

sector angle ........... . ... deg. spiral (max) .... .... . . .. ... deg. 
FIELD TRIMMING: Trim Coils ... NO.NE ............. .. ....... ...... . 

Harmonic Coils . .. .... rllQrllE . ..... . ...... . .... .. ..... . . . 
Other ... . ........ ..... :-.......... .. . ............ .. .... . 

CURRENT: Main Coils .. . 203 ..... . . Amps Stability. 5. X .10:-5. 
Trim Coils . . . .. .. . . .. -.. . .. . Amps Stability ... ..... -: .... ... . 
Stored Ener~¥ (cryogenic) .. 2 . u . . . . . . . . . . . . . . . . . . . . . . .. MJ 

WEIGHT: Iron .. t.I1 . . US .. TQI:JS . ... Conductor .. Nh1;!. . IN .CU . ... 
ION ENERGY: Bending Limit E/ A = .. 1.00 ...... . ... q2 / A2 MeV /u 

Focussing Limit E/ A = .. 5D ...... ...... q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: 3.: D.~O.6 .. SH1'1 . . DI'; I;: S .. (3.A~.I(M I !:.Al-.LY .. C.QlJP~j:D 
No. of Gaps/turn .3 ... 6....... . dE/dn(max) ..... 2.00 . ... MeV /q 
Voltage(max) .. . . D. 033 . . MV Harmonic f,r/fion .. .. 3 .. .. ... . 
Freq ... 1.05 ... 0.00.0 .. MHz Power in (max) . .... . .0.025 ... . MW 
Stability: Phase .. . . ... . . ....... . .. Voltage ................. . . 

OTHER CAVITIES (Flattopping or otherwise): 
Description: ... N.Q N.E. . .. . .. ...... .. .. ..•..... ...... .. •........... 
Region of Influence: Rm;n . . ....... . .. cm Rmax . ........... cm 
No. of Gaps/turn.... . ........ dE/dn(max) .. ..... ...... MeV /q 
Voltage(max) .... . ... . . . . .. MV Harmonic frf /fion . . .. ......... . 
Freq ........ . ...... . . MHz Power in(max) .. ... ... . .. .. .... MW 
Stability: Phase .. .. ........ .. ..... Voltage ..... .. . .. ... . .... . 

VACUUM SYSTEM 5 
OPERATING PRESSURE l X 10 -
PUMPS: No. and type . . . :z:,:::r.URBO::::::::::::: ::::: :: :::: ::::: 

........................ 3.00. Ll.SEC ..... .. .. . . .. ............. . 

INJECTION SYSTEM 
· NONE ..... ... ........ ...... . ....... . . Efficiency .... . ... . % 

EXTRACTION SYSTEM 
· NON E. . . . .. . ..... . ......... . . ........ Efficiency ......... % 

CHARACTERISTIC BEAMS 
Current(part /.tA) 

Accelerated Ions E/A (MeV /u) Internal External 
(a) D.W1ERON .... .. 2.4,25 . ... ... .... 15 ............. :-...... . 
(b) S.~/.IM. R:F .. l.S . .l?LJ.lSH .. 2MS .. ON. • .. 8 . .MS .. on ......... .. . 
(c) P.~(I.~. J~I;:AM .. D)J.f'u.N(3 .. P.U ~.S.E . .180, .. jI!~ . . .. . ............ . 
(d) ................... ... ................... . . . ............... . 

Secondary Particles E (MeV) l1art/sec 
(a) t-lElJJ.RPJJ . ..... . ....... . Q l> ............. ~.8 .. c;GY./MIN.. 
(b) {BERYLL I.Ut:1. .SIOP.P.ING.l. ........... . . . .. F.LA.T.TEflIED .. . 
(c) ................ TARG.ET.l.. ..... . ... . .... ...... .... ....... .. . 

EXTRACTED BEAM PROPERTIES: 
For . .... :-.. . .. . . . /.tAof ..... -: ........ MeV/u .. .... . 7 ...•.. ions 
6.E/E ......... :-. ........... . % 6."' ..... . .. 7 . .•.•. . . •••••• Or( 

(n = /3'Y( X ••••• "7 ••••••• 1rmm mrad z ...... -....... 1rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed .. . \i] . . ... m2 Moveable .. NDr:.JE ... m2 

Target Stations: ... 1. .... No. Served At Same Time: . . 1. .. .. . 
MAGNETIC SPECTROMETERS: .. NON.E .. .................... ... . 
OTHER FACILITIES:I.SOGIaHR I C GANTRYVAR I AB IE __ 

.r4U I T I :-.ROD .cOL L.I.MA 1-l.0N . . ~YSTC:M' ,f.,.o~,J\lE.UIIW.N .. ... . 
· 8ADlAJ! O.N . .1I:lER APJ' . .. ........ . ...... . ..... . . .. . ....... ... . 

REFERENCES/NOTES 
(a) HEE .. 1RA~.S I •• ON. N.UC.I., .. SCI .•.. N.S :-3.2 .. (198.5) .. 3287. 
(b) .H! B.~o.~s.~~.' .. P.lWC; .'. ).~TH . .i.NT. ... .c;ONFj .. O.N .. .. (:'xC .... . (1992) 
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ENTRY NO . ..... f-.6.7 ... . . .. .... . . . .... . ... .. .. . . . . . . . . . ... ... . ... Date ... . . ~~~Y. ~??~ .. ... ... ... .... .. ..... ... .. .... .... .. . 
Name of Machine .1>500 .. . ... . . . . .. .. .... ... . ... . ... . . . .. . .... ... .. . . . ... . . .... . ... .. . .. . . .. . . .. ... .... . ............... . ..... . 
Institution .... . . . . ~~~)1.i~.a.,! .~~?-~7 . .u.'!~~"~~ ~!''y . . . . . ..... .... . NSCL/CYCLOTRON LABORATORY , MICHIGAN 488Z·4·...:i3 Zi· .. iiiA· · ····· · . .. ... .. ... . .. . ..... ... ........... . ..... . 
Address ............... . . . . . . . ..... . . .. ........... .. . . ... ... .... .. ..... . .. . .. . . ......... . .. . . . . . . . .... ............ .. ........ . 
Tel . .s.l .7.,,;:m~:~:'\Ei.BKE"" Telex 5 ~ P.6.Q1.9.?Q7 . l'lAJ:~l.!l~Tl'f:;~AIl Fax .~~ ? :-~.5.3.,,; ~~9? .. ..... . .. EMAIL . J3.I.J:tlJ;:+ ; l:I;i.l.l;~t;~?!l.N.~C;J, 
In Charge .. .. . . ................... . .. . ..... .. ....... . ........ Reported by: ... ~ ' . . ':In·~!,.l\ ............ . ............. .. .. .. .. .. . . 

HISTORY 
MILESTONE DATES: 

Design .... ?~ -: ?9............ Model Tests ...... ~~ -:?? .. . ..... .. 
Construction .?? :-.8,l. ..... .. ... . . First Beam . . ~{?2 .... ... .. .. . . 

DESIGN/CONSTRUCTION BY: 
in house ... . . . ... .. other . . .. . .. . ... . . ... ..... . . . . .. . . . . . .. . 

COST: Accelerator .. ~~ , ?O.q 19~.o .. ... Facility .. ~~ 1?~~ ! ?O.~ . .. .. 
FUNDED BY: .. t'l!'.t), 9p..a.~. ~1'.i.'l I,l I'!" . . F:9\lP..qqt~9.I\ . . ..... . . . .. . . .. . 

STATUS 
STAFF: Machine 

Scientists .............. . .. . .. .. Engineers .. . ... . . .. . . .. . .. . . . . . 
Technicians . .. ...... . ... . ... . .... Students ....... ... .. . .... . ... . 

Research (in house/external) 
Scientists ... .... .. . / .... .. .... Engineers . . . .. ... . . / . ........ . 
Technicians .. .. .... . / .. .. ..... Students .. ....... / .. .... .. . 

BUDGET: Machine .. ................ Funded by ....... . .. .. . . ... . 
Research ...... ... .. . . . . . . . Funded by . .......... . ..... . 

TIME DISTRIBUTION: 
Basic Research (in house/external) .. ... . .. .. .. % / ............ % 
Applied Program (in house/external) ......... . . % / ....... . . . . % 
Development .... . ...... . . ... % Maintenance ... . ... . ..... . . . % 

MAGNET 
POLE PARAMETERS : 

Diameter ... . ~ .4.2. cm Re.tract . .. . fJ.7. •. cm Rinj ect .... 1 ... . . cm 
HILL PARAMETERS: Gap (min) . . Ji,~? .. cm Bmu . . .. 5 .•. ~ .. . T 

(CI . 1j .•. q~L .. MAT) Gap (max) . . Q ~, ~ . . .. cm Bmin ... f; ... ~ . .. T 
VALLEY PARAMETERS: Gap (min) ........ cm Bm .... .. . . . . T 

(CI ...... .. .. AT) Gap (max) ......... . cm Bmin .. ' ' ' .. ' T 
AVERAGE FIELD: < 8 >min ... . ) ,.0. . T < 8 >mu " .. ~ •. ~ ? , T 
NUMBER OF SECTORS: compact/separated . . .. :> •.... / . .•••• .. .• 

sector angle .......... ..... de~ . spiral (max) .... ....... L20. deg. 
FIELD TRIMMING: Trim Coils. , ,q,;'},) .. : .!-... .......... .. ........ . 

Harmonic Coils ..... ' . . ?~.3 . ................. .. .. . .... .. . 
Other . . ... . .. . . . ... . , . .... . ......... .. . ... .. . . .. . .. . .. . 

CURRENT: Main Coils ... ?~.o .. .... .. Amps Stability ... l-l.1.05 .. .. . 
Trim Coils ......... .4.QO .. " Amps Stability ...... (i/), O't .... . 
Stored Energy (cryogenic) ' . ... .. 1.6 . . . . . . . . . . . . . .. . .. . .. MJ 

WEIGHT: Iron . .l.QP .. l(~. ~9.r\. ..... Conductor .~ .V? .~9 P. . . .... . .. . 
ION ENERGY: Bending Limit E/ A = .... .. . 5.~Q . .. ... q2 / A2 MeV /u 

Focussing Limit E/ A = .... ) 99 ......... q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description : .? .~?-~f. .":'~Y7.~ " ,:,~ .t.~. <;:~Y.~ ~~~.s' " . ~ .2.q ~. I')1.,,:~~ !,I' .. .. 
No. of Gaps/turn ... . 6 . .. .... . dE/dn(max) .. . q .. ~ ~ ...... MeV/q 
Voltage(max) . . . . ~ .. ~ ... .. .. MV Harmonicf,i/fion .. ... . ~1.2 .. . .. 
Freq ... . 9;- ·l-.7 ....... .. MHz Power in (max) ......... Q ,~ ? ... MW 
Stability: Phase ..... , .... . ... , .... Voltage . ~J.~ Q~ . . . . .. . .. . . . 

OTHER CAVITIES (Flattopping or otherwise) : 
Description: ....... . ... ' .............. ' . . ....................... . 
Region of Influence: Rm in . ... ... . .... cm Rmu . .... .. . . . . . cm 
No, of Gaps/turn .. .... ,...... dE/dn(max) ............ . MeV /q 
Voltage(max) , ...... .. . . .. . MV Harmonic f,r/fion ... . . . . . . .. .. . 
Freq " ..... . ......... MHz Power in(max) . ... "' . . .. .. .... MW 
Stability: Phase . . '. ' ........ . , Voltage .................. . 

VACUUM SYSTEM - 6 
OPERATING PRESSURE: .. . 3.,, ~ 9 .... T9l',r . ... . .. . ... .. ... .. . ... .. .. 
PUMPS: No. and type .. . 2 .. c.u o p.a.'1" ~ ? , . . ?l< •. ,c.l)"r.C;Q"~ •. . , . , .. . . 

" ,3. , t;1,ll'.qqIl)9.l.'lC; '! ~!'.r: .P\l!ll.P.~ ..... . . .. . . . . . . ... .. . ..... . ....... . . 

ION SOURCE(S) 
Type Intensity CI (" = {J"( Ion Species 

(rnA) (1fmm mrad) 
(a) .. R:r.E;GlJ- . .... ...... J. .•. Q ..... .. 
(b) .. CI':E.GlJ-.. .. ... .. .. L·.Q .. .. .. . 
(c) .. ?~.E;Gll-.. ..... .. .. ? .. Q ..... .. 

.. . Q,L-.0',2 ...... .. 'In .... .... 

.. . Q,+ :-.Q ·. f ... . 9-~J-<.'!H . )1!~ti';L.s 

.. . Q, L-.Q·.L .... .. 'In .... .... 
(d) ...... . ... . .... ... ........... . 

INJECTION SYSTEM 
.. . ~,!~~p.e. , .. ~p.:i,r: 9- J- . i nUI'I'.t.Q r , . . .. . . . . . Efficiency ... . ~9 ... % 

EXTRACTION SYSTEM 
. . r.:r:"~7.s~~,?,:,!,.1. , .. ? .e~."c; :. !i.'lf~, . . .. . . .. Efficiency ... .s.Q ... % 

CHARACTERISTIC BEAMS 
Current(part IJA) 

Acc~erated Ions E/A (MeV/u) Internal External 
(a) .. . Hg~:+: """ ........ .54 .. ......... . 1 . ...... ...... , P.5 .... .. 
(b) t.6,N.rz .. .. ........... .s.Q .. .. ........... 0.1 .... ....... ,P.Q7... .. 
(c) 1l.64rt/ .. ........... :>.L .. . .. .... .... QQ4.. ....... , p.om .. . 
(d) .. ,l\:r; .. :: .. .. .... .... ..2.0. .. ... .. .. ... .. . QQQ f .6 ... .... , 9P.QL . 

Secondary Particles E (MeV) part/sec 
(a) ......... . . . . .. .. .. . . ... . .. .. . . ........ . . .......... . ... ... . . 
(b) .......... . ..... . ... ... .. .. . ..... .. . . ... ., .. , ... . .... . ... . . . 
(c) ................... . .... ........ .. .. .................. .... .. 

EXTRACTED BEAM PROPERTIES: 
For .. . .. ..... . .. . IJA of ............. . MeV /u .. . .. .. .. . ... . ions 
AE/E . . .. . . .. .. ......... " .. % A<P ....................... orf 
(" = {J"( x ..... . .. . .... 1fmm mrad z ............. 1fmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ..... .. .. .. m2 Moveable .. . 1.~~? ... m2 

Target Stations: .... . ~ . . . No. ~e{~ed At Same Time: .. .1. .... . 
MAGNETIC SPECTROMETERS: . . ? .. ... .. ... . . .... . ........ . ... . 
OTHER FACILITIES: . . ~ . p"" . ? f.r.,!y , . !ll.~~ ~):>.'!n, . . I\~?~.t.~9!, . . . . . .. . 

.~r pp.4 <;t . M'I"~ .. S.p."'I'.t.r:qI]1!"~.'l r;, . . 9.~ .~1)~P.<;~ . . ... , . ..... . . . . .... . 

. ~<;i'.tMT~.n.!\. (::)1.'lIl)9!'f., .. n .. ~q l-!'P.'~~9 ............ . ..... ... . .. . . . 

REFERENCES/NOTES n 
(a) .. ~.E;~~ . :r.r:'!,:,~: . . '? :'. ~'!": . . S.<; ~: .. N.~:-??\~ ??.9.)j~~.o . .. }~?? .. . 
(b) .. ~.S.~. ~~.~': '.' ~ .. ~:~?:.~. ~ ??~:~ ?8.~ ....... . ... , . . ... . . ..... ... . 

PLAN VIEW OF FACILITY. COMMENTS 



ENTRY NO •........ C68 ..... . .. ...................... . ........... Date ........ !~.l.~ .1. ~?~ .. .... .. ......... .... .. ...... ..... . 
Na~e ~f Machine .. ~~'~SiGl!?~i:i~~ u~~~'iisiTY' ..... ..... ................ .................................................. . 
Institution ........ .. ................. ... ............... . ............ ....... . ... ... . ........ .. ........ . ........ ... ....... ... . . 
Address . ... ..... ... li~Cr,.'(:),~;L.Q1;~Q~. ~".B.QMTQl'), •. .EA~1' .~j\l".S.I.l'JG, .1;lJ:.C.lHGIW. ~il.8.2A-:UU. JJ.SA ................................. . 
Tel .~1.~-:-~??:-.9.~~ ~ ........... Telex .~1.9~9~ ?2.0? .l'!~~~~.p.9'.~I;~BFax ... 5.1.7::~~~:-;;.9.6.7 ... ....... EMAil ~nl;lp.:!1.:i),l.'it@t1pJJ.l'J~C~ .. 
In Charge: .... ~:~ ... ~~~~~~ ......... . . ............. . .......... Reported by: .. ~:.~!.I:l:~~ ..... ................................. . 

HISTORY 
MILESTONE DATES: 

Design .. ... ??:-.8.~.. . .... . .. . Model Tests ........ .. ....... .. .. . 
Construction . ~.Q-:~?' . . . . . .. . . First Beam ..... fi/. (l8 ......... . 

DESIGN/CONSTRUCTION BY: 
in house ........... other ... .. ...... . .. .. ..... . . . .. . . . . .. .. . 

COST: Accelerator . J ,;;.QQ. 9P.Q . . . . . . Facility .::j~. P.QQ. O.QO ..... . 
FUNDED BY: . P.QF; 0 ~.~Q-:?2)., .!"l.S.I<; 0 9!l.3.-:1?r.e.~<;~tJ ............ . 

STATUS 
STAFF: Machine 

Scientists ...................... Engineers ..................... . 
Technicians ...................... Students .. . ....... . .......... . 

Research (in house/external) 
Scientists .......... / .......... Engineers .. ........ / ..... . ... . 
Technicians ......... / .. .. .. . .. Students ......... / ........ . 

BUDGET: Machine ..... ..... . . ..... . Funded by ........... . ... . . . 
Research ............ . ..... Funded by ................. . 

TIME DISTRIBUTION: 
Basic Research (in house/external) ............ % / . ... ... .... . % 
Applied Program (in house/external) ........... % / ...•..... . . % 
Development ................ % Maintenance ................ % 

MAGNET 
POLE PARAMETERS : 

Diameter ... ?l.9 .. ) cm Rex'r&c,,) 9;3 .... cm Rinjec' .... .1. ... cm 
HILL r~RtS!1ETERS: Gap (min) .. ),9 .... cm Bm .... . . . fit?. T 

(<<I ..... x ..... AT) Gap (max) .9.1 ... ~ .. ... cm Bmin . .... 4 . .. ~ .. T 
VALLEY PARAMETERS: Gap (min) ........ cm Bm .... ... ... T 

(<<I •. .... ...• AT) Gap (max) ...... ... . cm Bmin ........ . . T 
AVERAGE FIELD: < 8 >min ...... 3 •. Q T < 8 >m ..... . . ~:~ .. T 
NUMBER OF SECTORS: compact/separated ..... ? ... / ........ . . 

sector angle ............... deg. spiral ~max) ........... 1)9. deg. 
FIELD TRIMMING: Trim Coils ... . . p1?,.~. "!-,l ...................... . 

Harmonic Coils .. ....... P:x:)) ........... . ...... ... .... . 
Other . ...... . ... g . . ... .. ... . ...... .. ... ............ ... . 

CURRENT: Main Coils ...... 9.q ..... Amps Stability .. .l/~ 9;; ..... . 
Trim Coils . .. ...... . . ~9.q .. Amps Stability ... ... 6/~ 9~ ..... . 
Stored Energy (cryogenic) . .... . . ~Q. . . . . . . . . . . . . . . . . . . . .. MJ 

WEIGHT: Iron .. ?6.~ .1)? .~9j1 .... .. Conductor ... 2.~l!~ .. t .'l l). ....... . 
ION ENERGY: Bending Limit E/ A = ..... 1)99 ....... q2 / A2 MeV /u 

Focussing Limit E/ A = .... ~.O.q . ... .. ... q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: .~. ~f'.~~ . ~.a6:~~.r;~~~ .. c.,,:,:~.t.~~~? .1. ~?~ .. ~~~~.i.~~ .... 
No. of Gaps/turn..... .... ... . dE/dn(max) .. Q:~.~ ...... MeV /q 
Voltage(max) . . q:~.6.q ...... MV Harmonic f,r/fion ... ~ . .. ...... . 
Freq ... 9:-.2. ~ . ... . ..... MHz Power in (max) .. 9,.9.2.

4 
......... MW 

StabIlity: Phase.. . ........ . .... ... Voltage 1./)9 .............. . 
OTHER CAVITIES (Flattopping or otherwise): 

Descroptlon: .................................................... . 
Region of Influence: Rmin ............ cm Rmax ............ cm 
No. of Gaps/turn... . ... ... . . . dE/dn(max) . . ........... MeV /q 
Voltage(max) .. . ....... . ... MV Harmonic f,r/fion ............. . 
Freq ... .. . .. .. .... . . . MHz Power in(max) ...... . ... .. .. ... MW 
Stability: Phase ................... Voltage . ..... .... . ..... .. . 

-6 
1x10 Torr 

VACUUM SYSTEM 
OPERATING PRESSURE: 
PUMPS : No. and t~pe . 2. :~~~~~:~~~~:~,:: ?~:,: :¢~:: : : :::::: :::::: : : . 

. . ?50P . ~ (:,/.~'.me.~ .. . . 3 .. ~,:,~.bom,?~:,.~,:l:,.r .. ~'.'~?~ .. . ............ : 

ION SOURCE(S) 
Type Intensity CI <n = f3'"1' Ion Species 

(a) ... ~~~.9~ ..... . 
(mA) (1rmm mrad) ..... ~:.o .......... . Q •. ~:-P ... L. . all 

.... A .. .0. . . . . .. . .. . Q.) :-.0,', L. :: ~~.~~h: :~~ ~~ls (b) ... C;.!'jl.C.~ ..... . 
(c) ... $~.E.C;~ ..... . ... . . ~ ... Q .... . ..... Q·.kP.·.L ....... '!n. .... . 
(d) .............. . 

INJECTION SYSTEM 
. :S."I).\'l'.~r) .~p.i.r:'!~. ~nn<;'\'.t.~,: . Efficiency .. I.Q . . .. % 

EXTRACTION SYSTEM 
. f'.r::~:,.s.s~,?:>?!-.",?, el.,,;~:. ?";~1. ......... Efficiency 50 % 

CHARACTERISTIC BEAMS 
Current(part IJA) 

Acc~era~~d Ions E/ A (MeV /u) Internal ExternaL 

(a) '20L:I~'g+,,"'" ....... ~.;~ ..... ...~ :.~~.}Oo· ~~ .. . 
(b)f29~~5H""" .......... ..... :\;?~\~~~:::: 
(c)ijl .. ········ .......... (j:; . . .. . . .. ..... ....... :::Q;~~\Q~?::: 
(d}. l!??:: ....... ... . .. .. 4'i ...... ?.~<')..Q-:? ....... Q,4~I'.l.Q:-?. 

1'jcondary Particles E bMeV) part/sec 

m ~:~t«<::::: : ::ji~t::::::::: :::t:.:6~~~t:~:::::: 
EXTRACTED B§AM PROPERTIES: 4 13 

For .. 9 .. ?~~ 9:-.... IJA of .. J? ..... .. . MeV /u .. . ?~: ... ~ ... ions 
t:.E/E ....................... % t:.</> . . •...•.....•... ....... °rf 
<n = f3'"1< x ... . 2 ........ 1rmm mrad z ...... ) . . ... 1rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ........... m2 Moveable .. .. ~ ~?~ .. m2 

Target Stations: ... . ~ .... NO'8'2~ed ~tOUamR11mr ~ ....... . 
MAGNETIC SPECTROMETERS: ....... : ...... .' .... . ........... .. . 
OTHER FACILITIES: . .4 .I';i. .. 'lHi'Y. •. l:1.intl;>S'.l)" . !,.e.'l<; ~;i..o.I) ....... . 

l'XQcJll.C.t; .l:Ii'.s.~ . ?P.~C;n-.o.I1!<;~~:r. , .. ~? .~r:~~.";~ ...... ..... ...... . .. . 
p.C;'ln.e.r:tj1g, .C;J.1"l".q~r) . . 7.1'. ?.o.~"j1p.i.'! .......................... . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO • ...... ~~~ .. ... ...... .... .. . .... . . . . . .. . ..... . . . ... ... Date ... . . . . . .lune . 26, . .19.9.2 . .. .... . .... . ..... . ...... . ... . 
Name of Machine . . . ... Qq~ .RidgA .LqQ~\lrplJ,O.lIq . CY>')P.t;t;Q I.1 . . ............ . . ..... ...... ...... . .. .. . ...... . ... . . .. . . ............ . 

Institution . .. ..... . .... ~'!~. ~i~$.e .. l-!~ ~ ~'?!' . .L.~~'::'!- ~?;.Y .. . .... ... . . . .. .. . ... . ................. . .... .... . . . . .... . ............... . 
Address ... .Bo .llox. 2.().08 , . Hai.1 S top . 63.6.a ~ .Oak. R.id.ge . Te=see . 37S':U-:6368 • . .u..~ • .6. • • . • .. •.. . .. . • . •• • • . . .. . . ....•..• . .• •. •• 
Tel .6.1.5.-:~H:- ;.7.5.~ .... .. .. ... Telex .8.5A4~L .... .. ....... .. . Fax . ?~ ?:-.5.7.~:+??~ .. ......... EMAIL ...... .... ........ ...... .. 
In Charge : .. ~:~:. ?l.s.~~ .............. . ........ . .. . ...... . .... Reported by: .~ .. ~ : . ~~.s~~ ..................... .. . . ............ .. 

HISTORY 
MILESTONE DATES: 

Design .... . !958.. ........... Model Tests .. ) 9 . .'i1l:-.5.9 ...... ... .. . 
Construction . ~9~87J. 9.6.4. .. . . . . First Beam .19p.3 . .. .. . ....... . 

DESIGN/CONSTRUCTION BY: 
in house .... lC. . . • . . other ....... . ... . ........... . ......... . . 

COST: Accelerator .. . $..2 .•. ~ . ~........ Facility .. ? f.~ .~ ........ .. 
FUNDED BY: . !l.S . .I?~P~.r:~1)l!'m . '? ~ .. FiI)!'! .&y. . ..... . ..... . . . ..... . . . 

STATUS 
STAFF: Machine 

Scientists ......... . ... . 1. ... . .. Engineers ......... ~ ........ . .. . 
Technicians ............ 1< • . •. . ..•. Students .. . ................ . . . 

Research (in house/external) 
Scientists . . . . . . . . .. / .......... Engineers ...... . ... / .. . .... . . . 
Technicians ... ... .. . / ... .. .... Students .... .. ... / ........ . 

BUDGET: Machine .............. . ... Funded by . ............. . .. . 
Research . . ... ..... . .. . .... Funded by ..... .. . . .... . ... . 

T IME DISTRIBUTION: 
Basic Research (in house/ external) ....... . .. . . % / ... .. .... .. . % 
Applied P rogram (in house/external) . .......... % / .......... . % 
Development .......... . ... .. % Maintenance . . . . . . . . . . . . . . .. % 

MAGNET 
POLE PARAMETERS: 

D' 193 77 lameter .. ....... em Re x .~Ac ... .. " 19 ' em Rin jec' .. · .. :L3'?cm
T HILL PARAMETERS: Gap (mIn) ...... '11 ' cm Bmu .... ' 1"'0 

(Cl J:~.X. IP.~ AT) Gap (max) .......... cm Bmin ...... : ~ .. T 
VALLEY PARAMETERS: Gap (min) .. .. .... em Bmu . ..... . . T 

(Cl .......... ~T) Gap (max) .......... cm Bmin ..... 1: 9'Z T 
AVERAGE FIELD . < B >min .......... T < B >max .......... T 
NUMBER OF SECTORS: compact/separated . . . . .3. ... • / •..•.•. . • . 

sector angle . ... . .... . . . . . . deg. spiral (max) ... . .... .. . 30 .. deg. 
FIELD TRIMMING: Trim Coils ... 10. p.air s ..... ......... ...... .. . .. 

Harmonic Coils ...... . ~. PAi r s .. pe r . ;v.q lJ.~ ............ . 
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(a) . Pa.pa r . R3 . in. .tbe . . pr oceedings . of .. tbis. .conf.er ence . . . . . . 
(b) .... . .. . ..... . .. .. . . ... .. ..................................... . 

PLAN VIEW OF FACILITY, COMMENTS 

Facility is beginning a 3 year reconf i gurat i on pr ogr am 
wher e t he cyc l otron will s e rve as the primary beam 
gener ator f or the pr oduc t i on of r adioac t ive beams wh i ch 
will be accel e r a t ed in the HHIRF e l ec t rosta t ic tandem. 
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FIELD TRIMMING: Trim Coils ... ... ~ .. ..... ....... .......... ..... . 

Harmonic Coils .. .. . . .. . . ? ... ...... ....... .... .. ...... . 
Other ... .. .......... ... ... . . .. .. . . .. ... .... ....... .... . 

CURRENT: Main Coils .. . .1)09 ...... Amps Stability .. ... . • ... . . . . 
Trim Coils ... ... ... . )99 ... Amps Stability ................ . 
Stored Energy (cryogenic) .. .. ........................... MJ 

WEIGHT: Iron .... f.9Ji . T9A'l .. . . .. Conductor .. (:\l .. ljQ:).;J.9.V{ ...... . 
ION ENERGY: Bending Limit E/ A = ... ........ . ... . q2 / A2 MeV /u 

Focussing Limit E/ A = ....... ..... ..... q/ A MeV /u 

ACCelERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: .. ), .lll'.E .•. ~. P.lJ1:1l:!X . .IlJ;:~ .. @ . HIP.~ .. : ............. . .. . 
No. of Gaps/turn .... 4 ..... ... dE/dn(max) ... o..~?o. .... MeV/q 
Voltage(max) ... 0.·.Q~9 ...... MV Harmonic f,r/fion ... ;J. .• A ...... . 
Freq . ......... ..... . . MHz Power in(max) ..... 0 .. )..o.Q ...... MW 
Stability: Phase . .. ..... ...... . . ... Voltage . ... ..... . ........ . 

OTHER CAVITIES (Flattopping or otherwise): 
Description: .. ... . . . . ....................... .. ..... .. ..... . .... . . 
Region of Influence: Rmin ............ em Rm .............. cm 
No. of Gaps/turn ............. dE/dn(max) ... . ......... MeV /q 
Voltage(max) .............. MV Harmonic frr /fion ............. . 
Freq ................ . MHz Power in(max) . .. ....... ..... .. MW 
Stability: Phase ...... . .......... . . Voltage ........ . . .. ...... . 

VACUUM SYSTEM 
OPERATING PRESSURE: 1 x 10-

5 
Torr 

PUMPS: No. and type ... ~::~:~~ii~~~p:ri: ?~:":: ::: :: ::::::::: ::::: 

ION SOURCE(S) 
Type 

(a) h~~ .f.i.~,!-I)1!'A~ 
(b) .. . .......... .. 
(c) ......... .... .. 
(d) .. . ........ .. .. 

Intensity 
(mA) 

INJECTION SYSTEM 

o (n = f3'Y( 
(1rmm mrad) 

Ion Species 

.. .. 11': ....... . 

. . . . . . . .. . ..... .. .. . ... .. .. .. . ......... Efficiency ........ . % 

EXTRACTION SYSTEM 
.... E;:).~.c.trq\'tll.t;:i.t;: ..................... Efficiency ..... 1,0 .. % 

CHARACTERISTIC BEAMS 
Current(part J-tA) 

Accelerated Ions E/A (MeV/u) Internal External 
(a) .l;It .................. ~4 ............ . lOO ........... .2.L ... .. 
(b) .l? ..... .. ...... ...... 4L ........... ~Q9 .... ...... . .2.Q ...... . 
(c) JII'.-.~:: ......... . ... 56 ............. 200 ........... lO ..... .. 
(d) .1,11':-.4:: ...... . ...... 46 ............. 200 ......... .. lO .. .... . 

Secondary Particles E (MeV) part/sec 
(a) .................... .................... . ........ .. . ... ... . . 
(b) . ........... ... ..... ............... .. ... . . ................ . . 
(c) . ........ .. ......... ..... .................................. . 

EXTRACTED BEAM PROPERTIES: 
For ............ .. J-tA of .. ... .. ....... MeV /u ... . .......... ions 
t::.E/E ................. .. .. .. % t::.r/> .... ................... orf 
(n = f3'Y( x ............. 1rmm mrad z ............. 1rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ..... 1,99 ... m2 Moveable . ........ .. m2 

Target Stations: .... 7 .. .. No. Served At Same Time: . .. J.. ••••• 
MAGNETIC SPECTROMETERS: ...... . .......................... . 
OTHER FACILITIES: .....................•......•..•..........•.•. 

REFERENCES/NOTES 
(a) ... ......................... .. . .. .... . ...... .. . . .... .. ........ . 
(b) . ................... . .............................• .. ....... .. . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY No. C73 
NAME OF MACHINE . tj~YAl-. RE:S~AR..Ctll-AB,QRf\TORY P(bATE .. .7n4U~ ....... . ...... . ..... . ...... ... ... . ........... .. . .. ..... . . 
INSTITUTION .NAYAL. ~EARCI:I. LAllQRAlOil Y t . Ra.d.i.a ttoo. T~i:h.no.1.Q9'y. OjY.i .S.i.o.f1 ... ... ... . ................ . .......... .... .. . ... . 
ADDRESS .... Wa.hington, .D.C •. 2111Z5, .USA ............. . ..................... . ... .. . ............. . ....... ..... ..... •. ..... 

TEL ....... . ........ ...... TELEX ... ... .................... T ... ........ ............................. .... ....... . . 
IN CHARGE .801.101\ .Q •. 6onpl'!.1.i.<l .. REPORTED BY ... ~Q1J9fl. P.· .. ~Q~<!~. j~ ................................................... . 

HISTORY AND STATUS 
DESIGN, dale ... 1) ............ Model lesls ... 1) ... . .. .. ... . 
ENG DESIGN, dale .... 1!163,1964 . .. . .....................• 
CONSTRUCTION, dale . 1.9,65,1967. _ ...... . . . ........... . ..• 
FIRST BEAM, dale lor goall . ·int. · 18&7 ... . ext •. 1968. .. .. ..... . 
MAJOR ALTERATIONS .. .z} .. .. .. .... ........ ... ... . ...... . 
....... . ..... . . . ....... . ........ . . 0···· · ··················· 
COST, ACCELERATOR .. i .. l .6.10

6
, ......... . ... ....... . . , 

COST, FACILITY, 10lal " . ~ .. 6.0.10 ........................ . 
FUNDED BY ... . u .S .. Na~,y. .Oep~rtlllent .... ... . ....... . .... . 
ACCELERATOR STAFF, OPERATION AND DEVE~OPMENT 
SCIENTISTS .... 0.. ...... . . ENGINEERS ..... .... ...... . 
TECHNICIANS .. . 6.......... CRAFTS .. ... .. .2. ......... . 
GRAD STUDENTS involved during year ........... .3. ......... . 
OPERATED BY .......... Research slaff or ... ...... . Operators 
OPERATION ..... 5' ... .. hr/wk, On largat . . ... 5.Q .... . hr/wk 
TIME DISTR . in house .. . . fiO ...... %, Oulside . ~P ......... % 
BUDGET, op & dev ......... . ....... . ...................... . 
FUNDED BY .. .off ice . of. !'lalla 1. R~~e.ar.<;h .&. U~l'!r.s ... ..... .. 
RESEARCH STAFF, nol included above 
USERS, in house ... . . 11 . . ........ oUlside .. . .. .... 3 ........ , 
GRAD STUDENTS Involved during year . . .. . . . ....... .3 .. . ... .. . 
RESEARCH BUDGET, In house ......... .7.25 . ~ ..... . ... .. .. .. . 
FUNDED BY .... Offi ceo of. .Nay~ 1. Resear.cb ...... .... ...... . 
MAGNET 
POLE FACE, diameler Icompacll .19.3_ , R extraction .... cm 
R injection ...... . . . cm 
GAP, min ... 19 .... cm, Field .. .. ??:? .... kG } 

max ... n .... cm, Field .... H:? ... kG at ......... . 
AVERAGE FIELD at R ext ......... E ..... . kG Ampere turns 
B Illax/ < B> .... 1.3 .................................... . 

NUMBER OF SECTORS {~~;~:~etd : : : :~ : } Spiral, max 30 deg 

SECTOR ANGLE ISSC) .. .. ...... ... . . . deg 
TRIMMING COILS .. . Man1]Q~j<:. ~orre.~t ioni. ~!.se.c.~ ........ . 
... . . . . . . . . . . . . . . . . . .1.0 .. C; i.~<:~19r. c.oi. l.~ ...... . . ........... . 
CONDUCTOR, niaterial and type ....... ..... ........... ...... . 
STORED ENERGY Icryoijellic) .... 6.5 ........ .. ... . ....... MJ 
POWER: main coils .. aQQ. max, kW ; current stability ~,}p.-.5 

lrilllmillij coils . .3.~Q. max, kW ; CUllent slabilily ... . 
WEIGHT: Fe . .250 ...... .. tUIlS ; coils ........ 45 ..... . tons 
COOLING system . ..... Daflli nera.l.iz.ed . lila ter . . .............. . 
ION ENERGY Ibending limit) EI A = . . . q'/a' MeV /amu 

\focusillg limil) E/ A = 7~ ... 4'/a' MeV lamu 
ACCELERATION SYSTEM 
DEES, nUlllber ....... ~ ..... ; angle ...... 180 ........... deg 
BEAM APERTURE .... .4 ... ~ . . Clll; DC Bias ... O . . ....... . .. kV 
TUNED by, coarse. . . . .. fine .. ye ... .a.l~t;Q . . 6' .... . 
RF ...... 7.5. .. 10 .. .2.2 .. 5 ... mHz, slable ± .. .1. q~ .... .... . 
OrbF ... 1.5 .. 10 .. .22,5 ... mHz 
HARMONICS. RF /Olb F, used ... ;.,.3. . , 
DEE· Gnd, max . 7Q. kV. fIlill gap . . . .. L ~ ~ ~ ~ ..... ~ ~ .. ~ . cln 
ST ABILITY , Ipk·pk noise)/lpk RF volt) .0.00.5 .. . 
ENERGY GAIN, max .... . 100. . . . . . . . . . . . . . . kY /turn 
RF PHASE, stable to ± .... .3. ............ • .... . . . ........ deg 
RF POWER inpul, max ... JOO ................•. " . . ....... kW 
FREOUENC Y MODULATION, rate ..........•.... . ..•....... /s 

modulator, Iype .... . . . . .. , .. . ... • ..... . . . .. 
beam pulse, width. . . . . . ...... . . . 

VACUUM SYSTEM 
OPERATING PRESSURE .... lD.-.5 ... . ............ Torr or mbar 
PUMPS, No, Type, Size ... 2Q i ffv~.ip.n )0 ':, . ~I"' ..... . 

.. . ()2 .U . . 5.o.kll.~) .... . .... . 

ION SOURCES 

INJECTION SYSTEM 

EXTRACTION SYSTEM 
· .EJectrp.s.tatic .'ditn. 0l3.snetic .channel ..... .. .. .. . .... . . 

FACILITIES FOR RESEARCH 
SHIELDED AREA, fixed .. 's.fia . .... m' ; movable ....... . .. . m' 
TARGET STATIONS . . . 4 ..... In . .. .3. .... rooms 
STATIONS served at same time, max .... . 1 ........ ... •..... . .. 
MAG SPECTROGRAPH, type .................•.....•........ 
COMPUTER model ...... ~~L ~?1.5.5 ...................... . .. . 
OTHER FACILITIES .. [lQljQ k fpl=ll.s.i.rJ9 .2 .7~.I)1 . l>.e.aJ1l .a.rJC! 1.Y~ i (lg 
ll1asnet; .proy,i:;.ip.n .f.Qr. . 1l . l>eill1\ .~aths •. 8. \'I.i.th. .a.na.ly~ed . . . 
beilJll; .beam. p.ii:J<.o.f.f. .ufJit. for .. T ... Q , ~ •. lDe.,sureot.eJ\t~ ....... . 
CHARACTERISTIC BEAMS 
PARTICLE ENERGY (MeV) CURRENT (PIIA) 

Goa) Achieved Inlernal External 
.... p ......... , 70 . ........ 52 .. . . ..... 30 ........ 10 .... . 
. ... d . . ... .... . . 4U ......... 4.0 .. . . .... . 30 ........ 12 .... . 
· ... ct\ ...... . .. 7a .. . . ... , Ja ... . .... . 30 .... .... 10 ... .. 
· .. ~He. ....... 12Jl ........ 9Jl . . .. ....•....•. . ... ...... . 
SECONDARY Ipart/a) 

BEAM PROPERTIES 
MEASURED CONDITIONS 

PULSE WIDTH .. ~ .. RF deg ....... PI' A of . ... MeV ... ions 
PHASE EXC, max 30. RF deg .. .•... PI' A of .. , . MeV ... ions 
EXTRACT elf ... AQ. % .. . •.. . PI' A of . ... MeV ... ions 
RESOL OE/E ....... % ....... PI' A of .... MeV ... ions 
EMITTANCE 

In mm. mrad) { ... axladl} .. . . . .. PI'A of .. , .. MeV ... ions 
.... ra 

OPERATING PROGRAMS, time distribution 
BASIC NUCLEAR PHYSICS 0% SOLID STATES PHYSICS ~O~. 
BIOMEDICAL APPLICAT .. ?~~ ISOTOPE PRODUCTIONS .~~. 

REFERENCES/NOTES 
1) Hor i zontal median plane version of ORIC 
2) Conversion to RCA4648 power tetrode from RCA 6949 in 

late 1976. New computer installed July 1976 

PLAN VIEW OF FACILITY, NOTEWORTHY FEATURES, 
COMMENTS 



ENTRY NO •. . . . . . C7 .. ..... . . . .. . .... .. .. . . . .... . . . . .. . . . . .. ...... Date . . .. .. ~~~.~. ~.'.~:.9? . .. ..... . ... ... ... .. .. .. . ...... . 
Name of Machine . . . . Y:-.~ ~ ~.~ . ..... ..... ....... ...... ... .. ... ....... ... .. .. ... ......... .. ... ... ....... ...... ...... ... .... ... . 
~~~i::s~on . . . · l.n}g~·~'f~·~~k·~~~·1·5~b·e~~~i~·~~ · · · · · ·· · · · ··· · ··· ·· ··· · · ··· ······· · ·· ··· ··· · · ····· · · · · ·· ······ ··· · ····· ··· 
Tel ............. .... .... .......... .. ...... ...... . ·T~I~·~ ... .... .... ...... .... .. .... .. .... ............ .... .. ·F~~· ·.·.·. ·.·.·. ·.· ... ...... ...................... ..... EMAiL.·:·.::::::·.·. ::·.::·.·.:::·.:: :: 
In Charge: . .. . .I'!, . .I~Y)..QV ...... .. . .. . . ... .. .......... . . . . . ... Reported by: ... A, •. . P.~<:I;Z.qy .... .. . . ........ . ... . ... .. .. . .... .. . 

HISTORY 
MILESTONE DATES: 

Design ... J?~~... ......... . Model Tests .. ...... .. .. .... .... .. 
Construction .. 19.91 . ..,92 .. ..... First Beam .. ............. . .. . 

DESIGN/CONSTRUCTION BY: 
in house .... .. ... .. other ... .. .. JINR. D.lJbml ..... ...... .. . .. 

COST: Accelerator . . . . .. . ... .. . . . .... Facility .. ....... ...... . .. . 
FUNDED BY: .... .. . .. . ... .. . . . ...... . . ... . . .. .. . .. . .... . .... . .. . 

STATUS 
STAFF: Machine 

Scientists ........ . ... .. .. .. . .. . Engineers .. . .. . . . .. ... .. ... .. . . 
Technicians .. . . . . ... . .... .. ..... . Students .. . .. . . . .. .. . . . .. ... . . 

Research (in house/external) 
Scientists .. .. . .. . .. / .......... Engineers . . . .... . . . / . .. ... ... . 
Technicians .... .. .. . / .... . .... Students ......... / .. ..... .. 

BUDGET: Machine .. ...... . . ........ Funded by .. .. . .. . .. . . ... .. . 
Research ... .. . .. ... ... .. . . Funded by ... . .. . .... . . . .. . . 

TIME DISTRIBUTION: 
Basic Research (in house/external) .. .. ..... .. . % / ... ......... % 
Applied Program (in house/external) .... ..... . . % / . .. . .... . . . % 
Development . . .. .. . .. ' .' . . ... % Maintenance . . ... .. . . . .. ... . % 

MAGNET 
POLE PARAMETERS: 

Diameter .. ).),~ ... cm Rextrac .... .4~ .. . cm Rinjec' ......... cm 
HILL PARAMETERS: Gap (min) ... ~ .•. ? .. cm Bmu ... 1.: ~.~ . . T 

(<<I .......... AT) Gap (max) .. .. ...... cm Bmin .. .... . .. . T 
VALLEY PARAMETERS: Gap (min) . . 16,.2 cm Bmu .. l ... O:z, T 

(<<I .. ..... .. . AT) Gap (max) .. .... .. .. cm Bmin .... . .... . T 
AVERAGE FIELD: < 8 >min .. .. 1..3.2. T < 8 >max .. .l., ).~ .. T 
NUMBER OF SECTORS: compact/separated . . . . . . . . . . ~ ...... .. . . 

sector angle . ... .4P::~.4 ... deg . spiral (max) .. . . . ~ . . .... . .. deg. 
FiElD TRIMMING: Trim Coils ... ... .... . . ... ..... . . .. ..... .. .... .. 

Harmonic Coils ... . . . . ... ~ .. l\ . fl .. .... .. . ... .... ... .... . . 
Other .... . ...... .. . ... .. ........ .. ....... . . . . . ''''4' .... . 

CURRENT: Main Coils . ... 5.60 .. .... Amps Stability . . . 1.0 ... Z! .•.• • 
Trim Coils ...... .... .l.Q .... Amps Stability .... ... l'O.-:- .... .. 
Stored Energy ~cry,¥enic) .. .... ... .............. .. ...... MJ 

WEIGHT: Iron ....... q.. .......... Conductor . ~~ .. q :.~ .. ~ .. .... . 
ION ENERGY: Bending Limit E/ A = ................ q2 / A2 MeV /u 

Focussing Limit EI A = . . ... .. . . .. . ..... q/ A MeV /u 

ACCelERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: . . O ~.~ •. I; ~.~Q fl'<! fI.1; . . . Hn~ . . ... .... ........ ... ..... . 
No. of Gaps/turn . .... 2 . .... . dE/dn(max) ... .. 0 .. .1- ... . MeV/q 
Voltage(ma~ .. ... 0,.05 .... MV Harmonic f,f/fion .... .. ~ ...... . 
Freq .. . .. 2 .. ,2 . . ..... MHz Power in (max) ..... Q : .q?~ .. ... MW 
Stability: Phase .... . . . . ... .... . . .. Voltage . . ... . . . .. . . . .... . . 

OTHER CAVITIES (Flattopping or otherwise): 
Description: .... . ... . ......... .. .... . . .. ... .. .. .. ... . ... . .... ... . 
Region of Influence: Rmin . ... . .. .. . .. cm Rmax ... .. .... . .. cm 
No. of Gaps/turn. . ... . . .... . . dE/dn(max) ............ . MeV /q 
Voltage(max) . .... . .. . . . . .. MV Harmonic frf Ifion ... . .. . ...... . 

Freq . . . . ...... .... ... MHz Power in(max) .. . ..... . ... . .... MW 
Stability: Phase .. . . .. . .. .... ... . .. Voltage . . ..... . . . .... .. .. . 

VACUUM SYSTEM 1 0 - 6 
OPERATING PRESSURE: ......... . . ............ . ........ . .. 
PUMPS : No . and type . . .. 2. 0.11 . . i.l .i,tLlJ $.i.QIl. ... .. .. . .... .. .. .. 

ION SOURCE(S) 
Type Intensity CI 

(mA) 
(a) . lJJ:t.f.lm<J.l. . Plv .. ...... .. . .. 
(b) ......... .... ........ .. ...... . 
(c) .... .. ....... .... .... .. .. .. .. . 
(d) . ........ .. . . . . . . .. .... ...... . 

INJECTION SYSTEM 

(n = (3'Y( 
(lI'mm mrad) 

Ion Species 

.~r.Q1:.QI)::i . . . . 

. . . . . . . .. . .. . .. .. . . . ... .. . .. . . . ........ Efficiency . ... . . ... % 

EXTRACTION SYSTEM 
. . . . . . . . . . . .... . .. . . ..... . ... . . . . . . . .. Efficiency . . ... . . .. % 

CHARACTERISTIC BEAMS 
Current(part /LA) 

Acceler~ed Ions 
(a) .... ..... .. .. .. 

E/A (MeV/u) 
... .. 2.U ....... 

Inlernal External 

(b) ....... . . ... .. . 
(c) .............. . 
(d) .... .. ... .. .. .. 

Secondary Particles E (MeV) part/sec 
(a) .. . .. .... . ..... .. . . . . ...... . .. . .. ... . . . . . ... . .. . . ..... .. .. . . 
(b) . .. . .. .. . ..... . .. . .. ..... . .. . .. ... ... ... . . ..... . . .. . ... .... . 
(c) ........ . . .. . .. .. .. . .. . . . ..... .. ..... . .. . . .. . .. . . .. . ....... . 

EXTRACTED BEAM PROPERTIES: 
For ....... . ... ... /LA of . . .. . . .... .. . . MeV /u . .. . .. . ... ... . ions 
AE/E .... . .. .... .... .... .... % At/> ........ ............. .. Orf 
(n = (3'Y( x . . . . . .. . . .. .. lI'mm mrad z ...... . .... . . lI'mm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ....... . . .. m2 Moveable .. . . .. . ... . m2 

Target Stations: . ...... . . No. Served At Same Time: .. . . . . . . . 
MAGNETIC SPECTROMETERS: .. . .. .. .. ............. . . . . . . • . • . . . 
OTHER FACILITIES : .... . .. .... ... ... ..... .. ..... .. ... .......... .. 

REFERENCES/NOTES 
(a) . .. . .. . . . ........ . ... ... . .. . . . . . ..... . . ..... .. . .. . .. . . . .. . ... . . 
(b) .. ... ... . . . .. .... . . ... . .. . . . . .. ... . .. .. . .. . ... . . .. . .. ... .. . . . . . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO . .. . . . . em . Date .~;J .l.y'. J. •.. ~ 99.2.. 
Machine Na me .. C;;X.GI,Qt-I.E. ). 
Ma nufacturer .. ~)l.A .... . . 
Address . ]l. ~.l~ . ~ : .. ~: .1--.~n~~.r .. ~,. 1)48 .. I,9\,y.a~n:-I,'! :- t-I~'I\~lgiuin 
Tel .. ?f . .\ 9 .. 4). ?!l . .\ L.. . .. Telex ... . . . .. . ............. . 
Fax .. R.l.q.F.5~ .. IP ....... EMAIL .. . . .... . 
In Charge : .. Yve.s . J ONGEN ...... Reported by: . S.t.ephane . FASSIN . . 

HISTORY AND STATUS 
DATES : Design .. 19.~~. ... ...... Fi rst Machine ... ~~.9.0 . ....... . 
SALES : No. Sold/ Operational .3 .. / .2 . . Currently Ava ilable . . Y. 
COST : Accelerator .. . ...... .. . ....... Facility . . ............ . ... . 

MAGNET 
POLE PARAMETERS : 

Diametet . . 50 . .... em Rextract .. 2.Q . 5 .. em Ri "jec t .. . . ? . . . em 
HILL PARAMET ERS : Gap ( m in) .... ~.·A . . em Bn•n ... . L·.~~. T 

(10 ......... . AT) Gap (max) .......... em Bmi" . .. ..... .. T 
VALLEY PARAMETERS: Gap (min) ... ~ .... em Bm ... . .1.·."(9. T 

( 41 ......... . AT) Gap ( max) . .... . .. . . cm B"' i" ......... . T 
AV ERAGE FIELD: < B > ",in . .1 ... ~? ... T < B > "' .. . ...... .. . T 
NUMBER OF SECTO RS: compact / separated .. . . .4 .. . . / . . ....... . 

sector a ngle ....... ~P.o ..... deg . spiral ( max) . . . -; ........ . .. deg . 
FIELD TRIMMING : Trim Coils .. ....... 7 .... . .... . •. . .•. . . ........ . 

Harmonic Coils .... . ...... . ....... . . . ........ . .. . . 
Ot her .......... .. ..... . .... :- ........... . . ... . ......... . 

CURR ENT : Ma in Coils ... 225 . . ...... Amps Stability . .\9:-.~ ... . .. . 
Trim Coils ......... +/,"" .. 5 . . Am ps St a bility .... .19:-. . . ... . . . 
Stored Energs- <fryogeni c ) . ... . . .. .. ::........ . ... .. ..... M J 

WEIGHT : Iron . .. . ... ?n.s.... . .... Conductor .. O: 5 . . Ton~ . . .. .. .. . 
ION ENERGY: Bending Lim it E/ A = .. . . . .7 •. 6 ....... q2/p MeV / u 

Focussing Limit E/ A = 7.6 ... . ..... q / A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACC ELERATION : 

Descript ion: . ... . 2 . . 'f. 9.<t . p~.e. 'l .. .... . ... ... . . .. . . .............. . 
No . of Gaps/ turn . . 4.. . . . . . .. . dE / dn(max). 9 ... Cl~ . .... . . MeV / q 
Voltage(max) .... 9 ... Cl~ ..... MV Ha rmonic f ' f { ~0'k ... 2 ......... . 
Freq . .... 3.Cl .......... MHz Powe r in(ma x) ....... ~ . . . . .. . . . 
Stabil ity : P hase . . :1) -:- .. 10 .%... . ... Voltage 20 .. kV .. (d.e~!. ..... 

VACUUM SYSTEM 
OPERATING PRES SU RE : 8 10-5 mbar . . . . . . . . . . . . . . . . 
PU MPS: No. and t ype . .. ... . .1. .~ . .3.QO . .lh ~ ~ .. QQ!' ....... . . 

ION SOURCE(S) 
Type Intensity <l) (" = Ih( Ion Species 

( mA) ( .. mm mra d) 
( a ) . .. ~lc,; ..... ~,?~d ....... . , .. .1 .. 
( b) ..... .. ... . . ,,~.t~~de ...... . ... . 

deuteron 

INJECTION SYSTEM 

. . . . .... . . Efficiency .... .. ... % 

EXTRACTION SYSTEM 
..... P~P~.ct?r: ..... . ......... . ............ . Efficiency .. . ... JO % 

CHARACTERISTIC BEAMS 
Current(pa rt . IJ. A) 

Accelera ted Ions E/ A (MeV / u) Inter nal Extern a l 
( a ) . .deut.eroTL . ... .l, 90.... . . . . . . ... l O.Q. . . . .... . .7.Q. 
(b) ................. . . . .......... . .. . . . ........ . .............. . 

EXTRACTED BEAM P ROPERTIES: 
For .. . ...... . .... IJ. A of ... .. . ........ MeV / u ...... . .... . .. ions 
ClE / E ..... . . . ...... . . . .... . . % Cl1> . ..... . .. . .... orf 
En = 13,t X ...... 1T' mm mrad Z .. ... .. .. . ... 7r rnm mrad 

REFERENCES/NOTES 
(a) . EP.AC. 9.Q, . Y .•.. JOJl.gell .. e. ~ . "J., . . r:U.C.e . l 9.'N .. . . ... . •.• .. ...... 
(b) . ... . ....... . . . ......... . . ......... .. ... . ..... . ... . .... . .. ... . . 

ENTRY NO ....... C.M2 ........ Dat e . . July.3 .•. 199.2. 
Mach ine Name .. C)'.GLONJO . . ~O/.5 .. 
Ma nufacturer ... rl\l\ . .............. . 
Address . ..... . .. R.~~. ~ ... I~,. J".eI) Q.i.r .. • . P . ./.. J.J.48. Ll)VYiJ.:i.n:- ) ;\-;l!Iellve 
Tel .. ;Jf.)9.1t.7 .. ?~ .. U.. Telex . . .. . .. . . ......... . B.e~S~tl~ 
Fax )~ . . 1.Cl .':< 7. .~~ . .1 .Cl . . ..... EMAIL . . . 
In Charge: . Yve.s . JONGEN. Reported by : . S.t;eph.G\T)I! . .l'IISSJN. 

HISTORY AND STATUS 
DATES: Design . \ ?!l.~ .... 
SALES : No . Sold / Operational 
COST: Accelerator .............. . 

MAGNET 
POLE PARAMETERS : 

Fi rst Machine . .1. 9~9 ... . ...... . 
/ .. . ? Currently Ava ilable .'( . . 

Facility . . ............. .. . . 

Diameter ... 76 .... em R exltllct "':"": 35. , ., . em Rinj ect . .. 2 . ... . em 
HI LL PARAMETERS : Gap (min) .... 3 .. ... em B", ... .1,9 ..... T 

(41 .. J.l.Z . DP.oAT) Gap (max) .. .. ...... cm Bmin .......... T 
VALLEY PARAMETERS : Gap (min) .. &0 .... em B", .. Q.~.. T 

(41 . . .. AT) Gap (max) .......... em Bmi" . ....... . . T 
AVERAGE FIELD : < B > ... i" . . .1. ,3 . ... T < B > mu . .1. , 3 ... . . T 
NUMBER OF SECTORS : compact / separated ... ~ . .. . .. / . . . . . .. .. . 

sector angle . ... . 5.q .. .. .... deg . spira l ( max) . . . .. 0 . ........ deg . 
FIELD TRIMMING : Trim Coils .... ~~fl.e. . .... . . . . . .... . 

Harmon ic Coils ........ ~9.n.~ . . .... . 
Other .......... .. ...... . . . . . . . . . . ~. lri~ 5 

CURRENT: Main Coil s . .. 200 ....... Amps St ability . . . . . 
Trim Coils .. .1'1/..(1. . .. Amps Stability . . . N./A . . . 
Stored Energy (cryogeni c ) . . .... fll.lA. ...... . . . . . ... . ...... MJ 

WEIGHT : Iron . ... .l.~. 1"9.'1$.. . . . .. Co nductor .... 1. 250. 1:00S .. 

ION ENERGY: Bending Limit E/ A = ...... 11 .. ... . .. q2/ A2 MeV / u 
Focussing Limit E/ A = . . ... l.l. .... . . . ... q / A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: .. 2 .x . .10~ . D.ees . on . l arubda/.2 . Hc.lieal/.Ve.r. t ieal . S t ems 
No . of Gaps/ turn .. .4 ........ . dE / dn(max) .. 0.1 04 .. .. MeV / q 
Volt age(max) .. . Q. 03 . ...... MV Harmonic f, r / fio" 2 I' I ~ cI. 
Freq .... "P ........... MHz Power in( m ax) .. 0.0.10 . .... . ... MW 
St a bility : Phase . .. .. . . Volt age .. 2 ... 10:- 3 .. .. .. . . . 

VACUUM SYSTEM 
OPERATING PRES S URE .3 . . f9.~6 .. . ..... . . . . . 
PUMPS : No. and type . .... 2 x ... ~999 . .1(~.e.~ .. P.QI:' .......... . . . . 

ION SOURCE(S) 
Type Intensity <l) (" = fl , ( Ion Species 

(a) .... PI.~ ... . . . . . .. tW ...... ( 7r mm mrad) H-

( b ) . ... PIG . . . . ....... l. DC . . . . d:-· · · ·· · · 

INJECTION SYSTEM 
.. . .2. )n .ter!,,!- ~ .. S.,?",!.c;es ......... . . . . .... . ... Efficiency . . .. to. .. % 

EXTRACTION SYSTEM 
... S.t~ i p'p.i!,g . . .......... .. . . . .... . . . .. . ... Efficiency . . .1 99 ... % 

CHARACTERISTIC BEAMS 
Current(part . IJ. A) 

Accelerated Ions E/ A (MeV / u ) Internal External 
(a) ... !L .. .... ...... .1.0 . .. . . . '9~ .. ....... lO~ ..... . 
(b) ... !i:-.. ..... ....... .. ~:? .... .. . . . ... . ~P ...... .... .. W .. .. .. . 

EXTRACTED BEAM PRO PERTIES: 
For . .......... . . . /I A of ..... ... ...... MeV / u .. . .... . .. ... . Ions 
ClE / E ... .. ... . . . . ......... . . % Clq, . .... .. ....... ° rf 
En = i31 { X . . . ..•...•.•. 7r mm mrad Z . . . .• • .. . •. . . 7I"rn m mrad 

REFERENCES/NOTES 
(a) . E.P.AC . 9.0,. Y., .Jongen .. e t . a J. •. N;i..c.e .l9.QO . .......... .. . .. . 
(b ) . .......... . ........ .. . . ... . ..... . 



ENTRY NO . .. . . . . em . Date .~;J .l.y'. J. •.. ~ 99.2.. 
Machine Na me .. C;;X.GI,Qt-I.E. ). 
Ma nufacturer .. ~)l.A .... . . 
Address . ]l. ~.l~ . ~ : .. ~: .1--.~n~~.r .. ~,. 1)48 .. I,9\,y.a~n:-I,'! :- t-I~'I\~lgiuin 
Tel .. ?f . .\ 9 .. 4). ?!l . .\ L.. . .. Telex ... . . . .. . ............. . 
Fax .. R.l.q.F.5~ .. IP ....... EMAIL .. . . .... . 
In Charge : .. Yve.s . J ONGEN ...... Reported by: . S.t.ephane . FASSIN . . 

HISTORY AND STATUS 
DATES : Design .. 19.~~. ... ...... Fi rst Machine ... ~~.9.0 . ....... . 
SALES : No. Sold/ Operational .3 .. / .2 . . Currently Ava ilable . . Y. 
COST : Accelerator .. . ...... .. . ....... Facility . . ............ . ... . 

MAGNET 
POLE PARAMETERS : 

Diametet . . 50 . .... em Rextract .. 2.Q . 5 .. em Ri "jec t .. . . ? . . . em 
HILL PARAMET ERS : Gap ( m in) .... ~.·A . . em Bn•n ... . L·.~~. T 

(10 ......... . AT) Gap (max) .......... em Bmi" . .. ..... .. T 
VALLEY PARAMETERS: Gap (min) ... ~ .... em Bm ... . .1.·."(9. T 

( 41 ......... . AT) Gap ( max) . .... . .. . . cm B"' i" ......... . T 
AV ERAGE FIELD: < B > ",in . .1 ... ~? ... T < B > "' .. . ...... .. . T 
NUMBER OF SECTO RS: compact / separated .. . . .4 .. . . / . . ....... . 

sector a ngle ....... ~P.o ..... deg . spiral ( max) . . . -; ........ . .. deg . 
FIELD TRIMMING : Trim Coils .. ....... 7 .... . .... . •. . .•. . . ........ . 

Harmonic Coils .... . ...... . ....... . . . ........ . .. . . 
Ot her .......... .. ..... . .... :- ........... . . ... . ......... . 

CURR ENT : Ma in Coils ... 225 . . ...... Amps Stability . .\9:-.~ ... . .. . 
Trim Coils ......... +/,"" .. 5 . . Am ps St a bility .... .19:-. . . ... . . . 
Stored Energs- <fryogeni c ) . ... . . .. .. ::........ . ... .. ..... M J 

WEIGHT : Iron . .. . ... ?n.s.... . .... Conductor .. O: 5 . . Ton~ . . .. .. .. . 
ION ENERGY: Bending Lim it E/ A = .. . . . .7 •. 6 ....... q2/p MeV / u 

Focussing Limit E/ A = 7.6 ... . ..... q / A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACC ELERATION : 

Descript ion: . ... . 2 . . 'f. 9.<t . p~.e. 'l .. .... . ... ... . . .. . . .............. . 
No . of Gaps/ turn . . 4.. . . . . . .. . dE / dn(max). 9 ... Cl~ . .... . . MeV / q 
Voltage(max) .... 9 ... Cl~ ..... MV Ha rmonic f ' f { ~0'k ... 2 ......... . 
Freq . .... 3.Cl .......... MHz Powe r in(ma x) ....... ~ . . . . .. . . . 
Stabil ity : P hase . . :1) -:- .. 10 .%... . ... Voltage 20 .. kV .. (d.e~!. ..... 

VACUUM SYSTEM 
OPERATING PRES SU RE : 8 10-5 mbar . . . . . . . . . . . . . . . . 
PU MPS: No. and t ype . .. ... . .1. .~ . .3.QO . .lh ~ ~ .. QQ!' ....... . . 

ION SOURCE(S) 
Type Intensity <l) (" = Ih( Ion Species 

( mA) ( .. mm mra d) 
( a ) . .. ~lc,; ..... ~,?~d ....... . , .. .1 .. 
( b) ..... .. ... . . ,,~.t~~de ...... . ... . 

deuteron 

INJECTION SYSTEM 

. . . . .... . . Efficiency .... .. ... % 

EXTRACTION SYSTEM 
..... P~P~.ct?r: ..... . ......... . ............ . Efficiency .. . ... JO % 

CHARACTERISTIC BEAMS 
Current(pa rt . IJ. A) 

Accelera ted Ions E/ A (MeV / u) Inter nal Extern a l 
( a ) . .deut.eroTL . ... .l, 90.... . . . . . . ... l O.Q. . . . .... . .7.Q. 
(b) ................. . . . .......... . .. . . . ........ . .............. . 

EXTRACTED BEAM P ROPERTIES: 
For .. . ...... . .... IJ. A of ... .. . ........ MeV / u ...... . .... . .. ions 
ClE / E ..... . . . ...... . . . .... . . % Cl1> . ..... . .. . .... orf 
En = 13,t X ...... 1T' mm mrad Z .. ... .. .. . ... 7r rnm mrad 

REFERENCES/NOTES 
(a) . EP.AC. 9.Q, . Y .•.. JOJl.gell .. e. ~ . "J., . . r:U.C.e . l 9.'N .. . . ... . •.• .. ...... 
(b) . ... . ....... . . . ......... . . ......... .. ... . ..... . ... . .... . .. ... . . 

ENTRY NO ....... C.M2 ........ Dat e . . July.3 .•. 199.2. 
Mach ine Name .. C)'.GLONJO . . ~O/.5 .. 
Ma nufacturer ... rl\l\ . .............. . 
Address . ..... . .. R.~~. ~ ... I~,. J".eI) Q.i.r .. • . P . ./.. J.J.48. Ll)VYiJ.:i.n:- ) ;\-;l!Iellve 
Tel .. ;Jf.)9.1t.7 .. ?~ .. U.. Telex . . .. . .. . . ......... . B.e~S~tl~ 
Fax )~ . . 1.Cl .':< 7. .~~ . .1 .Cl . . ..... EMAIL . . . 
In Charge: . Yve.s . JONGEN. Reported by : . S.t;eph.G\T)I! . .l'IISSJN. 

HISTORY AND STATUS 
DATES: Design . \ ?!l.~ .... 
SALES : No . Sold / Operational 
COST: Accelerator .............. . 

MAGNET 
POLE PARAMETERS : 

Fi rst Machine . .1. 9~9 ... . ...... . 
/ .. . ? Currently Ava ilable .'( . . 

Facility . . ............. .. . . 

Diameter ... 76 .... em R exltllct "':"": 35. , ., . em Rinj ect . .. 2 . ... . em 
HI LL PARAMETERS : Gap (min) .... 3 .. ... em B", ... .1,9 ..... T 

(41 .. J.l.Z . DP.oAT) Gap (max) .. .. ...... cm Bmin .......... T 
VALLEY PARAMETERS : Gap (min) .. &0 .... em B", .. Q.~.. T 

(41 . . .. AT) Gap (max) .......... em Bmi" . ....... . . T 
AVERAGE FIELD : < B > ... i" . . .1. ,3 . ... T < B > mu . .1. , 3 ... . . T 
NUMBER OF SECTORS : compact / separated ... ~ . .. . .. / . . . . . .. .. . 

sector angle . ... . 5.q .. .. .... deg . spira l ( max) . . . .. 0 . ........ deg . 
FIELD TRIMMING : Trim Coils .... ~~fl.e. . .... . . . . . .... . 

Harmon ic Coils ........ ~9.n.~ . . .... . 
Other .......... .. ...... . . . . . . . . . . ~. lri~ 5 

CURRENT: Main Coil s . .. 200 ....... Amps St ability . . . . . 
Trim Coils .. .1'1/..(1. . .. Amps Stability . . . N./A . . . 
Stored Energy (cryogeni c ) . . .... fll.lA. ...... . . . . . ... . ...... MJ 

WEIGHT : Iron . ... .l.~. 1"9.'1$.. . . . .. Co nductor .... 1. 250. 1:00S .. 

ION ENERGY: Bending Limit E/ A = ...... 11 .. ... . .. q2/ A2 MeV / u 
Focussing Limit E/ A = . . ... l.l. .... . . . ... q / A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: .. 2 .x . .10~ . D.ees . on . l arubda/.2 . Hc.lieal/.Ve.r. t ieal . S t ems 
No . of Gaps/ turn .. .4 ........ . dE / dn(max) .. 0.1 04 .. .. MeV / q 
Volt age(max) .. . Q. 03 . ...... MV Harmonic f, r / fio" 2 I' I ~ cI. 
Freq .... "P ........... MHz Power in( m ax) .. 0.0.10 . .... . ... MW 
St a bility : Phase . .. .. . . Volt age .. 2 ... 10:- 3 .. .. .. . . . 

VACUUM SYSTEM 
OPERATING PRES S URE .3 . . f9.~6 .. . ..... . . . . . 
PUMPS : No. and type . .... 2 x ... ~999 . .1(~.e.~ .. P.QI:' .......... . . . . 

ION SOURCE(S) 
Type Intensity <l) (" = fl , ( Ion Species 

(a) .... PI.~ ... . . . . . .. tW ...... ( 7r mm mrad) H-

( b ) . ... PIG . . . . ....... l. DC . . . . d:-· · · ·· · · 

INJECTION SYSTEM 
.. . .2. )n .ter!,,!- ~ .. S.,?",!.c;es ......... . . . . .... . ... Efficiency . . .. to. .. % 

EXTRACTION SYSTEM 
... S.t~ i p'p.i!,g . . .......... .. . . . .... . . . .. . ... Efficiency . . .1 99 ... % 

CHARACTERISTIC BEAMS 
Current(part . IJ. A) 

Accelerated Ions E/ A (MeV / u ) Internal External 
(a) ... !L .. .... ...... .1.0 . .. . . . '9~ .. ....... lO~ ..... . 
(b) ... !i:-.. ..... ....... .. ~:? .... .. . . . ... . ~P ...... .... .. W .. .. .. . 

EXTRACTED BEAM PRO PERTIES: 
For . .......... . . . /I A of ..... ... ...... MeV / u .. . .... . .. ... . Ions 
ClE / E ... .. ... . . . . ......... . . % Clq, . .... .. ....... ° rf 
En = i31 { X . . . ..•...•.•. 7r mm mrad Z . . . .• • .. . •. . . 7I"rn m mrad 

REFERENCES/NOTES 
(a) . E.P.AC . 9.0,. Y., .Jongen .. e t . a J. •. N;i..c.e .l9.QO . .......... .. . .. . 
(b ) . .......... . ........ .. . . ... . ..... . 



ENTRY NO . . ..... . GM3. Date .~~;t.Y. .;3.> . .\99.2 . . 
Machine Name . . Q<;:J..PI1I;. J.8J9. 
Manufacturer ... ~~[>... . ... ..... . 
Address .. ..... . ~~.e. ) .. E .•.. Len.air .. ' .. 9. I. . P~.i\ .lc9).IV~ ~n.-)":-N.eyve 
Tel. }Z . J.o. .~? .~~ . .l.l ... . Telex ............ .. . ll.e). !;(;i.ll.JI) .. . 
Fax.;3.2..W .4). ?8 . . W .. . .. EMAIL ... . .. . ......... . . . 
In Charge: .. Yv.e~. J()NGEN .. Reported by : . ~.t" l?h.a.,:". F.ASSIN .. 

HISTORY AND STATUS 
DATES : D~sign .(lUO.4/~O . ...... First Machine . O]/.~2 
SALES : No . Sold / Operational . .. .s / ~ ... Currently Available .. Y. 
COST: Accel~rator ..... . . . ... . . .. .... Facility .. . . .. ..... . ...... . 

MAGNET 
POLE PARAMETERS : 

Diameter . .1.Q~ . . .. em R ext ra.c t ... ~~ .... em R illj p.ct .... ~ .. .. em 
HILL PARAMETERS : Gap (min) ..... ~ .... cm Bm ..... ? -~ . .. T 

(II) .1 12 .. 000. AT) Gap (max) . . .. ~ . .. .. em Bmin .... 2. _.+ . . . T 
VALLEY PARAMETERS : Gap (min) ?7 ..... cm Bm .... 0.6 ... T 

(II) AT) Gap (max) ... 67 ..... em Bmin .... (l.6 . .. T 
AVERAGE FIELD: < B > min . ~ .. .3.'?.. T < B >m.x .. .1",~:;" T 
NUMBER OF SECTORS: compact / separat~d .... . Lt ... / ......... . 

• eetor .ngl~ . . '??~ .......... d~g .• piral (max) ... ... 7 . ....... deg . 
FIELD TRIMMING : Trim Coils ...... . .. N,?ne . . . .. . ................. . 

Harmonic Coils ... . ... , . .... ~9~~ ... , ............ . . ..... . 
Other .. ir.an. edges .. (movable. £or . deutt!.t:oos). .....• 

CURRENT: Main Coils .. 200 . . . ..... Amps Stability .. . lO. -:-.4 . .... . 
Trim Coils .. N/.A .... .. ... .. Amps Stability ...... N/A .... .. . . 
Stored Energy (cryogenic) ... N/A . .. .. .. ... . ............. MJ 

WEIGHT : Iron .20 . T.aos... ...... Conductor . ... cop.,e r . 2 .Tons. 
ION ENERGY: Bending Limit E/ A = ... ... 20 .. ... q2/A2 MeV / u 

Focussing Limit E/ A = .. . . 2.0.. . ... q / A MeV / u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 
D~scription: .. 2 .~ . .10~. D.ees . . . Qo.lal1lbda/.4 . s.t;raight s.t; e ljls ... 
No . of Gaps / turn .... 4 . . ..... . dE / dn(max) . . 0 • . l04 ... . .. MeV / q 
Voltage(max) ... 0 .032 .... . MV Harmonic fd / fion .. 2. PI. 't..ct. 
Freq .. . .. 1<2 .. . ...... MHz Power in(max) .. . . .. Q,D.1.Q ..... MW 
Stability: Phase .Del'.". cpnnec.t.eQ. Voltage.6. J.o.-:~ ... ... .... . 

VACUUM SYSTEM 
OPERATING PRESSURE: .. O .. LO:-? ....... . ...... . ........•.• . . . 
PU M PS: No. and type ... ..... .. . . L,. 1' . .1 09 . .1( ~.ec .. ()pp ......... . 

ION SOURCE(S) 
Type Intensity 

(mA) 
. . . f .. QG. (a) ... nG ..... .. . 

(b) ... nG .. . . . .. . 1 DC 

INJECTION SYSTEM 

Il) I" = {h I 
(rr mm mrad) 

Ion Species 

.... 2. i.nt;er.n"l.. .~Q\lr.Ce.~ ........ . ..... . •.... Efficiency. )0 ..... % 

EXTRACTION SYSTEM 
... . . <;:?.r.b'm . ?t.r),pp.e.L . ....... ... . .. ...... Efficiency .) 99 . ... % 

CHARACTERISTIC BEAMS 
Current(part . /lA) 

Accelerated Ions E/ A IMeV / u) 
(a) ... ~-: ... .... ... .. ... 18 

Internal External 
100 100 . .... . . .... ... . . ......... . . 

(b) ... d.-:. ... . . .... . . ... ~:? ... . . . . . . . . . . . 3.~ ..... . ...... .3.~ . . .. . 
EXTRACTED BEAM PROPERTIES : 

For . ... ..... . .... /lA of . . .. ...... .... MeV /u ... . . ......... Ions 
6E/E ............ . ......... % 64> ... ...... .. .. .. ° rf 
{n = f3"f{ x.... 7rmm mrad z ......... . ... 7rmm mrad 

REFERENCES/NOTES 
(a) .. EPAC . 90., .. Y. . . J.oog.e.n, .IU.c;~ . .1.~90 .. .. . .... ... .. .. . .. . . . 
(b) .. .... . .. ....................... .. ..... .. ... ...... . . .. . . ... . . . . 

ENTRY NO. 
CM4 

Date .. Jll.b:. ;3., . .t 99.4 
Machine Name ... c;'(CJ..o.~J;:. JQ .............. . 
Manufacturer ... )\lA. 
Address ...... . Rue J.E. Lenoir, .f!. I. 1348 Lauvain-la-Neuve 
Tel . ;3.4 . ~ D . .4? . .s.~ . P .. . ....... Telex . . ... . .. ...... ~·e.i.gi;;ni ·. '. '. 
Fax .~? .1.0.1j} .'?!l .. ~Q. . EMAIL . . .. . ............. . 
In Charge: .. ¥Y.~~. Jp.'lg~f1. Reported by: . :; .t.~Pto.a.rl~ . .F.'\~$~.n . . 

HISTORY AND STATUS 
DATES : D~sign .. l.~~~. . .. . . . First Machine .. 1 9.~6 .. .. ..... . 
SALES : No . Sold / Operational . . 1.4 / [D.. Currently Available .. Y .. 
COST: Acc~l~rator ................... Facility ....... . ... . ... .. . . 

MAGNET 
POLE PARAMETERS : 

Diameter . . 1 .~q .... em Rexlract ... ~?~.7.~ em Rinj ecl .. ? .. ... em 
HILL PARAMETERS : Gap (min) .... ~ ... . . em Bn,ax ... . 1.:? .. T 

(Il) .6 0. noo . . AT) Gap (max) .. } . ..... em Bmin .. . .. ... .. T 
VALLEY PARAMETERS : Gap (min) . ~ .o.O ... em Bm .. . . Q I P .. T 

(II) . ... :-.... . AT) Gap (max) .... \OP ... em Bmi" ...... .... T 
AVERAGE FIELD: < B > min .. L·.Q .... T < B >max ... .1,:) .... T 
NUMBER OF SECTORS: compact / s~parat~d .... ~ ..... / ..... , . .. . 

sector angle . . ~4:-?i\ . .. .... deg . spiral (max) . . .... 0 .... . ... deg . 
FIELD TRIMMING : Trim Coils ... Nq\l~.. . . . .............. . 

Harmonic Coils . ....... ~Qf\~ . .. . . .. ............ . ... . .... . 

Other ... : .... i·l·O············· · ... .. . :: . . 5"~ ' io·...:S···· 
CURRENT: Maon COIls ... ........... Amps StabIlIty ... ... . ..... . . 

Trim Coils .... I1/.1'!- ...... . .. . Amps Stability .... N/.A .... .... . 
Stored Energy (cryogenic) ... N/A ....... . ................ MJ 

WEIGHT: Iron .45. T.ans........... Conductor .. .4. .Ton" ......... . 
ION ENERGY: Bending Limit E / A = .... J.Q ......... q2/A2 M~V / u 

Focussing Limit E/ A = ... 3D . ........... q / A M~V / u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: . . 2. .J!' . . 3.Q~ . p.e.~$. 1'.'1 . . ~.,\II)~?~/Z. y.e.,~~.c.,!~. ;;.t.~m~ ... 
No . of Gaps / turn .. .. . ~ . ...... dE / dn(max) . . 9:.1) . ... . . MeV / q 
Voltage(max)~() .•. Q,??.... MV Harmonic fd / fi8" .. 4 ........... . 
Freq . :-: .9~ ........... MHz Power in(max) . ..... .. 955 . ...... MW 
Stability: Phase ............ Voltage .. 10:-. . .. ......... . 

VACUUM SYSTEM 7 
OPERATING PRESSURE: .~ .. ~ .. lq~... .. . ... ......... . ..... . 
PUMPS: No. and type .~ . . ~ .4,000 1l.q~c .QI?f.:t.2.?' . . L5.00 .l/.~ec 

(N2) cryo ' s 

ION SOURCE(S) 
Type Intensity Il) I " = {hI Ion Sp~cies 

(mA) (rr mm mrad) 
(a) ... t:I~.~~~~.u.'~I? ..... .. ~ ... . .. . ... H-: •. . d~ ... . . 
(b) ..... ......... ..... .. ... . 

INJECTION SYSTEM 
... MiaL . . . . ... . .. . . . . . . ... . .. .... Efficiency ... ~? ... % 

EXTRACTION SYSTEM . 
.~~r.i.p.l?i.I]K ....... .. .... . . . .... . .. . .. . . .. Efficiency 100 % 

CHARACTERISTIC BEAMS 
Current(part . /lA) 

Internal External 
.. .. . son .Il:-.... . ... 50.0 ..... . 

Accelerated Ions _f / A (MeV/u) 
(a) . ..p.~'?t?n,? .(.~ ...... 3n . . ... . 
(b) ........ ... .................. . 

EXTRACTED BEAM PROPERTIES : 
For .500 ....... . . /lAof . .. . 30 . . .. .. . . MeV / J ... l'.t:Q.t.Qns.~ 
6E/ E ....... t ...... .. . .... .. % 6 4> ....... . ... .. . ...... . . . °rf 
'" = /3-y, x .. 1.0 ........ rrmm mrad z ... 5 . .. .. ... . rrmm mrad 

REFERENCES/NOTES 
(a) .ACe .. 92 •. . Y. • • J.o.n!i\m . ~~ .. "'~ , . ii.!; .l?".t.~q;".l!, g .. 1.~9? ..... ... • 
(b) .EPAC . ~ 99.Q, . ¥'" . .)9f1.l\~\l .. e.!; . ?;t., .. ~~.c.~ . ~9.~Q ....... . ..... . .. . 



ENTRY NO . . ..... . GM3. Date .~~;t.Y. .;3.> . .\99.2 . . 
Machine Name . . Q<;:J..PI1I;. J.8J9. 
Manufacturer ... ~~[>... . ... ..... . 
Address .. ..... . ~~.e. ) .. E .•.. Len.air .. ' .. 9. I. . P~.i\ .lc9).IV~ ~n.-)":-N.eyve 
Tel. }Z . J.o. .~? .~~ . .l.l ... . Telex ............ .. . ll.e). !;(;i.ll.JI) .. . 
Fax.;3.2..W .4). ?8 . . W .. . .. EMAIL ... . .. . ......... . . . 
In Charge: .. Yv.e~. J()NGEN .. Reported by : . ~.t" l?h.a.,:". F.ASSIN .. 

HISTORY AND STATUS 
DATES : D~sign .(lUO.4/~O . ...... First Machine . O]/.~2 
SALES : No . Sold / Operational . .. .s / ~ ... Currently Available .. Y. 
COST: Accel~rator ..... . . . ... . . .. .... Facility .. . . .. ..... . ...... . 

MAGNET 
POLE PARAMETERS : 

Diameter . .1.Q~ . . .. em R ext ra.c t ... ~~ .... em R illj p.ct .... ~ .. .. em 
HILL PARAMETERS : Gap (min) ..... ~ .... cm Bm ..... ? -~ . .. T 

(II) .1 12 .. 000. AT) Gap (max) . . .. ~ . .. .. em Bmin .... 2. _.+ . . . T 
VALLEY PARAMETERS : Gap (min) ?7 ..... cm Bm .... 0.6 ... T 

(II) AT) Gap (max) ... 67 ..... em Bmin .... (l.6 . .. T 
AVERAGE FIELD: < B > min . ~ .. .3.'?.. T < B >m.x .. .1",~:;" T 
NUMBER OF SECTORS: compact / separat~d .... . Lt ... / ......... . 

• eetor .ngl~ . . '??~ .......... d~g .• piral (max) ... ... 7 . ....... deg . 
FIELD TRIMMING : Trim Coils ...... . .. N,?ne . . . .. . ................. . 

Harmonic Coils ... . ... , . .... ~9~~ ... , ............ . . ..... . 
Other .. ir.an. edges .. (movable. £or . deutt!.t:oos). .....• 

CURRENT: Main Coils .. 200 . . . ..... Amps Stability .. . lO. -:-.4 . .... . 
Trim Coils .. N/.A .... .. ... .. Amps Stability ...... N/A .... .. . . 
Stored Energy (cryogenic) ... N/A . .. .. .. ... . ............. MJ 

WEIGHT : Iron .20 . T.aos... ...... Conductor . ... cop.,e r . 2 .Tons. 
ION ENERGY: Bending Limit E/ A = ... ... 20 .. ... q2/A2 MeV / u 

Focussing Limit E/ A = .. . . 2.0.. . ... q / A MeV / u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 
D~scription: .. 2 .~ . .10~. D.ees . . . Qo.lal1lbda/.4 . s.t;raight s.t; e ljls ... 
No . of Gaps / turn .... 4 . . ..... . dE / dn(max) . . 0 • . l04 ... . .. MeV / q 
Voltage(max) ... 0 .032 .... . MV Harmonic fd / fion .. 2. PI. 't..ct. 
Freq .. . .. 1<2 .. . ...... MHz Power in(max) .. . . .. Q,D.1.Q ..... MW 
Stability: Phase .Del'.". cpnnec.t.eQ. Voltage.6. J.o.-:~ ... ... .... . 

VACUUM SYSTEM 
OPERATING PRESSURE: .. O .. LO:-? ....... . ...... . ........•.• . . . 
PU M PS: No. and type ... ..... .. . . L,. 1' . .1 09 . .1( ~.ec .. ()pp ......... . 

ION SOURCE(S) 
Type Intensity 

(mA) 
. . . f .. QG. (a) ... nG ..... .. . 

(b) ... nG .. . . . .. . 1 DC 

INJECTION SYSTEM 

Il) I" = {h I 
(rr mm mrad) 

Ion Species 

.... 2. i.nt;er.n"l.. .~Q\lr.Ce.~ ........ . ..... . •.... Efficiency. )0 ..... % 

EXTRACTION SYSTEM 
... . . <;:?.r.b'm . ?t.r),pp.e.L . ....... ... . .. ...... Efficiency .) 99 . ... % 

CHARACTERISTIC BEAMS 
Current(part . /lA) 

Accelerated Ions E/ A IMeV / u) 
(a) ... ~-: ... .... ... .. ... 18 

Internal External 
100 100 . .... . . .... ... . . ......... . . 

(b) ... d.-:. ... . . .... . . ... ~:? ... . . . . . . . . . . . 3.~ ..... . ...... .3.~ . . .. . 
EXTRACTED BEAM PROPERTIES : 

For . ... ..... . .... /lA of . . .. ...... .... MeV /u ... . . ......... Ions 
6E/E ............ . ......... % 64> ... ...... .. .. .. ° rf 
{n = f3"f{ x.... 7rmm mrad z ......... . ... 7rmm mrad 

REFERENCES/NOTES 
(a) .. EPAC . 90., .. Y. . . J.oog.e.n, .IU.c;~ . .1.~90 .. .. . .... ... .. .. . .. . . . 
(b) .. .... . .. ....................... .. ..... .. ... ...... . . .. . . ... . . . . 

ENTRY NO. 
CM4 

Date .. Jll.b:. ;3., . .t 99.4 
Machine Name ... c;'(CJ..o.~J;:. JQ .............. . 
Manufacturer ... )\lA. 
Address ...... . Rue J.E. Lenoir, .f!. I. 1348 Lauvain-la-Neuve 
Tel . ;3.4 . ~ D . .4? . .s.~ . P .. . ....... Telex . . ... . .. ...... ~·e.i.gi;;ni ·. '. '. 
Fax .~? .1.0.1j} .'?!l .. ~Q. . EMAIL . . .. . ............. . 
In Charge: .. ¥Y.~~. Jp.'lg~f1. Reported by: . :; .t.~Pto.a.rl~ . .F.'\~$~.n . . 

HISTORY AND STATUS 
DATES : D~sign .. l.~~~. . .. . . . First Machine .. 1 9.~6 .. .. ..... . 
SALES : No . Sold / Operational . . 1.4 / [D.. Currently Available .. Y .. 
COST: Acc~l~rator ................... Facility ....... . ... . ... .. . . 

MAGNET 
POLE PARAMETERS : 

Diameter . . 1 .~q .... em Rexlract ... ~?~.7.~ em Rinj ecl .. ? .. ... em 
HILL PARAMETERS : Gap (min) .... ~ ... . . em Bn,ax ... . 1.:? .. T 

(Il) .6 0. noo . . AT) Gap (max) .. } . ..... em Bmin .. . .. ... .. T 
VALLEY PARAMETERS : Gap (min) . ~ .o.O ... em Bm .. . . Q I P .. T 

(II) . ... :-.... . AT) Gap (max) .... \OP ... em Bmi" ...... .... T 
AVERAGE FIELD: < B > min .. L·.Q .... T < B >max ... .1,:) .... T 
NUMBER OF SECTORS: compact / s~parat~d .... ~ ..... / ..... , . .. . 

sector angle . . ~4:-?i\ . .. .... deg . spiral (max) . . .... 0 .... . ... deg . 
FIELD TRIMMING : Trim Coils ... Nq\l~.. . . . .............. . 

Harmonic Coils . ....... ~Qf\~ . .. . . .. ............ . ... . .... . 

Other ... : .... i·l·O············· · ... .. . :: . . 5"~ ' io·...:S···· 
CURRENT: Maon COIls ... ........... Amps StabIlIty ... ... . ..... . . 

Trim Coils .... I1/.1'!- ...... . .. . Amps Stability .... N/.A .... .... . 
Stored Energy (cryogenic) ... N/A ....... . ................ MJ 

WEIGHT: Iron .45. T.ans........... Conductor .. .4. .Ton" ......... . 
ION ENERGY: Bending Limit E / A = .... J.Q ......... q2/A2 M~V / u 

Focussing Limit E/ A = ... 3D . ........... q / A M~V / u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: . . 2. .J!' . . 3.Q~ . p.e.~$. 1'.'1 . . ~.,\II)~?~/Z. y.e.,~~.c.,!~. ;;.t.~m~ ... 
No . of Gaps / turn .. .. . ~ . ...... dE / dn(max) . . 9:.1) . ... . . MeV / q 
Voltage(max)~() .•. Q,??.... MV Harmonic fd / fi8" .. 4 ........... . 
Freq . :-: .9~ ........... MHz Power in(max) . ..... .. 955 . ...... MW 
Stability: Phase ............ Voltage .. 10:-. . .. ......... . 

VACUUM SYSTEM 7 
OPERATING PRESSURE: .~ .. ~ .. lq~... .. . ... ......... . ..... . 
PUMPS: No. and type .~ . . ~ .4,000 1l.q~c .QI?f.:t.2.?' . . L5.00 .l/.~ec 

(N2) cryo ' s 

ION SOURCE(S) 
Type Intensity Il) I " = {hI Ion Sp~cies 

(mA) (rr mm mrad) 
(a) ... t:I~.~~~~.u.'~I? ..... .. ~ ... . .. . ... H-: •. . d~ ... . . 
(b) ..... ......... ..... .. ... . 

INJECTION SYSTEM 
... MiaL . . . . ... . .. . . . . . . ... . .. .... Efficiency ... ~? ... % 

EXTRACTION SYSTEM . 
.~~r.i.p.l?i.I]K ....... .. .... . . . .... . .. . .. . . .. Efficiency 100 % 

CHARACTERISTIC BEAMS 
Current(part . /lA) 

Internal External 
.. .. . son .Il:-.... . ... 50.0 ..... . 

Accelerated Ions _f / A (MeV/u) 
(a) . ..p.~'?t?n,? .(.~ ...... 3n . . ... . 
(b) ........ ... .................. . 

EXTRACTED BEAM PROPERTIES : 
For .500 ....... . . /lAof . .. . 30 . . .. .. . . MeV / J ... l'.t:Q.t.Qns.~ 
6E/ E ....... t ...... .. . .... .. % 6 4> ....... . ... .. . ...... . . . °rf 
'" = /3-y, x .. 1.0 ........ rrmm mrad z ... 5 . .. .. ... . rrmm mrad 

REFERENCES/NOTES 
(a) .ACe .. 92 •. . Y. • • J.o.n!i\m . ~~ .. "'~ , . ii.!; .l?".t.~q;".l!, g .. 1.~9? ..... ... • 
(b) .EPAC . ~ 99.Q, . ¥'" . .)9f1.l\~\l .. e.!; . ?;t., .. ~~.c.~ . ~9.~Q ....... . ..... . .. . 



CI15 
ENTRY NO •. . ..... . . .. .. . .. ...... Date .. . . .. . . . .. . .....• . .. . 

Machine Name .... ~?~ .. ... ... .......... .. ..... .............. .... . 
M f EBCO Technologies 

anu acture400l.. 'Wesb"rook' Mali"; 'Vancouver 'Can'ada' V61'2AJ ' " 
Address ...... .. .. . . ....... . . . . . .... ............. . ....... . ....... . 
Tel . . ~.60IlJ .224,..].090 . . .... .. ... Telex ........ . ... . ..... .. . . . . .. . . 
Fax. (6.04).228.,.1.7.15 ....... . . EMAIL .... . . ... ... . .... .. .... . . . . 
In Charge: ..... . ........ . .. . ... Reported by: .. . .. ~:. ~~~ ~?f\ . . .. . 

HISTORY AND STATUS 
DATES : Design ..... }.~.!l!l7~~. . . . First Machine .. ·N}'y. ), .1.9.~Q . . 
SALES: No. Sold/Operational .1-.. / . L . Currently Available y.~~. 
COST: Accelerator ............ ....... Facility ... ... . . .... . ..... . 

MAGNET 
POLE PARAMETERS: 

Diameter ... . ]f, ... em RextrAct 4.7.~g6 .. . em Rinject ... f.;; . .. em 
HILL PARAMETERS: Gap (min) . . .. 3 .•. .'i . . . em Bmu . .. J. .•• ~ ... T 

(CI .'l . l< . .1.Q~. AT) Gap (max) .. ? •. ~ . . . . em Bmin . . . ~,? ... T 
VALLEY PARAMETERS: Gap (min) . . }.I! . . .. em Bmax . . ~.l.. T 

(CI .. 9.1'. . ~0? AT) Gap (max) .. . 1.8 ...... em Bmin . . 0.11 . .... T 
AVERAGE FIELD: < B >min ... !- .' .~ ... T < B >max ... ~ .. .2.~ .. T 
NUMBER OF SECTORS: com'pact/separated .. . .. . II . . . / . . . ... ... . 

sector angle ... ~?.-: . ~~ .... deg. spiral (max) ...... none. ... deg. 
FIELD TRIMMING: Trim Coils . .. . ...... . f\C?t;t!' . .. ....••.. • ... . •.... . 

Harmonic Coils .. .. . . . .. .. .. . . '!c?!'~ .. .. . .. ........ . ..... . 
Other ········ ··· ···· ·········· ········· ····· ··d· 01% .. . 

CURRENT: Main Coils .. . . 5.q9 ....... Amps Stability .... . .•.... 0 •••• 

Trim Coils . .......... . ..... Amps Stability .......... . ..... . 
Stored Energy (cryogenic) .. .. . ..... .... .. .. . . . .. . . . .. ... MJ 

WEIGHT: Iron . . .. 1>5. .tonnee .. . . . Conductor . . . .... L .t.qt}Q.~ .... . 
ION ENERGY: Bending Limit E/ A = .. .. . ;3.Q ....•. . . q2 / A2 MeV /u 

Focussing Limit E/A = ... . W ... .. .. . . .. q/A MeV/u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description:2 . P.l.e. :>h.<me. p.ees. jY.l.tb. ;l..1\1\10IlAI.4. 1>.t;elJl:> .. . ....... . 
No. of Gaps/turn .. t.. ... .. .... dE/dn(max). 0 .•. 400 . .. . . . MeV /q 
Voltage(max) ..... . 0,9.5.Q . . MV Harmonic frr/fion .4 . .......... . 
Freq .. .. . . . ?}, ~~ .. . . J-1Hz Power in (max) 9 .·.o)~ ....... 4 ... .. MW 
Stability: Phase . ... . 1. . . . . . . . . . . . .. Voltage .. . .. W . .. . . ..... . 

VACUUM SYSTEM 
OPERATING PRESSURE: . ~ .. ": . ~~.":-:? !.~':: .. ..... .... ..... ...... . 
PUMPS: No. and type . . ~. ~.rx,? P.u.~~~ . ....... .... ... . . . . .. . . .. .. . 

ION SOURCE(S) 
Type Intensity Cl! <n = (h< 

(mA) (1r mm mrad) 
Ion Species 

(a) .. CV:>P ....... .... . . . 7 . ... .. .. ... O., .~ .. . ... . .. . .. ll:-... .. ... .. 
(b) . . . . .. .. . ...... .. ......... . .. . . . ... ... .. . ... . 

INJECTION SYSTEM 
.. Ax~!,.l .. - . 'ip;i.<:,! ~ . .. .......... . . .. ... . . Efficiency .. !-.Z .. ... % 

EXTRACTION SYSTEM 
.. ~t~~.p.I~ in~ .. ..... . . .... .. . . . . .... ..... Efficiency 100 % 

CHARACTERISTIC BEAMS 
Current(part. /LA) 

Accelerated Ions E/ A (MeV /u) Internal External 
(a) . H.-. ....... ....... 3.0 ..... .. .. .. . . 450 . . Ii-:- . ...... . 450 . . p .. 
(b) .... .. . . ........... .. .. . .... .. 

EXTRACTED BEAM PROPERTIES: 
For .. .... 11.00 .... /LA of . . ... . 30 . . . .. . MeV /u .... ll:l-.... . . . . ions 
AE/E . . . ... .. .. .1 . .. . ... . ... . % Aq, .. . .. ;l0 .. .. . ... ... . .... °rf 
<n = f3'"1< x . . .. ... 2 .. . .. 1rmm mrad z .. . . ? . . . . . .. 1rmm mrad 

REFERENCES/NOTES 
(a) P~!> .. ~I)~!,.<:,!a t;ic~n ~ l .. ~y'",l?tro!, . . c '?~~ .... ~: .11~~t?~ .e t .. ':~ .. 
(b) .P~C;; . . 1.~?~. !l .... l:1~1.~ C? !' .. ~t . ~l ...... . . . . . ......... . ............ . 

ENTRY NO . . .... ~~~ ..... . ....... Date ......... . ... . . ..... .. 
Machine Name . .. .. ~ .c.1.~~ ....... . ........... . ......... . ... . . . . . .. . 
Manufacturer ..... . .T.h. e •• ~ ,s.p,a. 1'! . ~ ,t,e, ~ ~ • Yf.o,r, ~ ~ I .L.T.~" ............... . 

Address '" ,1,- . ~ ' .. Y ,u.r. ~ ~ ~ ,c.h,q . ! :- .c,h.q I! ~ I • • C. ~! r .o.d.~: ~~ .... ~ <? ~ 1.0 .. ~ ~ p .8,n 

Tel .. .. . . . (91J.3.~Q' .- .s.1.\!. . ... . Telex ...... J2.4.H~ .. <.H!) ...... . 
Fax ....... <'0. ~l1 .5.0.1 ~ 9?.2.7 ...... EMAIL .................. .. ...... . 
In Charge: ............. . Reported by: .... . ... y.· .. T9.d ... .... . 

HISTORY AND STATUS 
DATES: Design ..... . .. \ H.1.-.1.H 2 First Machine .... . ... .l.g.B.L . . . 
SALES: No. Sold / Operational . . . . 4/ . . j. Currently Available . y.e.s 
COST: Accelerator ....... . . ... . ... . . . Facility .. . ..... ..... . .... . 

MAGNET 
POLE PARAMETERS: 

Diameter . .... ,9.1 .. em Rextract ... . . ~ ~ . . em Rinject . . . . ..... em 
HILL PARAMETERS: Gap (min) .... . . . ( . . cm Bmax ... . .. .. .. T 

(Cl! .. .I.·.n 1.0.' AT) Gap (max) ..... .1 .... cm Bm;n .. .... . ... T 
VALLEY PARAMETERS: Gap (min) .. 11 .. . . cm Bmax ..... ... T 

(Cl! •. .1"" 0.0.' AT) Gap (max) .. .. . 1.3 . ... cm Bm;n .. . . .. . . .. T 
AVERAGE FIELD: < B >m;n . ... ) ... 5 .• . T < B >max .... 1 .. . &4 .. T 
NUMBER OF SECTORS: compact/separated . ... . . ~ ... / ... .. . . . . . 

sector angle ... . . ... 4j ..... deg. spiral (max) ...... . . PP.I\~ .. deg. 
FIELD TRIMMING: Trim Coils ...... . ... ~ .... . . .. . .... . ... . . . .... .. 

Harmonic Coils .. . ..... . . . .. . t . ... . ........ . . ... ....... . 
Other . .... . . . .. . ...... . ........ . ... .. . . . . ..... . .. ..... . 

CURRENT: Main Coils ..... UO ... ... Amps Stability .... un.o.-.· .. . 
Trim Coils .... .. ...... j 0 ... Amps Stability ...... . U 0.0.-.' ... 
Stored Energy (cryogenic) .. . ... . . . ... . ... . .. . .... . ... ... MJ 

WEIGHT: Iron .. .. . . .. , O .. t.qij..... Conductor . . ....... . t. tpP . ... . 

ION ENERGY: Bending Limit E/ A = . . . . . .. ... . . .. . . q2 / A2 MeV/u 
Focussing Limit E/ A = . . .. .. ... . ....... q/ A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: .. 2. s~.t.~ . 01 . . p. i e IA . . ~b a P.O •• de e ..•. U b. J. •.• b d ~/.4. . & t e_ s 
No. of Gaps / turn ...... A...... dE / dn(max) ....... Q. J.6 .. MeV / q 
Voltage(max) . . . ... D • • U4 . .. MV Harmonic fd / f;on .. . . 2.~ ...... . 
Freq . .. ... ... ~J ... . . . MHz Power in(max) ...... . . 0 • .0.2.. .. . MW 
Stability: Phase .... . .. . 1:.. ... Voltage . ...... . .. J .X.lQ : ~ .. 

VACUUM SYSTEM 
OPERATING PRESSURE: .. . . . .. .. lO 0 ~.' .. 10 r r .... .. .. ..... ... . . . . 
PUMPS: No. and type . .... .. .... . I..d i 1.f.u.~ ion .. P."H . .....• . ..•.. . 

ION SOURCE(S) 
Type Intensity to 'n = (3" Ion Species 

(mA) (7r mm mrad) 
(a) Hp.t..C.lh.o.d •. P I.G ....... 1. .... . . ...... H: ... . . . 
(b) .......... .. .......... .. .. . . .. 

INJECTION SYSTEM 
. ... ..... .. .. . Efficiency .... . .... % 

EXTRACTION SYSTEM 
.. . ... . f.1 e c.t rD.s.ta t i.e . . d.e..f 1 ee.tnt. . .. Efficiency . . . . 80 . . . % 

CHARACTERISTIC BEAMS 
Current(part. /lA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) ..... H: . ..... .. . ..... 1S .. .. . .. . ... . ~50 ... . ... .... . IL . . .. . 

(b) .. ... 0: ............... B .. .. .... 1.50 ..... . .. .... ID ..... . 

EXTRACTED BEAM PROPERTIES: 
For ....... . 50 .... /lA of .. ..... IS . .... MeV/u ........ H: .... ions 
AE / E .... . .. . ... \..... .. % A q, .. . ............ °rf 
' n = (3'"1 ' x ....... 30 .... 7rmm mrad z ....... 10 . ... 1rmm mrad 

REFERENCES/NOTES 
(a) ......... . 
(b) ..... ... ...... . .. . 



CI15 
ENTRY NO •. . ..... . . .. .. . .. ...... Date .. . . .. . . . .. . .....• . .. . 

Machine Name .... ~?~ .. ... ... .......... .. ..... .............. .... . 
M f EBCO Technologies 

anu acture400l.. 'Wesb"rook' Mali"; 'Vancouver 'Can'ada' V61'2AJ ' " 
Address ...... .. .. . . ....... . . . . . .... ............. . ....... . ....... . 
Tel . . ~.60IlJ .224,..].090 . . .... .. ... Telex ........ . ... . ..... .. . . . . .. . . 
Fax. (6.04).228.,.1.7.15 ....... . . EMAIL .... . . ... ... . .... .. .... . . . . 
In Charge: ..... . ........ . .. . ... Reported by: .. . .. ~:. ~~~ ~?f\ . . .. . 

HISTORY AND STATUS 
DATES : Design ..... }.~.!l!l7~~. . . . First Machine .. ·N}'y. ), .1.9.~Q . . 
SALES: No. Sold/Operational .1-.. / . L . Currently Available y.~~. 
COST: Accelerator ............ ....... Facility ... ... . . .... . ..... . 

MAGNET 
POLE PARAMETERS: 

Diameter ... . ]f, ... em RextrAct 4.7.~g6 .. . em Rinject ... f.;; . .. em 
HILL PARAMETERS: Gap (min) . . .. 3 .•. .'i . . . em Bmu . .. J. .•• ~ ... T 

(CI .'l . l< . .1.Q~. AT) Gap (max) .. ? •. ~ . . . . em Bmin . . . ~,? ... T 
VALLEY PARAMETERS: Gap (min) . . }.I! . . .. em Bmax . . ~.l.. T 

(CI .. 9.1'. . ~0? AT) Gap (max) .. . 1.8 ...... em Bmin . . 0.11 . .... T 
AVERAGE FIELD: < B >min ... !- .' .~ ... T < B >max ... ~ .. .2.~ .. T 
NUMBER OF SECTORS: com'pact/separated .. . .. . II . . . / . . . ... ... . 

sector angle ... ~?.-: . ~~ .... deg. spiral (max) ...... none. ... deg. 
FIELD TRIMMING: Trim Coils . .. . ...... . f\C?t;t!' . .. ....••.. • ... . •.... . 

Harmonic Coils .. .. . . . .. .. .. . . '!c?!'~ .. .. . .. ........ . ..... . 
Other ········ ··· ···· ·········· ········· ····· ··d· 01% .. . 

CURRENT: Main Coils .. . . 5.q9 ....... Amps Stability .... . .•.... 0 •••• 

Trim Coils . .......... . ..... Amps Stability .......... . ..... . 
Stored Energy (cryogenic) .. .. . ..... .... .. .. . . . .. . . . .. ... MJ 

WEIGHT: Iron . . .. 1>5. .tonnee .. . . . Conductor . . . .... L .t.qt}Q.~ .... . 
ION ENERGY: Bending Limit E/ A = .. .. . ;3.Q ....•. . . q2 / A2 MeV /u 

Focussing Limit E/A = ... . W ... .. .. . . .. q/A MeV/u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description:2 . P.l.e. :>h.<me. p.ees. jY.l.tb. ;l..1\1\10IlAI.4. 1>.t;elJl:> .. . ....... . 
No. of Gaps/turn .. t.. ... .. .... dE/dn(max). 0 .•. 400 . .. . . . MeV /q 
Voltage(max) ..... . 0,9.5.Q . . MV Harmonic frr/fion .4 . .......... . 
Freq .. .. . . . ?}, ~~ .. . . J-1Hz Power in (max) 9 .·.o)~ ....... 4 ... .. MW 
Stability: Phase . ... . 1. . . . . . . . . . . . .. Voltage .. . .. W . .. . . ..... . 

VACUUM SYSTEM 
OPERATING PRESSURE: . ~ .. ": . ~~.":-:? !.~':: .. ..... .... ..... ...... . 
PUMPS: No. and type . . ~. ~.rx,? P.u.~~~ . ....... .... ... . . . . .. . . .. .. . 

ION SOURCE(S) 
Type Intensity Cl! <n = (h< 

(mA) (1r mm mrad) 
Ion Species 

(a) .. CV:>P ....... .... . . . 7 . ... .. .. ... O., .~ .. . ... . .. . .. ll:-... .. ... .. 
(b) . . . . .. .. . ...... .. ......... . .. . . . ... ... .. . ... . 

INJECTION SYSTEM 
.. Ax~!,.l .. - . 'ip;i.<:,! ~ . .. .......... . . .. ... . . Efficiency .. !-.Z .. ... % 

EXTRACTION SYSTEM 
.. ~t~~.p.I~ in~ .. ..... . . .... .. . . . . .... ..... Efficiency 100 % 

CHARACTERISTIC BEAMS 
Current(part. /LA) 

Accelerated Ions E/ A (MeV /u) Internal External 
(a) . H.-. ....... ....... 3.0 ..... .. .. .. . . 450 . . Ii-:- . ...... . 450 . . p .. 
(b) .... .. . . ........... .. .. . .... .. 

EXTRACTED BEAM PROPERTIES: 
For .. .... 11.00 .... /LA of . . ... . 30 . . . .. . MeV /u .... ll:l-.... . . . . ions 
AE/E . . . ... .. .. .1 . .. . ... . ... . % Aq, .. . .. ;l0 .. .. . ... ... . .... °rf 
<n = f3'"1< x . . .. ... 2 .. . .. 1rmm mrad z .. . . ? . . . . . .. 1rmm mrad 

REFERENCES/NOTES 
(a) P~!> .. ~I)~!,.<:,!a t;ic~n ~ l .. ~y'",l?tro!, . . c '?~~ .... ~: .11~~t?~ .e t .. ':~ .. 
(b) .P~C;; . . 1.~?~. !l .... l:1~1.~ C? !' .. ~t . ~l ...... . . . . . ......... . ............ . 

ENTRY NO . . .... ~~~ ..... . ....... Date ......... . ... . . ..... .. 
Machine Name . .. .. ~ .c.1.~~ ....... . ........... . ......... . ... . . . . . .. . 
Manufacturer ..... . .T.h. e •• ~ ,s.p,a. 1'! . ~ ,t,e, ~ ~ • Yf.o,r, ~ ~ I .L.T.~" ............... . 

Address '" ,1,- . ~ ' .. Y ,u.r. ~ ~ ~ ,c.h,q . ! :- .c,h.q I! ~ I • • C. ~! r .o.d.~: ~~ .... ~ <? ~ 1.0 .. ~ ~ p .8,n 

Tel .. .. . . . (91J.3.~Q' .- .s.1.\!. . ... . Telex ...... J2.4.H~ .. <.H!) ...... . 
Fax ....... <'0. ~l1 .5.0.1 ~ 9?.2.7 ...... EMAIL .................. .. ...... . 
In Charge: ............. . Reported by: .... . ... y.· .. T9.d ... .... . 

HISTORY AND STATUS 
DATES: Design ..... . .. \ H.1.-.1.H 2 First Machine .... . ... .l.g.B.L . . . 
SALES: No. Sold / Operational . . . . 4/ . . j. Currently Available . y.e.s 
COST: Accelerator ....... . . ... . ... . . . Facility .. . ..... ..... . .... . 

MAGNET 
POLE PARAMETERS: 

Diameter . .... ,9.1 .. em Rextract ... . . ~ ~ . . em Rinject . . . . ..... em 
HILL PARAMETERS: Gap (min) .... . . . ( . . cm Bmax ... . .. .. .. T 

(Cl! .. .I.·.n 1.0.' AT) Gap (max) ..... .1 .... cm Bm;n .. .... . ... T 
VALLEY PARAMETERS: Gap (min) .. 11 .. . . cm Bmax ..... ... T 

(Cl! •. .1"" 0.0.' AT) Gap (max) .. .. . 1.3 . ... cm Bm;n .. . . .. . . .. T 
AVERAGE FIELD: < B >m;n . ... ) ... 5 .• . T < B >max .... 1 .. . &4 .. T 
NUMBER OF SECTORS: compact/separated . ... . . ~ ... / ... .. . . . . . 

sector angle ... . . ... 4j ..... deg. spiral (max) ...... . . PP.I\~ .. deg. 
FIELD TRIMMING: Trim Coils ...... . ... ~ .... . . .. . .... . ... . . . .... .. 

Harmonic Coils .. . ..... . . . .. . t . ... . ........ . . ... ....... . 
Other . .... . . . .. . ...... . ........ . ... .. . . . . ..... . .. ..... . 

CURRENT: Main Coils ..... UO ... ... Amps Stability .... un.o.-.· .. . 
Trim Coils .... .. ...... j 0 ... Amps Stability ...... . U 0.0.-.' ... 
Stored Energy (cryogenic) .. . ... . . . ... . ... . .. . .... . ... ... MJ 

WEIGHT: Iron .. .. . . .. , O .. t.qij..... Conductor . . ....... . t. tpP . ... . 

ION ENERGY: Bending Limit E/ A = . . . . . .. ... . . .. . . q2 / A2 MeV/u 
Focussing Limit E/ A = . . .. .. ... . ....... q/ A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: .. 2. s~.t.~ . 01 . . p. i e IA . . ~b a P.O •• de e ..•. U b. J. •.• b d ~/.4. . & t e_ s 
No. of Gaps / turn ...... A...... dE / dn(max) ....... Q. J.6 .. MeV / q 
Voltage(max) . . . ... D • • U4 . .. MV Harmonic fd / f;on .. . . 2.~ ...... . 
Freq . .. ... ... ~J ... . . . MHz Power in(max) ...... . . 0 • .0.2.. .. . MW 
Stability: Phase .... . .. . 1:.. ... Voltage . ...... . .. J .X.lQ : ~ .. 

VACUUM SYSTEM 
OPERATING PRESSURE: .. . . . .. .. lO 0 ~.' .. 10 r r .... .. .. ..... ... . . . . 
PUMPS: No. and type . .... .. .... . I..d i 1.f.u.~ ion .. P."H . .....• . ..•.. . 

ION SOURCE(S) 
Type Intensity to 'n = (3" Ion Species 

(mA) (7r mm mrad) 
(a) Hp.t..C.lh.o.d •. P I.G ....... 1. .... . . ...... H: ... . . . 
(b) .......... .. .......... .. .. . . .. 

INJECTION SYSTEM 
. ... ..... .. .. . Efficiency .... . .... % 

EXTRACTION SYSTEM 
.. . ... . f.1 e c.t rD.s.ta t i.e . . d.e..f 1 ee.tnt. . .. Efficiency . . . . 80 . . . % 

CHARACTERISTIC BEAMS 
Current(part. /lA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) ..... H: . ..... .. . ..... 1S .. .. . .. . ... . ~50 ... . ... .... . IL . . .. . 

(b) .. ... 0: ............... B .. .. .... 1.50 ..... . .. .... ID ..... . 

EXTRACTED BEAM PROPERTIES: 
For ....... . 50 .... /lA of .. ..... IS . .... MeV/u ........ H: .... ions 
AE / E .... . .. . ... \..... .. % A q, .. . ............ °rf 
' n = (3'"1 ' x ....... 30 .... 7rmm mrad z ....... 10 . ... 1rmm mrad 

REFERENCES/NOTES 
(a) ......... . 
(b) ..... ... ...... . .. . 



ENTRY NO ........ C~? ............ Date ..................... . 
Machine Name ..... B. C! ! .10 ........................................ . 
Manufacturer . ... . . ~ ~~ .. J.~~ ~~. ,s. ~~:.t .. ~~: ~.s.'.~ ~~: ..... ... ...... .. . 
Address .. . ~: ~: . ,Y. ~: ~ .k.u.~~? ,1,-, ~ ~? •. e: .. ~ ~.i.y.~~ ~ ,-,ky •. . !~.k.~~ . ~ .a .p. ~~ 
Tel ....... (.0.3)35.01.-.61.1.1 ....... Telex ....... J.~~~.s.6 .. P~.'.> ....... . 
Fax ...... ~03).3. 504.-0.1.27 ...... EMAIL .......................... . 
In Charge: .......... . .... . ..... Reported by: ....... ~" . .r.o.~ ~ ..... . 

HISTORY AND STATUS 
DATES: Design .. ..... .1.9.B.0.:!.9.8.1 First Machine ........ \~~.I ..... 
SALES: No. Sold / Operational ... ~ / .. 8.. Currently Available .y.~~ 
COST: Accelerator ................... Facility .................. . 

MAGNET 
POLE PARAMETERS: 

Diameter ... .1. Q! .. em Rex tract .... :4,2, .. em Rjnj ect. ......... em 
HILL PARAMETERS: Gap (min) ...... 7 ... cm Bm• x .......... T 

(Cll .. !:.2.'.I.q~ AT) Gap (max) ..... ? .... cm Bmin .......... T 
VALLEY PARAMETERS: Gap (min) . .1.3 . .. .. cm Bm• x ..... . .. T 

(Cll .. !:.2.'.I.q~ AT) Gap (max) .... \~ .... cm Bmin .......... T 
AVERAGE FIELD : < B >min .... L P .. T < B >m.x .. '!" ?4 ... T 
NUMBER OF SECTORS: compact / separated ..... ~ .... / ........ .. 

sector angle . . ...... 4.5 .... . . deg . spiral (max) ... ..... n.q~~ ... deg. 
FIELD TRIMMING: Trim Coils .. .. ...... 3 .... ...... .... ......... ... . 

Harmonic Coils .. . ........... ~ ......................... . 
Other .............................. . .................. . 

CURRENT: Main Coils .... ~.8.0 ....... Amps Stability ... !,2.'.1.q: ~ .. . 
Trim Coils ............ 5.0 . .. . Amps Stability ...... P.'.1.q: ~ .. . 
Stored Energy (cryogenic) ............................... MJ 

WEIGHT: Iron ....... .3.0 .. ~?n...... Conductor . ... ..... 1 .. t.o.~ .... . 
ION ENERGY: Bending Limit E/ A = ................ q2/A2 MeV / u 

Focussing Limit E/ A = ................ . q/ A MeV/ u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: .~ .. s. ~ ~ 1 .. 0. ~ . P .i.e./. ~ . ~ .h .a.p. ~ . ~ .e.e .. ~ Lt.h .. 1. H p.d.a. 1.1 .. s.t.e.~ s 
No . of Gaps/turn . ..... ~...... dE / dn(max) ...... .o .. .l.~ .. MeV /q 
Voltage(max) ..... . Q •• Q.4 . ..• MV Harmonic f,dfi on ... ~ ... 4 •.•••..• 

Freq ..... 0.·.5 .... ~.1 ... MHz Power in(max) ... .. ... O ... Q? .... MW 
Stability: Phase . ...... .1.'. . . . . . • . . . Voltage ... ..... .. \ n .0.-.' .. . 

VACUUM SYSTEM 
OPERATING PRESSURE: . ....... )n.O. : ~.1.o.r. ~ .......... . ........ . 
PUMPS: No. and type . ... ..... . . 1. ~.i.HY1.i.o.n .. P~ .•. p .... . ... . ..... . 

ION SOURCE(S) 
Type Intensity 

(mA) 
(a) ~qt. ~.a.~~Q~.e .. P.IG ••••• . 1. 
(b) ....................... .. 

INJECTION SYSTEM 

EXTRACTION SYSTEM 

Cll '" = f3"'1' Ion Species 
(11' mm mrad) 

• • • • • • • H. ~ •• • ••• 

.' . . . . . . . . Efficiency .. .. .. .. . % 

... fJ.e.~ tl.Q s h.Uc .. <l.e f.l.e.c tor . . . . .. ...... Efficiency ... H .... % 

CHARACTERISTIC BEAMS 
Current(part.IlA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) ..... H: ...... . . ..... J.7. ..... .. ...... 15D ...... ....... 7.n .... .. 
(b) ..... 0: . . ........... 1.0 ... .. ... ...... 15D . .... . . . .... .7.n .... .. 

EXTRACTED BEAM PROPERTIES : 
For ..... . . S.Q ... . IlA of ..... .1.7 ... . . . MeV / u ........ R ~ . ... Ions 
6E/E .......... J.. . .. % 64> ............... ° rf 
'n = f3"'1' x ... . ... 3.n .... 1I'mm mrad z . .. . .. .1.0 . .... 1I'mm mrad 

REFERENCES/NOTES 
(a) ...... .......... . ........... . .. 
(b) ....... . .. ......•. . ................. . .. ... ......•.......... 

ENTRY NO . ...... CI1~ ............ Date .................... .. 
Machine Name ..... BC2.2.1.1 .......................... .... ......... .. 
Manufacturer . ..... T h.e .. J a pan .. ~ ~ e ".1 .. '? ~.k.s ... l T .D: ................ . 
Address ... ~ ~ ,2,. .. ~ ~ !.a.k.~ ~ ~? ,1, ~ ~ ~ ,o .•. ~', , ~,h,i,~~ ~ ~,-'~~', , ,T,o,~~?, ,J,a, ~ ~ ~ 
Tel . ... .. . (O.~13.5.0'\~~.111 . . ... . Telex . .. ... . J2~.2.5.~ .. (.J.s.~) ....... . 
Fax ... .... (P.3).~~9.4.-.0. 72.1 ...... EMAIL ........ .. ..... ..... . ..... . 
In Charge: .............. .... .. . Reported by: ....... ~: .. T.~ d ~ .... .. 

HISTORY AND STATUS 
DATES: Design ........ 1.9.~~;.1.9.8.9 First Machine ........ !~.B.9 ..... 
SALES: No. Sold / Operational .... 1 / .. 1.. Currently Available .~~~ 
COST: Accelerator ............... . ... Facility .. .. ......... .... . . 

MAGNET 
POLE PARAMETERS: 

Diameter, , , ,~9 ,1" em R extract "" ,4, ~ , • em Rinj ect" •• , , • " em 
HILL PARAMETERS: Gap (min) .. ... ..1. .. cm Bm ............ T 

(Cll .. 1,.3.'.\9.' AT) Gap (max) ..... .1 .... cm Bmin .......... T 
VALLEY PARAMETERS: Gap (min) .1.1. ... em Bm• x ....... . T 

(Cll ... 1, .3.'. \ 9.' AT) Gap (max) .... !.3 .... cm Bmin .......... T 
AVERAGE FIELD: < B >min .... 1:.6.0 .. T < B >max .... 1:.6.0 ... T 
NUMBER OF SECTORS: compact/separated .. .... 4 .... / ........ .. 

sector angle ........ 4.~ ..... deg. spiral (max) .. . ... . ........ deg. 
FIELD TRIMMING: Trim Coils . . ........ L . .... .................. .. 

Harmonic Coils .. .. . . ...... . . ? .. . ............ .. ....... . 
Other .. . .. . . . ......... . .. . .................... .. ...... . 

CURRENT: Main Coils ..... 4.0.q .. . ... Amps Stability .... t.2.~!9.-.' .. . 
Trim Coils .......... .. ~q ... Amps Stability ..... ..t. 1.'19.- .... . 

Stored Energy (cryogenic) ...... . ..... . .................. MJ 
WEIGHT: Iron ........ ~ Q .. t.o.n...... Conductor ...... .... I .. \?~ .... . 
ION ENERGY: Bending Limit E/ A = ................ q2 / A2 MeV / u 

Focussing Limit E/ A = ................. q/ A MeV / u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: ,.2" ~ ~ .t ,s, , q f, p,i,~ {~, ,s,~1! p~, ,d,e, ~, ~,i.t,~, J ,a,_,b, ~ ~ (~, ,s, ~ ~!II s 

No . of Gaps/ turn ...... ~ ...... dE / dn(max) ....... Q·.1~ .. MeV/q 
Voltage(max) ...... Q,.O.~ . . . MV Harmonic frf/fion .... 2 .•. ~ .....•. 

Freq ......... H ...... MHz Power in(max) ........ Q,P.2 .. ... MW 
Stability: Phase ........ I:......... Voltage ........ .. !.X.l.O. ~ ~ .. 

VACUUM SYSTEM 
OPERATING PRESSURE : . ...... .. 1,x.\Q; .' . .r.q r r . ................. .. 
PUMPS: No. and type . ........ . . ) .. 4if.!.u.s.\9~ . . p.~ ~P ........ . .. .. . 

ION SOURCE(S) 
Type Intensity «I 'n = f3"'1' Ion Species 

(mA) (11' mm mrad) 
(a) ~P.t .. C.~ tP.o.d.~. r I.G ....... 1 ...... . ....... ~: .. .... 
(b) .... .... ....... .. .... .. .. . 

INJECTION SYSTEM 
. .. . . . . . . .. Efficiency . ..... ... % 

EXTRACTION SYSTEM 
....... E.l, d rD.s.~~ t Lc .. ~.e.t I H.t.O.' ............ Efficiency .... ~Q ... % 

CHARACTERISTIC BEAMS 
Current(part.IlA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .... . ~: ............ .. l2. .... .. .. ..... UQ . .... ....... 7P ... . .. 
(b) .. .. . D: .............. 11 ...... . . ..... .1.~Q ..... ....... 7P .... .. 

EXTRACTED BEAM PROPERTIES: 
For ........ 50 .... IlA of .... ... 1~ ..... MeV/u ........ ~: .... ions 
6E/E ........... 1 ........... % 64> ...... .. ............... °rf 
'n = (3"'1' x ... .... 3 0 .... 1I'mm mrad z . ...... 1 0 .... 1I'mm mrad 

REFERENCES/NOTES 
(a) ................ . ............ . 
(b) .. ......... .. .. ............... .. 



ENTRY NO ........ C~? ............ Date ..................... . 
Machine Name ..... B. C! ! .10 ........................................ . 
Manufacturer . ... . . ~ ~~ .. J.~~ ~~. ,s. ~~:.t .. ~~: ~.s.'.~ ~~: ..... ... ...... .. . 
Address .. . ~: ~: . ,Y. ~: ~ .k.u.~~? ,1,-, ~ ~? •. e: .. ~ ~.i.y.~~ ~ ,-,ky •. . !~.k.~~ . ~ .a .p. ~~ 
Tel ....... (.0.3)35.01.-.61.1.1 ....... Telex ....... J.~~~.s.6 .. P~.'.> ....... . 
Fax ...... ~03).3. 504.-0.1.27 ...... EMAIL .......................... . 
In Charge: .......... . .... . ..... Reported by: ....... ~" . .r.o.~ ~ ..... . 

HISTORY AND STATUS 
DATES: Design .. ..... .1.9.B.0.:!.9.8.1 First Machine ........ \~~.I ..... 
SALES: No. Sold / Operational ... ~ / .. 8.. Currently Available .y.~~ 
COST: Accelerator ................... Facility .................. . 

MAGNET 
POLE PARAMETERS: 

Diameter ... .1. Q! .. em Rex tract .... :4,2, .. em Rjnj ect. ......... em 
HILL PARAMETERS: Gap (min) ...... 7 ... cm Bm• x .......... T 

(Cll .. !:.2.'.I.q~ AT) Gap (max) ..... ? .... cm Bmin .......... T 
VALLEY PARAMETERS: Gap (min) . .1.3 . .. .. cm Bm• x ..... . .. T 

(Cll .. !:.2.'.I.q~ AT) Gap (max) .... \~ .... cm Bmin .......... T 
AVERAGE FIELD : < B >min .... L P .. T < B >m.x .. '!" ?4 ... T 
NUMBER OF SECTORS: compact / separated ..... ~ .... / ........ .. 

sector angle . . ...... 4.5 .... . . deg . spiral (max) ... ..... n.q~~ ... deg. 
FIELD TRIMMING: Trim Coils .. .. ...... 3 .... ...... .... ......... ... . 

Harmonic Coils .. . ........... ~ ......................... . 
Other .............................. . .................. . 

CURRENT: Main Coils .... ~.8.0 ....... Amps Stability ... !,2.'.1.q: ~ .. . 
Trim Coils ............ 5.0 . .. . Amps Stability ...... P.'.1.q: ~ .. . 
Stored Energy (cryogenic) ............................... MJ 

WEIGHT: Iron ....... .3.0 .. ~?n...... Conductor . ... ..... 1 .. t.o.~ .... . 
ION ENERGY: Bending Limit E/ A = ................ q2/A2 MeV / u 

Focussing Limit E/ A = ................ . q/ A MeV/ u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: .~ .. s. ~ ~ 1 .. 0. ~ . P .i.e./. ~ . ~ .h .a.p. ~ . ~ .e.e .. ~ Lt.h .. 1. H p.d.a. 1.1 .. s.t.e.~ s 
No . of Gaps/turn . ..... ~...... dE / dn(max) ...... .o .. .l.~ .. MeV /q 
Voltage(max) ..... . Q •• Q.4 . ..• MV Harmonic f,dfi on ... ~ ... 4 •.•••..• 

Freq ..... 0.·.5 .... ~.1 ... MHz Power in(max) ... .. ... O ... Q? .... MW 
Stability: Phase . ...... .1.'. . . . . . • . . . Voltage ... ..... .. \ n .0.-.' .. . 

VACUUM SYSTEM 
OPERATING PRESSURE: . ....... )n.O. : ~.1.o.r. ~ .......... . ........ . 
PUMPS: No. and type . ... ..... . . 1. ~.i.HY1.i.o.n .. P~ .•. p .... . ... . ..... . 

ION SOURCE(S) 
Type Intensity 

(mA) 
(a) ~qt. ~.a.~~Q~.e .. P.IG ••••• . 1. 
(b) ....................... .. 

INJECTION SYSTEM 

EXTRACTION SYSTEM 

Cll '" = f3"'1' Ion Species 
(11' mm mrad) 

• • • • • • • H. ~ •• • ••• 

.' . . . . . . . . Efficiency .. .. .. .. . % 

... fJ.e.~ tl.Q s h.Uc .. <l.e f.l.e.c tor . . . . .. ...... Efficiency ... H .... % 

CHARACTERISTIC BEAMS 
Current(part.IlA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) ..... H: ...... . . ..... J.7. ..... .. ...... 15D ...... ....... 7.n .... .. 
(b) ..... 0: . . ........... 1.0 ... .. ... ...... 15D . .... . . . .... .7.n .... .. 

EXTRACTED BEAM PROPERTIES : 
For ..... . . S.Q ... . IlA of ..... .1.7 ... . . . MeV / u ........ R ~ . ... Ions 
6E/E .......... J.. . .. % 64> ............... ° rf 
'n = f3"'1' x ... . ... 3.n .... 1I'mm mrad z . .. . .. .1.0 . .... 1I'mm mrad 

REFERENCES/NOTES 
(a) ...... .......... . ........... . .. 
(b) ....... . .. ......•. . ................. . .. ... ......•.......... 

ENTRY NO . ...... CI1~ ............ Date .................... .. 
Machine Name ..... BC2.2.1.1 .......................... .... ......... .. 
Manufacturer . ..... T h.e .. J a pan .. ~ ~ e ".1 .. '? ~.k.s ... l T .D: ................ . 
Address ... ~ ~ ,2,. .. ~ ~ !.a.k.~ ~ ~? ,1, ~ ~ ~ ,o .•. ~', , ~,h,i,~~ ~ ~,-'~~', , ,T,o,~~?, ,J,a, ~ ~ ~ 
Tel . ... .. . (O.~13.5.0'\~~.111 . . ... . Telex . .. ... . J2~.2.5.~ .. (.J.s.~) ....... . 
Fax ... .... (P.3).~~9.4.-.0. 72.1 ...... EMAIL ........ .. ..... ..... . ..... . 
In Charge: .............. .... .. . Reported by: ....... ~: .. T.~ d ~ .... .. 

HISTORY AND STATUS 
DATES: Design ........ 1.9.~~;.1.9.8.9 First Machine ........ !~.B.9 ..... 
SALES: No. Sold / Operational .... 1 / .. 1.. Currently Available .~~~ 
COST: Accelerator ............... . ... Facility .. .. ......... .... . . 

MAGNET 
POLE PARAMETERS: 

Diameter, , , ,~9 ,1" em R extract "" ,4, ~ , • em Rinj ect" •• , , • " em 
HILL PARAMETERS: Gap (min) .. ... ..1. .. cm Bm ............ T 

(Cll .. 1,.3.'.\9.' AT) Gap (max) ..... .1 .... cm Bmin .......... T 
VALLEY PARAMETERS: Gap (min) .1.1. ... em Bm• x ....... . T 

(Cll ... 1, .3.'. \ 9.' AT) Gap (max) .... !.3 .... cm Bmin .......... T 
AVERAGE FIELD: < B >min .... 1:.6.0 .. T < B >max .... 1:.6.0 ... T 
NUMBER OF SECTORS: compact/separated .. .... 4 .... / ........ .. 

sector angle ........ 4.~ ..... deg. spiral (max) .. . ... . ........ deg. 
FIELD TRIMMING: Trim Coils . . ........ L . .... .................. .. 

Harmonic Coils .. .. . . ...... . . ? .. . ............ .. ....... . 
Other .. . .. . . . ......... . .. . .................... .. ...... . 

CURRENT: Main Coils ..... 4.0.q .. . ... Amps Stability .... t.2.~!9.-.' .. . 
Trim Coils .......... .. ~q ... Amps Stability ..... ..t. 1.'19.- .... . 

Stored Energy (cryogenic) ...... . ..... . .................. MJ 
WEIGHT: Iron ........ ~ Q .. t.o.n...... Conductor ...... .... I .. \?~ .... . 
ION ENERGY: Bending Limit E/ A = ................ q2 / A2 MeV / u 

Focussing Limit E/ A = ................. q/ A MeV / u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: ,.2" ~ ~ .t ,s, , q f, p,i,~ {~, ,s,~1! p~, ,d,e, ~, ~,i.t,~, J ,a,_,b, ~ ~ (~, ,s, ~ ~!II s 

No . of Gaps/ turn ...... ~ ...... dE / dn(max) ....... Q·.1~ .. MeV/q 
Voltage(max) ...... Q,.O.~ . . . MV Harmonic frf/fion .... 2 .•. ~ .....•. 

Freq ......... H ...... MHz Power in(max) ........ Q,P.2 .. ... MW 
Stability: Phase ........ I:......... Voltage ........ .. !.X.l.O. ~ ~ .. 

VACUUM SYSTEM 
OPERATING PRESSURE : . ...... .. 1,x.\Q; .' . .r.q r r . ................. .. 
PUMPS: No. and type . ........ . . ) .. 4if.!.u.s.\9~ . . p.~ ~P ........ . .. .. . 

ION SOURCE(S) 
Type Intensity «I 'n = f3"'1' Ion Species 

(mA) (11' mm mrad) 
(a) ~P.t .. C.~ tP.o.d.~. r I.G ....... 1 ...... . ....... ~: .. .... 
(b) .... .... ....... .. .... .. .. . 

INJECTION SYSTEM 
. .. . . . . . . .. Efficiency . ..... ... % 

EXTRACTION SYSTEM 
....... E.l, d rD.s.~~ t Lc .. ~.e.t I H.t.O.' ............ Efficiency .... ~Q ... % 

CHARACTERISTIC BEAMS 
Current(part.IlA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .... . ~: ............ .. l2. .... .. .. ..... UQ . .... ....... 7P ... . .. 
(b) .. .. . D: .............. 11 ...... . . ..... .1.~Q ..... ....... 7P .... .. 

EXTRACTED BEAM PROPERTIES: 
For ........ 50 .... IlA of .... ... 1~ ..... MeV/u ........ ~: .... ions 
6E/E ........... 1 ........... % 64> ...... .. ............... °rf 
'n = (3"'1' x ... .... 3 0 .... 1I'mm mrad z . ...... 1 0 .... 1I'mm mrad 

REFERENCES/NOTES 
(a) ................ . ............ . 
(b) .. ......... .. .. ............... .. 



ENTRY NO. . Cl19 .... .. ...... Date ....... ... .... . ...... . 
Machine Name ..... ~P .D.1. 5 . . 
Manufacturer ..... . 1r.e .. ~~p .a.n .. ~t~.e.l .. ~9r.k.s.,.~r.D.· ........ . 
Address . .. ! =- ,2 .. , . ~ \l.r ,a, k.l! ~ ~~ . .1. ~ ~ ,hp .• , ~" . ~ .h.i. ~ <? ~ .a . -. ~ ~ ~ . .T.o.~.r9. ,J ,a, e ~ ~ 
Tel ..... . . (D.~ 1 ~.5.D. \: P.1.I. Telex . ...... i ?4.2.5.~ .. <.J.S.~) ...... . 
Fax .... . .. <P .J.>. llD .4.-.D.HJ. .. EMAIL .................... . 
In Charge: ..... . ........ . Reported by : .... y, .. T.q4~ .....• 

HISTORY AND STATUS 
DATES : Design .. ..... .1.9.&J,>.9.8.5 First Machine ....... . 19.8.5 .... . 
SALES: No. Sold/Operational ... .1 / .. <. Currently Available .H 1 

COST: Accelerator .. .............•... Facility .................. . 

MAGNET 
POLE PARAM ETERS: 

Diameter .. .. 129 .. em Rextract ... . ,5,2 . . em Rjnject ......... em 
HILL PARAMETERS: Gap (min) ..... ).D ... 7. em Bm•x .. ... . ... . T 

(<O .. 2 •. 6.XIO.'AT) Gap (max) .. .. I.D ... 7 .. em Bm;n .......... T 
VALLEY PARAMETERS: Gap (min) .. U, 9 .. em Bm • x .... . .. . T 

(<0 .. 2, .6. X 1 0.' AT) Gap (max) .... 1.9 .. . 9 . . em Bm;n ....... . . . T 
AVERAGE FIELD : < B >m;n .... 1 •. 5.4 .. T < B >m.x ... ). .5.{ . . T 
NUMBER OF SECTORS: compact / separated .. . .. ~ .... / ... . .. ... . 

sector angle ....... . U ..... deg. spiral (max) ........ . ~P . .. . deg. 
FIELD TRIMMING : Trim Coils ..... .. .. . 6 .. . .... .. . . .. . ........... . 

Harmonic Coils ... ... .... . ... g .•••..•..........••..••••• 
Other.. . ... . ............ . ............. . ..... . ..... . . 

CURRENT: Main Coils ..... 4.5.0 .... . . Amps Stability ... HXIO.-.' . . . 
Trim Coils .... . .. ..... 5.0 ... Amps Stability ...... .±.lUO.-.' .. . 
Stored Energy (cryogenic) .. .... . ........................ MJ 

WEIGHT: Iron ........ 1i0.1p.n. . . . . . Conductor ......... ~ .. too .... . 
ION ENERGY: Bending Limit E/ A = ................ q2 / A2 MeV/u 

Focussing Limit E/ A = ........... . ..... q/ A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Descript ion: .. ~. s e.t~ .. 0 f. p.Ld 4. ~."a. e . . d.~e . ,j.U . I ~ •. bAa O .. s. te 's 
No. of Gaps/ turn .... .. 4...... dE / dn(max) ... . ... Q .. 16 .. MeV / q 
Voltage(max) ...... D. D.( ... MV Harmonic fd /f;on . ... a..4 . ... . . . 

Freq ......... 47. ..... MHz Power in(max) . ... .. . . O.D2.L .. MW 
Stability: Phase ........ 1:... Voltage ......... . 1 Xl.D. ~ ~ .. 

VACUUM SYSTEM 
OPERATING PRESSURE: . . • . . . . . 1.X.t O:- ~ .. T.a r r .......... • ......•.. 

PUMPS: No. and type ..... . . . .. . 2 . . di ffu~.io •. p.U •. . .......•.•.. 

ION SOU RCE(S) 
Type Intensity <0 <" = i3"'1< Ion Species 

(mA) (7r mm mrad) 
(a) ~01..C.atbo.d .•. 11£ ... . .. 1 . . . ... . . . . . . . . U: .. . •.• 
(b) ..... . .... . ...... .... . 

INJECTION SYSTEM 
. . . . . . . . . . . . .. . . . . . . . . . . .. . . . . . . . .. Efficiency ....... .. % 

EXTRACTION SYSTEM 
... . .. .[.}.6'.tr:Q8.t..atic.,de.f.Leci.o.r . ... . ........ Efficiency .... 7.0 . .. % 

CHARACTERISTIC BEAMS 
Current(part. IlA) 

Accelerated Ions E/ A (MeV/ uY Internal External 
(a) ..... He . ......... . . .. 30 ...... . . . . . J.~U .......••••. 7 O ....•• 
(b) ..... P"· ......... . . . .• 5 ...... . . . . . . . n.u . . . .. . .. . ... 70 .... .. 

EXTRACTED BEAM PROPERTIES: 
For .. ·· .... 5U • .. . IlA of ..... .. 30 ..... MeV / u . .. ..... ~t .... ions 
6.E/E ..... . ..... 1 ..... . ...... % 6. </> ................ . ... ... °rf 
<n = i3"'1< x ... . .. · 30 .... 7rmm mrad z .. ..... lD .... 7rmm mrad 

REFERENCES/NOTES 
(a) ...... . ... . ........ . ............. . ........... . . ... . .. .. ...... . . 
(b) .... . ... . ........... . ...... ... .. . . . .... . . . . ...... . ... . . .. . ... . . 

ENTRY NO . . ..... ~M10 ........... Date . ... . .. .J.un~.\9·. m? . 
Machine Name ... .. ....... . ... HM~18. CYCLOT~ON . .. ....... . ......... . 
Manufacturer . ...... S.u.mit.omo . Heav¥ .. 1 ndustries ... . qd .... . ...... . . .. . 
Address ..... 10-11 .... K iba . 5~cho,!,:, . Kot?-.ku .... T~k~o .\ 3 5 ... J ap?~ ..... . 
Tel . .. . .. . ~03)3820~6.588 . ...... Telex. . . . . . ...... . . . 
Fax .. . . (03).3820~6452 . . . .. EMAIL .... .. .. . . . .. . . . ..... . ... . . 
In Charge: .. . ............ Reported by: . .. . . Y .. S~~i \ ...•.. ... 

HISTORY AND STATUS 
DATES: Design . . .... 1.98.9....... First Machine .. . . !~n ........ . 
SALES: No. Sold / Operational ... ~ / ).. Currently Available 11".s. 
COST: Accelerator... . . .. ..... . ...... Facility .................. . 

MAGNET 
POLE PARAMETERS : 

Diameter .. .\04 ... em Rextr.ct ... 4~·.1~. em R;nject ......... em 
HILL PARAM ETERS: Gap (min) . .... 3: .6 .. em Bm•x ... ?:.1. ... T 

(<0 .. ~'. ~~ 19:. AT) Gap (max) .......... em Bm; •.. . .... ... T 
VALLEY PARAMETERS : Gap (min) . .15: 4 . . em Bm • x ..1. .. 2 .... T 

(<0 .. U~19:. AT) Gap (max) ... . .. .. . . em Bm; •. . ........ T 
AVERAGE FIELD : < B >m;n .... )"~!. T < B >m.x . . . L .5.6 ... T 
NUMBER OF SECTORS: compact / separated .... ( .... / .. . ...... . 

sector angle .. . ... .. 5.0 ..... deg. spiral (max) .... ~9 ......... deg. 
FIELD TRIMMING : Trim Coils . ........ . 1.~?!r~ ... .. ... . . ......... . 

Harmonic Coils ....................... . ... ... .. . ..... . . . 
Oth~ . . .... . .......................................... . 

CURRENT: Main Coils .. .1.8Q . .... ... Amps Stability . ... O: .O).~ ... . 
Trim Coils ..... 3.0 ... 30 •. 60 .. 80. Amps Stability . . ..... 0:.1 . .. ~ ... . 
Stored Energy (cryo~enic) ................. . ............. M J 

WEIGHT: Iron ............ ~. ton~.. Conductor . ... . ... 0. 7 .. t.()~~ ... . 
ION ENERGY: Bending Limit E/ A = . ..... ...... ... . q2/A2 MeV/ u 

Focussing Limit E/ A = . .. ... . ...... .... q/ A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: ......... . .. 2. .dees ..... (J •.. J. ca.v.i.t.i.es) ............. . 
No. of Gaps/ turn .... .4....... . dE / dn(max) . ...... 0.12 .. MeV / q 
Voltage(max) ... . 0.035 ... . . MV Harmonic fd /f;on .. 2.W·.) .•. 4(D~). 
Freq ...... 4~ ......... MHz Power in(max) . . .... 0.015 . .. ... MW 
Stability: Phase . .... ±O. 5.°. Voltage ...... lxlO ~ ~ .. ... . . 

VACUUM SYSTEM 
OPERATING PRESSURE: ...... 7 . . x .10:' .. Torr .............. • ...... 
PUMPS: No. and type ......... 2. .oil","diffusion. pumps .. . . ••. ....• . 

ION SOURCE(S) 
Type Intensity 

(mA) 
(a) . .. P.lG( iDternal) ... ... -:-:-:-. . 
(b) ......... . .. .. ........ . 

INJECTION SYSTEM 

<n = i3"'1< 
(7r mm mrad) 

Ion Species 

.. H-... . D~ ..... . 

....... No . ......... . .. .. ...... , . ... ..... . . Efficiency . ...•.. .. % 

EXTRACTION SYSTEM 
....... ... S.l.r.ippicg ... . ' .. .... . . Efficiency .. . 100 ... % 

CHARACTERISTIC BEAMS 
Current(part. IlA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) ..... . W .. .. ..... . ... 18 ...... . ............... ....... 7.Il .. ... . 
(b) ...... D ~ . .... ........ 10 ...... . ....... . ....... •. •••• .5.Q. ... • •• 

EXTRACTED BEAM PROPERTIES: 
For .............. IlA of .... . ..... .. .. MeV / u . .. ... . ....... ions 
6.E/ E .. ... ...... ............ % 6.</> . ........ . ............ . °rf 
fn = i3'"'{f. x . ............ rrmm mrad z ... . .. . . . .... 7rmm mrad 

REFERENCES/NOTES 
(a) ... . . . .......... .. .............. . . ... . .............. ... .... . .. . 
(b) . .. . .................. .. .. . ... .. ........ . .. . .. . .. . .... . . . . .. .. . 



ENTRY NO. . Cl19 .... .. ...... Date ....... ... .... . ...... . 
Machine Name ..... ~P .D.1. 5 . . 
Manufacturer ..... . 1r.e .. ~~p .a.n .. ~t~.e.l .. ~9r.k.s.,.~r.D.· ........ . 
Address . .. ! =- ,2 .. , . ~ \l.r ,a, k.l! ~ ~~ . .1. ~ ~ ,hp .• , ~" . ~ .h.i. ~ <? ~ .a . -. ~ ~ ~ . .T.o.~.r9. ,J ,a, e ~ ~ 
Tel ..... . . (D.~ 1 ~.5.D. \: P.1.I. Telex . ...... i ?4.2.5.~ .. <.J.S.~) ...... . 
Fax .... . .. <P .J.>. llD .4.-.D.HJ. .. EMAIL .................... . 
In Charge: ..... . ........ . Reported by : .... y, .. T.q4~ .....• 

HISTORY AND STATUS 
DATES : Design .. ..... .1.9.&J,>.9.8.5 First Machine ....... . 19.8.5 .... . 
SALES: No. Sold/Operational ... .1 / .. <. Currently Available .H 1 

COST: Accelerator .. .............•... Facility .................. . 

MAGNET 
POLE PARAM ETERS: 

Diameter .. .. 129 .. em Rextract ... . ,5,2 . . em Rjnject ......... em 
HILL PARAMETERS: Gap (min) ..... ).D ... 7. em Bm•x .. ... . ... . T 

(<O .. 2 •. 6.XIO.'AT) Gap (max) .. .. I.D ... 7 .. em Bm;n .......... T 
VALLEY PARAMETERS: Gap (min) .. U, 9 .. em Bm • x .... . .. . T 

(<0 .. 2, .6. X 1 0.' AT) Gap (max) .... 1.9 .. . 9 . . em Bm;n ....... . . . T 
AVERAGE FIELD : < B >m;n .... 1 •. 5.4 .. T < B >m.x ... ). .5.{ . . T 
NUMBER OF SECTORS: compact / separated .. . .. ~ .... / ... . .. ... . 

sector angle ....... . U ..... deg. spiral (max) ........ . ~P . .. . deg. 
FIELD TRIMMING : Trim Coils ..... .. .. . 6 .. . .... .. . . .. . ........... . 

Harmonic Coils ... ... .... . ... g .•••..•..........••..••••• 
Other.. . ... . ............ . ............. . ..... . ..... . . 

CURRENT: Main Coils ..... 4.5.0 .... . . Amps Stability ... HXIO.-.' . . . 
Trim Coils .... . .. ..... 5.0 ... Amps Stability ...... .±.lUO.-.' .. . 
Stored Energy (cryogenic) .. .... . ........................ MJ 

WEIGHT: Iron ........ 1i0.1p.n. . . . . . Conductor ......... ~ .. too .... . 
ION ENERGY: Bending Limit E/ A = ................ q2 / A2 MeV/u 

Focussing Limit E/ A = ........... . ..... q/ A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Descript ion: .. ~. s e.t~ .. 0 f. p.Ld 4. ~."a. e . . d.~e . ,j.U . I ~ •. bAa O .. s. te 's 
No. of Gaps/ turn .... .. 4...... dE / dn(max) ... . ... Q .. 16 .. MeV / q 
Voltage(max) ...... D. D.( ... MV Harmonic fd /f;on . ... a..4 . ... . . . 

Freq ......... 47. ..... MHz Power in(max) . ... .. . . O.D2.L .. MW 
Stability: Phase ........ 1:... Voltage ......... . 1 Xl.D. ~ ~ .. 

VACUUM SYSTEM 
OPERATING PRESSURE: . . • . . . . . 1.X.t O:- ~ .. T.a r r .......... • ......•.. 

PUMPS: No. and type ..... . . . .. . 2 . . di ffu~.io •. p.U •. . .......•.•.. 

ION SOU RCE(S) 
Type Intensity <0 <" = i3"'1< Ion Species 

(mA) (7r mm mrad) 
(a) ~01..C.atbo.d .•. 11£ ... . .. 1 . . . ... . . . . . . . . U: .. . •.• 
(b) ..... . .... . ...... .... . 

INJECTION SYSTEM 
. . . . . . . . . . . . .. . . . . . . . . . . .. . . . . . . . .. Efficiency ....... .. % 

EXTRACTION SYSTEM 
... . .. .[.}.6'.tr:Q8.t..atic.,de.f.Leci.o.r . ... . ........ Efficiency .... 7.0 . .. % 

CHARACTERISTIC BEAMS 
Current(part. IlA) 

Accelerated Ions E/ A (MeV/ uY Internal External 
(a) ..... He . ......... . . .. 30 ...... . . . . . J.~U .......••••. 7 O ....•• 
(b) ..... P"· ......... . . . .• 5 ...... . . . . . . . n.u . . . .. . .. . ... 70 .... .. 

EXTRACTED BEAM PROPERTIES: 
For .. ·· .... 5U • .. . IlA of ..... .. 30 ..... MeV / u . .. ..... ~t .... ions 
6.E/E ..... . ..... 1 ..... . ...... % 6. </> ................ . ... ... °rf 
<n = i3"'1< x ... . .. · 30 .... 7rmm mrad z .. ..... lD .... 7rmm mrad 

REFERENCES/NOTES 
(a) ...... . ... . ........ . ............. . ........... . . ... . .. .. ...... . . 
(b) .... . ... . ........... . ...... ... .. . . . .... . . . . ...... . ... . . .. . ... . . 

ENTRY NO . . ..... ~M10 ........... Date . ... . .. .J.un~.\9·. m? . 
Machine Name ... .. ....... . ... HM~18. CYCLOT~ON . .. ....... . ......... . 
Manufacturer . ...... S.u.mit.omo . Heav¥ .. 1 ndustries ... . qd .... . ...... . . .. . 
Address ..... 10-11 .... K iba . 5~cho,!,:, . Kot?-.ku .... T~k~o .\ 3 5 ... J ap?~ ..... . 
Tel . .. . .. . ~03)3820~6.588 . ...... Telex. . . . . . ...... . . . 
Fax .. . . (03).3820~6452 . . . .. EMAIL .... .. .. . . . .. . . . ..... . ... . . 
In Charge: .. . ............ Reported by: . .. . . Y .. S~~i \ ...•.. ... 

HISTORY AND STATUS 
DATES: Design . . .... 1.98.9....... First Machine .. . . !~n ........ . 
SALES: No. Sold / Operational ... ~ / ).. Currently Available 11".s. 
COST: Accelerator... . . .. ..... . ...... Facility .................. . 

MAGNET 
POLE PARAMETERS : 

Diameter .. .\04 ... em Rextr.ct ... 4~·.1~. em R;nject ......... em 
HILL PARAM ETERS: Gap (min) . .... 3: .6 .. em Bm•x ... ?:.1. ... T 

(<0 .. ~'. ~~ 19:. AT) Gap (max) .......... em Bm; •.. . .... ... T 
VALLEY PARAMETERS : Gap (min) . .15: 4 . . em Bm • x ..1. .. 2 .... T 

(<0 .. U~19:. AT) Gap (max) ... . .. .. . . em Bm; •. . ........ T 
AVERAGE FIELD : < B >m;n .... )"~!. T < B >m.x . . . L .5.6 ... T 
NUMBER OF SECTORS: compact / separated .... ( .... / .. . ...... . 

sector angle .. . ... .. 5.0 ..... deg. spiral (max) .... ~9 ......... deg. 
FIELD TRIMMING : Trim Coils . ........ . 1.~?!r~ ... .. ... . . ......... . 

Harmonic Coils ....................... . ... ... .. . ..... . . . 
Oth~ . . .... . .......................................... . 

CURRENT: Main Coils .. .1.8Q . .... ... Amps Stability . ... O: .O).~ ... . 
Trim Coils ..... 3.0 ... 30 •. 60 .. 80. Amps Stability . . ..... 0:.1 . .. ~ ... . 
Stored Energy (cryo~enic) ................. . ............. M J 

WEIGHT: Iron ............ ~. ton~.. Conductor . ... . ... 0. 7 .. t.()~~ ... . 
ION ENERGY: Bending Limit E/ A = . ..... ...... ... . q2/A2 MeV/ u 

Focussing Limit E/ A = . .. ... . ...... .... q/ A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: ......... . .. 2. .dees ..... (J •.. J. ca.v.i.t.i.es) ............. . 
No. of Gaps/ turn .... .4....... . dE / dn(max) . ...... 0.12 .. MeV / q 
Voltage(max) ... . 0.035 ... . . MV Harmonic fd /f;on .. 2.W·.) .•. 4(D~). 
Freq ...... 4~ ......... MHz Power in(max) . . .... 0.015 . .. ... MW 
Stability: Phase . .... ±O. 5.°. Voltage ...... lxlO ~ ~ .. ... . . 

VACUUM SYSTEM 
OPERATING PRESSURE: ...... 7 . . x .10:' .. Torr .............. • ...... 
PUMPS: No. and type ......... 2. .oil","diffusion. pumps .. . . ••. ....• . 

ION SOURCE(S) 
Type Intensity 

(mA) 
(a) . .. P.lG( iDternal) ... ... -:-:-:-. . 
(b) ......... . .. .. ........ . 

INJECTION SYSTEM 

<n = i3"'1< 
(7r mm mrad) 

Ion Species 

.. H-... . D~ ..... . 

....... No . ......... . .. .. ...... , . ... ..... . . Efficiency . ...•.. .. % 

EXTRACTION SYSTEM 
....... ... S.l.r.ippicg ... . ' .. .... . . Efficiency .. . 100 ... % 

CHARACTERISTIC BEAMS 
Current(part. IlA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) ..... . W .. .. ..... . ... 18 ...... . ............... ....... 7.Il .. ... . 
(b) ...... D ~ . .... ........ 10 ...... . ....... . ....... •. •••• .5.Q. ... • •• 

EXTRACTED BEAM PROPERTIES: 
For .............. IlA of .... . ..... .. .. MeV / u . .. ... . ....... ions 
6.E/ E .. ... ...... ............ % 6.</> . ........ . ............ . °rf 
fn = i3'"'{f. x . ............ rrmm mrad z ... . .. . . . .... 7rmm mrad 

REFERENCES/NOTES 
(a) ... . . . .......... .. .............. . . ... . .............. ... .... . .. . 
(b) . .. . .................. .. .. . ... .. ........ . .. . .. . .. . .... . . . . .. .. . 



ENTRY NO . . ..... CMl.l ..... . . .... Date ....... J~l~. 9.199.2 . . . 
Ma chine Name . . 48.0 . . AVF . CY~LOTRON . ... . ... . . . .... .. ... . 
Manufa ct urer ...... ~~~ i ~'?~? H~~yy' .1.n.du.s.tr i~~ ... Ltd. . .. . . 
Address . . . 1.0~ II •.. K i ba. 5~chome, . . Koto~k~ .. .Tok~o. 135: . Japan .. 
Tel .<9.3).3.8.2.0.-.6.58.8. . . Telex . . . . ... . . .. . . ....... . 
Fax ...... (q~lmHm. . EMAIL ........... . . ........ . . . .. . 
In Charge : Reported by: . J..T~~~i~aw~ . ... . 

HISTORY AND STATUS 
DATES: Design ........ First Ma chine . . . .J.u.n.e. : .8.~ . . .. . 
SALES: No . Sold / Operat ional .. .1. / )... Currently Available ~~~ . 
COS T: Accelerator.......... . . . ..... . Facility .. . .. . .. . ... . .... . . 

MAGNET 
POLE PARAMETERS: 

Diameter . P~ ..... em Rextract ~~ .. . .... em Rinject .... . ... . em 
HILL PARAMETERS: Gap (min) .......... em Bm• x .. . ~ .. q .... T 
(en . )7.1 •. 2.0.0 .. AT ) Ga p (max) .. ' ~" ~ . .. . em Bmin .......... T 

VALLEY PARAMETERS: Ga p (min) . . ...... em Bm• x . \.. ~1 ... T 
(en . )J.1 • . 2.0.0 .. AT) Ga p (max) .. B·.!. . . . em Bmin .......... T 

AVERAGE FIELD : < B >min . . . ....... T < B >m.x . . .1"'~~'" T 
NUMBER OF SECTORS : compact / separated ... A . . . . . / ......... . 

sector angle . ......... . .... deg . spiral (ma x) .. . ... .. .... . .. deg . 
FIELD TRIMMING : Trim Coils ....... .. . 6 . .P.a). r.~ .. . .. . . . .. .. .... . . .. 

Harmon ic Coil s . . . . .. .. . . . .. A .~~i.~~ .. . ........ . .. . .... . 
Other .. . . ... .. . . .. . ..... . ... . ..... .. ... .. ... .. .... . ... . 

CURRENT : Main Coils ...... ... .. . . . Amps Stabil ity ..... 2x.W- .' .. . 
Tri m Coils .. ..... .. ... . . . .. Amps Stability ....... . ~x .W- .· . . . 
Stored Energy (cryo~enic) . . . . . ........ .. ... .. ..... .. .... MJ 

WEIGHT : Iron ........... ~ .. t.o.os. . . Condu ct or ......... !. ton.s . .. . . 
ION ENERGY: Bending Limit E/ A = .... . .......... . q2/A2 MeV / u 

Focussing Limit E/ A = ... .. . . . . . .. . . ... q / A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description : . ... .. Z~ . 90~. dee.s. .w.i.th . A./. 4. cay j 1i es . . . ........... . 
No . of Gaps / turn . . .. . ..... ... dE / dn(max) . . ..... 0. .. 099 . MeV / q 
Voltage(max) .... () .. 040 ..... MV Harmon ic fd / fi on ..... 1 ..... . . . 
Freq .· ..... 20.4 ...... MHz Power in(ma x) . . ...... 0.0 65 .... MW 
Stability: Phase ..... ± 1 x10~:. . . . . . Voltage . . . . . ±.lx1Q~ ~ ..... . 

VACUUM SYSTEM 
OPERATING PRESSURE : ....... ... .. ... 2xl0~~. Tor r. . .. .......... . 
PUMPS: No . and t ype ... .. ......... . ... 2000 .l/s . . D. P . . ... ... .... . 

ION SOURCE(S) 
Type Intens ity 

( mA ) 
(a ) . .. U~ i ng s ton ........... . . . 

en '" = f3f' Ion Species 
( 1r mm mrad) 

. . . . R+ ........ . 
(b) . .. . . .. . ....... . ... . ........ . ... . ..... . 

INJECTION SYSTEM 
. • ... . . . . . Efficiency . . . . • . . .. % 

EXTRACTION SYSTEM 
.. .. . . . . . ·Electrostatic .t .Magnetic .......... Efficiency ... 15 .... % 

CHARACTERISTIC BEAMS 
Current(pa rt . J.LA) 

Accelerated Ions E/ A (MeV / u) Internal Extern a l 
(a ) ...... H: ... . ........ 30 ............... 200 ....... .. . .. au . .... . 
(b) ............. . . . .. ............ . . . . ... .. .. . .. . ... .. ..... . 

EXTRACTED BEAM PROPERTIES: 
For ..... . . .. .. ... J.L A of ... .. .. . MeV / u .. . ......... . . ions 
b. E/ E ...... . . .... . .. .. ...... % b.¢ ... . .. .. .. .. . . .. ....... ° rf 
in = f3f! X ... . . .... . . .. 1r mm mrad z . .. . .. . . . .... 1r mm mrad 

REFERENCES/NOTES 
(a) .. .. . .. . .... . ... . . .. .... . .. . . . . . . . ...... . .. . .... .. .. . .. ... . ... • 
(b) .. . . ...... . . .......... . . . .. . . . . . . ....... . ...... .. .. . ......... . . 

ENTRY NO ....... C.M12 ... .. .. ... . Date ... . .. . .Ju.l.>: .. ~ .. \m .. 
Mach ine Name ..... 750. AVf. .CY~~OTRON . . .. .. .. .. . ... .. . .. .. .. ... . . . 
Ma nufacturer . . . . . . SumIt.omo . Heav~ . I ndustr.i!l.s .... L.tq ....... . 
Address ..... 1.0.-.1.1 .... K.i.~~ . 5~~h?~~ .. . ~?to:-.k.u ... T()k~o . m .. . J~p?r ..... . 
Tel ....... (Q~l ???9~.6.5~~.. Telex . . . . ...... . ... . ............ . 
Fax ....... (03.l.3.8.2q~~m.. .. . EMAIL... . .... . ........ .. 
In Charge: Reported by: ... T ... T~~l]i. ~~n .....•. 

HISTORY AND STATUS 
DATES: Design .... . ............ First Machine .. . J~9·.,: ~.5 ... .. 
SALES : No . Sold / Operat ional . . . ? / . ~ . . Curren t ly Avail able y~.s. 
COST : Accelerator .. ..... .. . . . . . .. . .. Facili t y . . .... . . . . . . ... . .. . 

MAGNET 
POLE PARAMETERS: 

Diameter . .1.~q .... em Rextract . ~~ . .. ... em R inject ......... em 
HILL PARAMETERS: Gap ( min ) . .. ..... . . em Bm• x .. . ?-: .0 . . . . T 

(en .. ~~~ .. QQ9 . AT ) Gap ( max) . ..1.3;.3 .... em Bmin .......... T 
VALLEY PARAMETE RS: Gap ( min) .. ..... . em Bm• x . . 1,.5.7 ... T 

(en . '~~~" QQ9 . AT ) Gap (max) ... 3);.5 .... em Bmin .......... T 
AVERAGE FIELD : < B >min .. .. . .. ... T < B >m.x . .. L.6.4 . .. T 
NUMBER OF SECTORS: compact / separated . .. . ( ... . / ... . . .. .. . 

sector angle .. . .. .... .. .... deg . spira l ( max) ........ .. . . . . . deg . 
FIELD TRIMMING : Trim Co ils ......... ~Q.p~ir~ ... . ......... ... ... . 

Harmonic Coils .............. ~. p~.ir.s ................... . 
Other .. . ..... . . .... . .. . ... .. . . ... . . . .. .. . .. . . . .. .. .... . 

CURRENT: Main Coils ... . .. .. . . . ... Amps Stab ility . .... . 2Aq~~ .. 
Trim Coils ................. Amps Stab ility ........ . 5Aq~~ .. 
Stored Energy (cryogenic ) ...... . .. . ... . .... . .... . ... . . . . MJ 

WEIGHT: Iron ......... .1.~q. ~'?~~.. Conductor ....... .. . 6. t.()~~ . . . . 
ION ENERGY: Bending Limit E/ A = .. . . . ........ . . . q2/A2 MeV / u 

Focussing Limit E/ A = . . . .... . ..... . ... q / A MeV/ u 

ACCElERATION SYSTEM 
FUNDAMENTAL AC CELERATION : 

Description : . . ... .91J.o 
•. -.2 . . dees .w i th . .A / 4. cav.i.ti.es ............. . 

No. of Gaps / turn .... . .. . .. ... dE / dn ( max) .. .. . .. 0.121. MeV / q 
Voltage(max) .... 0.050 ..... MV Harmo nic frr / fio n ...... 1 ...... . 
Freq .. . .. 13.-.2.5. ....... MH z Power in( max) ........ 80 ..... . . MW 
Stability: Phase ..... ±lxlD.-.'... . . . Vo lt age ..... ±lxlO~~ ..... . 

VACUUM SYSTEM 
OPERATING PRESSURE : . . . ............ 2xlO.- .' . .Tnr.r . ............. . 
PUMPS: No. and type ... .. ... .. . ....... ZOOO. l/s .. 1).,P .. . x2 .... . .. .. 

ION SOURCE(S) 
Type Intensity en '" = f3f' Io n Species 

(mA ) (7r mm mrad) 
(a) .... Liv i ngston .. . . .. ...... . . .... H~ ....... . 
(b) ... . ... . . ...... . . . ... . . . 

INJECTION SYSTEM 
. . .. Efficiency . . ..•.. .. % 

EXTRACTION SYSTEM 
.... . . .... E.Lect rosta1i.c.t . Ma gne.tlc .... .. .... Efficiency ... BD .... % 

CHARACTERISTIC BEAMS 
Current( part . J.LA ) 

Accelerated Ions E/ A ( MeV / u) Internal Extern al 
(a) .. ... . W ..... .. ..... 70 ... .... . . .. .. .. 200 ......... ... ~5 . . .. .. 
(b) ...... He ...... . ..... Z5 .. . ... .. ..... .. 200 ..... .. .... LnG .... .. 

EXTRACTED BEAM PROPERTIES: 
For ......... . . .. . J.LA of ........ .. .... MeV/ u .. . ......... .. ions 
b.E / E . .... . . . ............. .. % b.¢ ....... . .. . ............ °rf 
in = f3-y, X ••••• . •• • •• . . 1rmm mrad Z ••• • • . ••••••• 1r mm m rad 

REFERENCES/NOTES 
(a) . . . ................ . . . .. .... . .. . . . ... . ... . . ......... . .... .. . • . . 
(b) .... . .... . . . . . .. .. . ... . .... . ... . .. . . . . . ... . . .. .. . . .. ......... . . 



ENTRY NO . . ..... CMl.l ..... . . .... Date ....... J~l~. 9.199.2 . . . 
Ma chine Name . . 48.0 . . AVF . CY~LOTRON . ... . ... . . . .... .. ... . 
Manufa ct urer ...... ~~~ i ~'?~? H~~yy' .1.n.du.s.tr i~~ ... Ltd. . .. . . 
Address . . . 1.0~ II •.. K i ba. 5~chome, . . Koto~k~ .. .Tok~o. 135: . Japan .. 
Tel .<9.3).3.8.2.0.-.6.58.8. . . Telex . . . . ... . . .. . . ....... . 
Fax ...... (q~lmHm. . EMAIL ........... . . ........ . . . .. . 
In Charge : Reported by: . J..T~~~i~aw~ . ... . 

HISTORY AND STATUS 
DATES: Design ........ First Ma chine . . . .J.u.n.e. : .8.~ . . .. . 
SALES: No . Sold / Operat ional .. .1. / )... Currently Available ~~~ . 
COS T: Accelerator.......... . . . ..... . Facility .. . .. . .. . ... . .... . . 

MAGNET 
POLE PARAMETERS: 

Diameter . P~ ..... em Rextract ~~ .. . .... em Rinject .... . ... . em 
HILL PARAMETERS: Gap (min) .......... em Bm• x .. . ~ .. q .... T 
(en . )7.1 •. 2.0.0 .. AT ) Ga p (max) .. ' ~" ~ . .. . em Bmin .......... T 

VALLEY PARAMETERS: Ga p (min) . . ...... em Bm• x . \.. ~1 ... T 
(en . )J.1 • . 2.0.0 .. AT) Ga p (max) .. B·.!. . . . em Bmin .......... T 

AVERAGE FIELD : < B >min . . . ....... T < B >m.x . . .1"'~~'" T 
NUMBER OF SECTORS : compact / separated ... A . . . . . / ......... . 

sector angle . ......... . .... deg . spiral (ma x) .. . ... .. .... . .. deg . 
FIELD TRIMMING : Trim Coils ....... .. . 6 . .P.a). r.~ .. . .. . . . .. .. .... . . .. 

Harmon ic Coil s . . . . .. .. . . . .. A .~~i.~~ .. . ........ . .. . .... . 
Other .. . . ... .. . . .. . ..... . ... . ..... .. ... .. ... .. .... . ... . 

CURRENT : Main Coils ...... ... .. . . . Amps Stabil ity ..... 2x.W- .' .. . 
Tri m Coils .. ..... .. ... . . . .. Amps Stability ....... . ~x .W- .· . . . 
Stored Energy (cryo~enic) . . . . . ........ .. ... .. ..... .. .... MJ 

WEIGHT : Iron ........... ~ .. t.o.os. . . Condu ct or ......... !. ton.s . .. . . 
ION ENERGY: Bending Limit E/ A = .... . .......... . q2/A2 MeV / u 

Focussing Limit E/ A = ... .. . . . . . .. . . ... q / A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description : . ... .. Z~ . 90~. dee.s. .w.i.th . A./. 4. cay j 1i es . . . ........... . 
No . of Gaps / turn . . .. . ..... ... dE / dn(max) . . ..... 0. .. 099 . MeV / q 
Voltage(max) .... () .. 040 ..... MV Harmon ic fd / fi on ..... 1 ..... . . . 
Freq .· ..... 20.4 ...... MHz Power in(ma x) . . ...... 0.0 65 .... MW 
Stability: Phase ..... ± 1 x10~:. . . . . . Voltage . . . . . ±.lx1Q~ ~ ..... . 

VACUUM SYSTEM 
OPERATING PRESSURE : ....... ... .. ... 2xl0~~. Tor r. . .. .......... . 
PUMPS: No . and t ype ... .. ......... . ... 2000 .l/s . . D. P . . ... ... .... . 

ION SOURCE(S) 
Type Intens ity 

( mA ) 
(a ) . .. U~ i ng s ton ........... . . . 

en '" = f3f' Ion Species 
( 1r mm mrad) 

. . . . R+ ........ . 
(b) . .. . . .. . ....... . ... . ........ . ... . ..... . 

INJECTION SYSTEM 
. • ... . . . . . Efficiency . . . . • . . .. % 

EXTRACTION SYSTEM 
.. .. . . . . . ·Electrostatic .t .Magnetic .......... Efficiency ... 15 .... % 

CHARACTERISTIC BEAMS 
Current(pa rt . J.LA) 

Accelerated Ions E/ A (MeV / u) Internal Extern a l 
(a ) ...... H: ... . ........ 30 ............... 200 ....... .. . .. au . .... . 
(b) ............. . . . .. ............ . . . . ... .. .. . .. . ... .. ..... . 

EXTRACTED BEAM PROPERTIES: 
For ..... . . .. .. ... J.L A of ... .. .. . MeV / u .. . ......... . . ions 
b. E/ E ...... . . .... . .. .. ...... % b.¢ ... . .. .. .. .. . . .. ....... ° rf 
in = f3f! X ... . . .... . . .. 1r mm mrad z . .. . .. . . . .... 1r mm mrad 

REFERENCES/NOTES 
(a) .. .. . .. . .... . ... . . .. .... . .. . . . . . . . ...... . .. . .... .. .. . .. ... . ... • 
(b) .. . . ...... . . .......... . . . .. . . . . . . ....... . ...... .. .. . ......... . . 

ENTRY NO ....... C.M12 ... .. .. ... . Date ... . .. . .Ju.l.>: .. ~ .. \m .. 
Mach ine Name ..... 750. AVf. .CY~~OTRON . . .. .. .. .. . ... .. . .. .. .. ... . . . 
Ma nufacturer . . . . . . SumIt.omo . Heav~ . I ndustr.i!l.s .... L.tq ....... . 
Address ..... 1.0.-.1.1 .... K.i.~~ . 5~~h?~~ .. . ~?to:-.k.u ... T()k~o . m .. . J~p?r ..... . 
Tel ....... (Q~l ???9~.6.5~~.. Telex . . . . ...... . ... . ............ . 
Fax ....... (03.l.3.8.2q~~m.. .. . EMAIL... . .... . ........ .. 
In Charge: Reported by: ... T ... T~~l]i. ~~n .....•. 

HISTORY AND STATUS 
DATES: Design .... . ............ First Machine .. . J~9·.,: ~.5 ... .. 
SALES : No . Sold / Operat ional . . . ? / . ~ . . Curren t ly Avail able y~.s. 
COST : Accelerator .. ..... .. . . . . . .. . .. Facili t y . . .... . . . . . . ... . .. . 

MAGNET 
POLE PARAMETERS: 

Diameter . .1.~q .... em Rextract . ~~ . .. ... em R inject ......... em 
HILL PARAMETERS: Gap ( min ) . .. ..... . . em Bm• x .. . ?-: .0 . . . . T 

(en .. ~~~ .. QQ9 . AT ) Gap ( max) . ..1.3;.3 .... em Bmin .......... T 
VALLEY PARAMETE RS: Gap ( min) .. ..... . em Bm• x . . 1,.5.7 ... T 

(en . '~~~" QQ9 . AT ) Gap (max) ... 3);.5 .... em Bmin .......... T 
AVERAGE FIELD : < B >min .. .. . .. ... T < B >m.x . .. L.6.4 . .. T 
NUMBER OF SECTORS: compact / separated . .. . ( ... . / ... . . .. .. . 

sector angle .. . .. .... .. .... deg . spira l ( max) ........ .. . . . . . deg . 
FIELD TRIMMING : Trim Co ils ......... ~Q.p~ir~ ... . ......... ... ... . 

Harmonic Coils .............. ~. p~.ir.s ................... . 
Other .. . ..... . . .... . .. . ... .. . . ... . . . .. .. . .. . . . .. .. .... . 

CURRENT: Main Coils ... . .. .. . . . ... Amps Stab ility . .... . 2Aq~~ .. 
Trim Coils ................. Amps Stab ility ........ . 5Aq~~ .. 
Stored Energy (cryogenic ) ...... . .. . ... . .... . .... . ... . . . . MJ 

WEIGHT: Iron ......... .1.~q. ~'?~~.. Conductor ....... .. . 6. t.()~~ . . . . 
ION ENERGY: Bending Limit E/ A = .. . . . ........ . . . q2/A2 MeV / u 

Focussing Limit E/ A = . . . .... . ..... . ... q / A MeV/ u 

ACCElERATION SYSTEM 
FUNDAMENTAL AC CELERATION : 

Description : . . ... .91J.o 
•. -.2 . . dees .w i th . .A / 4. cav.i.ti.es ............. . 

No. of Gaps / turn .... . .. . .. ... dE / dn ( max) .. .. . .. 0.121. MeV / q 
Voltage(max) .... 0.050 ..... MV Harmo nic frr / fio n ...... 1 ...... . 
Freq .. . .. 13.-.2.5. ....... MH z Power in( max) ........ 80 ..... . . MW 
Stability: Phase ..... ±lxlD.-.'... . . . Vo lt age ..... ±lxlO~~ ..... . 

VACUUM SYSTEM 
OPERATING PRESSURE : . . . ............ 2xlO.- .' . .Tnr.r . ............. . 
PUMPS: No. and type ... .. ... .. . ....... ZOOO. l/s .. 1).,P .. . x2 .... . .. .. 

ION SOURCE(S) 
Type Intensity en '" = f3f' Io n Species 

(mA ) (7r mm mrad) 
(a) .... Liv i ngston .. . . .. ...... . . .... H~ ....... . 
(b) ... . ... . . ...... . . . ... . . . 

INJECTION SYSTEM 
. . .. Efficiency . . ..•.. .. % 

EXTRACTION SYSTEM 
.... . . .... E.Lect rosta1i.c.t . Ma gne.tlc .... .. .... Efficiency ... BD .... % 

CHARACTERISTIC BEAMS 
Current( part . J.LA ) 

Accelerated Ions E/ A ( MeV / u) Internal Extern al 
(a) .. ... . W ..... .. ..... 70 ... .... . . .. .. .. 200 ......... ... ~5 . . .. .. 
(b) ...... He ...... . ..... Z5 .. . ... .. ..... .. 200 ..... .. .... LnG .... .. 

EXTRACTED BEAM PROPERTIES: 
For ......... . . .. . J.LA of ........ .. .... MeV/ u .. . ......... .. ions 
b.E / E . .... . . . ............. .. % b.¢ ....... . .. . ............ °rf 
in = f3-y, X ••••• . •• • •• . . 1rmm mrad Z ••• • • . ••••••• 1r mm m rad 

REFERENCES/NOTES 
(a) . . . ................ . . . .. .... . .. . . . ... . ... . . ......... . .... .. . • . . 
(b) .... . .... . . . . . .. .. . ... . .... . ... . .. . . . . . ... . . .. .. . . .. ......... . . 



ENTRY NO . ...... P1U . ... .. ... . Date .. . . . . J.~~~ . \9 .. !9~? .. 
Machine Name ..... 9.30 . . AY.F . . ~X~LqT~9N ......... .... ..... .. .. .... ... . 
Manufacturer . . . ... Sum I tomo . He~v¥. I n?u.st.r.Ie~ ... L ~~" ....... . .... . . . 
Address ... .1.0.--:1.1 .... ~ \ l?~ . ?~?h?!"~ ! .. K.o.t.o.-.k~ ... To~~o . 135, . Japan ..... . . 
Tel . . ... . !9~1.38.2.0 :-.6.5.8.8 .. .. ... . . Telex . ... . ... . ... . .. .. ....... . .. . 
Fax ...... \q~). mO~645? ... . . . . EMAIL . .. ... .. . .. ... .. .. .. ... . .. . 
In Charge: .... . .. .. .. . .... .... . Reported by: . '\"\~~~!~~~~"""" 

HISTORY AND STATUS 
DATES: Design . .. .... . .... . . . .. First Machine .... . . . . .. .. .. . . . 
SALES: No. Sold / Operat ional .. . 5. / ~ .. . Currently Available Y.e.s .. 
COST: Accelerator ... ... ...... . . . ... . Facility . ...... . ..... . .. . . . 

MAGNET 
POLE PARAMETERS: 
Diameter. ?P·. ~ ... em Rextract ~2: 3 ..... em Rinject ........ . em 

HILL PARAMETERS: Gap (min) . . . ..... . . em Bmax .. 1: .9.6 .. . . T 
«(0 . ~9~, 99.0 .. AT) Gap (max) . .1.6 .. ~ .. .. em Bmin .... .. .... T 

VALLEY PARAMETERS: Gap (min) ........ em Bmax .1:.1.~ . .. T 
«(0 . ~9~, 99.0 . . AT) Gap (max) . .4.q .. ~ ... . em Bmin ... ... . ... T 

AVERAGE FIELD: < B >m in .. .. . .... . T < B >max .. . 1:.6.4. .. . T 
NUMBER OF SECTORS : compact / separated ... .4. ..... / . . ... . ... . 

sector angle ... . ...... . ... . deg . spiral (max) ... . .... . .5.3 ... . deg. 
FIELD TRIMMING: Trim Coils .... . . . ) ? P!li.r.s ..... . .. . . .. .. . . . . . . 

Harmonic Coils . .. ... .. . . . .. . 4. 'p.a.ir.~ . . . .. ... . ......... . . 
Other .. .. . ...... .. . . .... . . .. ... . ...... . .. .. ....... .... . 

CURRENT: Main Coils . . ~ 90 . .... . ... Amps Stability .. . ~ \~!9 ~~ .. . 
Trim Coils ... '!99~?99 . . .. .. Amps Stability . ..... ~?xW : .. . 
Stored Energy (cryo~enic) .. .. . . ... . ... ... .. .. .. ..... . ... MJ 

WEIGHT: Iron ... . ..... ? O •• t ?~~. . . Conductor ......... 9 y)~ ~ . ... . 
ION ENERGY: Bending Limit E/ A = . .. . . ..... 119 ... q2/A2 MeV/ u 

Focussing Limit E/ A = ..... .. ... 9.~ .. . .. q/ A MeV / u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description : .. . ... 2 ~. 90~ . dees. with . .l. ./.4 .cavIties ........ . ..... . 
No. of Gaps/ turn . .. . 4........ dE / dn(max) .. . . .. .0...17. . . MeV / q 
Voltage(max) . . . 0.0.6.0 ...... MV Harmonicfrr/fion . . 1 • . 2 .. 3 .... . 
Freq . .. .. 10 .. 6.7.22.0. MHz Power in(max) ...... . 2.x .O .. 07 .. MW 
Stabil ity : Phase ... .. ±.O .. 5 .deg . . . . . Voltage .. .. ± l xl D.-.' . .. . . . . 

VACUUM SYSTEM 
OPERATING PRESSURE: .. .. ........... ..... 5 xl 0 : ~ .Torr . . .. .... . . 
PUMPS: No. and type ... . . ... 4.crYo.jl.UJIllls .+.. l . t urbo.p uIDP . ..... . . 

ION SOURCE(S) 
Type Intensity (0 <" = /3'Y< Ion Species 

(mA) ( If mm mrad) 
(a) ... .. NIl .standard .sou rce . ..... . ................... . .. .... . 
(b) .. . .. Bilth .heavy .and. I i gh 1. ion. so.u.r.c.es .are .ava i l ab] e .... .. .. . . 

INJECTION SYSTEM 
. .. . .. Ax ial. .i.njec ti DIl. .. . Sp i ra 1 . i nflec to r . Efficiency 1Q . ~ .20 .. % 

EXTRACTION SYSTEM 
......... . Elec.tr.as tatic.,. .. Magnet ic . .. .... ... Efficiency 6Q. ~ .7 0 .. % 

CHARACTERISTIC BEAMS 

Accelerated Ions E/ A (MeV/ u) 
(a) ..... . U': .. .. ... ..... go. 
(b ) .... .. D: ....... .. ... S5 ....... . 

EXTRACTED BEAM PROPERTIES: 
For 
6 E/ E 
<n = /3 'Y< 

.... 3 .. .. /1 A of .. 4 .. 4 .. 
....... % 6 1> 

x . . . . ... 1. A . .. lf mm mrad 

REFERENCES/NOTES 

Current(part . /1 A) 
Internal External 
..2.5. . . ... .. .... 10 .. . . . .. 

. .6.8. . .......... 41. ... .. . 

MeV / u ... AI· ...... ... Ions 
........ ..... ... . ... orf 

z ...... 1. O. 1r mm mrad 

(a) . Pro<: •.. of. . the . 1 n t. . Conf. . on. E.v.oI.u t ion . in Beam. AppJ j ca.t.i.ans .. . 
(b) ...... .. ......... . . . Takasak. i. .. Japan ... 1991. .. P2.70 . :-. 2.7.4. .. 

ENTRY NO ....... (:M~4 ... .. ...... Date . )'9.·.9.~ ~ .~? ........ . 
Machine Name .... ~:):.G ':" .1.9 ................ . .... . .... .. . .... .... .. 
Manufacturer .. )), ,Y , .~fX f:l.I1f 9:V .. +P:f! ~.i t.1.!-~.e .. , . ......... . ... . . 
Address .. ~ ~9J~3.1 .. ~t .. X~t.~~s.l;>).lrg ! .. RllSB.~8: . . .. .. .. .. .. .. 
Tel .( {3.1? J. . . 49.5.5.E?(3.~ ...... .. Telex .......................... . . 
Fax ( i? l 2} . ~.E? 5.7 (3.t,l9 ........ EMAIL .............. .. .... .. .... . 
In Charge: . ................... . Reported by: .V~H·9.~h:i-A ... . . 

HISTORY AND STATUS 
DATES : Design .. 199.1... . . .... Fi rst Machine .. 1.9.9;3 . .. ... . . . . 
SALES: No. Sold / Operational .... / .... Currently Available ... . 
COST: Accelerator . .. . .. . . ...... . .... Facility . .......... . ..... . . 

MAGNET 
POLE PARAMETERS: 

Diameter .. 7J. .. .. cm Rex n act ;3.~ ., .~ ... cm Rinject "" '10" em 
HILL PARAMETERS: Gap (min) . . .. ' .0 ... cm Bmax . .. , ..... . T 

«(0 ...... .. .. AT) Gap (max) "~ ! " "O ' em Bmin ...... 0 ... T 
VALLEY PARAMETERS: Gap (min) .1. <?~ ... cm Bn,.. 1,.2 ... . T 

«(0 .. 10.,0 ... AT) Gap (max) ....... .. . cm Bmin .......... T 
AVERAGE FIELD: < B > mi n 1 .• 4.8 . . . . T < B >max . .1, .48 .. . T 
NUMBER OF SECTORS: compact / separated .. . . It .... / ......... . 

sector angle ............... deg . spiral (max) .... 0 ........ .. deg . 
FIELD TRIMMING : Trim Coils ....... . .... none ....... .. ....... . .. 

Harmonic Coils . . ..... . ..... . .. .r). o.n~ . .. . . ...... . .. .. .. . 
Other .... ... . . ..... . . . . .. ..... . .... . .... . .... . .. ... .. . . 

CURRENT: Main Coils . . . J8Q .. .... Amps Stability . . . O.~O.1.% . . . . 
Trim Coils . .. .. . .. ..... ... . Amps Stability . .. .. . . . . ..... . . . 
Stored Energy (cryogenic) . . .. . . .. . . ... .. .............. . . MJ 

WEIGHT: Iron . ... 7.,.5 . . t . .. ..... . Conductor . .. ' .• 95 .. 1< ....... . 
ION ENERGY: Bending Limit E/ A = .. . . . ..... . ..... q2/A2 MeV / u 

Focussing Limit E/ A = ..... ...... .. .... q/ A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description : .. ? . c;l.~~f3 . ... 45. ~E,l g . . . . . ........... . . 0 . . ........ . 
No. of Gaps/ tura· oj5.. ..... dE / dn(max) ..... 0 .•. \: .. . MeV / q 
Voltage(m4~ . ...•...... . . .. MV HarmOniC frr / f"O' aot;] ·.··.· ... 
Freq ·. ·· ······ ···+ ·5· ~Hz Power In(max) .... 'O ... ~ % . .. ... MW 
Stability : Phase .-: ...... !?I'; .. .. .. .. Voltage .. .. ~ .. . 0 .. ........ . 

VACUUM SYSTEM - 6 
OPERATING PRESSURE: .... . . .5 •. 10 ........ ... .. .. ..... . ... .... . 
PUMPS : No. and type ..... ? .. 9..:\' f:f\\fl ;i..QA . P.~P? .. .. ........ .. 

ION SOURCE(S) 
Type Intensity (0 < n = /3'Y< Ion Species 

(mA~_ ( If mm mrad ) 
(a) ... ... n .Q .... ...... ... .... .. 
(b) . .. ............ . ..... . 

INJECTION SYSTEM 
. . ' . . . . . . . . Efficiency % 

EXTRACTION SYSTEM 
. ,c;l1,argl' ... El J(;che.ngEl .. fRil .. .. ...... ... . Efficiency ... 1 QQ .. % 

CHARACTERISTIC BEAMS 
Current( part . /1 A) 

AccelerQ.ted Ions E/ A (MeV / u) 
(a) ... J:! .. .. .. .. .......... 1.1. ... . 

Internal External 
... ~O .. J:1.. .. .... 5.0 .. 11 .. 

(b) .... .. . . ... . . . .. .... . ........ . 
EXTRACTED BEAM PROPERTIES: 

For..... . ... /1 A of . ... . . ... MeV / u ...... Ions 
6E / E .. .... .. .... .... ....... % 6 1> .......... Orf 
tn = i31( x .... .. ..... .. 7r mm mra d z . . .. . . . .. . ... 7r rnm mrad 

REFERENCES/NOTES 
(a) .. .. ...... .. .. .... .. . 
(b) .. . ...... .. .. . .. .. .. .. .. 



ENTRY NO . ...... P1U . ... .. ... . Date .. . . . . J.~~~ . \9 .. !9~? .. 
Machine Name ..... 9.30 . . AY.F . . ~X~LqT~9N ......... .... ..... .. .. .... ... . 
Manufacturer . . . ... Sum I tomo . He~v¥. I n?u.st.r.Ie~ ... L ~~" ....... . .... . . . 
Address ... .1.0.--:1.1 .... ~ \ l?~ . ?~?h?!"~ ! .. K.o.t.o.-.k~ ... To~~o . 135, . Japan ..... . . 
Tel . . ... . !9~1.38.2.0 :-.6.5.8.8 .. .. ... . . Telex . ... . ... . ... . .. .. ....... . .. . 
Fax ...... \q~). mO~645? ... . . . . EMAIL . .. ... .. . .. ... .. .. .. ... . .. . 
In Charge: .... . .. .. .. . .... .... . Reported by: . '\"\~~~!~~~~"""" 

HISTORY AND STATUS 
DATES: Design . .. .... . .... . . . .. First Machine .... . . . . .. .. .. . . . 
SALES: No. Sold / Operat ional .. . 5. / ~ .. . Currently Available Y.e.s .. 
COST: Accelerator ... ... ...... . . . ... . Facility . ...... . ..... . .. . . . 

MAGNET 
POLE PARAMETERS: 
Diameter. ?P·. ~ ... em Rextract ~2: 3 ..... em Rinject ........ . em 

HILL PARAMETERS: Gap (min) . . . ..... . . em Bmax .. 1: .9.6 .. . . T 
«(0 . ~9~, 99.0 .. AT) Gap (max) . .1.6 .. ~ .. .. em Bmin .... .. .... T 

VALLEY PARAMETERS: Gap (min) ........ em Bmax .1:.1.~ . .. T 
«(0 . ~9~, 99.0 . . AT) Gap (max) . .4.q .. ~ ... . em Bmin ... ... . ... T 

AVERAGE FIELD: < B >m in .. .. . .... . T < B >max .. . 1:.6.4. .. . T 
NUMBER OF SECTORS : compact / separated ... .4. ..... / . . ... . ... . 

sector angle ... . ...... . ... . deg . spiral (max) ... . .... . .5.3 ... . deg. 
FIELD TRIMMING: Trim Coils .... . . . ) ? P!li.r.s ..... . .. . . .. .. . . . . . . 

Harmonic Coils . .. ... .. . . . .. . 4. 'p.a.ir.~ . . . .. ... . ......... . . 
Other .. .. . ...... .. . . .... . . .. ... . ...... . .. .. ....... .... . 

CURRENT: Main Coils . . ~ 90 . .... . ... Amps Stability .. . ~ \~!9 ~~ .. . 
Trim Coils ... '!99~?99 . . .. .. Amps Stability . ..... ~?xW : .. . 
Stored Energy (cryo~enic) .. .. . . ... . ... ... .. .. .. ..... . ... MJ 

WEIGHT: Iron ... . ..... ? O •• t ?~~. . . Conductor ......... 9 y)~ ~ . ... . 
ION ENERGY: Bending Limit E/ A = . .. . . ..... 119 ... q2/A2 MeV/ u 

Focussing Limit E/ A = ..... .. ... 9.~ .. . .. q/ A MeV / u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description : .. . ... 2 ~. 90~ . dees. with . .l. ./.4 .cavIties ........ . ..... . 
No. of Gaps/ turn . .. . 4........ dE / dn(max) .. . . .. .0...17. . . MeV / q 
Voltage(max) . . . 0.0.6.0 ...... MV Harmonicfrr/fion . . 1 • . 2 .. 3 .... . 
Freq . .. .. 10 .. 6.7.22.0. MHz Power in(max) ...... . 2.x .O .. 07 .. MW 
Stabil ity : Phase ... .. ±.O .. 5 .deg . . . . . Voltage .. .. ± l xl D.-.' . .. . . . . 

VACUUM SYSTEM 
OPERATING PRESSURE: .. .. ........... ..... 5 xl 0 : ~ .Torr . . .. .... . . 
PUMPS: No. and type ... . . ... 4.crYo.jl.UJIllls .+.. l . t urbo.p uIDP . ..... . . 

ION SOURCE(S) 
Type Intensity (0 <" = /3'Y< Ion Species 

(mA) ( If mm mrad) 
(a) ... .. NIl .standard .sou rce . ..... . ................... . .. .... . 
(b) .. . .. Bilth .heavy .and. I i gh 1. ion. so.u.r.c.es .are .ava i l ab] e .... .. .. . . 

INJECTION SYSTEM 
. .. . .. Ax ial. .i.njec ti DIl. .. . Sp i ra 1 . i nflec to r . Efficiency 1Q . ~ .20 .. % 

EXTRACTION SYSTEM 
......... . Elec.tr.as tatic.,. .. Magnet ic . .. .... ... Efficiency 6Q. ~ .7 0 .. % 

CHARACTERISTIC BEAMS 

Accelerated Ions E/ A (MeV/ u) 
(a) ..... . U': .. .. ... ..... go. 
(b ) .... .. D: ....... .. ... S5 ....... . 

EXTRACTED BEAM PROPERTIES: 
For 
6 E/ E 
<n = /3 'Y< 

.... 3 .. .. /1 A of .. 4 .. 4 .. 
....... % 6 1> 

x . . . . ... 1. A . .. lf mm mrad 

REFERENCES/NOTES 

Current(part . /1 A) 
Internal External 
..2.5. . . ... .. .... 10 .. . . . .. 

. .6.8. . .......... 41. ... .. . 

MeV / u ... AI· ...... ... Ions 
........ ..... ... . ... orf 

z ...... 1. O. 1r mm mrad 

(a) . Pro<: •.. of. . the . 1 n t. . Conf. . on. E.v.oI.u t ion . in Beam. AppJ j ca.t.i.ans .. . 
(b) ...... .. ......... . . . Takasak. i. .. Japan ... 1991. .. P2.70 . :-. 2.7.4. .. 

ENTRY NO ....... (:M~4 ... .. ...... Date . )'9.·.9.~ ~ .~? ........ . 
Machine Name .... ~:):.G ':" .1.9 ................ . .... . .... .. . .... .... .. 
Manufacturer .. )), ,Y , .~fX f:l.I1f 9:V .. +P:f! ~.i t.1.!-~.e .. , . ......... . ... . . 
Address .. ~ ~9J~3.1 .. ~t .. X~t.~~s.l;>).lrg ! .. RllSB.~8: . . .. .. .. .. .. .. 
Tel .( {3.1? J. . . 49.5.5.E?(3.~ ...... .. Telex .......................... . . 
Fax ( i? l 2} . ~.E? 5.7 (3.t,l9 ........ EMAIL .............. .. .... .. .... . 
In Charge: . ................... . Reported by: .V~H·9.~h:i-A ... . . 

HISTORY AND STATUS 
DATES : Design .. 199.1... . . .... Fi rst Machine .. 1.9.9;3 . .. ... . . . . 
SALES: No. Sold / Operational .... / .... Currently Available ... . 
COST: Accelerator . .. . .. . . ...... . .... Facility . .......... . ..... . . 

MAGNET 
POLE PARAMETERS: 

Diameter .. 7J. .. .. cm Rex n act ;3.~ ., .~ ... cm Rinject "" '10" em 
HILL PARAMETERS: Gap (min) . . .. ' .0 ... cm Bmax . .. , ..... . T 

«(0 ...... .. .. AT) Gap (max) "~ ! " "O ' em Bmin ...... 0 ... T 
VALLEY PARAMETERS: Gap (min) .1. <?~ ... cm Bn,.. 1,.2 ... . T 

«(0 .. 10.,0 ... AT) Gap (max) ....... .. . cm Bmin .......... T 
AVERAGE FIELD: < B > mi n 1 .• 4.8 . . . . T < B >max . .1, .48 .. . T 
NUMBER OF SECTORS: compact / separated .. . . It .... / ......... . 

sector angle ............... deg . spiral (max) .... 0 ........ .. deg . 
FIELD TRIMMING : Trim Coils ....... . .... none ....... .. ....... . .. 

Harmonic Coils . . ..... . ..... . .. .r). o.n~ . .. . . ...... . .. .. .. . 
Other .... ... . . ..... . . . . .. ..... . .... . .... . .... . .. ... .. . . 

CURRENT: Main Coils . . . J8Q .. .... Amps Stability . . . O.~O.1.% . . . . 
Trim Coils . .. .. . .. ..... ... . Amps Stability . .. .. . . . . ..... . . . 
Stored Energy (cryogenic) . . .. . . .. . . ... .. .............. . . MJ 

WEIGHT: Iron . ... 7.,.5 . . t . .. ..... . Conductor . .. ' .• 95 .. 1< ....... . 
ION ENERGY: Bending Limit E/ A = .. . . . ..... . ..... q2/A2 MeV / u 

Focussing Limit E/ A = ..... ...... .. .... q/ A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description : .. ? . c;l.~~f3 . ... 45. ~E,l g . . . . . ........... . . 0 . . ........ . 
No. of Gaps/ tura· oj5.. ..... dE / dn(max) ..... 0 .•. \: .. . MeV / q 
Voltage(m4~ . ...•...... . . .. MV HarmOniC frr / f"O' aot;] ·.··.· ... 
Freq ·. ·· ······ ···+ ·5· ~Hz Power In(max) .... 'O ... ~ % . .. ... MW 
Stability : Phase .-: ...... !?I'; .. .. .. .. Voltage .. .. ~ .. . 0 .. ........ . 

VACUUM SYSTEM - 6 
OPERATING PRESSURE: .... . . .5 •. 10 ........ ... .. .. ..... . ... .... . 
PUMPS : No. and type ..... ? .. 9..:\' f:f\\fl ;i..QA . P.~P? .. .. ........ .. 

ION SOURCE(S) 
Type Intensity (0 < n = /3'Y< Ion Species 

(mA~_ ( If mm mrad ) 
(a) ... ... n .Q .... ...... ... .... .. 
(b) . .. ............ . ..... . 

INJECTION SYSTEM 
. . ' . . . . . . . . Efficiency % 

EXTRACTION SYSTEM 
. ,c;l1,argl' ... El J(;che.ngEl .. fRil .. .. ...... ... . Efficiency ... 1 QQ .. % 

CHARACTERISTIC BEAMS 
Current( part . /1 A) 

AccelerQ.ted Ions E/ A (MeV / u) 
(a) ... J:! .. .. .. .. .......... 1.1. ... . 

Internal External 
... ~O .. J:1.. .. .... 5.0 .. 11 .. 

(b) .... .. . . ... . . . .. .... . ........ . 
EXTRACTED BEAM PROPERTIES: 

For..... . ... /1 A of . ... . . ... MeV / u ...... Ions 
6E / E .. .... .. .... .... ....... % 6 1> .......... Orf 
tn = i31( x .... .. ..... .. 7r mm mra d z . . .. . . . .. . ... 7r rnm mrad 

REFERENCES/NOTES 
(a) .. .. ...... .. .. .... .. . 
(b) .. . ...... .. .. . .. .. .. .. .. 



ENTRY NO ........ CM15 .. ... ...... Date .:;3 .q~.qfi.~ ~.~ ........ . 
Machine Name ..... fYI9.G :-.ZO ... ............... .... .. ............ .. . 

ENTRY NO ... ..... ~M.l.~ .......... Date ... Ju~.Y:.??.1??~ ... .. 
Machine Name ..... .. U:-.2.~O ..... . ............... . ......... ... .... · 

Manufacturer .. P. v. . Efr.elllo!l:. lI).s.t;i.. tu te. .. . ............... . 
Address ... H~9.63.1 .. ~t .•. 7~e.teX'eJ:l1)X'g~ . Rw'le.:i.i;l. .. . . .. .....• 
Tel . . . .cm.Z) .. ~.65.59m .. .... Telex ......... ... .... . .......... . 
Fax ... (~12LZ9.57.$~O . ... EMAIL .... .. .. .. ............... .. 
In Charge: .... .. ... ... ......... Reported by: VOr.Ogtl.!3.1:l;i.,I). ..... . 

Manufacturer ......... D.V •. .EfrjeJ11Qv . lnst;i.t;utl' . .. .......... . .. . 
Address .............. ),69.6.:U . S.t; •. 1'.e.t;er:>,AUrg .•.. R\l:>."i<> ....... . 
Tel. (8.12) .2.6556.8.2 ....... ... . Telex ........... ................ . 
Fax .(812.) .. 265.7.880 ........... EMAIL .................... ...... . 
In Charge: . Y.· . . (;;L.4~\1;i..~1} . ..... Reported by: .V9n).g\lpj:l.~I)(K4J1)~"pV 

HISTORY AND STATUS 
DATES: Design .. 19.7.9. . . . . . . . . . First Machine . .. 1.9.7. 4 .. ...... . 

HISTORY AND STATUS 
DATES: Design .... 199J.. . . . . . . . . First Machine ...... 1991> ...... . 

SALES: No. Sold / Operational .... / . .. . Currently Available ... . SALES: No. Sold/Operational .. .. / .... Currently Available ... . 
COST: Accelerator............... ... . Facility .................. • COST: Accelerator.. .......... . ...... Facility ..... .. ........... . 

MAGNET MAGNET 
POLE PARAMETERS: POLE PARAMETERS: 

Diameter ... 1.03 .. cm Rextrac, ... 45 .... cm Rinjec' ......... cm 
HILL PARAME'5'ERS : Gap (min) . .. 7..2 .. cm Bmax .. J.. 6.Z .. T 

(<0 .1 .•. Z .. 1P. AT) Gap (max) .. 7 .• 2 .... cm Bmin .......... T 
VALLEY PARA~ETERS: Gap (min) 12 .• 0 .. . cm Bmax .1.0.2 .. T 

(<0 .1 •. Z .. 1o. AT) Gap(ma~ .. J.Z •. O .. cm Bmin ..... .. ... T 
AVERAGE FIELD: < B >min ..... 9,5 .. T < B >max .. l.4.e? .. T 
NUMBER OF SECTORS: compact / separated .. } .. .... / ........ .. 

sector angle ............... deg . spiral (m~x) .. )5 .. .. .. . .... deg. 
FIELD TRIMMING : Trim Coils ....... 4 .. P.cp .. I.'? ........ .. ........ .. 

Harmonic Coils .. ....... . . ~ .. S.E!~.s ... . ................ . 

Diameter .... 2.~Q .. em Rextract .. .... ... em Rjnject ...... ... em 
HILL PARAMETERS: Gap (min) .... 2.6 .. cm Bmax ... 2. . .4 ... T 

(<0 . ........ . AT) Gap (max) ... 1",,"1 ... cm Bmin .......... T 
VALLEY PARAMETERS: Gap (min) .. 15 .... cm Bmax . ....... T 

(<0 ..•..•..•. AT) Gap (max) ..... 15 ... cm Bmin ... 1..,4 ... T 
AVERAGE FIELD: < B >min . ... L .Q . . T < B >max . . ~>.~ •••• T 
NUMBER OF SECTORS: compact/separated .. .4. ...... / ......... . 

sector angle ...... ~.5 ... ... . deg. spiral (max) ........ -:- ...... deg. 
FIELD TRIMMING: Trim Coils . ........ 7. :">.!> .. . ............. . ... .. 

Harmonic Coils .. . .................. . . . ................ . 
Other ... . .... . ..... .. .... .. .... . .. . . . .... .... ..... . . .. . 

CURRENT: Main Coils .. 42D ....... Amps Stability.0 • . 01% .... .. 
Trim Coils .. . 1.5 ............ Amps Stabi lity .... Q ,.1% ...... . 

Other .. ... ........ .. ..................... .. .......... . . 
CURRENT: Main Coils ... ~.QO ....... Amps Stability )9.-:~ ...... .. 

Trim Coils ........... 40 .... Amps Stability ..... 9.·.0L .... .. 
Stored Energy (cryogenic) .. . . .. . .... . .. ................. MJ 

WEIGHT: Iron ..... 24 .. t.......... Conductor .. J .• ~ .. t .......... . 
Stored Energy (cryogenic) . ... ........... .. ... . ......... . M J 

WEIGHT: Iron ..... ;l.8.:i1; .... . ..... Conductor ..... ~,~~ .......... . 
ION ENERGY: Bending Limit E/ A = . . .. .. . . ..... ... q2/A2 MeV/u ION ENERGY: Bending Limit E/ A = .... 204 ........ q2 / A2 MeV / u 

Focussing Limit E/ A = ........ ........ . q / A MeV / u Focussing Limit E/ A = .. ............... q / A MeV / u 

ACCElERATION SYSTEM ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATIO~: 

Description: .. ? .q!?~S ..... 1 ~. :-:140 .. d.eg ... .. 0 ....... ...... .. 
No. of Gaps/turn ... :2......... dE / dn(max) ...... 1.1.2 ... MeV /q 
Voltage(max) .. .0,.03.0 .. .. MV Harmonicfrr /fion .1..3 ....... .. 
Freq .... 8~.Z4 .. .. + ... MHz Power in(max) .... 0 .• 0.5. ....... MW 
Stability: Phase .:-.. 5 . . 9..Elg. .. .... Voltage .. Q •. 1% .......... . 

FUNDAMENTAL ACCELERATION: 
Description: . . . .. . . .2. .q.~~.s . . ~? .<~,?g .. ... . ... . ................... . 
No. of Gaps/turn ............. dE / dn(max) ..... . ....... MeV / q 
Voltage(max) .. 9.·.0?? .... . MV Harmonic fd/fion . . 1 .•. 2,~ .•. 4 .... 
Freq ... &-:~9 .......... MHz Power in(max) ..... 9.·)?9 ...... MW 
Stability: Phase . . :!:.l .. deg......... Voltage ... 0 .. .1.% .. ........ . 

VACUUM SYSTEM -5 
OPERATING PRESSURE: .... 1() ... .. ... .. ...................... .. 
PUMPS: No. and type .... ~ .. 9-e.tfus.io.n. J'l.lffiPS ............ .. . 

VACUUM SYSTEM -6 
OPERATING PRESSURE: ..... ..1.q ............ .. .. 3 . ............ .. 
PUMPS: No. and type ....... ~.~AH.' .. p.\l!)1P.~)!J!q)p~.c: ........ . 

ION SOURCE(S) ION SOURCE(S) 
Type Intensity <0 '0 = (3"1' Ion Species Type Intensity <0 '0 = (3"1' Ion Species 

(mA) (1f mm mrad) _ 
(a) ho:t . .t':i...lament .. 1.ElY.:i.:(J.gl?tO!1e .. P .•. 9. .•....•. .I.i.e . .3. (:t:t). 
(b) ............... . ...... . . . .... .. .......... . .... . ... . . .. . . 

(mA) (1f mm mrad) 2 + 

~:~ :~~~~i~i~~:;:: ::::: :::q:::::: ::::: ::::: to: :84Kr':: -i-if::::::: 
INJECTION SYSTEM INJECTION SYSTEM 

Efficiency .. . .. .. .. % .... '1">;(.;>.1 .. ;i.nt!'.r .. ~l)j.~<;.t;~'?" ................. Efficiency . .. ..... . % 

EXTRACTION SYSTEM 
.. e.l~C.t+.o~t~t.iy <i!?fl.~c.ti~p ...... Efficiency .. ~? ..... % 

EXTRACTION SYSTEM 
.... "n.i.P.I?;i.ng..f.qH .... e!-:<;<;!'.r:~ st.~~ .iC; . P!'.~l: Efficiency .. 50:-?~. % 

CHARACTERISTIC BEAMS CHARACTERISTIC BEAMS 
Current(part . /LA) Current(part. /LA) 

l~o8al ~8'c5nal 

... :::: ~W:: .. ... ::: :25:::::: 
Accelerated Ions E/~~Me'iju) 

(a) . .P. •. '~'e-" C++)" ·s· " ·S· .. · 
(b) .......... ;. ... .. ............ .. 

Ac'Zl<;{ate~l~ns,+ .... E / A (MeV / u) Internal External 
(a>t2R.f~d •. Jl'+8R ..... 40:-.L4 ,) .... . ... ;;9.0 ................... . 
(b) . C. .. ~81!.Kr; ......... 12.5 .. :1.9 ... . .. 5-J.QQ ................ .. . 

EXTRACTED BEAM PROPERTIES: 
For .... 50 ........ /LA of .... 10 .. ...... MeV/u Y. ........ ions 
6E/E ... .0 .3 ............... % 6¢ .......... ... .......... °rf 
'0 = (3"1' x ... .20 ....... 1fmm mrad z ..... J.~. .. 1fmm mrad 

EXTRACTED BEAM PROPERTIES: 2 + 
For .... 50.0 ...... /LA of .... 40 ........ MeV/u ..... l! ........ ions 
6E / E ..... 0,1:-.1. ............ % 6 </> ........ .... ........... °rf 
'n = (3"1< x ......... 5.0 .. 1fmm mrad z ........ 20 ... 1fmm mrad 

REFERENCES/NOTES REFERENCES/NOTES 
(a) .............. .. (a) .. . .... .. .................. ... ........... . ...... .. .. ... ..... .. . 
(b) ......... .. .... . (b) ..... .. . . . . ......•....•. . ...... •. .....•.. . . ......•.... .. . ...... 



ENTRY NO ........ CM15 .. ... ...... Date .:;3 .q~.qfi.~ ~.~ ........ . 
Machine Name ..... fYI9.G :-.ZO ... ............... .... .. ............ .. . 

ENTRY NO ... ..... ~M.l.~ .......... Date ... Ju~.Y:.??.1??~ ... .. 
Machine Name ..... .. U:-.2.~O ..... . ............... . ......... ... .... · 

Manufacturer .. P. v. . Efr.elllo!l:. lI).s.t;i.. tu te. .. . ............... . 
Address ... H~9.63.1 .. ~t .•. 7~e.teX'eJ:l1)X'g~ . Rw'le.:i.i;l. .. . . .. .....• 
Tel . . . .cm.Z) .. ~.65.59m .. .... Telex ......... ... .... . .......... . 
Fax ... (~12LZ9.57.$~O . ... EMAIL .... .. .. .. ............... .. 
In Charge: .... .. ... ... ......... Reported by: VOr.Ogtl.!3.1:l;i.,I). ..... . 

Manufacturer ......... D.V •. .EfrjeJ11Qv . lnst;i.t;utl' . .. .......... . .. . 
Address .............. ),69.6.:U . S.t; •. 1'.e.t;er:>,AUrg .•.. R\l:>."i<> ....... . 
Tel. (8.12) .2.6556.8.2 ....... ... . Telex ........... ................ . 
Fax .(812.) .. 265.7.880 ........... EMAIL .................... ...... . 
In Charge: . Y.· . . (;;L.4~\1;i..~1} . ..... Reported by: .V9n).g\lpj:l.~I)(K4J1)~"pV 

HISTORY AND STATUS 
DATES: Design .. 19.7.9. . . . . . . . . . First Machine . .. 1.9.7. 4 .. ...... . 

HISTORY AND STATUS 
DATES: Design .... 199J.. . . . . . . . . First Machine ...... 1991> ...... . 

SALES: No. Sold / Operational .... / . .. . Currently Available ... . SALES: No. Sold/Operational .. .. / .... Currently Available ... . 
COST: Accelerator............... ... . Facility .................. • COST: Accelerator.. .......... . ...... Facility ..... .. ........... . 

MAGNET MAGNET 
POLE PARAMETERS: POLE PARAMETERS: 

Diameter ... 1.03 .. cm Rextrac, ... 45 .... cm Rinjec' ......... cm 
HILL PARAME'5'ERS : Gap (min) . .. 7..2 .. cm Bmax .. J.. 6.Z .. T 

(<0 .1 .•. Z .. 1P. AT) Gap (max) .. 7 .• 2 .... cm Bmin .......... T 
VALLEY PARA~ETERS: Gap (min) 12 .• 0 .. . cm Bmax .1.0.2 .. T 

(<0 .1 •. Z .. 1o. AT) Gap(ma~ .. J.Z •. O .. cm Bmin ..... .. ... T 
AVERAGE FIELD: < B >min ..... 9,5 .. T < B >max .. l.4.e? .. T 
NUMBER OF SECTORS: compact / separated .. } .. .... / ........ .. 

sector angle ............... deg . spiral (m~x) .. )5 .. .. .. . .... deg. 
FIELD TRIMMING : Trim Coils ....... 4 .. P.cp .. I.'? ........ .. ........ .. 

Harmonic Coils .. ....... . . ~ .. S.E!~.s ... . ................ . 

Diameter .... 2.~Q .. em Rextract .. .... ... em Rjnject ...... ... em 
HILL PARAMETERS: Gap (min) .... 2.6 .. cm Bmax ... 2. . .4 ... T 

(<0 . ........ . AT) Gap (max) ... 1",,"1 ... cm Bmin .......... T 
VALLEY PARAMETERS: Gap (min) .. 15 .... cm Bmax . ....... T 

(<0 ..•..•..•. AT) Gap (max) ..... 15 ... cm Bmin ... 1..,4 ... T 
AVERAGE FIELD: < B >min . ... L .Q . . T < B >max . . ~>.~ •••• T 
NUMBER OF SECTORS: compact/separated .. .4. ...... / ......... . 

sector angle ...... ~.5 ... ... . deg. spiral (max) ........ -:- ...... deg. 
FIELD TRIMMING: Trim Coils . ........ 7. :">.!> .. . ............. . ... .. 

Harmonic Coils .. . .................. . . . ................ . 
Other ... . .... . ..... .. .... .. .... . .. . . . .... .... ..... . . .. . 

CURRENT: Main Coils .. 42D ....... Amps Stability.0 • . 01% .... .. 
Trim Coils .. . 1.5 ............ Amps Stabi lity .... Q ,.1% ...... . 

Other .. ... ........ .. ..................... .. .......... . . 
CURRENT: Main Coils ... ~.QO ....... Amps Stability )9.-:~ ...... .. 

Trim Coils ........... 40 .... Amps Stability ..... 9.·.0L .... .. 
Stored Energy (cryogenic) .. . . .. . .... . .. ................. MJ 

WEIGHT: Iron ..... 24 .. t.......... Conductor .. J .• ~ .. t .......... . 
Stored Energy (cryogenic) . ... ........... .. ... . ......... . M J 

WEIGHT: Iron ..... ;l.8.:i1; .... . ..... Conductor ..... ~,~~ .......... . 
ION ENERGY: Bending Limit E/ A = . . .. .. . . ..... ... q2/A2 MeV/u ION ENERGY: Bending Limit E/ A = .... 204 ........ q2 / A2 MeV / u 

Focussing Limit E/ A = ........ ........ . q / A MeV / u Focussing Limit E/ A = .. ............... q / A MeV / u 

ACCElERATION SYSTEM ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATIO~: 

Description: .. ? .q!?~S ..... 1 ~. :-:140 .. d.eg ... .. 0 ....... ...... .. 
No. of Gaps/turn ... :2......... dE / dn(max) ...... 1.1.2 ... MeV /q 
Voltage(max) .. .0,.03.0 .. .. MV Harmonicfrr /fion .1..3 ....... .. 
Freq .... 8~.Z4 .. .. + ... MHz Power in(max) .... 0 .• 0.5. ....... MW 
Stability: Phase .:-.. 5 . . 9..Elg. .. .... Voltage .. Q •. 1% .......... . 

FUNDAMENTAL ACCELERATION: 
Description: . . . .. . . .2. .q.~~.s . . ~? .<~,?g .. ... . ... . ................... . 
No. of Gaps/turn ............. dE / dn(max) ..... . ....... MeV / q 
Voltage(max) .. 9.·.0?? .... . MV Harmonic fd/fion . . 1 .•. 2,~ .•. 4 .... 
Freq ... &-:~9 .......... MHz Power in(max) ..... 9.·)?9 ...... MW 
Stability: Phase . . :!:.l .. deg......... Voltage ... 0 .. .1.% .. ........ . 

VACUUM SYSTEM -5 
OPERATING PRESSURE: .... 1() ... .. ... .. ...................... .. 
PUMPS: No. and type .... ~ .. 9-e.tfus.io.n. J'l.lffiPS ............ .. . 

VACUUM SYSTEM -6 
OPERATING PRESSURE: ..... ..1.q ............ .. .. 3 . ............ .. 
PUMPS: No. and type ....... ~.~AH.' .. p.\l!)1P.~)!J!q)p~.c: ........ . 

ION SOURCE(S) ION SOURCE(S) 
Type Intensity <0 '0 = (3"1' Ion Species Type Intensity <0 '0 = (3"1' Ion Species 

(mA) (1f mm mrad) _ 
(a) ho:t . .t':i...lament .. 1.ElY.:i.:(J.gl?tO!1e .. P .•. 9. .•....•. .I.i.e . .3. (:t:t). 
(b) ............... . ...... . . . .... .. .......... . .... . ... . . .. . . 

(mA) (1f mm mrad) 2 + 

~:~ :~~~~i~i~~:;:: ::::: :::q:::::: ::::: ::::: to: :84Kr':: -i-if::::::: 
INJECTION SYSTEM INJECTION SYSTEM 

Efficiency .. . .. .. .. % .... '1">;(.;>.1 .. ;i.nt!'.r .. ~l)j.~<;.t;~'?" ................. Efficiency . .. ..... . % 

EXTRACTION SYSTEM 
.. e.l~C.t+.o~t~t.iy <i!?fl.~c.ti~p ...... Efficiency .. ~? ..... % 

EXTRACTION SYSTEM 
.... "n.i.P.I?;i.ng..f.qH .... e!-:<;<;!'.r:~ st.~~ .iC; . P!'.~l: Efficiency .. 50:-?~. % 

CHARACTERISTIC BEAMS CHARACTERISTIC BEAMS 
Current(part . /LA) Current(part. /LA) 

l~o8al ~8'c5nal 

... :::: ~W:: .. ... ::: :25:::::: 
Accelerated Ions E/~~Me'iju) 

(a) . .P. •. '~'e-" C++)" ·s· " ·S· .. · 
(b) .......... ;. ... .. ............ .. 

Ac'Zl<;{ate~l~ns,+ .... E / A (MeV / u) Internal External 
(a>t2R.f~d •. Jl'+8R ..... 40:-.L4 ,) .... . ... ;;9.0 ................... . 
(b) . C. .. ~81!.Kr; ......... 12.5 .. :1.9 ... . .. 5-J.QQ ................ .. . 

EXTRACTED BEAM PROPERTIES: 
For .... 50 ........ /LA of .... 10 .. ...... MeV/u Y. ........ ions 
6E/E ... .0 .3 ............... % 6¢ .......... ... .......... °rf 
'0 = (3"1' x ... .20 ....... 1fmm mrad z ..... J.~. .. 1fmm mrad 

EXTRACTED BEAM PROPERTIES: 2 + 
For .... 50.0 ...... /LA of .... 40 ........ MeV/u ..... l! ........ ions 
6E / E ..... 0,1:-.1. ............ % 6 </> ........ .... ........... °rf 
'n = (3"1< x ......... 5.0 .. 1fmm mrad z ........ 20 ... 1fmm mrad 

REFERENCES/NOTES REFERENCES/NOTES 
(a) .............. .. (a) .. . .... .. .................. ... ........... . ...... .. .. ... ..... .. . 
(b) ......... .. .... . (b) ..... .. . . . . ......•....•. . ...... •. .....•.. . . ......•.... .. . ...... 



ENTRY NO . . ...... ~M18 ........... Date ..... ... .... •.. ....... ENTRY NO ........ ~M.l? . .. . ..... Date ..........•........... 
Machine Name ...... MOD ... . ... . 11 •. .f.l.JS:~A .E~~.X;gy ... .. ...... . .. . Machine Name .... . ..... I:1C .. 32. NX . .... . ... .... ...... .. ....•.•...• 
Manufacturer ..... . . . Sc"nc!Hr.QI):i-l<. .. . .. . . . .... .. .... . . ..... .. .. . Manufacturer .... . ... .. S".a.Ildj..t.X;Q~;i.)<; . .. . .. ..... . .. . ....•.•.. . ... 
Address .... .. ... Jl.ll~ybp.X;g •. $.7. 52 .. 29. JJ.P.IIS".1.'l • . i>."le(i.e.Il ....... . Address . .. .. RllSyD.QJ;g ... ':i 7 5Z .. 29 . .l!1l1l:;i3.1.". S"ed~A . ... . • . ...... 
Tel ... 46 . .LS . l .8. 07.O'o. . . . ...... Telex .... .. ... . ....... .... ... ... . Tel .. . 4(). J../I.!1l. .0.70.0. ......... Telex ............ ....... .. .. . ... . 
Fax ... 4.6.1.8 .. 53. .7. 276 ... ..... . EMAIL . . .... .. . . .. . . ... .... ..... . 
In Charge: ...... . .......... ... . Reported by: .. J:Q~".s .. 1:!9P.~er. ... . 

Fax .. f!.~.HU!!.7X?9 .... .. ... EMAIL ......... . . ... ....... ;- ... . 
In Charge: . . ....... .. . ....... .. Reported by: .. .. .:r'?!'."'~ . ~!"A~~F . . . 

HISTORY AND STATUS 
DATES : Design . ... .l.IlS7........ First Machine .... +9.8.& ...... . . 
SALES: No. Sold/Operational .\ .. / .. ) Currently Available .. ¥. 

HISTORY AND STATUS 
DATES : Design .. . ~9........ ... . First Machine ... 9.0 ..... ...... . 
SALES : No. Sold/Operational .. 4. / .. 2. . Currently Available X . . 

COST: Accelerator .. . ........ .. ...... Facility .... .. . . . . .... . ... . COST: Accelerator. ....... .... .. ... .. Facility .... ............ .. . 

MAGNET MAGNET 
POLE PARAMETERS : POLE PARAMETERS: 

Diameter . .. l3.o. .. em Rextract ... . . .. .. em Rinject . . . ...... em 
HILL PARAMETERS : Gap (min) ... ~9 . .... em Bm ... . ........ T 

Diameter .. l)9 .... em Rext,act .. ~? .... em Rini ect ....... .. em 
HILL PARAMETERS : Gap (min) . ... ..... . em Bmax ......... . T 

«(I) •.•• ••••.• AT) Gap (max) .......... em Bmin ...... . .. . T «(I) ••• • ••• ••• AT) Gap (max) ...... . ... cm Bmin . . ........ T 
VALLEY PARAMETERS: Gap (min) . .. lB . .. em Bmax ....... . T VALLEY PARAMETERS : Gap (min) ....... . em Bmax . ... .... T 

«(I) •••• ... ••• AT) Gap (max) ... . .. .... em Bmin .. ....•. .. T 
AVERAGE FIELD: < B >min .. 1 .• .4 ..... T < B >max ..... ..... T 

«(I) • . • • •• • •• • AT) Gap (max) .......... em Bmin .. .... . ... T 
AVERAGE FIELD : < B >min .1...59 .... T < B > max .. . ..... .. T 

NUMBER OF SECTORS : compact/separated .... ) .... / . .. . . .... . NUMBER OF SECTORS: compact/separated .... A .. .. / . .. ... ... . 
sector angle ....... .. ...... deg. spiral (max) .... . 50 ........ deg. 

FIELD TRIMMING: Trim Coils ........ ~ ..... . ... ......... ........ . . 
sector angle ... ............ deg. spiral (max) ..... . .. ... .. .. deg . 

FIELD TRIMMING : Trim Coils ...... :3 ........ . ........ •. •.......... 
Harmonic Coils . ... . ....... ~ ........ .... ............ ... . Harmonic Coils .... .. .... Z . ........................ .. • .. 
Other .. ... . . ........... ... . .. . .. . ... ........... ~5 . . . .. . 

CURRENT: Main Coils ... . ?P.Q ... .. . Amps Stability . .. ~P .. ...... . 
Other . ..... .................... . .. . .. . .......... • ...... 

CURRENT: Main Coils .. )09 ........ Amps Stability ...... • ... .... 
Trim Coils . .. .. . .. . .. . . ... . Amps Stability ....... .. . .. .... . Trim Coils .. .... ... ... . .... Amps Stability .... . ..•......... 
Stored Energy (cryogenic) ....... ..... . .. ....... . ........ MJ Stored Energy (cryogenic) ............ . . .. ............... MJ 

WEIGHT: Iron .. .. 69.0.0.0.. \<g..... Conductor .... . .... . .... ... . . . WEIGHT: Iron . ... ........... ..... Conductor . . ............. . ... . 
ION ENERGY: Bending Limit E/A = . ... ..... . ...... q2/A2 MeV/u ION ENERGY: Bending Limit E/ A = . . . .. .. ...... ... q2/A2 MeV / u 

Focussing Limit E/ A = .... . . . ..... . .... q/ A MeV /u Focussing Limit E/ A = ... . .... . . . . ..... q/ A MeV / u 

ACCELERATION SYSTEM ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION : FUNDAMENTAL ACCELERATION : 

Description: ...... . .. P.':(.Y!'.I\ .i?y .s.~<:,!)1 .. . ........................ . 
No. of Gaps/turn .. ... 4. ...... . dE/dn(max) .... 0.1 .. .... MeV /q 
Voltage(max) . ... P.·.Q~? . . . MV Harmonic f'f / fion ~ .... ... .. ... . 
Freq ............. ... . MHz Power in(max) ......... .. ..... . MW 

Description : ............................ . ........ "0 '1· .. ... . .. .. . 
No. of Gaps/turn .... ~........ dE/dn(max) ...... : .. .... MeV / q 
Voltage(maxl .... 9:.Q~? .. . MV Harmonic f,r/fi~r .~ ......... . . . 
Freq ........ ~ .... .. .. MHz Power in(max) ...... :~.5 . ....... MW 

Stability: Phase ... .... ....... . .... Voltage . . . .......•........ Stability: Phase .... .... ........... Voltage .. . ............... . 

VACUUM SYSTEM -5 -6 
OPERATING PRESSURE: ... . 1.Q ..... 7 .. .l.0 .... . .................. . 
PUMPS: No . and type ..... .. ~ . ~ . ~.Q99P.~~~ ... l?i.f.~ .{,~~I? ...•.. . 

VACUUM SYSTEM 
OPERATING PRESSURE: ....... <:-... ~9~~ ......... ..... . ... ....... . 
PUMPS : No. and type ... .. . 2 . . lI. {.!J.QQ . .lJ.'l'i'S' .. <!H.f. .P. ,O,I)lP ........ . 

ION SOURCE(S) ION SOURCE(S) 
Type Intensity (I) 'n = f3" Ion Species Type Intensity (I) 'n = f3" Ion Species 

(a) .. . ~'?~ . .f.~~~~.e:n~ ... (:'O~J .... .. ~~ . ~.~. ~~~~~ . .. ... ~ . .. ... . . . (a) .. .?~~ .... .... . ... ~~f.> ....... ~~.~.~.~~~~) . ... ~.'p ... .... . 
(b) .................. . ....... . .. . (b) ................ . . . .. . ....... . 

INJECTION SYSTEM INJECTION SYSTEM 
Efficiency % Efficiency .... • .... % 

EXTRACTION SYSTEM EXTRACTION SYSTEM 
Efficiency . .. ~ .•... % ... . S.t.I;j.PP.i-llZ.f9.i ),'? . .. ..... ............... Efficiency . ... . .... % 

CHARACTERISTIC BEAMS CHARACTERISTIC BEAMS 
Current(part. j"A) Current(part. j"A) 

Accelerated Ions E/A (MeV /u) 
(a) ... ? . . ........... .. )9 ...... . 
(b) ..... .. ............ .. ...... .. . 

Internal External 
500 .. . .. .. ........ .. . .. ....... .. . 

Accelerated Ions E/A (MeV/u) 
(a) .. . I;C. .... ..... .. .... )? ... . . 
(b) ... D~ ......... ... . .... 16 . .... . 

Internal External 
. . ..... ~9 ... .......... ~9 ..... . 
..... . . 60 .......... ... Q9 .. ... . 

EXTRACTED BEAM PROPERTIES : EXTRACTED BEAM PROPERTIES: 
For ... ... ........ j"A of ... .. . ........ MeV /u . ... ......... . ions For . . .. ........ .. j"A of .. . . . ......... MeV / u .. .. .......... ions 
C,E / E ........... ... . .... .. . . % c, q, .. .. ............ ... .... °rf C,E/E . .... . ... .......... .. .. % c,q, .... ................... °rf 
'n = f3" x ........ ..... 7rmm mrad z ....... ...... 7rmm mrad 'n = f3" x .. . .. .. . . ... . 7rmm mrad z .. .... .... . .. 7rmm mrad 

REFERENCES/NOTES REFERENCES/NOTES 
(a) ....... ... .................. . ....... . .... . ... ... .... .. ... ..... . (a) ..... . . . ......... ... . . ..... . .... . ........ . ............ . . .... .. . 
(b) ..... .. .... ...... . ...... . . . ....... . ....... ... . . ......... . ..... . (b) .... . ... ..... .......... •.. .... • .......... . ..... ..... . . ....... .. 



ENTRY NO . . ...... ~M18 ........... Date ..... ... .... •.. ....... ENTRY NO ........ ~M.l? . .. . ..... Date ..........•........... 
Machine Name ...... MOD ... . ... . 11 •. .f.l.JS:~A .E~~.X;gy ... .. ...... . .. . Machine Name .... . ..... I:1C .. 32. NX . .... . ... .... ...... .. ....•.•...• 
Manufacturer ..... . . . Sc"nc!Hr.QI):i-l<. .. . .. . . . .... .. .... . . ..... .. .. . Manufacturer .... . ... .. S".a.Ildj..t.X;Q~;i.)<; . .. . .. ..... . .. . ....•.•.. . ... 
Address .... .. ... Jl.ll~ybp.X;g •. $.7. 52 .. 29. JJ.P.IIS".1.'l • . i>."le(i.e.Il ....... . Address . .. .. RllSyD.QJ;g ... ':i 7 5Z .. 29 . .l!1l1l:;i3.1.". S"ed~A . ... . • . ...... 
Tel ... 46 . .LS . l .8. 07.O'o. . . . ...... Telex .... .. ... . ....... .... ... ... . Tel .. . 4(). J../I.!1l. .0.70.0. ......... Telex ............ ....... .. .. . ... . 
Fax ... 4.6.1.8 .. 53. .7. 276 ... ..... . EMAIL . . .... .. . . .. . . ... .... ..... . 
In Charge: ...... . .......... ... . Reported by: .. J:Q~".s .. 1:!9P.~er. ... . 

Fax .. f!.~.HU!!.7X?9 .... .. ... EMAIL ......... . . ... ....... ;- ... . 
In Charge: . . ....... .. . ....... .. Reported by: .. .. .:r'?!'."'~ . ~!"A~~F . . . 

HISTORY AND STATUS 
DATES : Design . ... .l.IlS7........ First Machine .... +9.8.& ...... . . 
SALES: No. Sold/Operational .\ .. / .. ) Currently Available .. ¥. 

HISTORY AND STATUS 
DATES : Design .. . ~9........ ... . First Machine ... 9.0 ..... ...... . 
SALES : No. Sold/Operational .. 4. / .. 2. . Currently Available X . . 

COST: Accelerator .. . ........ .. ...... Facility .... .. . . . . .... . ... . COST: Accelerator. ....... .... .. ... .. Facility .... ............ .. . 

MAGNET MAGNET 
POLE PARAMETERS : POLE PARAMETERS: 

Diameter . .. l3.o. .. em Rextract ... . . .. .. em Rinject . . . ...... em 
HILL PARAMETERS : Gap (min) ... ~9 . .... em Bm ... . ........ T 

Diameter .. l)9 .... em Rext,act .. ~? .... em Rini ect ....... .. em 
HILL PARAMETERS : Gap (min) . ... ..... . em Bmax ......... . T 

«(I) •.•• ••••.• AT) Gap (max) .......... em Bmin ...... . .. . T «(I) ••• • ••• ••• AT) Gap (max) ...... . ... cm Bmin . . ........ T 
VALLEY PARAMETERS: Gap (min) . .. lB . .. em Bmax ....... . T VALLEY PARAMETERS : Gap (min) ....... . em Bmax . ... .... T 

«(I) •••• ... ••• AT) Gap (max) ... . .. .... em Bmin .. ....•. .. T 
AVERAGE FIELD: < B >min .. 1 .• .4 ..... T < B >max ..... ..... T 

«(I) • . • • •• • •• • AT) Gap (max) .......... em Bmin .. .... . ... T 
AVERAGE FIELD : < B >min .1...59 .... T < B > max .. . ..... .. T 

NUMBER OF SECTORS : compact/separated .... ) .... / . .. . . .... . NUMBER OF SECTORS: compact/separated .... A .. .. / . .. ... ... . 
sector angle ....... .. ...... deg. spiral (max) .... . 50 ........ deg. 

FIELD TRIMMING: Trim Coils ........ ~ ..... . ... ......... ........ . . 
sector angle ... ............ deg. spiral (max) ..... . .. ... .. .. deg . 

FIELD TRIMMING : Trim Coils ...... :3 ........ . ........ •. •.......... 
Harmonic Coils . ... . ....... ~ ........ .... ............ ... . Harmonic Coils .... .. .... Z . ........................ .. • .. 
Other .. ... . . ........... ... . .. . .. . ... ........... ~5 . . . .. . 

CURRENT: Main Coils ... . ?P.Q ... .. . Amps Stability . .. ~P .. ...... . 
Other . ..... .................... . .. . .. . .......... • ...... 

CURRENT: Main Coils .. )09 ........ Amps Stability ...... • ... .... 
Trim Coils . .. .. . .. . .. . . ... . Amps Stability ....... .. . .. .... . Trim Coils .. .... ... ... . .... Amps Stability .... . ..•......... 
Stored Energy (cryogenic) ....... ..... . .. ....... . ........ MJ Stored Energy (cryogenic) ............ . . .. ............... MJ 

WEIGHT: Iron .. .. 69.0.0.0.. \<g..... Conductor .... . .... . .... ... . . . WEIGHT: Iron . ... ........... ..... Conductor . . ............. . ... . 
ION ENERGY: Bending Limit E/A = . ... ..... . ...... q2/A2 MeV/u ION ENERGY: Bending Limit E/ A = . . . .. .. ...... ... q2/A2 MeV / u 

Focussing Limit E/ A = .... . . . ..... . .... q/ A MeV /u Focussing Limit E/ A = ... . .... . . . . ..... q/ A MeV / u 

ACCELERATION SYSTEM ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION : FUNDAMENTAL ACCELERATION : 

Description: ...... . .. P.':(.Y!'.I\ .i?y .s.~<:,!)1 .. . ........................ . 
No. of Gaps/turn .. ... 4. ...... . dE/dn(max) .... 0.1 .. .... MeV /q 
Voltage(max) . ... P.·.Q~? . . . MV Harmonic f'f / fion ~ .... ... .. ... . 
Freq ............. ... . MHz Power in(max) ......... .. ..... . MW 

Description : ............................ . ........ "0 '1· .. ... . .. .. . 
No. of Gaps/turn .... ~........ dE/dn(max) ...... : .. .... MeV / q 
Voltage(maxl .... 9:.Q~? .. . MV Harmonic f,r/fi~r .~ ......... . . . 
Freq ........ ~ .... .. .. MHz Power in(max) ...... :~.5 . ....... MW 

Stability: Phase ... .... ....... . .... Voltage . . . .......•........ Stability: Phase .... .... ........... Voltage .. . ............... . 

VACUUM SYSTEM -5 -6 
OPERATING PRESSURE: ... . 1.Q ..... 7 .. .l.0 .... . .................. . 
PUMPS: No . and type ..... .. ~ . ~ . ~.Q99P.~~~ ... l?i.f.~ .{,~~I? ...•.. . 

VACUUM SYSTEM 
OPERATING PRESSURE: ....... <:-... ~9~~ ......... ..... . ... ....... . 
PUMPS : No. and type ... .. . 2 . . lI. {.!J.QQ . .lJ.'l'i'S' .. <!H.f. .P. ,O,I)lP ........ . 

ION SOURCE(S) ION SOURCE(S) 
Type Intensity (I) 'n = f3" Ion Species Type Intensity (I) 'n = f3" Ion Species 

(a) .. . ~'?~ . .f.~~~~.e:n~ ... (:'O~J .... .. ~~ . ~.~. ~~~~~ . .. ... ~ . .. ... . . . (a) .. .?~~ .... .... . ... ~~f.> ....... ~~.~.~.~~~~) . ... ~.'p ... .... . 
(b) .................. . ....... . .. . (b) ................ . . . .. . ....... . 

INJECTION SYSTEM INJECTION SYSTEM 
Efficiency % Efficiency .... • .... % 

EXTRACTION SYSTEM EXTRACTION SYSTEM 
Efficiency . .. ~ .•... % ... . S.t.I;j.PP.i-llZ.f9.i ),'? . .. ..... ............... Efficiency . ... . .... % 

CHARACTERISTIC BEAMS CHARACTERISTIC BEAMS 
Current(part. j"A) Current(part. j"A) 

Accelerated Ions E/A (MeV /u) 
(a) ... ? . . ........... .. )9 ...... . 
(b) ..... .. ............ .. ...... .. . 

Internal External 
500 .. . .. .. ........ .. . .. ....... .. . 

Accelerated Ions E/A (MeV/u) 
(a) .. . I;C. .... ..... .. .... )? ... . . 
(b) ... D~ ......... ... . .... 16 . .... . 

Internal External 
. . ..... ~9 ... .......... ~9 ..... . 
..... . . 60 .......... ... Q9 .. ... . 

EXTRACTED BEAM PROPERTIES : EXTRACTED BEAM PROPERTIES: 
For ... ... ........ j"A of ... .. . ........ MeV /u . ... ......... . ions For . . .. ........ .. j"A of .. . . . ......... MeV / u .. .. .......... ions 
C,E / E ........... ... . .... .. . . % c, q, .. .. ............ ... .... °rf C,E/E . .... . ... .......... .. .. % c,q, .... ................... °rf 
'n = f3" x ........ ..... 7rmm mrad z ....... ...... 7rmm mrad 'n = f3" x .. . .. .. . . ... . 7rmm mrad z .. .... .... . .. 7rmm mrad 

REFERENCES/NOTES REFERENCES/NOTES 
(a) ....... ... .................. . ....... . .... . ... ... .... .. ... ..... . (a) ..... . . . ......... ... . . ..... . .... . ........ . ............ . . .... .. . 
(b) ..... .. .... ...... . ...... . . . ....... . ....... ... . . ......... . ..... . (b) .... . ... ..... .......... •.. .... • .......... . ..... ..... . . ....... .. 



ENTRY NO ........ Cl:1~.O .......... Date ......... . . ... . 
Machine Name . . . ... .. .. MCJ5 •. ~.Q. ... . . . . .... .... ... . 
Manufacturer . .. . ....... S.t;1HlP;i.t;'Q)1.:i.» ... . . ........ ..... ... . • .... 
Address .... ... ~.us~~or.&! .. S7 ~?2.9., .. ~?"sa.la ~ . ~:~,:d~? . . . ..... . . 
Tel ... 4.6 . ~S . 1.8 . 0,7. ~O ... . . .. . Telex.... . ............. . ... .. . 

Fax ... 46 .. 1S.S3 .. ? 2.?~ . .. . ... EMAIL .. ...... jon.as . licidee i: ... . 
In Charge: ............ .. .. ... .. Reported by: . .. . ...... . . . ... . . . . . 

HISTORY AND STATUS 
DATES: Design .l,'!7p .... )i?.. . . .. . First Machine ... l,~?9 ........ . . 
SALES: No. Sold / Operational .1). / ~.l,. Currently Available . . '1.. 
COST: Accelerator .. . . .... ........... Facility . . ... . ... . .. . . . ... . 

MAGNET 
POLE PARAMETERS : 

Diameter ... . ~;3.Q. em Rextract .. ~~ .. . .. em Rinj ect ......... em 
HILL PARAMETERS : Gap (min) . . . ~Q .. . .. em Bm .... . . . .. ... T 

(61 .. . .... . .. AT) Gap (max) . . . . ...... em Bmin .. .•.•.... T 
VALLEY PARAMETERS : Gap (min) .. 18 ... . em Bmax . . . . . . . . T 

(61 . . . ....... AT) Gap (max) ... . .. ... . em Bmin . . . . . . . ... T 
AVERAGE FIELD : < B >min .. . O.SS . .. T < B >max . ... 1,.7.&. T 
NUMBER OF SECTORS : compact / separated . . 3 . .... .. / ......... . 

sector angle . .... . . .. . .... . deg . spiral (max) ...... :>P ... . ... deg. 
FIELD TRIMMING: Trim Coils .. ...... a .... .... ... .. ..... ........ . . 

Harmonic Coils ........... .4 ........ . ... .... . . . .... . ... . 
Other ..... .... . ... . ... ... . ... .. .... ....... .. ... -'5 . . ... . 

CURRENT: Main Coils . . . 900 .... . . .. Amps Stability .. . ~O ... ..... . 
Trim Coils ......... . ....... Amps Stability . ..... . . ... . .. .. . 
Stored Energy (cryogenic) ......... ..... ........... . ... .. MJ 

WEIGHT: Iron . . 69 .• 000 . . ~fi; ... .. .. Conductor ..... . .... .. .... . .. . 
ION ENERGY: Bending Limit E/ A = ........ .... .. .. q2/A2 MeV / u 

Focussing Limit E/ A = ... .. ...... .. .... q / A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: ......... P.r:~Y!"~ .~Yi'.t. ~'!' ..... ... . .... .. .......... . . . 
No. of Gaps/ turn . .. . ~. .. ..... dE / dn(max) .. .0 .. .1 ...... . MeV / q 
Voltage(max) ...... 0. •. 03.5 .. . MV Harmonic frr/fion .. . ~.,? . . ... . 
Freq .. 1~ .. ..,. 26 ... 5 .... MHz Power in(max) .. .. . O,P.(\Q ...... MW 
Stability: Phase ...... ... .... ... . .. Voltage . . . .......... .... . . 

VACUUM SYSTEM 10-S, 10-6 
OPERATING PRESSURE: .. . .................................. . .. . 
PUMPS : No. and type ....... 2 .. " . ~'O.QQ .~ /.~~r:. . .<!H.f. .I?~p. . .. . ... . 

ION SOURCE(S) 
Type Intensity 61 in = {hi Ion Species 

(a) .. !I.o. ~ . F.:i)~rp.e.n~ .. .o~.t~ .. q: 5 . . ~11".~.~. ~:~~~. p.,.d! ~.,: ~! .~ ... 
(b) . . ........... .... ..... . 

INJECTION SYSTEM 
.... .. . .... EfFiciency ...... ... % 

EXTRACTION SYSTEM 
Efficiency . .. 6.Q-:~? % 

CHARACTERISTIC BEAMS 
Current(part . /1oA) 

Accelerated Ions E/ A (MeV / u) 
(a) .1l .S .......... lQ-;4D.,.~-:?P .... . 
(b) .lie .•.. '?': ..... !3-:53.,.10.,.!I.Q .. . 

Internal External 
..... )Q9 ... .......... ?? .. .. . 
. . .. . . l,~9 . ... ......... ?? .... . 

EXTRACTED BEAM PROPERTIES: 
For . .. ........... /1oA of . .. ........... MeV / u .. .. . ......... ions 
tiE /E ... . .................. . % tit/> .............. . .. . .. . .. °rf 
in = {hi X •••••• •• ••••• 1I"mm mrad Z •• . •• •••. ••• • 1I"mm mrad 

REFERENCES/NOTES 
(a) ............. . .. ... . ..... .... . ... . ......... . . . . ............ .. . . 
(b) . ... . . ...... ....... ..... .. . . . .. . ... ... . . ... .. . ... . . . . .. ... •. • .. 

ENTRY NO . . .. CM21... . . . . . Date 
Machine Name . . ..... . . . ... MGSO . . .... . 
Manufaqturer . ........ ~C;"Tl.p.i.np.I\i,~. . ...... .. ....... .. . 
Address .... .. l;Ill.S.y09.rg,. S.7.5229 .. I)I'P.s."~,,., .. S"'l'.q~~ ..... . . . . ... . 
Tel .... 4.6 .1B . . 1S. Q7. .00 ... . . ... Telex .............. ..... ... ..... . 
Fax ... 46 . . 1S. 5.3.72 . . 7.6 .... .. . EMAIL . . ................. . ..... . 
In Charge: ........ . ........ .. .. Reported by : .. JPA1\$. HQq~l'.r: ... . 

HISTORY AND STATUS 
DATES: Design ... . . 13.3. ..... .... Fi rst Machine .... ~~ .......... . 
SALES: No. Sold/Operational . . 2 . . / ... ~ Currently Available Y 
COST : Accelerator.. ..... ... . ... . . ... Facility .. ...... . . . . . . . . .. . 

MAGNET 
POLE PARAMETERS : 

Diameter .. . ~~~ ... em R e xtract .~~ ...... em Rinject . . .... . . . em 
HILL PARAMETERS : Gap (min) .. ll .... . em Bm ... 2 ... 05 . ... T 

(61 .... . .. .. . AT) Gap (max) . . ........ em Bmin .... . ..... T 
VALLEY PARAMETERS : Gap (min) .. . ... . . em Bm ...... .. .. T 

(61 ...... . . .. AT) Gap (max) .. . . 20 ... . em Bmin . .. .. ... .. T 
AVERAGE FIELD: < B >mi n .~ .. . Q~ . . .. T < B >max .~ .. .7? .... T 
NUMBER OF SECTORS : compact / separated .3 ....... . / ........ .. 

sector angle ............... deg . spiral bmax) ... .. ~? . . ..... deg . 
FIELD TRIMMING: Trim Coils ......... .1 ...... ...... .. . . ... . . .. . .. 

Harmonic Coils . . .... .. ..... .. ~ ........ . .......... . .. .. . 
Other ............. . . .... .. .... . .. .. ........... '-'3 .... · • 

CURRENT: Ma in Coils .... 900. . . .. .. Amps Stability ... t9 ........ . 
Trim Coils ... .. . .... . .... .. Amps Stability . ....... ........ . 
Stored Energy (cryogenic) .......................... . . . . . MJ 

WEIGHT : Iron . . 93 .• 000 .. ~g....... Conductor ... .. . .. ......... .. . 
ION ENERGY: Bending Limit E/ A = .......... . ..... q2/A2 MeV / u 

Focussing Limit E/ A = . ........ . . ... .. . q / A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: .. . .... .. P.r:~Y~r .. ~YP.t.~I!l . .... ... . . .. ....... .. .... .. . 
No. of Gaps/ turn ... ~ ........ . dE / dn(max) ... 0 . .1 ....... MeV / q 
Voltage(max) .. . 0, .Q35 . ... . MV Harmonic fd / fion .... 1.,.2 ... . . . . 
Freq . ... J..5 .,. ?7 ... . ... MHz Power in(max) .. . . q:9.6 ...... .. . MW 
Stability: Phase ..... . ..... . ... ... . Voltage . ... .. ........ . . .. . 

ION SOU RCE(S) 
Type Intensity 61 in = j3-Yi Ion Species 

p,d,He3, oc: (a) . ..P.~~ .... ... ... ... ~~t.) ....... ~~.~.~. ~:~~) . 
(b) . . . ................... . .. .... . 

INJECTION SYSTEM 
Efficiency % 

EXTRACTION SYSTEM 
EfFiciency ?9.-:~~ ... % 

CHARACTERISTIC BEAMS 
Current(part. /10 A ) 

Accelerated Ions E/ A (MeV Lu) 
(a) .. P.,.~ ..... .... ~?:-.S.q! ?:-.z.~ ... 
(b) .. l;Ig . •. ~ ...... 4~:-.6.q,~~.-.~Q .. 

~niBonal E~6rnal 
. ...... 60'····· ... .. ·30· · ··· ·· 
. ......... . .. ...... ... . . . .. . . . 

EXTRACTED BEAM PROPERTIES : 
For .. . . ...... . . .. /1oA of . .. .. . ... . .... MeV / u . ... . . ........ ions 
tiE/E ............ .... ...... . % tlt/> .... . .. ...... ... . ...... °rf 
in = j3-Yi X ••••••••••••• 1I"mm mrad Z ••.•• . •• • •••• 1I"mm mrad 

REFERENCES/NOTES 
(a) . .... .. . .. ..... .... .. ........... . .. .. .. .... . .. .......... ...... . 
(b) . . .. . .. . . .. ...... .. .. ... .. ..... . . ... ... .. . .•.. .. .............. . 



ENTRY NO ........ Cl:1~.O .......... Date ......... . . ... . 
Machine Name . . . ... .. .. MCJ5 •. ~.Q. ... . . . . .... .... ... . 
Manufacturer . .. . ....... S.t;1HlP;i.t;'Q)1.:i.» ... . . ........ ..... ... . • .... 
Address .... ... ~.us~~or.&! .. S7 ~?2.9., .. ~?"sa.la ~ . ~:~,:d~? . . . ..... . . 
Tel ... 4.6 . ~S . 1.8 . 0,7. ~O ... . . .. . Telex.... . ............. . ... .. . 

Fax ... 46 .. 1S.S3 .. ? 2.?~ . .. . ... EMAIL .. ...... jon.as . licidee i: ... . 
In Charge: ............ .. .. ... .. Reported by: . .. . ...... . . . ... . . . . . 

HISTORY AND STATUS 
DATES: Design .l,'!7p .... )i?.. . . .. . First Machine ... l,~?9 ........ . . 
SALES: No. Sold / Operational .1). / ~.l,. Currently Available . . '1.. 
COST: Accelerator .. . . .... ........... Facility . . ... . ... . .. . . . ... . 

MAGNET 
POLE PARAMETERS : 

Diameter ... . ~;3.Q. em Rextract .. ~~ .. . .. em Rinj ect ......... em 
HILL PARAMETERS : Gap (min) . . . ~Q .. . .. em Bm .... . . . .. ... T 

(61 .. . .... . .. AT) Gap (max) . . . . ...... em Bmin .. .•.•.... T 
VALLEY PARAMETERS : Gap (min) .. 18 ... . em Bmax . . . . . . . . T 

(61 . . . ....... AT) Gap (max) ... . .. ... . em Bmin . . . . . . . ... T 
AVERAGE FIELD : < B >min .. . O.SS . .. T < B >max . ... 1,.7.&. T 
NUMBER OF SECTORS : compact / separated . . 3 . .... .. / ......... . 

sector angle . .... . . .. . .... . deg . spiral (max) ...... :>P ... . ... deg. 
FIELD TRIMMING: Trim Coils .. ...... a .... .... ... .. ..... ........ . . 

Harmonic Coils ........... .4 ........ . ... .... . . . .... . ... . 
Other ..... .... . ... . ... ... . ... .. .... ....... .. ... -'5 . . ... . 

CURRENT: Main Coils . . . 900 .... . . .. Amps Stability .. . ~O ... ..... . 
Trim Coils ......... . ....... Amps Stability . ..... . . ... . .. .. . 
Stored Energy (cryogenic) ......... ..... ........... . ... .. MJ 

WEIGHT: Iron . . 69 .• 000 . . ~fi; ... .. .. Conductor ..... . .... .. .... . .. . 
ION ENERGY: Bending Limit E/ A = ........ .... .. .. q2/A2 MeV / u 

Focussing Limit E/ A = ... .. ...... .. .... q / A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: ......... P.r:~Y!"~ .~Yi'.t. ~'!' ..... ... . .... .. .......... . . . 
No. of Gaps/ turn . .. . ~. .. ..... dE / dn(max) .. .0 .. .1 ...... . MeV / q 
Voltage(max) ...... 0. •. 03.5 .. . MV Harmonic frr/fion .. . ~.,? . . ... . 
Freq .. 1~ .. ..,. 26 ... 5 .... MHz Power in(max) .. .. . O,P.(\Q ...... MW 
Stability: Phase ...... ... .... ... . .. Voltage . . . .......... .... . . 

VACUUM SYSTEM 10-S, 10-6 
OPERATING PRESSURE: .. . .................................. . .. . 
PUMPS : No. and type ....... 2 .. " . ~'O.QQ .~ /.~~r:. . .<!H.f. .I?~p. . .. . ... . 

ION SOURCE(S) 
Type Intensity 61 in = {hi Ion Species 

(a) .. !I.o. ~ . F.:i)~rp.e.n~ .. .o~.t~ .. q: 5 . . ~11".~.~. ~:~~~. p.,.d! ~.,: ~! .~ ... 
(b) . . ........... .... ..... . 

INJECTION SYSTEM 
.... .. . .... EfFiciency ...... ... % 

EXTRACTION SYSTEM 
Efficiency . .. 6.Q-:~? % 

CHARACTERISTIC BEAMS 
Current(part . /1oA) 

Accelerated Ions E/ A (MeV / u) 
(a) .1l .S .......... lQ-;4D.,.~-:?P .... . 
(b) .lie .•.. '?': ..... !3-:53.,.10.,.!I.Q .. . 

Internal External 
..... )Q9 ... .......... ?? .. .. . 
. . .. . . l,~9 . ... ......... ?? .... . 

EXTRACTED BEAM PROPERTIES: 
For . .. ........... /1oA of . .. ........... MeV / u .. .. . ......... ions 
tiE /E ... . .................. . % tit/> .............. . .. . .. . .. °rf 
in = {hi X •••••• •• ••••• 1I"mm mrad Z •• . •• •••. ••• • 1I"mm mrad 

REFERENCES/NOTES 
(a) ............. . .. ... . ..... .... . ... . ......... . . . . ............ .. . . 
(b) . ... . . ...... ....... ..... .. . . . .. . ... ... . . ... .. . ... . . . . .. ... •. • .. 

ENTRY NO . . .. CM21... . . . . . Date 
Machine Name . . ..... . . . ... MGSO . . .... . 
Manufaqturer . ........ ~C;"Tl.p.i.np.I\i,~. . ...... .. ....... .. . 
Address .... .. l;Ill.S.y09.rg,. S.7.5229 .. I)I'P.s."~,,., .. S"'l'.q~~ ..... . . . . ... . 
Tel .... 4.6 .1B . . 1S. Q7. .00 ... . . ... Telex .............. ..... ... ..... . 
Fax ... 46 . . 1S. 5.3.72 . . 7.6 .... .. . EMAIL . . ................. . ..... . 
In Charge: ........ . ........ .. .. Reported by : .. JPA1\$. HQq~l'.r: ... . 

HISTORY AND STATUS 
DATES: Design ... . . 13.3. ..... .... Fi rst Machine .... ~~ .......... . 
SALES: No. Sold/Operational . . 2 . . / ... ~ Currently Available Y 
COST : Accelerator.. ..... ... . ... . . ... Facility .. ...... . . . . . . . . .. . 

MAGNET 
POLE PARAMETERS : 

Diameter .. . ~~~ ... em R e xtract .~~ ...... em Rinject . . .... . . . em 
HILL PARAMETERS : Gap (min) .. ll .... . em Bm ... 2 ... 05 . ... T 

(61 .... . .. .. . AT) Gap (max) . . ........ em Bmin .... . ..... T 
VALLEY PARAMETERS : Gap (min) .. . ... . . em Bm ...... .. .. T 

(61 ...... . . .. AT) Gap (max) .. . . 20 ... . em Bmin . .. .. ... .. T 
AVERAGE FIELD: < B >mi n .~ .. . Q~ . . .. T < B >max .~ .. .7? .... T 
NUMBER OF SECTORS : compact / separated .3 ....... . / ........ .. 

sector angle ............... deg . spiral bmax) ... .. ~? . . ..... deg . 
FIELD TRIMMING: Trim Coils ......... .1 ...... ...... .. . . ... . . .. . .. 

Harmonic Coils . . .... .. ..... .. ~ ........ . .......... . .. .. . 
Other ............. . . .... .. .... . .. .. ........... '-'3 .... · • 

CURRENT: Ma in Coils .... 900. . . .. .. Amps Stability ... t9 ........ . 
Trim Coils ... .. . .... . .... .. Amps Stability . ....... ........ . 
Stored Energy (cryogenic) .......................... . . . . . MJ 

WEIGHT : Iron . . 93 .• 000 .. ~g....... Conductor ... .. . .. ......... .. . 
ION ENERGY: Bending Limit E/ A = .......... . ..... q2/A2 MeV / u 

Focussing Limit E/ A = . ........ . . ... .. . q / A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: .. . .... .. P.r:~Y~r .. ~YP.t.~I!l . .... ... . . .. ....... .. .... .. . 
No. of Gaps/ turn ... ~ ........ . dE / dn(max) ... 0 . .1 ....... MeV / q 
Voltage(max) .. . 0, .Q35 . ... . MV Harmonic fd / fion .... 1.,.2 ... . . . . 
Freq . ... J..5 .,. ?7 ... . ... MHz Power in(max) .. . . q:9.6 ...... .. . MW 
Stability: Phase ..... . ..... . ... ... . Voltage . ... .. ........ . . .. . 

ION SOU RCE(S) 
Type Intensity 61 in = j3-Yi Ion Species 

p,d,He3, oc: (a) . ..P.~~ .... ... ... ... ~~t.) ....... ~~.~.~. ~:~~) . 
(b) . . . ................... . .. .... . 

INJECTION SYSTEM 
Efficiency % 

EXTRACTION SYSTEM 
EfFiciency ?9.-:~~ ... % 

CHARACTERISTIC BEAMS 
Current(part. /10 A ) 

Accelerated Ions E/ A (MeV Lu) 
(a) .. P.,.~ ..... .... ~?:-.S.q! ?:-.z.~ ... 
(b) .. l;Ig . •. ~ ...... 4~:-.6.q,~~.-.~Q .. 

~niBonal E~6rnal 
. ...... 60'····· ... .. ·30· · ··· ·· 
. ......... . .. ...... ... . . . .. . . . 

EXTRACTED BEAM PROPERTIES : 
For .. . . ...... . . .. /1oA of . .. .. . ... . .... MeV / u . ... . . ........ ions 
tiE/E ............ .... ...... . % tlt/> .... . .. ...... ... . ...... °rf 
in = j3-Yi X ••••••••••••• 1I"mm mrad Z ••.•• . •• • •••• 1I"mm mrad 

REFERENCES/NOTES 
(a) . .... .. . .. ..... .... .. ........... . .. .. .. .... . .. .......... ...... . 
(b) . . .. . .. . . .. ...... .. .. ... .. ..... . . ... ... .. . .•.. .. .............. . 



ENTRY NO .... .. .. C.M?? .......... Date .. . .. ... ....•.•....... 
Machine Name ....... . . MeGQ. J'y. . . . . . ............... .. ... . . ..• 
Manufacturer ... . . . ... S.c.aQIi.i.t;'9Tl.i.'I . . . . . . ... .. .. . .... . . . 
Address ....... l:lu&)Zborg •. S]5229., . . llpp.sala, .. Swed .. n . ........ . . 
Tel . .. . 11.6..18 . . 18.0.7 .. 00 ..... . . Telex .......... . ................ . 
Fax .... 46 . .18.53. .72 .. 7.6. EMAIL .. ..... . ... ....... . .. . .... . 
In Charge: . . .. . ... . .. . ..... ... . Reported by: ... Jonas .l·!ndeer .. . . 

HISTORY AND STATUS 
DATES : Design ...... I,l~...... .. . First Machine .. . .. .. . 84 .. . .. .. 
SALES: No . Sold / Operational .~ .. / . .. . 1 Currently Available . Y .. 
COST: Accelerator.. ..... .. ......... . Facility ............... .. . . 

MAGNET 
POLE PARAMETERS: 

Diameter .. J.6Q ... cm Rex'a ct . .. . (i:; .. . cm R;nject ......... cm 
HILL PARAMETERS: Gap (min) .......... cm Bm•x .. 7 ... Q,? . . T 

(<<I • . • ... .••. AT) Gap (max) . . ... ..... cm Bm;n .... .. . .. . T 
VALLEY PARAMETERS : Gap (min) ........ cm Bm•x ........ T 

(<<I .... .. .... AT) Gap (max) .. ........ cm Bm;n .......... T 
AVERAGE FIELD: < B > m;n . . . ..... .. T < B >m.x .. 1...7.5 ... T 
NUMBER OF SECTORS: compact / separated ... ~ ...... / ........ .. 

sector angle . ... ..... . .... . deg. spiral (max) . .. ..... ~9 ..... deg. 
FIELD TRIMMING : Trim Coils ...... . . 7 ...... .......... .......... .. 

Harmonic Coils ............ .4. ....... ........ . ... . . . . . . . . 
Other ...... . .. . ... ... .. .. .. ... . ... .. ... .... . ......... . . 

CURRENT: Main Coils .. 99.Q . . ...... Amps Stability .. ... ... .. ... . 
Trim Coils ................. Amps Stability .. .... . ... ...... . 
Stored Energy (cryogenic) ............................... MJ 

WEIGHT : Iron . . )?9.,.QOP .. ~g..... Conductor .. . ... . .. . . .. .. . .. . . 
ION EN ERGY: Bending Limit E/ A = ................ q2 / A2 MeV / u 

Focussing Limit E/ A = ........... .. . . .. q/ A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: ... . . ...... p.r.~,:e!, . . S¥~.te;~ .. ... ..... ... .. .......... . 
No. of Gaps / turn . .. .4....... . dE / dn(max) . .. P:.1 .... .. . MeV / q 
Voltage(max) . .... 0,9.4. .... MV Harmonic f,r/fion .... L ....... . 
Freq ...... 2.5 ....... .. MHz Power in(max) ..... .. . 9:.o.~ .... MW 
Stability: Phase ....... . ...... . .... Voltage ....... .. . . . .. . . . . . 

VACUUM SYSTEM 10-5 -6 
OPERATING PRESSURE: ......... ,..1.q . .... . ........ ............ . 
PUMPS: No. and type .... .. 4.1' .. 4009 .. ~(?!:~C;.~.i.q:.p.l!I]lP .. ... .. . 

ION SOURCE(S) 
Type Intensity «I <n = /3,< Ion Species 

(mA) (7r mm mrad) 
(a) . .. n.G ........ . .... 9:.1... .................. .. 
(b) ........................................... .. 

INJECTION SYSTEM 
.......... . Efficiency % 

EXTRACTION SYSTEM 
.. . . . . . . .. Efficiency 80 

% 

CHARACTERISTIC BEAMS 
Current(part . J1A) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .. .. II .................. 6.Q .. .... ... ).o.q ...... ....... 3.~ .... .. 
(b) .. ... ...... . .. .. .... .. . .......... . . ... . ......... .. ......... . 

EXTRACTED BEAM PROPERTIES: 
For .............. J1A of . . .. ...... .... MeV /u ... . .. .. . .. . . . ions 
Ll.E / E .... ..... .... ..... ..... % Ll.¢ .. ....... ......... ..... °rf 
<n = /3,' x ... . ... ... ... 7rmm mrad z ......... . ... 7rmm mrad 

REFERENCES/NOTES 
(a) .. . .... . .................. .. .. . .. . ...... . . ..... ........ ... . . .. . 
(b) . . .... ... ...... .... . .... .. . . . .... . ...... ... ..... .... . . ...... .. . 

ENTRY NO ....... 5:.I1?J. .......... Date ... V719? .......... . 
Machine Name .Q?C;f..Fl ........ ... ..... .. .. . . .......... . ... . ... . . . . 
Manufacturer .. Q?\~9~P .. ;r.t-i?r~!-1~J;;l'Ir.;;. . . ...... . .. . 
Address .... . .. 9.~~~Y . . t1f:.~P ... ... ....... ................... . .. .. 
Tel .4.L8?5 .. 2?~?q9 .... . ... Telex .... .. . . .............. .. .. . 
Fax ........... ?6~.~9.Q ....... EMAIL.. . .. ............ . .... . 
In Charge: .. .. ...... ........... Reported by: .. /:1 .. I.<RU;I:]? ....... .. 

HISTORY AND STATUS 
DATES: Design ~?-.~ .8. .. .... .. .. First Machine .. .. 9.Q ....... . . . 
SALES: No. Sold/Operational . . ~. / .... Currently Available . ):');:S 
COST: Accelerator............. ... .. . Facility .................. . 

MAGNET 
POLE PARAMETERS: 

Diameter ..... ?q. cm Rextact .. 2) ...... cm Rinject ... ),.~ ... cm 
HILL PARAMETERS: Gap (min) "?"'~"" cm Bmu .... ~ • .l .. . T 

(<<I ~ ,.~l,{.1. 9 .. AT) Gap (max) .. ........ cm Bmin ...... .. .. T 
VALLEY PARAMETERS : Gap (min) . I. .... . cm Bmax 1..7 .... T 

(<<I .• • • .. •••• AT) Gap (max) ........ .. cm Bmill ....... . . . T 
AVERAGE FIELD : < B >min .? .. ~P .... T < B >max . .. ....... T 
NUMBER OF SECTORS: compact/separated ..... ~ .... / ..... . . . . . 

sector angle .. ~~ .. . ... ... .. deg . spiral (max) ....... ! ...... deg. 
FIELD TRIMMING: Trim Coils .. .! ..... ... ........ ....... ........ .. 

Harmonic Coils ...... .!. ...... ... ............... ..... . . . 
~~ ........... ..... ! ... ................. ......... .. . . 

CURRENT: Main Coils ...... 3!i.q ... . Amps Stability .t.1?~.~?~?T:?~T MODES) 
Trim Coils . . . . . /. .. ........ A"1fs Stability ...... .. ... . . ... . 
Stored Energ5 (cryogenic) .. 0. : .. 5 . ...... . . . .. ... ... .. ... MJ 

WEIGHT: Iron .1. , ... ::r:0.1)1........ Conductor NQr.~ J ... 2~P. .K? 
ION ENERGY: Bending Limit E/A = .... q .......... q2/A2 MeV /u 

Focussing Limit E/ A = . .l ............. q/ A MeV / u 

ACCElERATION SYSTEM 

FUNDAMENTAL "3CCP[-~t-.;19&IAL V4 STEMS 
DeSCription . ... . .......... . .......... .. ...... . .......... ........ . 

No. of Gaps/turn .. 6 .......... dE / dn(max) .... Q .•. 2 ..... MeV/ q 
Voltage(max) 0 •. 03.3 ....... MV Harmonic fd/fioll 3 .. .. . ....... . 
Freq ... . . ... 10a .. . . MHz Power in(max) ..... O .•. OJ. . ... . .. MW 
Stability: Phase ....... 1.°. . . . . . Voltage . . 1 O .-~ . ...... .... . 

VACUUM SYSTEM . 7 

OPERATING PRESSURE: ....... 5. X .10 .. .... mba.r .... .... ... .. . 
PUMPS: No. and type ....... .. 2. TURBO ...... .. ..... . .. . ..... .. 

ION SOURCE(S) 
Type Intensity «I 'n = /3,. Ion Species 

(mA) (7r mm mrad) 
(a) .MUI;,~.~~.l!?g ..... .. 1.. ...... .... Q .• )~ ......... .... 1:1 .... .. . 
(b) ............... .. ............ . 

INJECTION SYSTEM 
." .. ~~~~L.' .. i?~~R.A~ ..... .... .. ...... . .. .. Efficiency .<".~.o .. % 

CHARACTERISTIC BEAMS 
Current(part . J1A) 

Accelerated Ions E/A (MeV /u) Internal External 
(a) I;I.~ .... .......... .. l2 ........ .. ... 10.0 . .......... .. 10.0 .. .. 
(b) ............. .. ........................... ..... ...... .... . .. 

EXTRACTED BEAM PROPERTIES: + 
For .. ;;.0 ...... .... J1A of . . .... l.? . ... . . MeV /u . . H ... ... . .. . ions 
Ll.E / E .................. . .... % Ll.¢ ................... .... °rf 
In = /3,. x .. ) ..•. ;; ...... 7rmm mrad z . .. ... ~ ...... 7rmm mrad 

REFERENCES/NOTES 
(a) .................................. ... .. .... .. . .. ...... .... ... •. 
(b) ....... . . . ..... . .. ........ . ... . . ..•. . .. ... .. ... . . .. . . .. ... . . . . . 



ENTRY NO .... .. .. C.M?? .......... Date .. . .. ... ....•.•....... 
Machine Name ....... . . MeGQ. J'y. . . . . . ............... .. ... . . ..• 
Manufacturer ... . . . ... S.c.aQIi.i.t;'9Tl.i.'I . . . . . . ... .. .. . .... . . . 
Address ....... l:lu&)Zborg •. S]5229., . . llpp.sala, .. Swed .. n . ........ . . 
Tel . .. . 11.6..18 . . 18.0.7 .. 00 ..... . . Telex .......... . ................ . 
Fax .... 46 . .18.53. .72 .. 7.6. EMAIL .. ..... . ... ....... . .. . .... . 
In Charge: . . .. . ... . .. . ..... ... . Reported by: ... Jonas .l·!ndeer .. . . 

HISTORY AND STATUS 
DATES : Design ...... I,l~...... .. . First Machine .. . .. .. . 84 .. . .. .. 
SALES: No . Sold / Operational .~ .. / . .. . 1 Currently Available . Y .. 
COST: Accelerator.. ..... .. ......... . Facility ............... .. . . 

MAGNET 
POLE PARAMETERS: 

Diameter .. J.6Q ... cm Rex'a ct . .. . (i:; .. . cm R;nject ......... cm 
HILL PARAMETERS: Gap (min) .......... cm Bm•x .. 7 ... Q,? . . T 

(<<I • . • ... .••. AT) Gap (max) . . ... ..... cm Bm;n .... .. . .. . T 
VALLEY PARAMETERS : Gap (min) ........ cm Bm•x ........ T 

(<<I .... .. .... AT) Gap (max) .. ........ cm Bm;n .......... T 
AVERAGE FIELD: < B > m;n . . . ..... .. T < B >m.x .. 1...7.5 ... T 
NUMBER OF SECTORS: compact / separated ... ~ ...... / ........ .. 

sector angle . ... ..... . .... . deg. spiral (max) . .. ..... ~9 ..... deg. 
FIELD TRIMMING : Trim Coils ...... . . 7 ...... .......... .......... .. 

Harmonic Coils ............ .4. ....... ........ . ... . . . . . . . . 
Other ...... . .. . ... ... .. .. .. ... . ... .. ... .... . ......... . . 

CURRENT: Main Coils .. 99.Q . . ...... Amps Stability .. ... ... .. ... . 
Trim Coils ................. Amps Stability .. .... . ... ...... . 
Stored Energy (cryogenic) ............................... MJ 

WEIGHT : Iron . . )?9.,.QOP .. ~g..... Conductor .. . ... . .. . . .. .. . .. . . 
ION EN ERGY: Bending Limit E/ A = ................ q2 / A2 MeV / u 

Focussing Limit E/ A = ........... .. . . .. q/ A MeV / u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: ... . . ...... p.r.~,:e!, . . S¥~.te;~ .. ... ..... ... .. .......... . 
No. of Gaps / turn . .. .4....... . dE / dn(max) . .. P:.1 .... .. . MeV / q 
Voltage(max) . .... 0,9.4. .... MV Harmonic f,r/fion .... L ....... . 
Freq ...... 2.5 ....... .. MHz Power in(max) ..... .. . 9:.o.~ .... MW 
Stability: Phase ....... . ...... . .... Voltage ....... .. . . . .. . . . . . 

VACUUM SYSTEM 10-5 -6 
OPERATING PRESSURE: ......... ,..1.q . .... . ........ ............ . 
PUMPS: No. and type .... .. 4.1' .. 4009 .. ~(?!:~C;.~.i.q:.p.l!I]lP .. ... .. . 

ION SOURCE(S) 
Type Intensity «I <n = /3,< Ion Species 

(mA) (7r mm mrad) 
(a) . .. n.G ........ . .... 9:.1... .................. .. 
(b) ........................................... .. 

INJECTION SYSTEM 
.......... . Efficiency % 

EXTRACTION SYSTEM 
.. . . . . . . .. Efficiency 80 

% 

CHARACTERISTIC BEAMS 
Current(part . J1A) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .. .. II .................. 6.Q .. .... ... ).o.q ...... ....... 3.~ .... .. 
(b) .. ... ...... . .. .. .... .. . .......... . . ... . ......... .. ......... . 

EXTRACTED BEAM PROPERTIES: 
For .............. J1A of . . .. ...... .... MeV /u ... . .. .. . .. . . . ions 
Ll.E / E .... ..... .... ..... ..... % Ll.¢ .. ....... ......... ..... °rf 
<n = /3,' x ... . ... ... ... 7rmm mrad z ......... . ... 7rmm mrad 

REFERENCES/NOTES 
(a) .. . .... . .................. .. .. . .. . ...... . . ..... ........ ... . . .. . 
(b) . . .... ... ...... .... . .... .. . . . .... . ...... ... ..... .... . . ...... .. . 

ENTRY NO ....... 5:.I1?J. .......... Date ... V719? .......... . 
Machine Name .Q?C;f..Fl ........ ... ..... .. .. . . .......... . ... . ... . . . . 
Manufacturer .. Q?\~9~P .. ;r.t-i?r~!-1~J;;l'Ir.;;. . . ...... . .. . 
Address .... . .. 9.~~~Y . . t1f:.~P ... ... ....... ................... . .. .. 
Tel .4.L8?5 .. 2?~?q9 .... . ... Telex .... .. . . .............. .. .. . 
Fax ........... ?6~.~9.Q ....... EMAIL.. . .. ............ . .... . 
In Charge: .. .. ...... ........... Reported by: .. /:1 .. I.<RU;I:]? ....... .. 

HISTORY AND STATUS 
DATES: Design ~?-.~ .8. .. .... .. .. First Machine .. .. 9.Q ....... . . . 
SALES: No. Sold/Operational . . ~. / .... Currently Available . ):');:S 
COST: Accelerator............. ... .. . Facility .................. . 

MAGNET 
POLE PARAMETERS: 

Diameter ..... ?q. cm Rextact .. 2) ...... cm Rinject ... ),.~ ... cm 
HILL PARAMETERS: Gap (min) "?"'~"" cm Bmu .... ~ • .l .. . T 

(<<I ~ ,.~l,{.1. 9 .. AT) Gap (max) .. ........ cm Bmin ...... .. .. T 
VALLEY PARAMETERS : Gap (min) . I. .... . cm Bmax 1..7 .... T 

(<<I .• • • .. •••• AT) Gap (max) ........ .. cm Bmill ....... . . . T 
AVERAGE FIELD : < B >min .? .. ~P .... T < B >max . .. ....... T 
NUMBER OF SECTORS: compact/separated ..... ~ .... / ..... . . . . . 

sector angle .. ~~ .. . ... ... .. deg . spiral (max) ....... ! ...... deg. 
FIELD TRIMMING: Trim Coils .. .! ..... ... ........ ....... ........ .. 

Harmonic Coils ...... .!. ...... ... ............... ..... . . . 
~~ ........... ..... ! ... ................. ......... .. . . 

CURRENT: Main Coils ...... 3!i.q ... . Amps Stability .t.1?~.~?~?T:?~T MODES) 
Trim Coils . . . . . /. .. ........ A"1fs Stability ...... .. ... . . ... . 
Stored Energ5 (cryogenic) .. 0. : .. 5 . ...... . . . .. ... ... .. ... MJ 

WEIGHT: Iron .1. , ... ::r:0.1)1........ Conductor NQr.~ J ... 2~P. .K? 
ION ENERGY: Bending Limit E/A = .... q .......... q2/A2 MeV /u 

Focussing Limit E/ A = . .l ............. q/ A MeV / u 

ACCElERATION SYSTEM 

FUNDAMENTAL "3CCP[-~t-.;19&IAL V4 STEMS 
DeSCription . ... . .......... . .......... .. ...... . .......... ........ . 

No. of Gaps/turn .. 6 .......... dE / dn(max) .... Q .•. 2 ..... MeV/ q 
Voltage(max) 0 •. 03.3 ....... MV Harmonic fd/fioll 3 .. .. . ....... . 
Freq ... . . ... 10a .. . . MHz Power in(max) ..... O .•. OJ. . ... . .. MW 
Stability: Phase ....... 1.°. . . . . . Voltage . . 1 O .-~ . ...... .... . 

VACUUM SYSTEM . 7 

OPERATING PRESSURE: ....... 5. X .10 .. .... mba.r .... .... ... .. . 
PUMPS: No. and type ....... .. 2. TURBO ...... .. ..... . .. . ..... .. 

ION SOURCE(S) 
Type Intensity «I 'n = /3,. Ion Species 

(mA) (7r mm mrad) 
(a) .MUI;,~.~~.l!?g ..... .. 1.. ...... .... Q .• )~ ......... .... 1:1 .... .. . 
(b) ............... .. ............ . 

INJECTION SYSTEM 
." .. ~~~~L.' .. i?~~R.A~ ..... .... .. ...... . .. .. Efficiency .<".~.o .. % 

CHARACTERISTIC BEAMS 
Current(part . J1A) 

Accelerated Ions E/A (MeV /u) Internal External 
(a) I;I.~ .... .......... .. l2 ........ .. ... 10.0 . .......... .. 10.0 .. .. 
(b) ............. .. ........................... ..... ...... .... . .. 

EXTRACTED BEAM PROPERTIES: + 
For .. ;;.0 ...... .... J1A of . . .... l.? . ... . . MeV /u . . H ... ... . .. . ions 
Ll.E / E .................. . .... % Ll.¢ ................... .... °rf 
In = /3,. x .. ) ..•. ;; ...... 7rmm mrad z . .. ... ~ ...... 7rmm mrad 

REFERENCES/NOTES 
(a) .................................. ... .. .... .. . .. ...... .... ... •. 
(b) ....... . . . ..... . .. ........ . ... . . ..•. . .. ... .. ... . . .. . . .. ... . . . . . 



ENTRY NO ......... c:M?4 ...... . .. . Date ... . ........ . ......•.. 
Machine Name ......... <;:$:-.1.~ ... . .. . ............................ . . 
Manufacturer 711€l. 9Y.C:~9t;r::qt:l. ~1J?9;r.qt~9n . (?iJ ........ .. ...... . 
Address ...... ~~Q. ~.i.~ .$t+~t, .. ~!c~~~y I .. f7:. . .. ~~ 7.1.Q .lJ?A . 
Tel ...... <,5.1.Q). .~~~:-!3.~H . .... . Telex . . ~J9-:~~.6::(1!.fi ... . ...... . 
Fax ..... (:;1.Ql.:;2:z.;~;3,3.Q ..... EMAIL ....... . ............ ...... . 
In Charge: .... n/a . . . . .. .. ..... Reported by: . F .• A •. ll<m1sey: .... . . 

HISTORY AND STATUS 
DATES: Design .. .. ! ;J.fi~. . . . . . . . First Machine .. qq. ! .9.6? ... . 
SALES: No. Sold/Operational .). / .,3.. Currently Available n9 .. . 
COST: Accelerator...... ........... . . Facility .................. . 

MAGNET 
POLE PARAMETERS : 

Diameter . .. ~1 .... em R ex tract. ).? .... em Rinject .... . . ... em 
HILL PARAMETERS: Gap (min) .... ~ ..... em Bmax . 2.0 ....... T 

(<<I .•..•.•••• AT) Gap (max) .......... em Bmin ......... . T 
VALLEY PARAMETERS: Gap (min) ...... . . em Bmax ... ..... T 

(<<I .......... AT) Gap (max) .. 1.0 ...... em Bmin .12 ....... T 
AVERAGE FIELD: < B >min .......... T < B >max .......... T 
NUMBER OF SECTORS: compact / separated ... . 3 ..... / ........ .. 

sector angle ............... deg . spiral (max) .... .. .. ....... deg. 
FIELD TRIMMING: Trim Coils ... none. ..................... . .... .. 

Harmonic Coils . .. .. ... One. .set .. -: .outer .............. . 
Other .................. ... .. ... .... . ... .. ............. . 

CURRENT: Main Coils ... 4!?O .. ...... Amps Stability . .o .•. Q!~ ..... .. 
Trim Coils ..... ........... . Amps Stability .............. .. . 
Stored Energy (cryogenic) .... . ......................... . MJ 

WEIGHT: Iron .22,000. kg .'IW.AL. Conductor . ............. . .. . . . 
ION ENERGY: Bending Limit E/A = ................ q2/A2 MeV/u 

Focussing Limit E/A = ................. q/A MeV/u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: ... 'IWo .120.° .. dee.s ................................. . 
No. of Gaps/ turn .... 4..... . .. dE / dn(max) ............. MeV / q 
Voltage(max) .... 0 .. .o.4!? ... MV Harmonic fd /fion . ....... . ... . . 
Freq .. 12 • .5 .~. 2.5 .... MHz Power in(max) . .. 0 .• 030 ........ MW 
Stability: Phase ................... Voltage . ........ . ........ . 

VACUUM SYSTEM -5 
OPERATING PRESSURE: .. .. 1.Q . ... torr .. .. .......... ... ..... ... . 
PUMPS: No. and type .... em-e. ~j).. p.Hfll.!'l:i,911. P1.!I)lp .. .. .... . ... .. 

ION SOURCE(S) 
Type Intensity «I l" = i3'Yl Ion Species 

(mA) (7r mm mrad) 

(a) .I?~:i,z:!g ............ ......... '.n.9.t ... !3-. '.;;.~.~.:~ • •. ap. '.1.' ~H. ·.e.·.j..~. :./.~.~.:. + ... + ... . . 
(b) .... .': ........... .... .... .... . 

INJECTION SYSTEM 
..... Radial ... ............................... Efficiency .. 19.-.1.~. % 

EXTRACTION SYSTEM 
. EJ..ecJ:.I:o~.t;Q.UC;. P~:n~<;:t~:r: .?iPP .. !'l~pt).\ll).. Efficiency .... ?Q .. % 

CHARACTERISTIC BEAMS 

Accelerated Ions E/ A (MeV /u) 
(a) .ff.: /D+.... . .1.;;/13 ......... 
(b) . .. 3~l":':":/.~ji.€l":+ . . 4Q/J.fi .. 

EXTRACTED BEAM PROPERTIES: 

Current(part. /1A) 
Internal External 

..... 29Q/.?.o9 . .. . 99/.1.99 .... . 
. . n~19.o ... ... 69/.40 ..... . 

For........... . /1A of ...... ...... MeV / u .............. ions 
t:.E/E .................. 1 ... % t:.¢ ... .. .................. 0rf 
In = i3'Yl x ...... . ...... 7rmm mrad z ........ ... .. 7rmm mrad 

REFERENCES/NOTES 
(a) . CT.I . Cydotr.QI) . Sy.stelllA •. 9.5.Q . (;;i..l.nJii.l1 .. ~t u . . ~r!<.€l~,?Y., .. <;:A 
(b) ..... . ... ..... . ....... . . . .... .... . . ........ . 

ENTRY NO ....... CI1~~ .. .. ....... Date .................. .. .. 
Machine Name ... . .. .. . ~.--:2? ........ .. . ........ ......... ....... . 
Manufacturer .'I.'l:le. GY<;:J.9.Q;-0!1 .. 000+P.QJ;'Q-t;i.QI) .. (Al ..... . ... . ...... . 
Address . ..... ~;;P .. G:i,J.-lnM.. SJ:.I:eet., .. :eer.~el.l"y. •. CA .. ~~:n O. US~. 
Tel ..... J!?l PJ. .;;2~.-:eeH ..... Telex .. 9.1.0.,.3.6.6.,.7.1.1.6 .......... . 
Fax ..... l?.1.Q) .. 5.27.,.9X~6 .... . EMAIL ...... .. ................. .. 
In Charge: .. . . nl?i ... ..... ... .. Reported by: . f.l'. • . . ~!'lY .. .. . . 

HISTORY AND STATUS 
DATES: Design ... J9.Q9......... First Machine. SEPI' . .1.970 ..... 
SALES: No. Sold / Operational .. 4. / .). Currently Available nQ. 
COST: Accelerator.. ................. Facility .................. . 

MAGNET 
POLE PARAMETERS: 

Diameter . ... 9f5 ... em Rextract ... . . 4.2 .. em Rinjec t .... . .... em 
HILL PARAMETERS: Gap (min) .... . . 5 ... em Bmax .. 20 ..... T 

C«I .......... AT) Gap (max) .......... em Bmin .......... T 
VALLEY PARAMETERS: Gap (min) ........ em Bmax ..... ... T 

(<<I .......... AT) Gap (max) .... 1 P .... em Bmin .. J.2 ..... T 
AVERAGE FIELD: < B >min ...... .... T < B >max .. ........ T 
NUMBER OF SECTORS: compact/ separated . . . . 3. .... / ......... . 

sector angle . ...... .. ...... deg . spiral (max) .. .... . ... ..... deg. 
FIELD TRIMMING: Trim Coils .. none ............................ . . 

Harmonic Coils ...... . One. set .. -outer ......... . ...... . 
Other ....... . ......................................... . 

CURRENT: Main Coils . 2.!:iQ ......... Amps Stability .. . Q.OJ.'i> .... . 
Trim Coils .. .......... .. . . . Amps Stability . . . ............. . 
Stored Energy (cryogenic) ... .. ... ....................... MJ 

WEIGHT: Iron .2~/.o.QQ.jcg .'lWM. Conductor . . . . . . . ............ . 
ION ENERGY: Bending Limit E/A = .. .............. q2/A2 MeV/u 

Focussing Limit E/ A = ................. q/ A MeV /u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: ... ~ .. ~9~ .. q€l'?~ ............. .. ... ... .. ............ . 
No. of Gaps/ turn .... 1 ........ dE / dn(max) . .. .......... MeV / q 
Voltage(maxl .... 9,9.2.5 .... MV Harmonic frf /fion .... . .... .... . 
Freq . .... 1 .... :-?? ..... MHz Power in(max) ........ O •. QQO ... MW 
Stability: Phase ................... Voltage ......... . ........ . 

VACUUM SYSTEM 
OPERATING PRESSURE: .... . .. lO:-? .torr. ...................... . 
PUMPS : No. and type .. ... One. QU. diffusi.on. PVll1P .. . ........ .. 

ION SOURCE(S) 
Type Intensity «I In = i3'Yl Ion Species 

(mA) (7r mm mrad) 
(a) J?enrnI)9 .................... . mt.ay:qUPl::lJ..e .... ij'!'/p.": .... . 
(b) .... ~' ............ .... ......... .... ... .': ...... ~Ji.Er~,!,/4.fj~:":" .. 

INJECTION SYSTEM 
.. .. .. Radial .................... . Efficiency .. 1.0,.)2. % 

EXTRACTION SYSTEM 
.Electmstatic: .deflector .. and .SJaptum .. Efficiency ... 70 ... . % 

CHARACTERISTIC BEAMS 
Current (part. /1A) 

Accelerated Ions E/A (MeV/u) 
(a) .H.+.ID:" .... . ... .. 22/12 ...... . 
(b) .3H.e,,:+/.4.!Je:":" ... J2/U .... .. 

Internal External 
.. 200/JQO ...... 5.0/50 ..... .. 
. . .1.3;;/!J.o. . ....... !:i0/50 ..... . . 

EXTRACTED BEAM PROPERTIES: 
For .......... . ... /1A of .............. MeV / u . ...... . .... . . ions 
t:.E/E ..................... 1 . . % t:.<r> .. .. .. . ................ °rf 
'n = i3'Yl x .. . . . ... . ... . 7rmm mrad z ........... .. 7rmm mrad 

REFERENCES/NOTES 
Ca) .err. Cyclotron .systems, .. 950. Gilman .st.., . Berkeley ,. CA 
(b) ...... . . ...... . . . ....... ..... . ................. ... .... . 



ENTRY NO ......... c:M?4 ...... . .. . Date ... . ........ . ......•.. 
Machine Name ......... <;:$:-.1.~ ... . .. . ............................ . . 
Manufacturer 711€l. 9Y.C:~9t;r::qt:l. ~1J?9;r.qt~9n . (?iJ ........ .. ...... . 
Address ...... ~~Q. ~.i.~ .$t+~t, .. ~!c~~~y I .. f7:. . .. ~~ 7.1.Q .lJ?A . 
Tel ...... <,5.1.Q). .~~~:-!3.~H . .... . Telex . . ~J9-:~~.6::(1!.fi ... . ...... . 
Fax ..... (:;1.Ql.:;2:z.;~;3,3.Q ..... EMAIL ....... . ............ ...... . 
In Charge: .... n/a . . . . .. .. ..... Reported by: . F .• A •. ll<m1sey: .... . . 

HISTORY AND STATUS 
DATES: Design .. .. ! ;J.fi~. . . . . . . . First Machine .. qq. ! .9.6? ... . 
SALES: No. Sold/Operational .). / .,3.. Currently Available n9 .. . 
COST: Accelerator...... ........... . . Facility .................. . 

MAGNET 
POLE PARAMETERS : 

Diameter . .. ~1 .... em R ex tract. ).? .... em Rinject .... . . ... em 
HILL PARAMETERS: Gap (min) .... ~ ..... em Bmax . 2.0 ....... T 

(<<I .•..•.•••• AT) Gap (max) .......... em Bmin ......... . T 
VALLEY PARAMETERS: Gap (min) ...... . . em Bmax ... ..... T 

(<<I .......... AT) Gap (max) .. 1.0 ...... em Bmin .12 ....... T 
AVERAGE FIELD: < B >min .......... T < B >max .......... T 
NUMBER OF SECTORS: compact / separated ... . 3 ..... / ........ .. 

sector angle ............... deg . spiral (max) .... .. .. ....... deg. 
FIELD TRIMMING: Trim Coils ... none. ..................... . .... .. 

Harmonic Coils . .. .. ... One. .set .. -: .outer .............. . 
Other .................. ... .. ... .... . ... .. ............. . 

CURRENT: Main Coils ... 4!?O .. ...... Amps Stability . .o .•. Q!~ ..... .. 
Trim Coils ..... ........... . Amps Stability .............. .. . 
Stored Energy (cryogenic) .... . ......................... . MJ 

WEIGHT: Iron .22,000. kg .'IW.AL. Conductor . ............. . .. . . . 
ION ENERGY: Bending Limit E/A = ................ q2/A2 MeV/u 

Focussing Limit E/A = ................. q/A MeV/u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: ... 'IWo .120.° .. dee.s ................................. . 
No. of Gaps/ turn .... 4..... . .. dE / dn(max) ............. MeV / q 
Voltage(max) .... 0 .. .o.4!? ... MV Harmonic fd /fion . ....... . ... . . 
Freq .. 12 • .5 .~. 2.5 .... MHz Power in(max) . .. 0 .• 030 ........ MW 
Stability: Phase ................... Voltage . ........ . ........ . 

VACUUM SYSTEM -5 
OPERATING PRESSURE: .. .. 1.Q . ... torr .. .. .......... ... ..... ... . 
PUMPS: No. and type .... em-e. ~j).. p.Hfll.!'l:i,911. P1.!I)lp .. .. .... . ... .. 

ION SOURCE(S) 
Type Intensity «I l" = i3'Yl Ion Species 

(mA) (7r mm mrad) 

(a) .I?~:i,z:!g ............ ......... '.n.9.t ... !3-. '.;;.~.~.:~ • •. ap. '.1.' ~H. ·.e.·.j..~. :./.~.~.:. + ... + ... . . 
(b) .... .': ........... .... .... .... . 

INJECTION SYSTEM 
..... Radial ... ............................... Efficiency .. 19.-.1.~. % 

EXTRACTION SYSTEM 
. EJ..ecJ:.I:o~.t;Q.UC;. P~:n~<;:t~:r: .?iPP .. !'l~pt).\ll).. Efficiency .... ?Q .. % 

CHARACTERISTIC BEAMS 

Accelerated Ions E/ A (MeV /u) 
(a) .ff.: /D+.... . .1.;;/13 ......... 
(b) . .. 3~l":':":/.~ji.€l":+ . . 4Q/J.fi .. 

EXTRACTED BEAM PROPERTIES: 

Current(part. /1A) 
Internal External 

..... 29Q/.?.o9 . .. . 99/.1.99 .... . 
. . n~19.o ... ... 69/.40 ..... . 

For........... . /1A of ...... ...... MeV / u .............. ions 
t:.E/E .................. 1 ... % t:.¢ ... .. .................. 0rf 
In = i3'Yl x ...... . ...... 7rmm mrad z ........ ... .. 7rmm mrad 

REFERENCES/NOTES 
(a) . CT.I . Cydotr.QI) . Sy.stelllA •. 9.5.Q . (;;i..l.nJii.l1 .. ~t u . . ~r!<.€l~,?Y., .. <;:A 
(b) ..... . ... ..... . ....... . . . .... .... . . ........ . 

ENTRY NO ....... CI1~~ .. .. ....... Date .................. .. .. 
Machine Name ... . .. .. . ~.--:2? ........ .. . ........ ......... ....... . 
Manufacturer .'I.'l:le. GY<;:J.9.Q;-0!1 .. 000+P.QJ;'Q-t;i.QI) .. (Al ..... . ... . ...... . 
Address . ..... ~;;P .. G:i,J.-lnM.. SJ:.I:eet., .. :eer.~el.l"y. •. CA .. ~~:n O. US~. 
Tel ..... J!?l PJ. .;;2~.-:eeH ..... Telex .. 9.1.0.,.3.6.6.,.7.1.1.6 .......... . 
Fax ..... l?.1.Q) .. 5.27.,.9X~6 .... . EMAIL ...... .. ................. .. 
In Charge: .. . . nl?i ... ..... ... .. Reported by: . f.l'. • . . ~!'lY .. .. . . 

HISTORY AND STATUS 
DATES: Design ... J9.Q9......... First Machine. SEPI' . .1.970 ..... 
SALES: No. Sold / Operational .. 4. / .). Currently Available nQ. 
COST: Accelerator.. ................. Facility .................. . 

MAGNET 
POLE PARAMETERS: 

Diameter . ... 9f5 ... em Rextract ... . . 4.2 .. em Rinjec t .... . .... em 
HILL PARAMETERS: Gap (min) .... . . 5 ... em Bmax .. 20 ..... T 

C«I .......... AT) Gap (max) .......... em Bmin .......... T 
VALLEY PARAMETERS: Gap (min) ........ em Bmax ..... ... T 

(<<I .......... AT) Gap (max) .... 1 P .... em Bmin .. J.2 ..... T 
AVERAGE FIELD: < B >min ...... .... T < B >max .. ........ T 
NUMBER OF SECTORS: compact/ separated . . . . 3. .... / ......... . 

sector angle . ...... .. ...... deg . spiral (max) .. .... . ... ..... deg. 
FIELD TRIMMING: Trim Coils .. none ............................ . . 

Harmonic Coils ...... . One. set .. -outer ......... . ...... . 
Other ....... . ......................................... . 

CURRENT: Main Coils . 2.!:iQ ......... Amps Stability .. . Q.OJ.'i> .... . 
Trim Coils .. .......... .. . . . Amps Stability . . . ............. . 
Stored Energy (cryogenic) ... .. ... ....................... MJ 

WEIGHT: Iron .2~/.o.QQ.jcg .'lWM. Conductor . . . . . . . ............ . 
ION ENERGY: Bending Limit E/A = .. .............. q2/A2 MeV/u 

Focussing Limit E/ A = ................. q/ A MeV /u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: ... ~ .. ~9~ .. q€l'?~ ............. .. ... ... .. ............ . 
No. of Gaps/ turn .... 1 ........ dE / dn(max) . .. .......... MeV / q 
Voltage(maxl .... 9,9.2.5 .... MV Harmonic frf /fion .... . .... .... . 
Freq . .... 1 .... :-?? ..... MHz Power in(max) ........ O •. QQO ... MW 
Stability: Phase ................... Voltage ......... . ........ . 

VACUUM SYSTEM 
OPERATING PRESSURE: .... . .. lO:-? .torr. ...................... . 
PUMPS : No. and type .. ... One. QU. diffusi.on. PVll1P .. . ........ .. 

ION SOURCE(S) 
Type Intensity «I In = i3'Yl Ion Species 

(mA) (7r mm mrad) 
(a) J?enrnI)9 .................... . mt.ay:qUPl::lJ..e .... ij'!'/p.": .... . 
(b) .... ~' ............ .... ......... .... ... .': ...... ~Ji.Er~,!,/4.fj~:":" .. 

INJECTION SYSTEM 
.. .. .. Radial .................... . Efficiency .. 1.0,.)2. % 

EXTRACTION SYSTEM 
.Electmstatic: .deflector .. and .SJaptum .. Efficiency ... 70 ... . % 

CHARACTERISTIC BEAMS 
Current (part. /1A) 

Accelerated Ions E/A (MeV/u) 
(a) .H.+.ID:" .... . ... .. 22/12 ...... . 
(b) .3H.e,,:+/.4.!Je:":" ... J2/U .... .. 

Internal External 
.. 200/JQO ...... 5.0/50 ..... .. 
. . .1.3;;/!J.o. . ....... !:i0/50 ..... . . 

EXTRACTED BEAM PROPERTIES: 
For .......... . ... /1A of .............. MeV / u . ...... . .... . . ions 
t:.E/E ..................... 1 . . % t:.<r> .. .. .. . ................ °rf 
'n = i3'Yl x .. . . . ... . ... . 7rmm mrad z ........... .. 7rmm mrad 

REFERENCES/NOTES 
Ca) .err. Cyclotron .systems, .. 950. Gilman .st.., . Berkeley ,. CA 
(b) ...... . . ...... . . . ....... ..... . ................. ... .... . 



ENTRY NO . . . ..... ~M.2.6. Date .... . 
Machine Name .. ...... CY:-:4~ . ... .... .. . .. . 
Manufacturer .. 'l'be .. CY<;l-Rtron .Q;>n:lQr<lt.i.QI). .. Ci'I l ............. .. . 
Address . ... ~.~Q. (:;.i,J,rJ1<;ln .$tn~~t , . . El<i'+!<-~l,~YJ . . Q\ .. . ~47.1.Q .\)?A . . 
Tel ...... C~l OJ .. ~4:1.:-:1l1?~~ .. ... . Telex . . ~.1.0.,.;3.6.Q.,. n1.L 
Fax ..... {!5.1.01.!5X?.,.9.3)9 ..... EMAIL ... ..... .... . ......... . 
In Charge: .. T)/<l... Reported by: ... ~ , ~.-.. ~.s.~y . ... . 

HISTORY AND STATUS 
DATES: Design .1.'17;2.-:1'17.3.. ... . First Machine .. 1~7.4 .. 
SALES: No. Sold/Operational .. 5. / .. 5. Currently Available .rl:0 . 

COST: Accelerator. ............. .. ... Facility ................ . . . 

MAGNET 
POLE PARAMETERS: 

Diameter . . Q6 .. S ... em R ext r act .. ~2 .... , em Rinject .... . ... . em 
HILL PARAMETERS: Gap (min) . ... ;; . . . .. cm Bm .. . .2.Q ...... T 

(0 .......... AT) Gap (max) ........ . . cm Bmin . . ........ T 
VALLEY PARAMETERS: Gap (min) .. ... . . . cm Bmax .. ... . . . T 

(0 .......... AT) Gap (max) .. 1.0 .... .. cm Bmi n . 1.4 ....... T 
AVERAGE FIELD: < B >min . . . . ... .. . T < B >max . . . . ...... T 
NUMBER OF SECTORS: compact/separated . . . . . . 3 ... / ..... . . . . . 

sector angle ......... . ..... deg . spiral (max) .... ... .... . ... deg . 
FIELD TRIMMING : Trim Coils .... 4 .......... . .. .. ................ . 

Harmonic Coils .'l\Vo .. sets.: .. :j.Mm-/P.Llt~ .. @. PD(l.~. 
O~u ... ...................... . .. . ............ . 

CURRENT: Main Coils .... ;;99 . ... .. Amps Stability . . Q,9~.~ ..... . 
Trim Coils . . .. .... . ........ Amps Stability .. ... . .. . . . ..... . 
Stored Energy (cryogenic) .. ... ... . . ....... . ...... .. ..... M J 

WEIGHT: Iron .30.,.164. kg.'lP.l')u'. Conductor . .. . ......... . . . ... . 
ION ENERGY: Bending Limit E/ A = .. . .. .... .... ... q2/A2 MeV/ u 

Focussing Limit E/ A = ..... . .. . .... ... . q/ A MeV/ u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: . . 'IWq }9.0 

•• cl.~~ ... .. ................. . . ... .. .. . .. . . . 
No. of Gaps / turn .... ~..... . . . dE / dn(max) .. 9.-.0? ..... MeV / q 
Voltage(max) .. . . 0._.Q30 . ... MV Harmonic fd / fi on . . 1 . .. .. . .. .. . 
Freq ... 7.-.~72!5.-.~ .... M Hz Power in(max) . . 9.-.0(i9 ......... MW 
Stability: Phase .... . . .. . Voltage ............ .. . .. . . 

VACUUM SYSTEM 5 
OPERATING PRESSURE: . . ! .O~ .. t~~r .. ...................... . . . . 
PU M PS: No. and type . . . . <Xl!=: .<?P .. cl.H:fl!!?toI1.l?ump. .. .. ........ . 

ION SOU RCE(S) 
Type Intensity 

(mA) 

~~~ ::~:n~ ::::: :::::::: : 
INJECTION SYSTEM 
. Ra.q:j.<lA .. ..................... .. ......... . Efficiency 1 0:-.1.~ ... % 

EXTRACTION SYSTEM 
.. Electrostatic. deflector. and .septlJlJl .. Efficiency . . 7.Q . . .. % 

CHARACTERISTIC BEAMS 
Current(part. J1.A) 

Accelerated Ions E/ A (MeV / u) 
(a) lJt /n-+: . . . . . . .. .272:4.14:-J.4 . . . 
(b) .. 3He~+ /~lie:+ .Q-:)p.l~.,.;2.E\ .. . 

Internal External 
200/300 60 /100 :: : j:~~i.~9:: : : : ~~$9/~~~9::::: 

EXTRACTED BEAM PROPERTIES: 
For .... .... .... .. J1. A of ..... ... ..... . MeV / u ............ .. ions 
6E/E .................... . .. % 6¢ . . . ........ ... .. . . ..... °rf 
in = i3,f. X • •••••. •. •.• . 7rmm mrad 2 ... .... ...... tr rnm mrad 

REFERENCES/NOTES 
(a) ~J;. 9Y.c:1,9j:!=:q~. ?.Y.~t~,. 9.50 ~i.Jm.':m .. St._! . . ~l<elex, .. C?'. 
(b) .... .. . ... .. . .... .... . .... .... ..... .. ....... ...... ....... ... . . . 

CM27 
ENTRY NO .. . . . .... . . . . . ..... .. .. Date . . ... . .... . . . ... ... .. . 

Machine Name . .. .. . .. . . ~?-:~9 .............. . ......... . . . . ....... . 
Manufacturer ... TJ.le .. GYc~.qt+9I1 .<x>:rpq+~:t)"'J;l . .til-) . ............. . 
Address .. . . . . 950 . ~~~ .Sj::r.~~t, .. El<i'+K~l,<?y., .. Q\ . . . '117.1.0 . l)~l). 
Tel ..... .c~ 1.0) . . ~2 ~:-.E\1l4:1. . Telex .9) 0.-:366 .... :71 ) .6. . . .. .. .. . . . . 
Fax ..... (?1.Ql.?2}.,.9~)Q .... . EMAIL ......... . .. . ... ....... . .. . 
In Charge: .... n/'I<. ...... Reported by: .. E.~ •. ;Elq.IJls.e¥ .... . 

HISTORY AND STATUS 
DATES: Design .. 1969.-:197.Q ... . 
SALES: No. Sold / Operational .1.~ . 
COST: Accelerator . . . ........ . 

MAGNET 
POLE PARAMETERS : 

First Machine .. F.EB. l.973 . . ... 
/ 1 P.CQ) Currently Available yes . 

Facility ... . . ........... . . . 

Diameter .. . 9.6 • .5 . . cm Rextract . . 42 .. . .. cm Ri nject .. .. ..... cm 
HILL PARAMETERS: Gap (min) . . .. ~.9!l . . cm Bmax . ;2.2.,;; .... T 

(0 . .. . . . ... . AT) Gap (max) .......... cm Bmin .. ... . .. .. T 
VALLEY PARAM ETERS: Gap (min) .. . ..... cm Bmax ........ T 

(0 .......... AT) Gap (max) ... 1.1 ,().~ . cm Bmin .1 ~ .- .4 ... . T 
AVERAGE FIELD : < B > min . ... . ..... T < B >max .......... T 
NUMBER OF SECTORS: compact / separated . .... 3. ... / ........ . . 

sector angle ............... deg . spiral (max) ............... deg. 
FIELD TRIMMING : Trim Coils ......... none .. ................... . 

Harmonic Coils AI-fo. s~tl;i; . . :i,rw~/.Ou.t~r. @ •• nJ.;3.a·.i;:m.... 
Other .... . .. . .. ... .... .... .............. . . . . . . ... . . . .. . 

CURRENT: Main Coils .... ~QO ..... .. Amps Stability . . .. O.9.1.'Ii ... . 
Trim Coils ............. . ... Amps Stability ............... . . 
Stored Energy Scryogenic) .... .. .. .... ... ... .. ... . ....... MJ 

WEIGHT: Iron .~~,!l. ) . !<-9: .WJ'M. Conductor .. .... ............. . 
ION ENERGY: Bending Limit E/ A = . . .............. q2/A2 MeV/ u 

Focussing Limit E/ A = ..... . . . . . . ...... q/ A MeV/ u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: ..... 'IWo. 90.° .. dees ............... . ........... . .... . 
No. of Gaps/ turn .. ...... 4... . dE / dn(max) ... .......... MeV / q 
Voltage(max) ... . Q.P.2.& .... MV Harmonic fr r/fi on .. . .. . .. . ... . . 
Freq ... H,;2.-:29.-.~ ... MHz Power in(max) .... 9.-.099 .. . .... MW 
Stability: Phase ... . . . .. .. . .... ... . Voltage .... .......... . .. . . 

VACUUM SYSTEM 
OPERATING PRESSURE: ...... . . 1.9:-.5 .. to!="~ . ... . ......... .. ..... . 
PUMPS: No. and type ... . . Qr:1~ . ~~+. d.iff~.ls~on. p.l)I11p .....•.•..... 

ION SOURCE(S) 
Type Intensity 

(mA) 
( a) .R~.i.T)g . .. ... . .... . 
(b) . ... :' ................. . 

INJECTION SYSTEM 
. . . EadiP.l . . ............ . .... . .. .... ........ . Efficiency .1.Q.,.l;2 . .. % 

EXTRACTION SYSTEM 
.Electrnstati.c .def.leator .. and .Sgpt\ll1\ .. Efficiency ... . 79 . . . % 

CHARACTERISTIC BEAMS 
Current(part . J1.A) 

Accelerated Ions E/ A £MeV / u) 
(a) .W/I?: ........ ... . ~ .l1.~ .... . 
(b) . ?!!.~:: 1.4.~~::+-. . . . .3~ (;3.0 .. . . . . 

Internal External 
200/300 60/100 

:: 1 :~$i?:o::::: :: :~609: :::::: 
EXTRACTED BEAM PROPERTIES : 

For ..... . ........ J1.A of .. . . . . . .. .. .. . MeV/ u ... . ......... . ions 
6E/ E ..... ......... . . . . ... 1 .. % 6 ¢ . . ........ . . .. . ........ 0rf 
'n = {3-y, x .. ... ........ 1rmm mrad z ..... . ....... 1rmm mrad 

REFERENCES/NOTES 
(a) .c:TI . . GY9~qt;+9!1. )~y?j:.~, .. ~~9 .. q:i)-!l~ . S~._., .~~~e~.~xr. ~ 
(b) .. /).. Q'P; .,.;3.0 .. '1'1<? .C:QJ;lY.~t~ . t 9 .. q . ~:')O . ..... . .. .. . .... .... . 



ENTRY NO . . . ..... ~M.2.6. Date .... . 
Machine Name .. ...... CY:-:4~ . ... .... .. . .. . 
Manufacturer .. 'l'be .. CY<;l-Rtron .Q;>n:lQr<lt.i.QI). .. Ci'I l ............. .. . 
Address . ... ~.~Q. (:;.i,J,rJ1<;ln .$tn~~t , . . El<i'+!<-~l,~YJ . . Q\ .. . ~47.1.Q .\)?A . . 
Tel ...... C~l OJ .. ~4:1.:-:1l1?~~ .. ... . Telex . . ~.1.0.,.;3.6.Q.,. n1.L 
Fax ..... {!5.1.01.!5X?.,.9.3)9 ..... EMAIL ... ..... .... . ......... . 
In Charge: .. T)/<l... Reported by: ... ~ , ~.-.. ~.s.~y . ... . 

HISTORY AND STATUS 
DATES: Design .1.'17;2.-:1'17.3.. ... . First Machine .. 1~7.4 .. 
SALES: No. Sold/Operational .. 5. / .. 5. Currently Available .rl:0 . 

COST: Accelerator. ............. .. ... Facility ................ . . . 

MAGNET 
POLE PARAMETERS: 

Diameter . . Q6 .. S ... em R ext r act .. ~2 .... , em Rinject .... . ... . em 
HILL PARAMETERS: Gap (min) . ... ;; . . . .. cm Bm .. . .2.Q ...... T 

(0 .......... AT) Gap (max) ........ . . cm Bmin . . ........ T 
VALLEY PARAMETERS: Gap (min) .. ... . . . cm Bmax .. ... . . . T 

(0 .......... AT) Gap (max) .. 1.0 .... .. cm Bmi n . 1.4 ....... T 
AVERAGE FIELD: < B >min . . . . ... .. . T < B >max . . . . ...... T 
NUMBER OF SECTORS: compact/separated . . . . . . 3 ... / ..... . . . . . 

sector angle ......... . ..... deg . spiral (max) .... ... .... . ... deg . 
FIELD TRIMMING : Trim Coils .... 4 .......... . .. .. ................ . 

Harmonic Coils .'l\Vo .. sets.: .. :j.Mm-/P.Llt~ .. @. PD(l.~. 
O~u ... ...................... . .. . ............ . 

CURRENT: Main Coils .... ;;99 . ... .. Amps Stability . . Q,9~.~ ..... . 
Trim Coils . . .. .... . ........ Amps Stability .. ... . .. . . . ..... . 
Stored Energy (cryogenic) .. ... ... . . ....... . ...... .. ..... M J 

WEIGHT: Iron .30.,.164. kg.'lP.l')u'. Conductor . .. . ......... . . . ... . 
ION ENERGY: Bending Limit E/ A = .. . .. .... .... ... q2/A2 MeV/ u 

Focussing Limit E/ A = ..... . .. . .... ... . q/ A MeV/ u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: . . 'IWq }9.0 

•• cl.~~ ... .. ................. . . ... .. .. . .. . . . 
No. of Gaps / turn .... ~..... . . . dE / dn(max) .. 9.-.0? ..... MeV / q 
Voltage(max) .. . . 0._.Q30 . ... MV Harmonic fd / fi on . . 1 . .. .. . .. .. . 
Freq ... 7.-.~72!5.-.~ .... M Hz Power in(max) . . 9.-.0(i9 ......... MW 
Stability: Phase .... . . .. . Voltage ............ .. . .. . . 

VACUUM SYSTEM 5 
OPERATING PRESSURE: . . ! .O~ .. t~~r .. ...................... . . . . 
PU M PS: No. and type . . . . <Xl!=: .<?P .. cl.H:fl!!?toI1.l?ump. .. .. ........ . 

ION SOU RCE(S) 
Type Intensity 

(mA) 

~~~ ::~:n~ ::::: :::::::: : 
INJECTION SYSTEM 
. Ra.q:j.<lA .. ..................... .. ......... . Efficiency 1 0:-.1.~ ... % 

EXTRACTION SYSTEM 
.. Electrostatic. deflector. and .septlJlJl .. Efficiency . . 7.Q . . .. % 

CHARACTERISTIC BEAMS 
Current(part. J1.A) 

Accelerated Ions E/ A (MeV / u) 
(a) lJt /n-+: . . . . . . .. .272:4.14:-J.4 . . . 
(b) .. 3He~+ /~lie:+ .Q-:)p.l~.,.;2.E\ .. . 

Internal External 
200/300 60 /100 :: : j:~~i.~9:: : : : ~~$9/~~~9::::: 

EXTRACTED BEAM PROPERTIES: 
For .... .... .... .. J1. A of ..... ... ..... . MeV / u ............ .. ions 
6E/E .................... . .. % 6¢ . . . ........ ... .. . . ..... °rf 
in = i3,f. X • •••••. •. •.• . 7rmm mrad 2 ... .... ...... tr rnm mrad 

REFERENCES/NOTES 
(a) ~J;. 9Y.c:1,9j:!=:q~. ?.Y.~t~,. 9.50 ~i.Jm.':m .. St._! . . ~l<elex, .. C?'. 
(b) .... .. . ... .. . .... .... . .... .... ..... .. ....... ...... ....... ... . . . 

CM27 
ENTRY NO .. . . . .... . . . . . ..... .. .. Date . . ... . .... . . . ... ... .. . 

Machine Name . .. .. . .. . . ~?-:~9 .............. . ......... . . . . ....... . 
Manufacturer ... TJ.le .. GYc~.qt+9I1 .<x>:rpq+~:t)"'J;l . .til-) . ............. . 
Address .. . . . . 950 . ~~~ .Sj::r.~~t, .. El<i'+K~l,<?y., .. Q\ . . . '117.1.0 . l)~l). 
Tel ..... .c~ 1.0) . . ~2 ~:-.E\1l4:1. . Telex .9) 0.-:366 .... :71 ) .6. . . .. .. .. . . . . 
Fax ..... (?1.Ql.?2}.,.9~)Q .... . EMAIL ......... . .. . ... ....... . .. . 
In Charge: .... n/'I<. ...... Reported by: .. E.~ •. ;Elq.IJls.e¥ .... . 

HISTORY AND STATUS 
DATES: Design .. 1969.-:197.Q ... . 
SALES: No. Sold / Operational .1.~ . 
COST: Accelerator . . . ........ . 

MAGNET 
POLE PARAMETERS : 

First Machine .. F.EB. l.973 . . ... 
/ 1 P.CQ) Currently Available yes . 

Facility ... . . ........... . . . 

Diameter .. . 9.6 • .5 . . cm Rextract . . 42 .. . .. cm Ri nject .. .. ..... cm 
HILL PARAMETERS: Gap (min) . . .. ~.9!l . . cm Bmax . ;2.2.,;; .... T 

(0 . .. . . . ... . AT) Gap (max) .......... cm Bmin .. ... . .. .. T 
VALLEY PARAM ETERS: Gap (min) .. . ..... cm Bmax ........ T 

(0 .......... AT) Gap (max) ... 1.1 ,().~ . cm Bmin .1 ~ .- .4 ... . T 
AVERAGE FIELD : < B > min . ... . ..... T < B >max .......... T 
NUMBER OF SECTORS: compact / separated . .... 3. ... / ........ . . 

sector angle ............... deg . spiral (max) ............... deg. 
FIELD TRIMMING : Trim Coils ......... none .. ................... . 

Harmonic Coils AI-fo. s~tl;i; . . :i,rw~/.Ou.t~r. @ •• nJ.;3.a·.i;:m.... 
Other .... . .. . .. ... .... .... .............. . . . . . . ... . . . .. . 

CURRENT: Main Coils .... ~QO ..... .. Amps Stability . . .. O.9.1.'Ii ... . 
Trim Coils ............. . ... Amps Stability ............... . . 
Stored Energy Scryogenic) .... .. .. .... ... ... .. ... . ....... MJ 

WEIGHT: Iron .~~,!l. ) . !<-9: .WJ'M. Conductor .. .... ............. . 
ION ENERGY: Bending Limit E/ A = . . .............. q2/A2 MeV/ u 

Focussing Limit E/ A = ..... . . . . . . ...... q/ A MeV/ u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: ..... 'IWo. 90.° .. dees ............... . ........... . .... . 
No. of Gaps/ turn .. ...... 4... . dE / dn(max) ... .......... MeV / q 
Voltage(max) ... . Q.P.2.& .... MV Harmonic fr r/fi on .. . .. . .. . ... . . 
Freq ... H,;2.-:29.-.~ ... MHz Power in(max) .... 9.-.099 .. . .... MW 
Stability: Phase ... . . . .. .. . .... ... . Voltage .... .......... . .. . . 

VACUUM SYSTEM 
OPERATING PRESSURE: ...... . . 1.9:-.5 .. to!="~ . ... . ......... .. ..... . 
PUMPS: No. and type ... . . Qr:1~ . ~~+. d.iff~.ls~on. p.l)I11p .....•.•..... 

ION SOURCE(S) 
Type Intensity 

(mA) 
( a) .R~.i.T)g . .. ... . .... . 
(b) . ... :' ................. . 

INJECTION SYSTEM 
. . . EadiP.l . . ............ . .... . .. .... ........ . Efficiency .1.Q.,.l;2 . .. % 

EXTRACTION SYSTEM 
.Electrnstati.c .def.leator .. and .Sgpt\ll1\ .. Efficiency ... . 79 . . . % 

CHARACTERISTIC BEAMS 
Current(part . J1.A) 

Accelerated Ions E/ A £MeV / u) 
(a) .W/I?: ........ ... . ~ .l1.~ .... . 
(b) . ?!!.~:: 1.4.~~::+-. . . . .3~ (;3.0 .. . . . . 

Internal External 
200/300 60/100 

:: 1 :~$i?:o::::: :: :~609: :::::: 
EXTRACTED BEAM PROPERTIES : 

For ..... . ........ J1.A of .. . . . . . .. .. .. . MeV/ u ... . ......... . ions 
6E/ E ..... ......... . . . . ... 1 .. % 6 ¢ . . ........ . . .. . ........ 0rf 
'n = {3-y, x .. ... ........ 1rmm mrad z ..... . ....... 1rmm mrad 

REFERENCES/NOTES 
(a) .c:TI . . GY9~qt;+9!1. )~y?j:.~, .. ~~9 .. q:i)-!l~ . S~._., .~~~e~.~xr. ~ 
(b) .. /).. Q'P; .,.;3.0 .. '1'1<? .C:QJ;lY.~t~ . t 9 .. q . ~:')O . ..... . .. .. . .... .... . 



ENTRY NO ....... . ~M28 . .... ..... . Date ..................... . 
Machine Name .... .. .. . 0'"742 .. .. . ....................... .. . . .... . 
Manufacturer . .. . :r:h6!. Cy.clotxotl. Corporation. (a~ ........... . . 
Address . 95.0 .Gi~. St" . .Ber~l.ey, .. CJ;,.. 9.471P . . USA ...... . . . . 
Tel .. (5.1.Q) . 5.24:-fl.&44 . .. .. . . .. Telex . .. Q1.0:-.3.QQ:-7.1.1Q .. ... .. . . . . 
Fax .. t51 PJ. . 527.-:'1~~.6 .. .... .. . EMAI L ..................... .... .. 
In Charge: . .. n(? . .... . . .. . .. Reported by : ;F ... ~~y . .. . .... . . 

HISTORY AND STATUS 
DATES : Design .. ! .9.'( ~... First Machine ... 1~!3.Q .... ..... 
SALES: No . Sold/Operational . . ? / A (1;» Currently Available I')Q .. 

COST: Accelerator. . . . ........ . ... .. . Facility . . .... . .... . .... . . . 

MAGNET 
POLE PARAMETERS : 

Diameter .. 12.0 .. . . em Rextract .. 2.&.,.52. em Rinj ect ... .... . . em 
HILL PARAMETERS : Gap (min) ... 5 . .... . em Bmax ... .?~ ... . . T 

(<0 .......... AT) Gap (max) ...... . ... em Bmin .... . .. . .. T 
VALLEY PARAMETERS: Gap (min) .1.1.~ ... em Bmax .1!' . .. .. T 

(<0 ... . ...... AT) Gap (max) ....... .. . em Bmin .......... T 
AVERAGE FIELD : < B >min ... 11 ..... T < B >max ... .?? ... T 
NUMBER OF SECTORS : compact / separated . ... 3 .. .... / ......... . 

sector angle ..... ........ .. deg . spiral (max) .... . . !'.4. ...... deg. 
FIELD TRIMMING: Trim Coils ........ .. .... .. .. . ...... . .......... . 

Harmon ic Coils .. 2 . .sets.~ . inner . and. outer . . .. .. .... . 
Other ..... . . . ..... . . ..... . .. .. .. .. . .......... .. ... . . . . . 

CURRENT: Main Coils ... ~5.0 ...... . Amps Stability.1 .. 1{ • .1.Q{;-.5.1. . 
Trim Coils . ... r./.a. ......... Amps Stability .... . . ....... ... . 
Stored Energy (cryogenic) . ... ...... . .. .. ... .. ........... MJ 

WEIGHT : Iron . . . Y;;. tQr).$....... . Conductor ... ~ .. t.QI).$ ... .. .... . 

ION ENERGY: Bending Limit E/ A = .... . .... ... .... q2/A2 MeV/ u 
Focussing Limit E/ A = . .. ............. . q / A MeV / u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: ... . ... ~ . 90~ .. q.~~.s. ... .. ........ ... .. . ......... .. . 
No. of Gaps/ turn ..... 4....... . dE / dn(max) ........ . .... MeV / q 
Voltage(max) .... P',Q~5 .... MV Harmonic fd / fi on ............. . 
Freq .............. ... MHz Power in(max) ... .. O.P.QO .. . .. . MW 
Stability: Phase ..... .. .. .. . . ..... . Voltage .... .. .... ... .. . .. . 

VACUUM SYSTEM 
OPERATING PRESSURE : .. P .. )(. 1.0.(.,.9) . ...... .... ... . . ....... . .. . 
PUMPS : No . and type . .F.our .. Qil. .. chft).\!lioJ1. .P1,l(!1P.!; ... . ••.••.. .. 

ION SOURCE(S) 
Type Intensity <0 En = f3'YE Ion Species 

(mA) (1r mm mrad) 
( a) .. P.eoni.ng.... .. .......... . .IJ.ot . . qVil.i)<W;I.~ ..... . 1:1:-.... . . 
(b) .... . .. ... ... . ..... ... . .. ... . 

INJECTION SYSTEM 
... . .. . Badial ..... .. ....... . .. . ..... ......... Efficiency % 

EXTRACTION SYSTEM 
..... .Ii.,.. s.tr.i..pping . f Qi)., .. .. . . .. .. .. .. . . Efficiency .1 9.Q .... % 

CHARACTERISTIC BEAMS 
Current(part . /-LA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) ... Il-: .... .. ....... .. 1.1A2 .. . ..... 2.QQ.. .. ... .. ?9.Q . nIt.!. ... 
(b) ............. .. .............. . 

EXTRACTED BEAM PROPERTIES : 
For .. .. ........ . . /-LA of ......... ... . . MeV / u ........ . ..... ions 
LlE / E ....... .... ... ......... % Ll¢ ................. ...... °rf 
En = !3'YE X .•....•.•...• 7rmm mrad Z ••.••. . .••••• 1rmm mrad 

ENTRY NO. CM29 ...... Date .. .. .. ... ........... .. 
Machine Name ... ... .... . RQS:-!,1,2 . .. . .. ... ...... .. ...... . ... . ... . 
Manufacturer .. err. P.E'l'. S.Y.!lt~'S.i..emen.s .. .. . ....... . .. ... . . . . . 
Address &1.0. :r.l')l).9Yil.ti9J1. .O:ri:v:e,. !<no<CY.i..l.le, . . W .. . 37932 .USA . . 
Tel .... {p.1.!?!. 5l.Q9:-7.!.i~~ .... . . . Telex . ... .. ........... .. .. . ... . .. 
Fax .... (9!.5.1..~!,.q'7~~ 5.!.i ..... . EMAIL ....... . ... .. ... . ......... . 
In Charge: .JIl:' .•.. 1' •. Qq\lg;I..a,~$ .. Reported by: .. .F. ,.!I. • . .Il4w;.ey .... . 

HISTORY AND STATUS 
DATES: Design .. 1985..,198.6 First Machine .... 1987 ......... 
SALES : No . Sold / Operational . .21 / 2.1. . Currently Available y.es 
COST: Accelerator.. ..... ... ...... . .. Facility . . . ............... . 

MAGNET 
POLE PARAMETERS: 

Diameter ... 7.? . .. em Rextract . . 2.7. .... em Rjnject ... .... .. em 
HILL PARAMETERS : Gap (min) ... 6 . . . .. . em Bmax . . . 2 .5 . .. . T 

(<0 ........ . . AT) Gap (max) . . .. . ..... em Bmin ......... . T 
VALLEY PARAMETERS : Gap (min) .. ... .. . em Bmax .. .. ... . T 

(<0 ... ....... AT) Gap (max) . ..... . ... em Bmin .... . .•... T 
AVERAGE FIELD: < B >min .. . 1.fl .... T < B >max .......... T 
NUMBER OF SECTORS : compact / separated ... . 3 .... . / ..... . ... . 

sector angle ...... . . ... .... deg . spiral (max) ... ... ... .. .. . . deg. 
FIELD TRIMMING : Trim Coils ... . M.a, ................. . ......... .. 

Harmonic Coils ........ none ... . .................. . .... . 
Other . .... .. .. .. .. . ....... . .... . . ........... . . .. ...... . 

CURRENT: Main Coils .. 279 ......... Amps Stability .. 1.){ .. 1.0l:-.!.il 
Trim Coils .... '(l/.a. ......... Amps Stability ................ . 
Stored Energy (cryogenic) ......... . ..................... MJ 

WEIGHT: Iron . 20 .. tonnes. T0I'.!\L. Conductor ................... . 
ION ENERGY: Bending Limit E/ A = .. .. .. . ... .. .... q2/A2 MeV / u 

Focussing Limit E/ A = ................. q / A MeV/u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: ...... 2. 9~!; .• . •.... . •• . . . ... ... .. . : .... . .... . .....• 

No . of Gaps / turn .... . .4...... dE / dn(max) . . .. 0.1 on ... MeV / q 
Voltage(max) ... O •. Q~5 ..... MV Harmonic fd / fi on . . . . J .. . .. . . . . 
Freq . .... . 27 ....... . . MHz Power in(max) .. .. .. O .•. Q~O ..... MW 
Stability: Phase . . . .. .............. Voltage .. .. ......... . .... . 

VACUUM SYSTEM 
OPERATING PRESSURE: .... ) .~ .. 1.qL-6.l. . t9~J;' .. ............... . 
PUMPS: No . and type ... 'l'Iio. QU. A.i.:ffu.sion. PIJIJIP.s .. . ... . . . ... . 

ION SOURCE(S) 
Type Intensity <0 En = !3'YE Ion Species 

(mA) (1r mm mrad) 
(a) Penning ...... ... 0 .. 250 . ...... not . av.ailable .... . H.., ...... . 
(b) ..... ... .. ... ............................................. .. 

INJECTION SYSTEM 
..... Radial.. . . . . . . . . .... . . . . . . . . .... .. . . . . . . Efficiency . ... . .. . . % 

EXTRACTION SYSTEM 
.. .... .carbon .foil . .. . .. . .. .. . ... .......... Efficiency .. 1 D.Q ... % 

CHARACTERISTIC BEAMS 
Current(part. /-LA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) ... Hr .... . ...... .. 1l . .. .... .. . .. .. .. .. .. .. .. . . ... J O.Q . (!i+.l . 
(b) ...................... .. .... .. 

EXTRACTED BEAM PROPERTIES : 
For . . .......... .. /-LA of .............. MeV / u ... . ... .. . .... ions 
LlE / E ....................... % Ll¢ .. .... .......... ..... .. °rf 
En = f3'YE x .... ~O ....... 7rmm mrad z .... ~O .. ..... 7rmm mrad 

REFERENCES/NOTES REFERENCES/NOTES 
(a) rn. ~c:J,9t~ql). . ~.Y.!it~ ( . ~.~q . ~?-.~ . . St.' .. ~;:ke;~~y . . C!!-. ~.4 710 (a) .... . . .. ............................. . ........ . ........ ....... . 
(b) St.qt;:\l~ .. Qf. !lla.<;:J:!~n~. ~.5 . . \II:l1<nQ11llJ . . PJ;t;!.s.~ .~~c:1:~0!1:'l:~. . . (b) . .................. .. ......... .. ......... . ..... . .... . . . ...... . . 



ENTRY NO ....... . ~M28 . .... ..... . Date ..................... . 
Machine Name .... .. .. . 0'"742 .. .. . ....................... .. . . .... . 
Manufacturer . .. . :r:h6!. Cy.clotxotl. Corporation. (a~ ........... . . 
Address . 95.0 .Gi~. St" . .Ber~l.ey, .. CJ;,.. 9.471P . . USA ...... . . . . 
Tel .. (5.1.Q) . 5.24:-fl.&44 . .. .. . . .. Telex . .. Q1.0:-.3.QQ:-7.1.1Q .. ... .. . . . . 
Fax .. t51 PJ. . 527.-:'1~~.6 .. .... .. . EMAI L ..................... .... .. 
In Charge: . .. n(? . .... . . .. . .. Reported by : ;F ... ~~y . .. . .... . . 

HISTORY AND STATUS 
DATES : Design .. ! .9.'( ~... First Machine ... 1~!3.Q .... ..... 
SALES: No . Sold/Operational . . ? / A (1;» Currently Available I')Q .. 

COST: Accelerator. . . . ........ . ... .. . Facility . . .... . .... . .... . . . 

MAGNET 
POLE PARAMETERS : 

Diameter .. 12.0 .. . . em Rextract .. 2.&.,.52. em Rinj ect ... .... . . em 
HILL PARAMETERS : Gap (min) ... 5 . .... . em Bmax ... .?~ ... . . T 

(<0 .......... AT) Gap (max) ...... . ... em Bmin .... . .. . .. T 
VALLEY PARAMETERS: Gap (min) .1.1.~ ... em Bmax .1!' . .. .. T 

(<0 ... . ...... AT) Gap (max) ....... .. . em Bmin .......... T 
AVERAGE FIELD : < B >min ... 11 ..... T < B >max ... .?? ... T 
NUMBER OF SECTORS : compact / separated . ... 3 .. .... / ......... . 

sector angle ..... ........ .. deg . spiral (max) .... . . !'.4. ...... deg. 
FIELD TRIMMING: Trim Coils ........ .. .... .. .. . ...... . .......... . 

Harmon ic Coils .. 2 . .sets.~ . inner . and. outer . . .. .. .... . 
Other ..... . . . ..... . . ..... . .. .. .. .. . .......... .. ... . . . . . 

CURRENT: Main Coils ... ~5.0 ...... . Amps Stability.1 .. 1{ • .1.Q{;-.5.1. . 
Trim Coils . ... r./.a. ......... Amps Stability .... . . ....... ... . 
Stored Energy (cryogenic) . ... ...... . .. .. ... .. ........... MJ 

WEIGHT : Iron . . . Y;;. tQr).$....... . Conductor ... ~ .. t.QI).$ ... .. .... . 

ION ENERGY: Bending Limit E/ A = .... . .... ... .... q2/A2 MeV/ u 
Focussing Limit E/ A = . .. ............. . q / A MeV / u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: ... . ... ~ . 90~ .. q.~~.s. ... .. ........ ... .. . ......... .. . 
No. of Gaps/ turn ..... 4....... . dE / dn(max) ........ . .... MeV / q 
Voltage(max) .... P',Q~5 .... MV Harmonic fd / fi on ............. . 
Freq .............. ... MHz Power in(max) ... .. O.P.QO .. . .. . MW 
Stability: Phase ..... .. .. .. . . ..... . Voltage .... .. .... ... .. . .. . 

VACUUM SYSTEM 
OPERATING PRESSURE : .. P .. )(. 1.0.(.,.9) . ...... .... ... . . ....... . .. . 
PUMPS : No . and type . .F.our .. Qil. .. chft).\!lioJ1. .P1,l(!1P.!; ... . ••.••.. .. 

ION SOURCE(S) 
Type Intensity <0 En = f3'YE Ion Species 

(mA) (1r mm mrad) 
( a) .. P.eoni.ng.... .. .......... . .IJ.ot . . qVil.i)<W;I.~ ..... . 1:1:-.... . . 
(b) .... . .. ... ... . ..... ... . .. ... . 

INJECTION SYSTEM 
... . .. . Badial ..... .. ....... . .. . ..... ......... Efficiency % 

EXTRACTION SYSTEM 
..... .Ii.,.. s.tr.i..pping . f Qi)., .. .. . . .. .. .. .. . . Efficiency .1 9.Q .... % 

CHARACTERISTIC BEAMS 
Current(part . /-LA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) ... Il-: .... .. ....... .. 1.1A2 .. . ..... 2.QQ.. .. ... .. ?9.Q . nIt.!. ... 
(b) ............. .. .............. . 

EXTRACTED BEAM PROPERTIES : 
For .. .. ........ . . /-LA of ......... ... . . MeV / u ........ . ..... ions 
LlE / E ....... .... ... ......... % Ll¢ ................. ...... °rf 
En = !3'YE X .•....•.•...• 7rmm mrad Z ••.••. . .••••• 1rmm mrad 

ENTRY NO. CM29 ...... Date .. .. .. ... ........... .. 
Machine Name ... ... .... . RQS:-!,1,2 . .. . .. ... ...... .. ...... . ... . ... . 
Manufacturer .. err. P.E'l'. S.Y.!lt~'S.i..emen.s .. .. . ....... . .. ... . . . . . 
Address &1.0. :r.l')l).9Yil.ti9J1. .O:ri:v:e,. !<no<CY.i..l.le, . . W .. . 37932 .USA . . 
Tel .... {p.1.!?!. 5l.Q9:-7.!.i~~ .... . . . Telex . ... .. ........... .. .. . ... . .. 
Fax .... (9!.5.1..~!,.q'7~~ 5.!.i ..... . EMAIL ....... . ... .. ... . ......... . 
In Charge: .JIl:' .•.. 1' •. Qq\lg;I..a,~$ .. Reported by: .. .F. ,.!I. • . .Il4w;.ey .... . 

HISTORY AND STATUS 
DATES: Design .. 1985..,198.6 First Machine .... 1987 ......... 
SALES : No . Sold / Operational . .21 / 2.1. . Currently Available y.es 
COST: Accelerator.. ..... ... ...... . .. Facility . . . ............... . 

MAGNET 
POLE PARAMETERS: 

Diameter ... 7.? . .. em Rextract . . 2.7. .... em Rjnject ... .... .. em 
HILL PARAMETERS : Gap (min) ... 6 . . . .. . em Bmax . . . 2 .5 . .. . T 

(<0 ........ . . AT) Gap (max) . . .. . ..... em Bmin ......... . T 
VALLEY PARAMETERS : Gap (min) .. ... .. . em Bmax .. .. ... . T 

(<0 ... ....... AT) Gap (max) . ..... . ... em Bmin .... . .•... T 
AVERAGE FIELD: < B >min .. . 1.fl .... T < B >max .......... T 
NUMBER OF SECTORS : compact / separated ... . 3 .... . / ..... . ... . 

sector angle ...... . . ... .... deg . spiral (max) ... ... ... .. .. . . deg. 
FIELD TRIMMING : Trim Coils ... . M.a, ................. . ......... .. 

Harmonic Coils ........ none ... . .................. . .... . 
Other . .... .. .. .. .. . ....... . .... . . ........... . . .. ...... . 

CURRENT: Main Coils .. 279 ......... Amps Stability .. 1.){ .. 1.0l:-.!.il 
Trim Coils .... '(l/.a. ......... Amps Stability ................ . 
Stored Energy (cryogenic) ......... . ..................... MJ 

WEIGHT: Iron . 20 .. tonnes. T0I'.!\L. Conductor ................... . 
ION ENERGY: Bending Limit E/ A = .. .. .. . ... .. .... q2/A2 MeV / u 

Focussing Limit E/ A = ................. q / A MeV/u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description: ...... 2. 9~!; .• . •.... . •• . . . ... ... .. . : .... . .... . .....• 

No . of Gaps / turn .... . .4...... dE / dn(max) . . .. 0.1 on ... MeV / q 
Voltage(max) ... O •. Q~5 ..... MV Harmonic fd / fi on . . . . J .. . .. . . . . 
Freq . .... . 27 ....... . . MHz Power in(max) .. .. .. O .•. Q~O ..... MW 
Stability: Phase . . . .. .............. Voltage .. .. ......... . .... . 

VACUUM SYSTEM 
OPERATING PRESSURE: .... ) .~ .. 1.qL-6.l. . t9~J;' .. ............... . 
PUMPS: No . and type ... 'l'Iio. QU. A.i.:ffu.sion. PIJIJIP.s .. . ... . . . ... . 

ION SOURCE(S) 
Type Intensity <0 En = !3'YE Ion Species 

(mA) (1r mm mrad) 
(a) Penning ...... ... 0 .. 250 . ...... not . av.ailable .... . H.., ...... . 
(b) ..... ... .. ... ............................................. .. 

INJECTION SYSTEM 
..... Radial.. . . . . . . . . .... . . . . . . . . .... .. . . . . . . Efficiency . ... . .. . . % 

EXTRACTION SYSTEM 
.. .... .carbon .foil . .. . .. . .. .. . ... .......... Efficiency .. 1 D.Q ... % 

CHARACTERISTIC BEAMS 
Current(part. /-LA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) ... Hr .... . ...... .. 1l . .. .... .. . .. .. .. .. .. .. .. . . ... J O.Q . (!i+.l . 
(b) ...................... .. .... .. 

EXTRACTED BEAM PROPERTIES : 
For . . .......... .. /-LA of .............. MeV / u ... . ... .. . .... ions 
LlE / E ....................... % Ll¢ .. .... .......... ..... .. °rf 
En = f3'YE x .... ~O ....... 7rmm mrad z .... ~O .. ..... 7rmm mrad 

REFERENCES/NOTES REFERENCES/NOTES 
(a) rn. ~c:J,9t~ql). . ~.Y.!it~ ( . ~.~q . ~?-.~ . . St.' .. ~;:ke;~~y . . C!!-. ~.4 710 (a) .... . . .. ............................. . ........ . ........ ....... . 
(b) St.qt;:\l~ .. Qf. !lla.<;:J:!~n~. ~.5 . . \II:l1<nQ11llJ . . PJ;t;!.s.~ .~~c:1:~0!1:'l:~. . . (b) . .................. .. ......... .. ......... . ..... . .... . . . ...... . . 



ENTRY NO ...... ~~2. . . . . . ... . Date 1.9.1 0.6 /.9 2 . . ....... . 
Cyclotron Model . :r.QIl .. 1l .E;~.M. A<'''.Ll.CA'rI.ON.S .. CY.cLONE. 3.0 .. 
Institution. Nl).:r'.H).NfI..4. m:.PlCl).J. . (:.'((:.Lo:rRON . . (ANSTO!Rl?AH) 
Address .G !,.Qs.E; .. ST., .. C.»Ml?IUW.OW~, .. NSW .. 20.50 .•. AU.STRALIA 
Tel .02..;;.6;; .. 7.60.Q ........ .. . Telex ... ~ ....................... . 
Fax .Qf..~p.5 .. (p.7.6 ........... EMAIL .. ~ ............ .. .. .. .... .. 
In Charge: .R . /l .. ll.Qy.ll ....... . Reported by: D .. W .. A.P,NOTT,J .... . 

B MUKHERJEE 

ENTRY NO ..... <::.u:L ............ Date ... Ju.~~ . .1.?!..1.~?? .. 
Cyclotron Model .. .I!'!t'\ . . C;::.'(CI,.QNI;:. )0 ...... . .................. .. 
Institution '" i'!9r9.i9.r1. f:.l!~9P.~. ~ .. i\ .. .......... . ... .............. . 
Address .... ~.-.qn.Q . f.L,(:.l)Rl)~. (~~I,gi.l!I!l) ........•.. .... ........ 
Tel ... )'k7.1.~&?9. ~!.l .......... Telex ...... ........ ............. . 
Fax ... )k? ).-.8.~?P! ......... EMAIL .......................... . 
In Charge: .. ~ ... l?! !<.t'\g T.. .. ... Reported by: .. c;:: .... ~I.B.!~R T.. .... . 

HISTORY HISTORY 
MILESTONE DATES: MILESTONE DATES: 

Installation . . 09./. 0.4/.9 l ....... First Beam .Q9/.0.7./.9.1... . . . . . Installation ~q.fl.l1q.rY .. ~??.2. .. ... First Beam ./y1,'!~<;~ .. t?~.4 ..... . 
DESIGN / CONSTRUCTION BY: J;IlA . . D.QN .. s)::'»M .Rl?rL I .CAX IDNS) DESIGN/CONSTRUCTION BY: .I.qT) . i'!(;!?r[l .. t'\P.P'I,i.<;'!ii.Qfl~ .. ~ .. I), .. 
COST: Accelerator .$.4.·.~!1......... . .. Facility .$;1.0 ... 5/01......... . COST: Accelerator . . 4. to . . l)~.$...... .. Facility .. 1l .. M. !-!~$ ...... . 
FUNDED BY: .. l\.N.q')'.Q:-.RI?Al:!. .. ... ... .. ... ........... .. ......... FUNDED BY: . . NQgR\Q.~ . .I:;l)B-QP.E;:. $ .. f, .. ............. ........ . 

STATUS 
STAFF: Operators . .3..... ..... Technicians .. fl .. . .......... . 
BUDGET: Machine .. $.3M ......... . ... Funded by .. .1>l'I.s''''l ....... . 
TIME DISTRIBUTION: (e.g. basic research, isotope production , main
tenance, etc.) 
(a) . r.E;T .. RADl.Ol.SO.TO.l? E.S .. . .... .. ... .. .. ............. S.8. % 
(b) . S.PE.q .. ~".I?;r.Q;r,q(X.r:9.1?~.s .... .. ................ . .... SoS. % 
(c) .. 11f1..J;l'I.'l:~~l).N.C)::' ............ ... ....................... 10.. % 
(d) . ll.l\.s.J; <;: .. \<~.$!>.l\.!<.c!l ... (,!j1'.A,J;..'r:J:I .. I?!i.'! P C.~ ) ......... .2.-t. % 
(e) ............................................................ % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A (MeV/u) Internal External 
(a) ....... H.~ ....... ~.!'i7.3.QM"Y ... ~;;.'72.QD.~~ ......... . ...... .. 
(b) .... .. .. ........... . ......... , ....... ... .. . ................ . 

1991/lA-hours on target: .. +0 .• 0.00.4(\.11+ ...... . ........... . ... .. . . 

FACILITIES 
SHIELDEDAREA: .Fixed .. 16.8 ..... m2 Moveable ........... m2 

Target Stations: .. 6 .. ... No. Served At Same Time: .? ..... . 
OTHER FACILITIES: ............ .. .. .. ... .. .... .. .... .. . .. 

REFERENCES/NOTES 
(a) ...................... ..... .....•.. .... ....•. .. ..... . .......... 
(b) ............................................. .. ....... ..... .. .. 

PLAN VIEW OF FACILITY, COMMENTS 

Facility provides dual PET/SPECT simultaneous 
production. Shielding wall made of 2.3m 
thick low sodium content concrete . 

~ 
GO: Gumma Monitor 
NO: Neutron Monitor 
AS: Air Sampler 
BV: Beam Viewer 

1-123 Target 

SPECT Radlochem. Cells 
1. Target Preparation 
2. Target Receiving 
3. 1-123 Production 
4. TI-201 Production 
5. Go-67 Production 
6. In-l ll Production 
7. ~ispensing & OIC 

GO) 

G04 
ASl 
G06 

GOlD 

609 

STATUS 
STAFF: Operators .. .. . ~........... Technicians ... 9 ............ . 
BUDGET: Machine .. ...... .......... Funded by ................ .. 
TIME DISTRIBUTION: (e .g. basic research, isotope production. main
tenance, etc.) 
(a) ... [S.(H.C?p~ .. P.:9.dl!<;t!9!l .. . . . . . ..•.... .. •......... .... .I.QQ .. % 
(b) . ........... .. ......... . .. ........ .. . ...................... % 
(c) .... ...•.... .. . . . ....... .. ..... . . .. .... ... ......... . ... ..... % 
(d) .... ... ... ... .. ..... ...... .. ....... . .............. . ... . .... % 
(e) ................ ... ......................................... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/A (MeV /u) 
(a) .. .tf . ............. ),5.-)9 .... . 

Internal External 
.. ............. .. 4>.<i2.QQ. ~.t'\ .. . 

(b) .... ........................ .. 

1991 /lA-hours on target: 

FACIL.lTIES 
SHIELDED AREA: Fixed ...... ?9 ... m2 Moveable ........ ... m2 

Target Stations: .... ~ .... No. Served At Same Time: .;2 .. .... . 
OTHER FACILITIES: .. . .................. . .................. .... .. 

REFERENCES/NOTES 
(a) ......... .. ..................................... .. ............ . 
(b) ...... ... .... . .. . ....... . ... . ... . . . ........... ....... .... ..... . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO ...... ~~2. . . . . . ... . Date 1.9.1 0.6 /.9 2 . . ....... . 
Cyclotron Model . :r.QIl .. 1l .E;~.M. A<'''.Ll.CA'rI.ON.S .. CY.cLONE. 3.0 .. 
Institution. Nl).:r'.H).NfI..4. m:.PlCl).J. . (:.'((:.Lo:rRON . . (ANSTO!Rl?AH) 
Address .G !,.Qs.E; .. ST., .. C.»Ml?IUW.OW~, .. NSW .. 20.50 .•. AU.STRALIA 
Tel .02..;;.6;; .. 7.60.Q ........ .. . Telex ... ~ ....................... . 
Fax .Qf..~p.5 .. (p.7.6 ........... EMAIL .. ~ ............ .. .. .. .... .. 
In Charge: .R . /l .. ll.Qy.ll ....... . Reported by: D .. W .. A.P,NOTT,J .... . 

B MUKHERJEE 

ENTRY NO ..... <::.u:L ............ Date ... Ju.~~ . .1.?!..1.~?? .. 
Cyclotron Model .. .I!'!t'\ . . C;::.'(CI,.QNI;:. )0 ...... . .................. .. 
Institution '" i'!9r9.i9.r1. f:.l!~9P.~. ~ .. i\ .. .......... . ... .............. . 
Address .... ~.-.qn.Q . f.L,(:.l)Rl)~. (~~I,gi.l!I!l) ........•.. .... ........ 
Tel ... )'k7.1.~&?9. ~!.l .......... Telex ...... ........ ............. . 
Fax ... )k? ).-.8.~?P! ......... EMAIL .......................... . 
In Charge: .. ~ ... l?! !<.t'\g T.. .. ... Reported by: .. c;:: .... ~I.B.!~R T.. .... . 

HISTORY HISTORY 
MILESTONE DATES: MILESTONE DATES: 

Installation . . 09./. 0.4/.9 l ....... First Beam .Q9/.0.7./.9.1... . . . . . Installation ~q.fl.l1q.rY .. ~??.2. .. ... First Beam ./y1,'!~<;~ .. t?~.4 ..... . 
DESIGN / CONSTRUCTION BY: J;IlA . . D.QN .. s)::'»M .Rl?rL I .CAX IDNS) DESIGN/CONSTRUCTION BY: .I.qT) . i'!(;!?r[l .. t'\P.P'I,i.<;'!ii.Qfl~ .. ~ .. I), .. 
COST: Accelerator .$.4.·.~!1......... . .. Facility .$;1.0 ... 5/01......... . COST: Accelerator . . 4. to . . l)~.$...... .. Facility .. 1l .. M. !-!~$ ...... . 
FUNDED BY: .. l\.N.q')'.Q:-.RI?Al:!. .. ... ... .. ... ........... .. ......... FUNDED BY: . . NQgR\Q.~ . .I:;l)B-QP.E;:. $ .. f, .. ............. ........ . 

STATUS 
STAFF: Operators . .3..... ..... Technicians .. fl .. . .......... . 
BUDGET: Machine .. $.3M ......... . ... Funded by .. .1>l'I.s''''l ....... . 
TIME DISTRIBUTION: (e.g. basic research, isotope production , main
tenance, etc.) 
(a) . r.E;T .. RADl.Ol.SO.TO.l? E.S .. . .... .. ... .. .. ............. S.8. % 
(b) . S.PE.q .. ~".I?;r.Q;r,q(X.r:9.1?~.s .... .. ................ . .... SoS. % 
(c) .. 11f1..J;l'I.'l:~~l).N.C)::' ............ ... ....................... 10.. % 
(d) . ll.l\.s.J; <;: .. \<~.$!>.l\.!<.c!l ... (,!j1'.A,J;..'r:J:I .. I?!i.'! P C.~ ) ......... .2.-t. % 
(e) ............................................................ % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A (MeV/u) Internal External 
(a) ....... H.~ ....... ~.!'i7.3.QM"Y ... ~;;.'72.QD.~~ ......... . ...... .. 
(b) .... .. .. ........... . ......... , ....... ... .. . ................ . 

1991/lA-hours on target: .. +0 .• 0.00.4(\.11+ ...... . ........... . ... .. . . 

FACILITIES 
SHIELDEDAREA: .Fixed .. 16.8 ..... m2 Moveable ........... m2 

Target Stations: .. 6 .. ... No. Served At Same Time: .? ..... . 
OTHER FACILITIES: ............ .. .. .. ... .. .... .. .... .. . .. 

REFERENCES/NOTES 
(a) ...................... ..... .....•.. .... ....•. .. ..... . .......... 
(b) ............................................. .. ....... ..... .. .. 

PLAN VIEW OF FACILITY, COMMENTS 

Facility provides dual PET/SPECT simultaneous 
production. Shielding wall made of 2.3m 
thick low sodium content concrete . 

~ 
GO: Gumma Monitor 
NO: Neutron Monitor 
AS: Air Sampler 
BV: Beam Viewer 

1-123 Target 

SPECT Radlochem. Cells 
1. Target Preparation 
2. Target Receiving 
3. 1-123 Production 
4. TI-201 Production 
5. Go-67 Production 
6. In-l ll Production 
7. ~ispensing & OIC 

GO) 

G04 
ASl 
G06 

GOlD 

609 

STATUS 
STAFF: Operators .. .. . ~........... Technicians ... 9 ............ . 
BUDGET: Machine .. ...... .......... Funded by ................ .. 
TIME DISTRIBUTION: (e .g. basic research, isotope production. main
tenance, etc.) 
(a) ... [S.(H.C?p~ .. P.:9.dl!<;t!9!l .. . . . . . ..•.... .. •......... .... .I.QQ .. % 
(b) . ........... .. ......... . .. ........ .. . ...................... % 
(c) .... ...•.... .. . . . ....... .. ..... . . .. .... ... ......... . ... ..... % 
(d) .... ... ... ... .. ..... ...... .. ....... . .............. . ... . .... % 
(e) ................ ... ......................................... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/A (MeV /u) 
(a) .. .tf . ............. ),5.-)9 .... . 

Internal External 
.. ............. .. 4>.<i2.QQ. ~.t'\ .. . 

(b) .... ........................ .. 

1991 /lA-hours on target: 

FACIL.lTIES 
SHIELDED AREA: Fixed ...... ?9 ... m2 Moveable ........ ... m2 

Target Stations: .... ~ .... No. Served At Same Time: .;2 .. .... . 
OTHER FACILITIES: .. . .................. . .................. .... .. 

REFERENCES/NOTES 
(a) ......... .. ..................................... .. ............ . 
(b) ...... ... .... . .. . ....... . ... . ... . . . ........... ....... .... ..... . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO •... .. . .. ~~? ............ ... ... ... ....... .... ... ... ... Date .•• • ~l!~~ . .l'~" .1. ~?f .................................. . 
Name of Machine . . C;::.CR-.M~.V: . '}JP.5 ..... ... ..... •. .• ••..•••. ••••••• • ••• •••••• •• •..•.•.• •.••......... ..... ... .. .. . .•....•.•••• . 
Institution . .. NQRI;).IR~ .. E.VR9.f!I;. ;, .. (\ ................ ... ........ .... . ................. . ................... ............... . .. . 
Address . . E}:9?.2.a . . fl-.E;V R 1,.1.5 • • (~~~gi.41J1) ..............................•..•........•••........•.........•....................... 
Tel . ).~~~! :~?9.~ \! .......... Telex ......................... Fax ... J.2.-7.l~l\~9t2l ........ EMAIL .... ......... . ......... .. 
In Charge: ... ~" .1?!~.1')~.1 .... . .. . ......... . .............. . ... Reported by: .. .. c:., .J;'IRi)RT ............ . ...................... . 

HISTORY 
MILESTONE DATES: 

Design . J.9.~Q................ Model Tests ... ..... .... .. ...... . . 
Construction . .1.~l!.1.-'\ ?l!)...... First Beam .... ).~~? ........ . 

DESIGN/CONSTRUCTION BY: 
in house ...... ..... other .... .. . ... . . . .. .. .... .. . ....... . .. . 

COST: Accelerator .. . .. p .. ¥ .. V.~$. . . . Facility . ... J.~ . M. J..l~$ ••.• 
FUNDED BY: . ... ... .. .. . .... ... .. . ....... ... . ... .. . . .. ......... . 

STATUS 
STAFF: Machine 

Scientists . ..... ... ... ... ....... Engineers .......•............•. 
Technicians ...... .? .............. Studentl ..................... . 

Research (in house/external) 
Scientists .......... / ... ... . ... Engineers .... ... ... / ....... .. . 
Technicians ......... / ......... Student. .. ..... .. / ........ . 

BUDGET: Machine .................. Funded by .. . ... . . . ........ . 
Research .................. Funded by ................. . 

TIME DISTRIBUTION: 
Basic Research (in house/external) .. .. . . 'OD'" % / ............ % 
Applied Program (in house/external) ... .1 ..... .. % / ...... . .... % 
Development ................ ~. Maintenance . . . .... .. ....... % 

MAGNET 
POLE PARAMETERS: 

Diameter .?.1.~ .. 6 ... em R"'r&c' .~?,~ .... em Rin;ec .......... em 
HILL PARAMETERS: Gap (min) .. ! 1',1' .... em Bmu . .. 2 .. n ... T 

(ill ..... . . ... AT) Gap (max) .~9 ,1 ..... cm Bml" .. i,I? .... T 
VALLEY PARAMETERS: Gap (min) . . ... ... em ·Bm .... . ... . . T 

(<<I .......... AT) Gap (max) ........ .. em Bml ........... T 
AVERAGE FIELD: < 8 >m l. . ...... ... T < 8 >1)'00 . .... ... •. T 
NUMBER OF SECTORS: compact/separated .... .... .. / ... ... .. . . 

sector angle ............... deg. siral ~max) ......... ~~ .... deg. 
FIELD TRIMMING: Trim Coils ..... I ... P~.l.~ ....................... . 

Harmonic Coils .c;,,~~~.r.i!,.g.~ .. p.'.lir~ .. .. I;:2<.t: .• ~ . p.a).r.s ... . 
Oth~r ... : ... ... lioo ...... ........... :: ........ ~5 .... .. 

CURRENT: Main COils .......... .. .. Amps Stability ... ) P ....... .. 
Trim Coils .... .. ..... ?QQ .. Amps Stability ...... ! P.-.~ .... .. 
Stored Energy (cryogenic) ............................... MJ 

WEIGHT: Iron ...... ) QP .. T. ...... Conductor .. <:;!J ............... . 
ION ENERGY: Bending Limit E/ A = ... ! i.a . .. ....... q2 / A2 MeV /u 

Focussing Limit E/ A = .... 9 ........ .... q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION : 

Description : ............. ~ ..... ......... . . .. ........... ..... ... . . 
No. of Gaps/turn ......... L. dE/dn(max) ...... Q·.P .. . MeV/q 
Voltage(max) ...... Q,Q? .... MV Harmonic f,tlfio ..... I ..... I.I ..... 
Freq ..... ~9 .. p.-.4~ .... MHz Power in(max) ....... Q.).~ .. .... MW 
Stability: Phase ..... Q • .l. ~.......... Voltage .... ~ .. l.Q~? .... .. . 

OTHER CAVITIES (Flattopping or otherwise) : 
Description: . . .. . . . ... .. . . .. ... ................................. . 
Region of Influence: Rmin ............ em Rm .............. em 
No. of Gaps/turn ............. dE/dn(max) ............. MeV /q 
Voltage(max) .............. MV Harmonic f, tlfio . ....... . ..... . 
Freq . ... ............. MHz Power in(max) . ................ MW 
Stability: Phase .... . .. . ..... .. .... Voltage .................. . 

VACUUM SYSTEM 
OPERATING PRESSURE: 2.10-6 
PUMPS: No. and type ... :::: 2: :~: :6i~: :OJf..::: i 2:cioo: :lj~::::::::: 

ION SOURCE(S) 
Type 

(a) J,..JY.-.J.9N~.~ .. . 
(b) ............. .. 
(c) ............. .. 
(d) ............. .. 

Intensity 
(mA) 

INJECTION SYSTEM 

<,. = i3"« 
(lI'mm mrad) 

Ion Species 

.1>,<;1,<;1, ••• , •••••• 

. . . . . . . .. . •........ . ......... . ......... Efficiency ... . ..... % 

EXTRACTION SYSTEM 
. Qr;: •.. ~)t;;C~rP.s.t •• .. of; .ac;~, .M9g,n, !=.t\iHlJ1.E:~ Efficiency ... P.Q .•. % 

CHARACTERISTIC BEAMS 
Current(part /JA) 

Accel.rated lonl E/ A ~MeV /u) Internal External 
(a) ... p. .......... ....... 9 ....... ...... ?QQ ............ ?q .... . 
(b) ........................................................... . 
(c) ...... . .. .... ............................................. .. 
(d) .......................................................... .. 

Secondary Particles E (MeV) part/sec 
(a) ............................ ............................... . 
(b) .......................................................... .. 
(c) ......... .. .... ..... ...................................... .. 

EXTRACTED BEAM PROPERTIES: 
For .............. /JA of . . ... .. . ..... . MeV /u .............. ions 
t:..E/E ............•.......... % t:..r/> •• •• •• •••.••..••.. .. •.• °rf 
<,. = i3"« x.. • . . . . . . . • .. lI'mm mrad z. . . . . . . . . . . .. lI'mm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ........... m2 Moveable ........... m2 

Target Stations: . ... ~ .... No. Served At Same Time: ... . ! ... . 
MAGNETIC SPECTROMETERS: .. . .. ........ .. .. .. ... . .... . . .... . 
OTHER FACILITIES: ............................................. . 

REFERENCES/NOTES 
(a) .................... . ....................... . ................ .. 
(b) .............................................................. . 



ENTRY NO ......... . CU7 . .... .. ... Date . J~ul' .. t6 •.. 1.992 ... . . 
Cyclotron Model . .GGII.,.MaV. 5.2.0 -..... .. ........................... . 
Institution LAn. aMl. Chern. :-.Inst .. .N1Jcl. .. Sc,;-:UuiY.ersi.t.eit .. Gent 
Address frp.~t;'\.l.i.IlH;r.'1qC .. 8.6 •. 1l.-:900.0. .GI'I\I; > • ll.elgi).lJl) ........ . 
Tel .+;>?.~J/.6.4.96 .. 19 ......... Telex .......... @ ............... . 
Fax .+XU.1./.9~ .. qQ .. ~.9 ....... .. EMAILS!.~~~ .. I.~?:l-!:!<~c::. 
In Charge:Dr.·.K; , $i'.qJ s1<.II)'1I).I' . .. Reported by: n .... K,£t<:.ij ckmaRs 

Prof.Dr. R. Dams (Director) 

HISTORY 
MILESTONE DATES: 

Installation ... ~ ~?6.... ........ First Beam .. ! ~.7) ............ . 
DESIGN/CONSTRUCTION BY: . c~F,-:-~",.\, ....................... . 
COST: Accelerator .. 5. MECU. . . . . . . . . . Facility .. 5. MECU. .... .. .. . 
FUNDED BY: NFW.Q . Na.t. •. Fund. fD.l: . Scientific. Research .... . . 

(Belgium) RUG University Gent 

STATUS 
STAFF: Operators .. 1 .. t;I,IH.-:t;ilJl.e.. Technicians 2. p.'1rt.-,l;irnl' . .. . 
BUDGET: Machine. :>.0. .QOD .. ECl1/.Y. .. Funded by .HKW.~ ......... . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main
tenance, etc.) 
(a) ~~?t.~P~. P.':'?~!'.,,~t!"~ .~?r. Y~:r ........ .... . ............ ?O. % 
(b) "1!~.r.&~~. )l.,!,~.i.,,~<:, . . a.~<I . !'.~I.!Hp.~. i'~.t."Yi'.t. "91).. ''\~''~ '" .?O. % 
(c) P.r:'!t~!' .. i~d.~,,<:,d .. X-;-;-i'Y .. <:'ITl .i.s.~i?!, .. ~~;r)~~i .. aM~Y.~"~ .. 2.Q. % 
(d) ,!,,~t.r:'!~ .. tt:"r~)l.y' .............. . .. ... ........ . ... .... ... ? % 
(e) i'h"l} . . l.'\y'.'r .. '!<;~!-:v:qC~p.n ........ . ............. .. . ...... . 5. % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A (MeV / u) Internal External 

(a) .... J? . ......... ~.:.~. =. 'j:)'" .... .. .... .... ...... ~ .~g ... .. 
(b) .. -:5~e " ""'" . 2"" ~' '10: i' ..... . ................ ·60 .... · 

1991 /lA:),ours on targ;t·:5 .~. 7:3 ..... ... ... . ...... .... . ..... ~? ... . 
'" 104 

FACILITIES 
SHIELDED AREA: Fixed ... 200 ..... m2 Moveable ........... m2 

Target Stations: . . 7 ...... No. Served At Same Time: . .1. ..... . 
OTHER FACILITIES: 2 .pos.i tro,n .emission .tomagraphs, .. 6 .ho.t.-
. ce.lls, . . r:adi.o.cbemis try .. labs > • 2 .. HPGe. .spec.trometers., . .... . 
. 1. :Y.-:Y. l'.Qind.denlO.e . se.t.-: up •.. t . wall. ty.pe. iau. chambar: . .... . 
. n:-.c\Q$imet;I'Y...... . . ... ... . ...... . . ........ .. . . 

REFERENCES/NOTES 
(a) PI.<!' .. =:. ~!,.~~,:-!-.r~~Y!".r:~ ~~Y .. ~I).!'.t."~\l):.e . t'l.qc;t",.'" . Si'.~~\li'.e.". 
(b) A .~~~.nI).u!,.l.rep.~rt). Aesc.r:~1;>~",!\. ~h.e .. ,,,.s.e'1!'~.~ ."S.t.~yt~Aes 

(cyclotron applications a.o.) can be requested to 
the director 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO . .... ... ~?~ ........ ... Date .... J.9~9 ..... ...... .. 
Cyclotron Model .. (:'GR7~V. .520 .. . ............................... . 
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HISTORY 

MI~Ls~;I~~~nE .~~~~~~............ First Beam . .. ~??5 ............ . 
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STATUS 5 . . 5 
STAFF: Operators............. .... TechnicIans .............. .. . 
BUDGET: Machine ........... . ... . .. Funded by ............ . . ... . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main
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(a) ... ~.o.~,!-? .sy~.~~ .. ~~r.s.~<:~ . .......... . .... . ... ......... t.~. % 
(b) . . . ~·~~;;::·:~pi~·d1~~~·!~~~i.~,: ... ...... ....... ..... ... '50' ;-
(c) ..... _ ........ . .......... ......... . .. . ...................... Yo 
(d) . .. . . .. . . . .... . .............. . ... . .... . . ... ...... . ......... % 
(el ................................... . .. . ..................... % 

CHARACTERISTIC BEAMS 
Current(part ILA) 

E/A (MeV/u) 
... .4, ?:-.~~ ... . 
... .4-:-? ..... . . 

Internal External 
300 100 

::::: :~9:q::::: ::::: :~9:q::::: 
Accelerated Ions 

(a) .... 1' ........ .. 
(b) .... <1 ......... . 

He
3 , He

4 

1991 /lA-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed .... 70.0 . . . m 2 Moveable ........... m 2 

Target Stations: . ... 7 ..... No. Served At Same Time: .... 1 ... . 
OTHER FACILITIES: .... radiochemistry .. (.automated. .......... . 
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REFERENCES/NOTES 
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(b) .............................................................•. 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO ......... . CU7 . .... .. ... Date . J~ul' .. t6 •.. 1.992 ... . . 
Cyclotron Model . .GGII.,.MaV. 5.2.0 -..... .. ........................... . 
Institution LAn. aMl. Chern. :-.Inst .. .N1Jcl. .. Sc,;-:UuiY.ersi.t.eit .. Gent 
Address frp.~t;'\.l.i.IlH;r.'1qC .. 8.6 •. 1l.-:900.0. .GI'I\I; > • ll.elgi).lJl) ........ . 
Tel .+;>?.~J/.6.4.96 .. 19 ......... Telex .......... @ ............... . 
Fax .+XU.1./.9~ .. qQ .. ~.9 ....... .. EMAILS!.~~~ .. I.~?:l-!:!<~c::. 
In Charge:Dr.·.K; , $i'.qJ s1<.II)'1I).I' . .. Reported by: n .... K,£t<:.ij ckmaRs 

Prof.Dr. R. Dams (Director) 

HISTORY 
MILESTONE DATES: 

Installation ... ~ ~?6.... ........ First Beam .. ! ~.7) ............ . 
DESIGN/CONSTRUCTION BY: . c~F,-:-~",.\, ....................... . 
COST: Accelerator .. 5. MECU. . . . . . . . . . Facility .. 5. MECU. .... .. .. . 
FUNDED BY: NFW.Q . Na.t. •. Fund. fD.l: . Scientific. Research .... . . 

(Belgium) RUG University Gent 

STATUS 
STAFF: Operators .. 1 .. t;I,IH.-:t;ilJl.e.. Technicians 2. p.'1rt.-,l;irnl' . .. . 
BUDGET: Machine. :>.0. .QOD .. ECl1/.Y. .. Funded by .HKW.~ ......... . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main
tenance, etc.) 
(a) ~~?t.~P~. P.':'?~!'.,,~t!"~ .~?r. Y~:r ........ .... . ............ ?O. % 
(b) "1!~.r.&~~. )l.,!,~.i.,,~<:, . . a.~<I . !'.~I.!Hp.~. i'~.t."Yi'.t. "91).. ''\~''~ '" .?O. % 
(c) P.r:'!t~!' .. i~d.~,,<:,d .. X-;-;-i'Y .. <:'ITl .i.s.~i?!, .. ~~;r)~~i .. aM~Y.~"~ .. 2.Q. % 
(d) ,!,,~t.r:'!~ .. tt:"r~)l.y' .............. . .. ... ........ . ... .... ... ? % 
(e) i'h"l} . . l.'\y'.'r .. '!<;~!-:v:qC~p.n ........ . ............. .. . ...... . 5. % 
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(b) .:):pP.~qpi' . . ~,'?p.l!c;t;ip.I) . ...... . ...... . ... . .... . .... . . . .. AQ % 
(c) . ... ........ . . .............. . ..... . ... . ........... . ......... % 
(d) .. . .................. ... .....•....•......•.... . . . ..... . . ... % 
(e) . ... . .. . ....... .. ... . ...... . ........... ... . . ....... . . . .•.... % 

CHARACTERISTIC BEAMS 
Current(p.rt "A) 

Accelerated Ions E/A (MeV/u) Internal Extern.1 
(.) . .. . . p ........ . . . . .. . 2.4 ..... . .. ... . 1.00. ......... . . 7.0. ..... . 
(b) .... 3d ..... ... . 

He, Ct 

• ... . . 1.4.Q .......... 10.0. .... . . . . .... . .7 ..... • . 

1991 /lA-hours on t.rget : 

FACILITIES 
SHIELDED AREA: Fixed .... ?Q .... m2 Move.ble . .. .. ?5.q .. m2 

T .rget Stations: . ... ~ .... No. Served At S.me Time: . .. 1 . ... . 
OTHER FACILITIES: .. ? .~C;'!-t.t.':~~?g .. . <;~.a.".'~~;.~, .. ~.e. )~~ ....... . 

transport system, neutron production and spect • 
. .. . ·s·t~i:i·o~;· "r·,idio:,:{sotope· p·roci;'i,ifou· ·,ind· ·sep"i::,it'ion·· 
:::: ~~~i~:,:: ~?~ :~0p\~~~~:~~~~: :~~~i::i:~n:::::::::::::: :: ::::::: 

(.r~A~~~~.~~~~l~~}~~ ~~.' .. ~~~ .. ~~?~ .. ~~ ?~.~ ) .. ~.8.1 . .......... . . 
(b) ........ .. ... ....................................... .. .. . . .. . . . 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO . ...... ~.1.~ ..... ... ... D.te ..... 19&6 ..... .. .. . . . 
Cyclotron Model . . rc.c . CY:-.Z6 ....................... ...... .. . .. .. . 
Institution .. In'l'' . A~~I'~.qlji:;>'.'l .;:P>'.r: .1' . Nll<;:j..·. ::. CNIlJ:l/s? .... . 
Address ... C .·.~· .. D.Q49 .. C.l.q"p.e .. 1J,,;i..'( ..• . P."!<). ?a.'!+'?,.I\H?i.l, . . .. . 
Tel ... . ?1.1."7I?P.1.1 ...... . ...... . . Telex .(9P).?;3.~~? . .. .. ...... . 
Fax ... . . . .................... . EMAIL . . . ...... .. . .............. . 
In Ch.rge: .. 9 ... . r,,:,~~~ ....... .. Reported by: 9, .. ~~,,!<.i ........ .. . . 

HISTORY 
MILESTONE DATES : 

Install.tion ............ ........ First Beam ... .. 19&1 ......... . 
DESIGN/CONSTRUCTION BY: . .... . . TCC .. .. ... .... . ........... . 
COST: Acceler.tor ... 1M. US.S.... ... .. Facility . .. 2M.llS$ ........ . 
FUNDED BY: ... BjCA~il. . . GoVf'J:nlllel\t; ...... .. ....... . ....... . .. . . 

STATUS 
STAFF: Oper.tors . . ...... 5........ Technici.ns . .... 2 .. .... .. . . 
BUDGET: Machine . . O ... lM . US.S ... ... Funded by lirQ.~;U .Cp;v.t; •... 
TIME DISTRIBUTION : (e.g. b.sic rese.rch, isotope production, m.in
tenance , etc.) 
(.) .l:;P.t.QP!' .. ~,QP!l.C;t;1.9.n. ...... • ........... .... . . ....... LQQ. % 
(b) . . . .. .............. . ........ .... . ......•. .. .. . . . ........... % 
(c) ..... ..... . ............. . ......... . ..... ... ....... ... ... . . .. % 
(d) ............... •. ...•.•... .. ... . .. . . .. . . .................. . % 
(e) ....... ....... .. ......... . .............• .. ... . .............. % 

CHARACTERISTIC BEAMS 
Current(p.rt "A) 

Acceler.ted Ions E/ A (MeV /u) Intern.1 Extern.1 
(.) .•.. P . .....•••. ... . . . 21< .. .. ....... .. 30.Q . .... . •.... 40 . . .... . 
(b) . . . ~.3 ........ ...... H •... .. .. ... . ... 5.0. ........ . .. ~5 ...... . 

He , d 
1991 /lA-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed .... ?9 . . . .. m2 Move.ble . . .... ~~P . m2 

T .rget St.tions: . .. .. 2 . ... No. Served At S.me Time: .... ~ . .. . 
OTHER FACILITIES : . . ........... ... . . . ...... . ..... ... . . ......... . 

REFERENCES/NOTES 
(.) .. ~.' .. ~l'.c.I$:j.. ~.t .. "L . .4 tP . .. ."!~p?.n."7~r!,.z.H. !l.Y,f(lI'~.s.~':'l!' . P.r: ..... . 
(b) .. .... $~.i.~,,<;:i' .. '!"~ .. 'I:~,,~p..o.~'?~Y:-:~'!-~ .. ~~'!~.~~ . ~~.& ' . . ~.9.~~ . .. . . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO ........ ~y.1J .......... D.te ..... ~?~~ .. ....... .. . 
Cyclotron Model . rc.c .CY:-.Z6 ....... ....... .. .. . .................. . 
Institution . . In,,ti.t.1.It;Q. P.~ . ;:g>'.'li).iilJ:".l."! . NJ.l.c;l, \'/I.r.!. <;Nll.l'l ..... . .... . 
Address .... ~.,,!:j.<'/I .. ~q~):.a, l,. ?.l.!lli •. g~q. ~.~ ..!?P..~~;-~.' . . ~!'i1.~H ... . 
Tel .. (9?1).?!3.Q.~P.~ ..... .... Telex .Q?1?qp .. . . .... ........ . . 
F.x .. . .. . . . ... ... ..... ..... ... EMAIL ......... . .. ... ........ . . . 
In Ch.rge: .. A...c~,. P.~~g:v:~ .... Reported byJ,?s.'C .":~ P.·X'!!'.l.'!I?-~~.t.o 

HISTORY 
MILESTONE DATES: 

Install.tion . ............... . ... First Be.m . . . Dec .. 197f .... .... . 
DESIGN / CONSTRUCTION BY: ... .. . .. rGe .. .. ....... .......... . 
COST: Acceler.tor .... o..SM.US.$ .. .... F.cility ... Lm.US.$ . .... . . 
FUNDED BY: .CNJ!JH3ri3.lI:i.l •. . ElNE.P.-:13rP.lI:i.l .... . ............... . 

STATUS 
STAFF: Oper.tors . ... ............. Technici.ns ..... . Ii ....... . . . 
BUDGET: Machine .. .. &0.1.<. JJ.S$ ..... . Funded by .CJ:lJ<:N-:Il./I.z.U .. . . 
TIME DISTRIBUTION : (e.g. basic research, isotope production, m.in
ten.nce, etc.) 
(.) .13 /1.s.;'<;. N.1.IGll'ii.r: .f\1y.g:j.<;P . .. . . • . ..... . .. . . • . ..... •...... 49 % 
(b) .:):pP.~qpi' . . ~,'?p.l!c;t;ip.I) . ...... . ...... . ... . .... . .... . . . .. AQ % 
(c) . ... ........ . . .............. . ..... . ... . ........... . ......... % 
(d) .. . .................. ... .....•....•......•.... . . . ..... . . ... % 
(e) . ... . .. . ....... .. ... . ...... . ........... ... . . ....... . . . .•.... % 

CHARACTERISTIC BEAMS 
Current(p.rt "A) 

Accelerated Ions E/A (MeV/u) Internal Extern.1 
(.) . .. . . p ........ . . . . .. . 2.4 ..... . .. ... . 1.00. ......... . . 7.0. ..... . 
(b) .... 3d ..... ... . 

He, Ct 

• ... . . 1.4.Q .......... 10.0. .... . . . . .... . .7 ..... • . 

1991 /lA-hours on t.rget : 

FACILITIES 
SHIELDED AREA: Fixed .... ?Q .... m2 Move.ble . .. .. ?5.q .. m2 

T .rget Stations: . ... ~ .... No. Served At S.me Time: . .. 1 . ... . 
OTHER FACILITIES: .. ? .~C;'!-t.t.':~~?g .. . <;~.a.".'~~;.~, .. ~.e. )~~ ....... . 

transport system, neutron production and spect • 
. .. . ·s·t~i:i·o~;· "r·,idio:,:{sotope· p·roci;'i,ifou· ·,ind· ·sep"i::,it'ion·· 
:::: ~~~i~:,:: ~?~ :~0p\~~~~:~~~~: :~~~i::i:~n:::::::::::::: :: ::::::: 

(.r~A~~~~.~~~~l~~}~~ ~~.' .. ~~~ .. ~~?~ .. ~~ ?~.~ ) .. ~.8.1 . .......... . . 
(b) ........ .. ... ....................................... .. .. . . .. . . . 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO . ...... ~.1.~ ..... ... ... D.te ..... 19&6 ..... .. .. . . . 
Cyclotron Model . . rc.c . CY:-.Z6 ....................... ...... .. . .. .. . 
Institution .. In'l'' . A~~I'~.qlji:;>'.'l .;:P>'.r: .1' . Nll<;:j..·. ::. CNIlJ:l/s? .... . 
Address ... C .·.~· .. D.Q49 .. C.l.q"p.e .. 1J,,;i..'( ..• . P."!<). ?a.'!+'?,.I\H?i.l, . . .. . 
Tel ... . ?1.1."7I?P.1.1 ...... . ...... . . Telex .(9P).?;3.~~? . .. .. ...... . 
Fax ... . . . .................... . EMAIL . . . ...... .. . .............. . 
In Ch.rge: .. 9 ... . r,,:,~~~ ....... .. Reported by: 9, .. ~~,,!<.i ........ .. . . 

HISTORY 
MILESTONE DATES : 

Install.tion ............ ........ First Beam ... .. 19&1 ......... . 
DESIGN/CONSTRUCTION BY: . .... . . TCC .. .. ... .... . ........... . 
COST: Acceler.tor ... 1M. US.S.... ... .. Facility . .. 2M.llS$ ........ . 
FUNDED BY: ... BjCA~il. . . GoVf'J:nlllel\t; ...... .. ....... . ....... . .. . . 

STATUS 
STAFF: Oper.tors . . ...... 5........ Technici.ns . .... 2 .. .... .. . . 
BUDGET: Machine . . O ... lM . US.S ... ... Funded by lirQ.~;U .Cp;v.t; •... 
TIME DISTRIBUTION : (e.g. b.sic rese.rch, isotope production, m.in
tenance , etc.) 
(.) .l:;P.t.QP!' .. ~,QP!l.C;t;1.9.n. ...... • ........... .... . . ....... LQQ. % 
(b) . . . .. .............. . ........ .... . ......•. .. .. . . . ........... % 
(c) ..... ..... . ............. . ......... . ..... ... ....... ... ... . . .. % 
(d) ............... •. ...•.•... .. ... . .. . . .. . . .................. . % 
(e) ....... ....... .. ......... . .............• .. ... . .............. % 

CHARACTERISTIC BEAMS 
Current(p.rt "A) 

Acceler.ted Ions E/ A (MeV /u) Intern.1 Extern.1 
(.) .•.. P . .....•••. ... . . . 21< .. .. ....... .. 30.Q . .... . •.... 40 . . .... . 
(b) . . . ~.3 ........ ...... H •... .. .. ... . ... 5.0. ........ . .. ~5 ...... . 

He , d 
1991 /lA-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed .... ?9 . . . .. m2 Move.ble . . .... ~~P . m2 

T .rget St.tions: . .. .. 2 . ... No. Served At S.me Time: .... ~ . .. . 
OTHER FACILITIES : . . ........... ... . . . ...... . ..... ... . . ......... . 

REFERENCES/NOTES 
(.) .. ~.' .. ~l'.c.I$:j.. ~.t .. "L . .4 tP . .. ."!~p?.n."7~r!,.z.H. !l.Y,f(lI'~.s.~':'l!' . P.r: ..... . 
(b) .. .... $~.i.~,,<;:i' .. '!"~ .. 'I:~,,~p..o.~'?~Y:-:~'!-~ .. ~~'!~.~~ . ~~.& ' . . ~.9.~~ . .. . . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO .. .. .... CUD .......... . Date ............. . .. . .... . 
Cyclotron Model .. gI?$:--.l.~:? ....... . .. .. ..... . ...... . ......... ... . 
Institution . ... t:1c;('1?~t;~!' .. l!t:liy.~~I?~~Y. ( .1"!,,:"l;1~~y' .'?f. .~'?'!'~.t,I'). ~!='.i,?nces 
Address .P~O .~?in. S~.~'?~~ . . ~'??t! .. f:larnil,t?r:, .. 0r'.t,~li'i~ ....... . 
Tel . (';Il.q) .. 5?1 .. ?l~q( . ~.x.t56?1 Telex . ... ....... .... ............ . 
Fax .(4l,?) .. ~~6. P?5 .......... EMAIL .... . ........ ... .......... . 
In Charge: ~!'".' .. C;;lir'.t,~li'. J:irn!".~ Reported by: !J.r::. Gli.nte!," .. Fi::!1.~l:l 

HISTORY 
MILESTONE DATES: 

Installation . P.~9t:-.t'jQY . .l.'.le9. . First Beam .. 9. ~C;~\llP.E;'. ,l.~fl'il 
DESIGN/CONSTRUCTION BY: .$~.E;f1)~(l,s.-:Gn . .................. . 
COST : Accelerator .. <'!I?P): ..... :?t1.... .. .. Facility .. ~('1 . ... .... •...... 
FU N DED BY: . 9!1.t,<'!J;'~P' .t:1~!1.i."!t;~y . . qf. fl.~<'!nh ... . ..... .. .. . .... . 

ST!J~T~~erators ........ D .. .... ... ~~~Fer-.s~ •.. .. ~ .. . . . ...... . 

BUDGET: Machine .. TlQQI" ... . . : ..... Fund:t bJth?r(:C'~o~};tci~1:i'o';s 
TIME DISTRIBUTION: (e .g. basIC research, Isotope procfuctlon, main
tenance, etc.) 
(a) . ~,s.qt;9~ .l?r9R~c;t.i,qt:l .. ..... .. ..... . ... . ........ . ...... ~? % 
(b) .t1?~I)t~!1.qI)C;!" ................. . ... . . ..... . ............... ? % 
(c) ..... . .. . .......... . ............. .. ....... . .... . .... . . . ... .. % 
(d) .. . .... ... .. ............................................... % 
(e) ...... . ......................................... . ... . ....... % 

CHARACTERISTIC BEAMS 
Current(part /loA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .. fj-:- .9!1~Y .. ... .... W·.~t:1~y .. . ..... ..1.qQ ..... ..... ~9.q .... .. 
(b) .......................... ...... ............ . .............. . 

1991 /loA-hours on target: ... ~?4~ .................... ............ .. 

FACILITIES 
SHIELDED AREA: Fixed ........... m 2 Moveable ...... ..... m 2 

Target Stations: ... l~ .... No. Served At Same Time: .. . . ? .. . 
OTHER FACILITIES: ............................... ........ ..... .. 

REFERENCES/NOTES 
(a) .. f1..qI)~ . ......... .. ...........•... ...• ........• .. ........ . ..... 
(b) ........ .... ....... . ....... . ....... . .... .. ...... . . . •......•.... 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO . ...... .. G1J~.S .......... Date ...... ~?8~ ... ....... . 
Cyclotron Model .. JSW .. BC .. -.. 107 ............. . ............ . . . .... . 
Institution .. 1:1011.1;"",,;1.. .tj~\l.r.Q~og.i.<;q). . . LI)st.· .. l:IcO.i.U. )).IJiy>,.r.!OHy 
Address . )1)OJ .. liI)~Y.~J;~ ;i..t'y' . S ~'" .l:19p.t.J;ei';L., .. N., . . <;:?P.a,q? .. . ... . 
Tel .. S.~ 4 . ~.8.4.~ .6.7.~ .... ........ Telex .. . . ..... . ................. . 
Fax ........................... EMAIL .......................... . 
In Charge: .I?,: . .l1,. P.i.~'?t~ . .... Reported by: .I?!': . . 11:. p.~~?i.,,: . . . . 

HISTORY 
MILESTONE DATES: 

Installation .................... First Beam ......... ... ....... . 
DESIGN/CONSTRUCTION BY: ...................... .......... . . 
COST: Accelerator . 0 ... 6M. US.$... . .... Facility .... ISM .. CaoS ...... . 
FUNDED BY: ............ ........ ..... ... .. .... ...... ..... ..... .. 

STATUS 
STAFF: Operators..... ....... . .... Technicians ........... . .... . 
BUDGET: Machine ............. . .... Funded by .......... . ...... . 
TIME DISTRIBUTION: (e.g . basic research, isotope production, main
tenance, etc.) 
(a) ........ . .....................•......•.. .. ....... , ......... % 
(b) ........................................................... % 
(c) ..... . .... .. ... .. ...... .. ... . ........... . ........... . ....... % 
(d) ....... . ....... . ....... .......... .......... . ............... % 
(e) .............................. . ......... .. ............... ... % 

CHARACTERISTIC BEAMS 
Current(part ItA) 

Accelerated Ions E/A (MeV /u) Internal External 
(a) .. Po ................. 10 ..... .. .. .... 150 ............ 50 ..... .. 
(b) .. d ................. 35 ..... .. . ..... 145 ...... . ..... 50 ...... . 

1991 /loA-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed ...... ;Z.C! .• m 2 Moveable ........... m 2 

Target Stations: ..... .... No. Served At Same Time: ........ . 
OTHER FACILITIES: . . .... . .......... . .................... . ...... . 

REFERENCES/NOTES 
(a) . ........ ............... ........ . .... .. . ........ . .. . .......... . 
(b) ... ..... . .. ... .. . .... ................ . . ....................... . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO .. .. .... CUD .......... . Date ............. . .. . .... . 
Cyclotron Model .. gI?$:--.l.~:? ....... . .. .. ..... . ...... . ......... ... . 
Institution . ... t:1c;('1?~t;~!' .. l!t:liy.~~I?~~Y. ( .1"!,,:"l;1~~y' .'?f. .~'?'!'~.t,I'). ~!='.i,?nces 
Address .P~O .~?in. S~.~'?~~ . . ~'??t! .. f:larnil,t?r:, .. 0r'.t,~li'i~ ....... . 
Tel . (';Il.q) .. 5?1 .. ?l~q( . ~.x.t56?1 Telex . ... ....... .... ............ . 
Fax .(4l,?) .. ~~6. P?5 .......... EMAIL .... . ........ ... .......... . 
In Charge: ~!'".' .. C;;lir'.t,~li'. J:irn!".~ Reported by: !J.r::. Gli.nte!," .. Fi::!1.~l:l 

HISTORY 
MILESTONE DATES: 

Installation . P.~9t:-.t'jQY . .l.'.le9. . First Beam .. 9. ~C;~\llP.E;'. ,l.~fl'il 
DESIGN/CONSTRUCTION BY: .$~.E;f1)~(l,s.-:Gn . .................. . 
COST : Accelerator .. <'!I?P): ..... :?t1.... .. .. Facility .. ~('1 . ... .... •...... 
FU N DED BY: . 9!1.t,<'!J;'~P' .t:1~!1.i."!t;~y . . qf. fl.~<'!nh ... . ..... .. .. . .... . 

ST!J~T~~erators ........ D .. .... ... ~~~Fer-.s~ •.. .. ~ .. . . . ...... . 

BUDGET: Machine .. TlQQI" ... . . : ..... Fund:t bJth?r(:C'~o~};tci~1:i'o';s 
TIME DISTRIBUTION: (e .g. basIC research, Isotope procfuctlon, main
tenance, etc.) 
(a) . ~,s.qt;9~ .l?r9R~c;t.i,qt:l .. ..... .. ..... . ... . ........ . ...... ~? % 
(b) .t1?~I)t~!1.qI)C;!" ................. . ... . . ..... . ............... ? % 
(c) ..... . .. . .......... . ............. .. ....... . .... . .... . . . ... .. % 
(d) .. . .... ... .. ............................................... % 
(e) ...... . ......................................... . ... . ....... % 

CHARACTERISTIC BEAMS 
Current(part /loA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .. fj-:- .9!1~Y .. ... .... W·.~t:1~y .. . ..... ..1.qQ ..... ..... ~9.q .... .. 
(b) .......................... ...... ............ . .............. . 

1991 /loA-hours on target: ... ~?4~ .................... ............ .. 

FACILITIES 
SHIELDED AREA: Fixed ........... m 2 Moveable ...... ..... m 2 

Target Stations: ... l~ .... No. Served At Same Time: .. . . ? .. . 
OTHER FACILITIES: ............................... ........ ..... .. 

REFERENCES/NOTES 
(a) .. f1..qI)~ . ......... .. ...........•... ...• ........• .. ........ . ..... 
(b) ........ .... ....... . ....... . ....... . .... .. ...... . . . •......•.... 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO . ...... .. G1J~.S .......... Date ...... ~?8~ ... ....... . 
Cyclotron Model .. JSW .. BC .. -.. 107 ............. . ............ . . . .... . 
Institution .. 1:1011.1;"",,;1.. .tj~\l.r.Q~og.i.<;q). . . LI)st.· .. l:IcO.i.U. )).IJiy>,.r.!OHy 
Address . )1)OJ .. liI)~Y.~J;~ ;i..t'y' . S ~'" .l:19p.t.J;ei';L., .. N., . . <;:?P.a,q? .. . ... . 
Tel .. S.~ 4 . ~.8.4.~ .6.7.~ .... ........ Telex .. . . ..... . ................. . 
Fax ........................... EMAIL .......................... . 
In Charge: .I?,: . .l1,. P.i.~'?t~ . .... Reported by: .I?!': . . 11:. p.~~?i.,,: . . . . 

HISTORY 
MILESTONE DATES: 

Installation .................... First Beam ......... ... ....... . 
DESIGN/CONSTRUCTION BY: ...................... .......... . . 
COST: Accelerator . 0 ... 6M. US.$... . .... Facility .... ISM .. CaoS ...... . 
FUNDED BY: ............ ........ ..... ... .. .... ...... ..... ..... .. 

STATUS 
STAFF: Operators..... ....... . .... Technicians ........... . .... . 
BUDGET: Machine ............. . .... Funded by .......... . ...... . 
TIME DISTRIBUTION: (e.g . basic research, isotope production, main
tenance, etc.) 
(a) ........ . .....................•......•.. .. ....... , ......... % 
(b) ........................................................... % 
(c) ..... . .... .. ... .. ...... .. ... . ........... . ........... . ....... % 
(d) ....... . ....... . ....... .......... .......... . ............... % 
(e) .............................. . ......... .. ............... ... % 

CHARACTERISTIC BEAMS 
Current(part ItA) 

Accelerated Ions E/A (MeV /u) Internal External 
(a) .. Po ................. 10 ..... .. .. .... 150 ............ 50 ..... .. 
(b) .. d ................. 35 ..... .. . ..... 145 ...... . ..... 50 ...... . 

1991 /loA-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed ...... ;Z.C! .• m 2 Moveable ........... m 2 

Target Stations: ..... .... No. Served At Same Time: ........ . 
OTHER FACILITIES: . . .... . .......... . .................... . ...... . 

REFERENCES/NOTES 
(a) . ........ ............... ........ . .... .. . ........ . .. . .......... . 
(b) ... ..... . .. ... .. . .... ................ . . ....................... . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO ....... CUI 6 .. .......... Date .~':'!l.e .. 29!.199~ ..... .. 
Cyclotron Model .. ?~.a.ndit.ron~?,: .MCl? ......... . 
Institution .l?ET .. Cen.t.t:e •.. Ch,J<.~. JI1.&tip,te. P.~ .fll.Y.c;1;t;L.a.tU .. . . 
Address .. 2~0 .. CQ).,l.eg~ . . S.tr!'".!; • . T.D.J;Qn.t.o. •. ~.a.I).<,Ii!l .. l:!:;:r .. ~J.l.!l ... . 
Tel .C.4~9) .. Q79. AQ~O .. .. ....... Telex .. .. ..... .. ... . ............ . 
Fax (~.l.ql. 9.7."1 . ~ .6.~Q . ... . ..... EMAIL .... .... ..... ... .. ....... .. 
In Charge: .~ .... l1q1,l~.e . . ..... .. .. Reported by: ... ~,. !l.o.'!~!' ...... . .. 

HISTORY 
MILESTONE DATES : 

Installation . .J!l.I\~. ?I:: . Ap.r:i~ .. 92 First Beam .. l1ay . . 1. ~?2. ....... . 
DESIGN / CONSTRUCTION BY: .qp .. &. ~c.andi.tr0!l.i.x ..........• 
COST: Accelerator .... .... ... . ....... Facility .. ................ . 
FUNDED BY: .G'?Y~.r:r:I!'~.~t . '?f .O~t.a.r:io ... ...... . . ... ... . .. .. ... . 

STATUS 
STAFF : Operators ......... Technicians . ... . .. .. ...... . . 
BUDGET: Machine ........... . . .... . Funded by ................. . 
TIME DISTRIBUTION : (e.g . basic research, isotope production, main-

tenan~eEt~'Jsearch 85 • 
(a) ........................................................... Yo 
(b) .EET .. Clin.ical. ........ .. .. .. ................ .. . _ ...... 10.. % 

l~} :.~t~.t.,,~qn~:e. :.:.: .. : .. .... : : .. : ... : ....... : ......... :.: .:.:.:.:.:.: ......... : ..•. :.:.:.: ... 5: .. ~ 

CHARACTERISTIC BEAMS 
Current(part Jl.A) 

Accelerated Ions 
(a) .. . .P. .+ ...... .. 
(b) .... d .+ ...... .. 

E/ AWeV/ u) .. ... In}~~~~I ..... .. ~~Wtl .. .. 
.... ·:8:_:5:: ::: _ ............................ . 

1991 Jl.A-hours on target : .... _ . ...• . .... .. ... ...... . .... .. .. .....•. 

FACILITIES 
SHIELDED AREA: Fixed .. .. 50. .... . m 2 Moveable .......... . m 2 

Target Stations: . .. L. No. Served At Same Time: .... 1 ... . 
OTHER FACILITIES : .. . .... .. .... ....... .. .................. .. 

REFERENCES/NOTES 
(a) .............. .. .... .... ... .. ... ... ....... . _ .. . . ... . . .... ..... . 
(b) ................... ... ... . ...... . ............... _ .... . ... . . .. . . 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO_ . _ . .. CUlJ. ....... . .... Date .... _ ................ . 
Cyclotron Model .. :r.~. ~9 ........... .......... . .... ... ........ .... . 
Institutio~oo~~~:L~;'k' 'Maii' : . v;,.'~cou;,er . Be'" . Car;<ida ' V6T' iA3 
Addre~s04' . i2Z.:.io·47·· .. · ...... · .. · .. · "(0) '4:s·os,b':J .... · .. · .. · .. 
Tel '~6b4')\ . z2'i": i 07'4' .. ... . .... Telex. ·NIGEL@'r·R:(DMltcC········ 
Fax .\ ................... . .. .. . EMAIL .......................... . 
In Charge: N.& •. Site.VQRSo.n .... Reported by: .N..,R •. St.evensoll .. . 

HISTORY 
MILESTONE DATES : 

Installation Jun .89 .. ., .Jun .90.. First Beam . .lllly.l990 ....... . 
DESIGN/CONSTRUCTION BY: .!RlJJ.MJ:i.E.B.CQ ................... . 
COST: Accelerator $.1.500 . . QOO....... Facility .$.10.. D.o.Q. 00.0. .... . 
FUNDED BY: .I:IQ;t:'.d.:iQtl . . J;IJ.tl';t:'.Iwt;i.o.I\q.J" .J;I\<; , ... .. ...•........... 

STATUS 
STAFF: Operators .. . 1.Q............ Technicians .. ~ .. . .......... . 
BUDGET: Machine ... $.8.QQ.P.QQ ...... Funded by .~~r;~.i.o.r:.~!'.~~~!l.c. 
TIME DISTRIBUTION: (e.g. basic research. isotope production. main
tenance, etc.) 
(a) . ~:>.o.~,?l'~ .. pr;,??~<:~~?~ ........................... 9.~ ....... % 

m .,,7""""""···.·.·.·.·.·.·.·.·.··.····.·.·.·····.· •• ••••·••••••••• .•.••.••••••••••••••• ~ 
CHARACTERISTIC BEAMS 

Current(part ItA) 
Accelerated Ions E/A (MeV /u) Internal External 

(a) .R"' ........... . 1.5"'30 .............. iI;1.Q.l.!:-...... .420 . .P. .. .. 
(b) .............. . ............................................ . 

1991 ,"A-hours on target: .l ... I)~ .. X; '+9~.q . .......................... . 

FACILITIES 
SHIELDED AREA: Fixed .l.QQ .. . ... . m 2 Moveable ... . . .... 

2
. m 2 

Target Stations : .... 3 ..... No. Served At Same Time: . ....... . 
OTHER FACILITIES: ............................. . ............... . 

REFERENCES/NOTES 
(a) . ?:.~' .. ~~.~~~~ .. <:~ . :'.1.' .. ~:,.r.~~,:,~.e .. ~':'::.<:~':'7~.t.,::. ~?r:~.' .. ~ ??l .. 
(b) ..... . ......... .. .................................. :r.E;Fi~. ".'.!?? 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO ....... CUI 6 .. .......... Date .~':'!l.e .. 29!.199~ ..... .. 
Cyclotron Model .. ?~.a.ndit.ron~?,: .MCl? ......... . 
Institution .l?ET .. Cen.t.t:e •.. Ch,J<.~. JI1.&tip,te. P.~ .fll.Y.c;1;t;L.a.tU .. . . 
Address .. 2~0 .. CQ).,l.eg~ . . S.tr!'".!; • . T.D.J;Qn.t.o. •. ~.a.I).<,Ii!l .. l:!:;:r .. ~J.l.!l ... . 
Tel .C.4~9) .. Q79. AQ~O .. .. ....... Telex .. .. ..... .. ... . ............ . 
Fax (~.l.ql. 9.7."1 . ~ .6.~Q . ... . ..... EMAIL .... .... ..... ... .. ....... .. 
In Charge: .~ .... l1q1,l~.e . . ..... .. .. Reported by: ... ~,. !l.o.'!~!' ...... . .. 

HISTORY 
MILESTONE DATES : 

Installation . .J!l.I\~. ?I:: . Ap.r:i~ .. 92 First Beam .. l1ay . . 1. ~?2. ....... . 
DESIGN / CONSTRUCTION BY: .qp .. &. ~c.andi.tr0!l.i.x ..........• 
COST: Accelerator .... .... ... . ....... Facility .. ................ . 
FUNDED BY: .G'?Y~.r:r:I!'~.~t . '?f .O~t.a.r:io ... ...... . . ... ... . .. .. ... . 

STATUS 
STAFF : Operators ......... Technicians . ... . .. .. ...... . . 
BUDGET: Machine ........... . . .... . Funded by ................. . 
TIME DISTRIBUTION : (e.g . basic research, isotope production, main-

tenan~eEt~'Jsearch 85 • 
(a) ........................................................... Yo 
(b) .EET .. Clin.ical. ........ .. .. .. ................ .. . _ ...... 10.. % 

l~} :.~t~.t.,,~qn~:e. :.:.: .. : .. .... : : .. : ... : ....... : ......... :.: .:.:.:.:.:.: ......... : ..•. :.:.:.: ... 5: .. ~ 

CHARACTERISTIC BEAMS 
Current(part Jl.A) 

Accelerated Ions 
(a) .. . .P. .+ ...... .. 
(b) .... d .+ ...... .. 

E/ AWeV/ u) .. ... In}~~~~I ..... .. ~~Wtl .. .. 
.... ·:8:_:5:: ::: _ ............................ . 

1991 Jl.A-hours on target : .... _ . ...• . .... .. ... ...... . .... .. .. .....•. 

FACILITIES 
SHIELDED AREA: Fixed .. .. 50. .... . m 2 Moveable .......... . m 2 

Target Stations: . .. L. No. Served At Same Time: .... 1 ... . 
OTHER FACILITIES : .. . .... .. .... ....... .. .................. .. 

REFERENCES/NOTES 
(a) .............. .. .... .... ... .. ... ... ....... . _ .. . . ... . . .... ..... . 
(b) ................... ... ... . ...... . ............... _ .... . ... . . .. . . 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO_ . _ . .. CUlJ. ....... . .... Date .... _ ................ . 
Cyclotron Model .. :r.~. ~9 ........... .......... . .... ... ........ .... . 
Institutio~oo~~~:L~;'k' 'Maii' : . v;,.'~cou;,er . Be'" . Car;<ida ' V6T' iA3 
Addre~s04' . i2Z.:.io·47·· .. · ...... · .. · .. · "(0) '4:s·os,b':J .... · .. · .. · .. 
Tel '~6b4')\ . z2'i": i 07'4' .. ... . .... Telex. ·NIGEL@'r·R:(DMltcC········ 
Fax .\ ................... . .. .. . EMAIL .......................... . 
In Charge: N.& •. Site.VQRSo.n .... Reported by: .N..,R •. St.evensoll .. . 

HISTORY 
MILESTONE DATES : 

Installation Jun .89 .. ., .Jun .90.. First Beam . .lllly.l990 ....... . 
DESIGN/CONSTRUCTION BY: .!RlJJ.MJ:i.E.B.CQ ................... . 
COST: Accelerator $.1.500 . . QOO....... Facility .$.10.. D.o.Q. 00.0. .... . 
FUNDED BY: .I:IQ;t:'.d.:iQtl . . J;IJ.tl';t:'.Iwt;i.o.I\q.J" .J;I\<; , ... .. ...•........... 

STATUS 
STAFF: Operators .. . 1.Q............ Technicians .. ~ .. . .......... . 
BUDGET: Machine ... $.8.QQ.P.QQ ...... Funded by .~~r;~.i.o.r:.~!'.~~~!l.c. 
TIME DISTRIBUTION: (e.g. basic research. isotope production. main
tenance, etc.) 
(a) . ~:>.o.~,?l'~ .. pr;,??~<:~~?~ ........................... 9.~ ....... % 

m .,,7""""""···.·.·.·.·.·.·.·.·.··.····.·.·.·····.· •• ••••·••••••••• .•.••.••••••••••••••• ~ 
CHARACTERISTIC BEAMS 

Current(part ItA) 
Accelerated Ions E/A (MeV /u) Internal External 

(a) .R"' ........... . 1.5"'30 .............. iI;1.Q.l.!:-...... .420 . .P. .. .. 
(b) .............. . ............................................ . 

1991 ,"A-hours on target: .l ... I)~ .. X; '+9~.q . .......................... . 

FACILITIES 
SHIELDED AREA: Fixed .l.QQ .. . ... . m 2 Moveable ... . . .... 

2
. m 2 

Target Stations : .... 3 ..... No. Served At Same Time: . ....... . 
OTHER FACILITIES: ............................. . ............... . 

REFERENCES/NOTES 
(a) . ?:.~' .. ~~.~~~~ .. <:~ . :'.1.' .. ~:,.r.~~,:,~.e .. ~':'::.<:~':'7~.t.,::. ~?r:~.' .. ~ ??l .. 
(b) ..... . ......... .. .................................. :r.E;Fi~. ".'.!?? 

PLAN VIEW OF FACILITY, COMMENTS 



CUl8 
ENTRY NO . .................... .. Date . .. .. . . .. ............ . 

Cyclotron Model . .. Tll.E .CYCLOTRQN. CO.ReORA'UON. .eN2 . . ....... . 
Institution ......... TRLUMF . ............ .. .. ... ..... . .... .. .. .. . . . . 
Address ..... (l0.Q4. WI'.& PrP.oi>. ~"'U •. V'HlI'P.llY"r., .. I,l, ~'" .. Y.6.T. . 2A3 
Tel . 6.Q4. n2. ~P!>} .. . ... . ..... Telex .Q45 P!l.~O;l . ........ ... .... . . 
Fax .601> . . 222. .LO ll! .. ...... .... EMAIL .lfl:c,;,E.I,@TRI.lMf.C.r. . ... .... . 
In Charge: .11 ,13-.•.. ~T~Y.E;tj$PN ... Reported by : tj, \<." .~T!'~lltj?P.tj .. . . 

HISTORY 
MILESTONE DATES: 

Installation .. $!'P.t;~I)lP!'.r:. ~~.7.~. First Beam ... . .:r':' ~Y.) ~?9 ..... . 
DESIGN /CONSTRUCTION BY: . . . ~HE . . Cyq •. q~RO!, .<;O~PQ~:r:W~. 
COST: Accelerator .... .. ........... .. Facilitl .· · . · ... . · ........ . 
FUNDED BY: .. A~,?~.i.C;. !,~le:r:!;\Y .. ~f. ~.a.,!",~!, ... t~:.~. R!,.~i'?~.t:<;~~~.al 

Cc. 

STATUS 
STAFF: Operators .... ~ ~... ...... . . Technicians .. .. ... 5 ..... . ... . 
BUDGET: Machine .$~?~.'.q~? ... .... Funded by ~o.~~~?r:. ~:,.t ..... . 
TIME DISTRIBUTION: (e .g. basic research, isotope production , main· 
tenancr etc;), 

(a) '1'~~~ a~~ ' ~'~~:~:'~~~:aich"""" "" """""""'~?' ~ (b) . ............... .. ................•........•. ..... . ..... .. . Yo 
(c) .. Maintenance ........ . .. .. ...... .... .......•..... . ..... 8%. % 
(d) .. ........ .. .............. .. ... ... . ..... . .. .. . . .... . . .. .... % 
(e) .. . ... . ...... . . ...... . ............. .... . . . . . . .. . . . ... . . .. ... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions 
(a) . .I.e ......... . 
(b) .. P ........... . 

E/ A (MeV / u) Internal External 
.... . 1.l.-:~7 ........... ~Q9 ... .. ... .. .. . . .. .... . 
. . . ..1.1. -:~7 ....... . . .. . ... ...... ... .2.QQ . .... .. 

1991/lA.hours on target: ..... ~,~ . . " )9.
5 
......• .... . ..... •. ... . .... 

FACILITIES 
SHIELDED AREA: Fixed . . . . 1.q~ . .. . m2 Moveable .. .. ..... .. m2 

Target Stations: .. .... 7 .. No . Served At Same Time: .. ~ .. .. . . 
OTHER FACILITIES: ....... . .. . ... . ..... . . ...... .. . .. ....... . ... . . 

REFERENCES/NOTES 
(a) G.O. Hendry et a1., "Design and perfcrmance .of a 

ccmpact H- cyclctrcn" , Prcc. 9th Int. Ccnf . .on 
Cyc l c trcns, p. 125 (1981) 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO . CU20 Date ... . . 27 . !u.r:e: . ~.9.~? .. 
Cyclotron Model :::}iC: 3?: :NP~:~ : : : : : ....... ... ...... .. ... ... ... . 
Institution ... ~.i.&':'~?.'~I?~ta.17t .. (U,!-~:v.,:~?i.tX. H.o.~l?it.":~) .. . ... . . . 
Addre~s 4.5..:35~t;f~.6~~:'e.j .. 9 .' .. ~~. 21.00 b~~ .......... .. ... . . 
Tel. +' 4):""3$4)'j8~8" . ........ Telex ... . .. . ..... . .............. . 

Fax ...... ·1111<8.e1" ·jens·en···· EMAIL . . . ... ·Ml.kael" ·jens·en···· 
In Charge: ... . ....... .. .. ...... Reported by : .. . .. . . . . ........... . 

HISTORY 
MILESTONE DATES: 

Installation .Dec. •. 199.1.. ...... First Beam . 0.2/.191.1992 . ... . . 
DESIGN / CONSTRUCTION BY: .. . . S.C.lIUd;i.tl; OP.i.'1 .......... . ... . 

COST: Accelerator .. 2L .J:! . .s.l~L...... Facility .. L6.V. . I!~r. ...... . 
FUNDED BY: X~ye.r . . l!"911AQ'H;i.QI). . I . . il?ll;i..&I). S.t:'He . .. ........ . . . 

STATUS 
STAFF: Operators .......... 1....... Technicians . ..... ) .... .. .. . 
BUDGET: Machine . .... .. ........... Funded by . .. ...... . ... . . . . . 
TIME DISTRIBUTION: (e.g. basic research , isotope production, main
tenance, etc .) 

~:~ :: ::::::: ~~:~~~:j:~~~~;e~: : :: :: : : :: : : : : : : : ::: : : : : : : : : : ~:~: ~ 
(c) .. ..... . .. .. ...... . .. . ........... . . .... ......... . ........... % 
(d) ... .............. • . • ... . . .. ... ..... .. . . .. .. . . . ....... ... ... % 
(e) . . . . ................. .. ...... . . .. ... . ....................... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .. !r-;..... .. . .. . .. .12. MaV. ... . . ................ .. .. 6~ ..... . 
(b) .. 1>.-: . . . . . . . . .. . .. 16 . UI".v. . .. . . .•......•. ...... ... . 60 ...... . 

1991 /lA-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed . ..... ?9 ... m2 Moveable ........... m2 

Target Stations: . ... . 2. .. No. Served At Same Time: .... ~ ... . 
OTHER FACILITIES: ... . . ... .. .... . . ..... .. ... ... ..... ..... ...... . 

REFERENCES/NOTES 
(a) ... Ex.t:.ernal.lcn. .Scur.c.e ... .. .... ... ...... .. . . ... ..... .. . . . . . 
(b) ... to. he. ins talled ......................................... . 

PLAN VIEW OF FACILITY, COMMENTS 

~: ';-":---. 
_.;. 



CUl8 
ENTRY NO . .................... .. Date . .. .. . . .. ............ . 

Cyclotron Model . .. Tll.E .CYCLOTRQN. CO.ReORA'UON. .eN2 . . ....... . 
Institution ......... TRLUMF . ............ .. .. ... ..... . .... .. .. .. . . . . 
Address ..... (l0.Q4. WI'.& PrP.oi>. ~"'U •. V'HlI'P.llY"r., .. I,l, ~'" .. Y.6.T. . 2A3 
Tel . 6.Q4. n2. ~P!>} .. . ... . ..... Telex .Q45 P!l.~O;l . ........ ... .... . . 
Fax .601> . . 222. .LO ll! .. ...... .... EMAIL .lfl:c,;,E.I,@TRI.lMf.C.r. . ... .... . 
In Charge: .11 ,13-.•.. ~T~Y.E;tj$PN ... Reported by : tj, \<." .~T!'~lltj?P.tj .. . . 

HISTORY 
MILESTONE DATES: 

Installation .. $!'P.t;~I)lP!'.r:. ~~.7.~. First Beam ... . .:r':' ~Y.) ~?9 ..... . 
DESIGN /CONSTRUCTION BY: . . . ~HE . . Cyq •. q~RO!, .<;O~PQ~:r:W~. 
COST: Accelerator .... .. ........... .. Facilitl .· · . · ... . · ........ . 
FUNDED BY: .. A~,?~.i.C;. !,~le:r:!;\Y .. ~f. ~.a.,!",~!, ... t~:.~. R!,.~i'?~.t:<;~~~.al 

Cc. 

STATUS 
STAFF: Operators .... ~ ~... ...... . . Technicians .. .. ... 5 ..... . ... . 
BUDGET: Machine .$~?~.'.q~? ... .... Funded by ~o.~~~?r:. ~:,.t ..... . 
TIME DISTRIBUTION: (e .g. basic research, isotope production , main· 
tenancr etc;), 

(a) '1'~~~ a~~ ' ~'~~:~:'~~~:aich"""" "" """""""'~?' ~ (b) . ............... .. ................•........•. ..... . ..... .. . Yo 
(c) .. Maintenance ........ . .. .. ...... .... .......•..... . ..... 8%. % 
(d) .. ........ .. .............. .. ... ... . ..... . .. .. . . .... . . .. .... % 
(e) .. . ... . ...... . . ...... . ............. .... . . . . . . .. . . . ... . . .. ... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions 
(a) . .I.e ......... . 
(b) .. P ........... . 

E/ A (MeV / u) Internal External 
.... . 1.l.-:~7 ........... ~Q9 ... .. ... .. .. . . .. .... . 
. . . ..1.1. -:~7 ....... . . .. . ... ...... ... .2.QQ . .... .. 

1991/lA.hours on target: ..... ~,~ . . " )9.
5 
......• .... . ..... •. ... . .... 

FACILITIES 
SHIELDED AREA: Fixed . . . . 1.q~ . .. . m2 Moveable .. .. ..... .. m2 

Target Stations: .. .... 7 .. No . Served At Same Time: .. ~ .. .. . . 
OTHER FACILITIES: ....... . .. . ... . ..... . . ...... .. . .. ....... . ... . . 

REFERENCES/NOTES 
(a) G.O. Hendry et a1., "Design and perfcrmance .of a 

ccmpact H- cyclctrcn" , Prcc. 9th Int. Ccnf . .on 
Cyc l c trcns, p. 125 (1981) 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO . CU20 Date ... . . 27 . !u.r:e: . ~.9.~? .. 
Cyclotron Model :::}iC: 3?: :NP~:~ : : : : : ....... ... ...... .. ... ... ... . 
Institution ... ~.i.&':'~?.'~I?~ta.17t .. (U,!-~:v.,:~?i.tX. H.o.~l?it.":~) .. . ... . . . 
Addre~s 4.5..:35~t;f~.6~~:'e.j .. 9 .' .. ~~. 21.00 b~~ .......... .. ... . . 
Tel. +' 4):""3$4)'j8~8" . ........ Telex ... . .. . ..... . .............. . 

Fax ...... ·1111<8.e1" ·jens·en···· EMAIL . . . ... ·Ml.kael" ·jens·en···· 
In Charge: ... . ....... .. .. ...... Reported by : .. . .. . . . . ........... . 

HISTORY 
MILESTONE DATES: 

Installation .Dec. •. 199.1.. ...... First Beam . 0.2/.191.1992 . ... . . 
DESIGN / CONSTRUCTION BY: .. . . S.C.lIUd;i.tl; OP.i.'1 .......... . ... . 

COST: Accelerator .. 2L .J:! . .s.l~L...... Facility .. L6.V. . I!~r. ...... . 
FUNDED BY: X~ye.r . . l!"911AQ'H;i.QI). . I . . il?ll;i..&I). S.t:'He . .. ........ . . . 

STATUS 
STAFF: Operators .......... 1....... Technicians . ..... ) .... .. .. . 
BUDGET: Machine . .... .. ........... Funded by . .. ...... . ... . . . . . 
TIME DISTRIBUTION: (e.g. basic research , isotope production, main
tenance, etc .) 

~:~ :: ::::::: ~~:~~~:j:~~~~;e~: : :: :: : : :: : : : : : : : ::: : : : : : : : : : ~:~: ~ 
(c) .. ..... . .. .. ...... . .. . ........... . . .... ......... . ........... % 
(d) ... .............. • . • ... . . .. ... ..... .. . . .. .. . . . ....... ... ... % 
(e) . . . . ................. .. ...... . . .. ... . ....................... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .. !r-;..... .. . .. . .. .12. MaV. ... . . ................ .. .. 6~ ..... . 
(b) .. 1>.-: . . . . . . . . .. . .. 16 . UI".v. . .. . . .•......•. ...... ... . 60 ...... . 

1991 /lA-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed . ..... ?9 ... m2 Moveable ........... m2 

Target Stations: . ... . 2. .. No. Served At Same Time: .... ~ ... . 
OTHER FACILITIES: ... . . ... .. .... . . ..... .. ... ... ..... ..... ...... . 

REFERENCES/NOTES 
(a) ... Ex.t:.ernal.lcn. .Scur.c.e ... .. .... ... ...... .. . . ... ..... .. . . . . . 
(b) ... to. he. ins talled ......................................... . 

PLAN VIEW OF FACILITY, COMMENTS 

~: ';-":---. 
_.;. 



ENTRY NO ....... C;V?l. .... ............................. ......... Date ... f\.~gL!~t. f.B .•.. ~~?? ......... ...................... . 
Name of Machine . . . I'!G~~?P ... . .. ... .. ..... . ... . ... . ........... . ...... ... ............... ... .... ... . ............ .. . ........... . 
Institution ......... . ~"'?~ !-!".r.a.~,!~ . ~ ?pp.r.~ ~q~y ) .. A.b.,! . ~~?¢.e.fT!i .. ~'!~ Y!".r.qH y ...................... . ......... .......... . .......... . 
Address . .. . . . ..... . ~'?~~f1.a.r:~g: .?) .. S[::~Q,?99 .. T.~r:~L! I. f.I.N.~~~9 ............................................................... . 
Tel .... T. ).5.& .n. p.5.4.)U ... Telex ... (2).O.:I. .fl91;l~P .. q( ... ... Fax.;+; .3.'16 . 2.l .. 6~4. 77(, ...... EMAIL l<~~t1,8.Uer.lI.'lf.if\&bo. n .. .. 
In Charge: ......... . $Y!3f1.-)Qt"Jqr). ~!3.s.e .. Uv~ ... ... .... . . .. ...... Reported by: . ~)I.en-:~Qi)9f1. J-l.e.qeU\l? .an<l .~t(lfpn .~QI;19(\S.S.Qr) .. .. . 

HISTORY 
MILESTONE DATES: 

Design. . .. . . .. . . . . .. . . . . . . .. Model Tests .............. . .... .. . 
Construction p.e.c;. 7/ .. -:. 9f:.t, . 7~. First Beam . ,l,4~Y . .l.'~H ...... . 

DESIGN/CONSTRUCTION BY: D. V. Efremov Institute of 
in house . .......... other .. . . E;l(l(:.t.r.oph)(~~>:.al.I\Prlar.atU13 . ... . 

COST: Accelerator . . . ... . ... .. ....... Facility .. II .. 1'!01'1. ....... . . 
FUNDED BY: .... ~~f'.l1~~t1. .[J9Y!3.r.rJf!l~f1.t; . .. ...................... . 

STATUS 
STAFF: Machine 

Scientists ... . ..... ),........... Engineers .1 ..... ..... ...... .... . 
Technicians ........ ~ ............. Students ( .. qt\l¢.e.fJt. p.p.Elr~.~q~s 

Research (in house/external) 
Scientists . ..... .5 ... / . .. 7 ...... Engineers ...... 1. .. / .... ..... . 
Technicians .... ? ... / . .1 ....... Students ..... ~ ... / ........ . 

BUDGET: Machine ..... P.· .. ? tlf.I.I'! ... Funded by . ~jJ.Q .~l<.qcj~r:n.i .. .. 
Research .............. . ... Funded by ................. . 

TIME DISTRIBUTION: 
Basic Research (in house/external) ..... P ..... % / .... 10 ...... % 
Applied Program (in house/external) ... .J.Jl ..... % / ... 3.~ ...... % 
Development ........... 5 .... % Maintenance .. ...... +5 ...... % 

MAGNET 
POLE PARAMETERS : 

Diameter .... ~Q~ .. cm Rex1r&cl ... A'? .. cm Rinject ........ . cm 
HILL PARAMETERS: Gap (min) .... 7.·.7 •.. cm Bm .... ~,9.5 .... T 

(ill .......... AT) Gap (max) .......... em Bmin .......... T 
VALLEY PARAMETERS: Gap (min) .. .. .... cm Bm ... .. . .. .. T 

(CI .......... AT) Gap (max) ... .1.2. .... cm Bmin . ).·.25 .... T 
AVERAGE FIELD: < B >min .......... T < B >m .... ~:~( .... T 
NUMBER OF SECTORS: compact/separated ....... ) .. / ......... . 

sector angle ............... deg. spiral (max) ........ . 3.'? .... deg. 
FIELD TRIMMING: Trim Coils A .P'P.i.~9. P.( .!;Pf1.C;~'!t.rAC; .......... . 

Harmonic Coils ..... ~. ?e.~9 ............................ . 
Other ................................ : ................ . 

CURRENT: Main Coils ....... 410 .... Amps Stability ... 0.·.Q1 . 1~ .. .. 
Trim Coils ....... * . .J.P .. .. .. Amps Stability ... . .. O",~ .~~ .... . 
Stored Energy (cryogenic) . .............................. MJ 

WEIGHT: Iron . . ... 211 .. to(l,5.... ... Conductor ... 1,.2. .to[1.q ...... . 
ION ENERGY: Bending Limit E/ A = .. .. .. .......... q2 / A2 MeV /u 

Focussing Limit E/A = ................. q/A MeV/u 

ACCelERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: ? 1' .. ~?(TljJ.Qq!~ .. ~~~pr.qtpnh. [l!J.ql)~[l.u.U. (Tl.Qq~ .. ... . 
No. of Gaps/turn ..... 4....... dE/dn(max) ............. MeV /q 
Voltage(max) . .. ..... P.· .Q~. MV Harmonic f'f /fion ............. . 
Freq .... fl,? .. -.. ?? ... 5 .. MHz Powerin(max) ....... 9.·.Q{ ..... MW 
Stability: Phase .. t . Hl .. RPlll. . .. . ... Voltage ... .. .... ...... ... . 

OTHE~ ~AVITIES (Flattopping or otherwise) : 
Description: .................................................... . 
Region of Influence: Rmin ............ cm Rm.. . . .......... em 
No. of Gaps/turn.... . .. .. .... dE/dn(max) ... .......... MeV /q 
Voltage(max) ..... ...... ... MV Harmonic f,dfion ... . ........ .. 
Freq ................. MHz Power in(max) ............ .... . MW 
Stability: Phase ................... Voltage ......•............ 

VACUUM SYSTEM -4 
OPERATING PRESSURE: ...... 5 .. ><. .+0 .... 1:'9 .................... .. 
PUMPS: No. and type .. . 2. p.Hf\l.s.~QQ . P.4f!l1l,s .•.. +9P.Q . U.s. ....... .. 

........................ iCJ.i.t.t"J .I;:>fl'((l~,s ... ....................... . 

ION SOURCE(S) 
Type Intensity CI (n = /3"Y( Ion Species 

(mA) 
(a) l-AV~f1.g'!tPf1 .. I)ot .. ~H?[11.Ell)t . . . 

(".mm mrad) 

(b) ............................ .. 
(c) ............................ .. 
(d) ............................. . 

INJECTION SYSTEM 
. . . . . . . .. . ......... . ......... . . . ... ... . Efficiency ... ...... % 

EXTRACTION SYSTEM 
Qlie~.t.r.CJ9t.at.i.c;. 91'l.f.l~C;tDJ . . T. lllflgn'lUf: ... Efficiency ... ~O .... % 
cannel 

CHARACTERISTIC BEAMS 
Current(part I'A) 

Accelerated Ions E{ A ~MeV /u) Internal External 
(a) ..... P. ............. ~ .. !3,V ........ . .. . ~PP ............ ~O ...... . 
(b) .. ... 9 ........... .l.Q,5.M.eV ......... )OP .......... .. 5D ...... . 
(c) ..... 3.1P.t"J<il ....... U .tl~.I/.. ......... HlP ............ gD ...... . 
(d) ...... 1:11" .......... 2.~ .tll".\( ............ ~p ............ gO ...... . 

Secondary Particles E (MeV) part/sec 
(a) ... .... .... .. .... .. . .............. ...... . .................. . 
(b) .. ................................... .. .................... . 
(c) ........................................................... . 

EXTRACTED BEAM PROPERTIES: 
For ..... . .0.·.4 .... I'A of ..... .... :I.e ... MeV /u .. PrAtO(l;3. ... ions 
6.E/E .. .. . . . ...... . P"'~"'" % 6."' ...... ... ... ....... . ... Orf 
(n = /3"Y( x ............. 1fmm mrad z ............. ".mm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed .... ~?~ .... m2 Moveable .... ....... m2 

Target Stations: .... ? ... No. Served At Same Time: .. ). .... . . 
MAGNETIC SPECTROMETERS: ..................... ...... . ..... . 
OTHER FACILITIES: .. ~!;9.t.t,e, ~ng .t;r.a.Il)Qr;lJ .•.. f9f:.Uit.i.'ls. f.QI; • •• 

rp.Q~p[l.u.c;Hp.e .. P.fP.Ql}<;:t.i.QI) . ?,n,q . r;l>t4~pr:n~nt;. f.o.I: . fJX(7\lf\alY13~s 

REFERENCES/NOTES 
(a) .~q\>?r.g~[I .. El~. ?l . .. ;. p.r.Qt;, .. q~i) . . Int; •. r:.y.t;L .. CQ(l.f.~,e[1ge ... . 
(b) ........ .... ......... .. .. .. ......................... .......... . 

PLAN VIEW OF FACILITY. COMMENTS 

ABO AKADEMI ACCELERATOR LABORATORY 

radionuclide production 
scattering chamber 
analysing magnet 
quadrupole lens 

012345 

metres 



ENTRY NO ...... . C??~ ........... Date ... .Ianuary.l •. 19.9.2 
Cyclotron Model . ... . . C;y.clon.e. .3 .. ........ ... .... ... . ........... . 
Institution . . Iurku. 11edical. .. Cycl.atron . .,. . PET .. .Gente.:r:: ...... . 
Address .... . Turku. .Univ.ersity. C.e.ntral.Hospital ............ . 
Tel .358:-21.,.611611. .... . ...... Telex SF. 2052.Q .Turku •. :F.:i.nland 
Fax 3.'i8.,.Zl-:3l8J.91 ........... EMAIL .......................... . 
In Charge: . Hannu. S.:Lp:/.l.a . . . .. Reported by: . Hannu .S:/.p.i.ll). .. . . . 

HISTORY 
MILESTONE DATES: 

Installation . ,J!l:'!"'?.r.Y..? •. )~9.2. First Beam .. 4pr.i),. f?, . . .J.9.9.4. 
DESIGN / CONSTRUCTION BY: .. ~?I) .\l~.¥.l.~P.P.H~!l:~~9P'''! .... .. 
COST: Accelerator . . 2A999.QQ. ¥.l.l1.... Facility .. . ?9.QQ99 . .lf~~! .. . . 
FUNDED BY: .. T!-'.r:~"'. ~JI)~v~.r~i~y .. G~~.t.ral. I!o~p.~~,!-~ . . . q:P.~H~ 

STATUS 
STAFF: Operat~rs ...... ~ ...... . . .. Technicians ... TtiC~"""'" 
BUDGET: Machone ... .. ... .. ........ Funded by ....... . ........ .. 
TIME DISTRIBUTION : (e .g. basic research , isotope production , main
tenance, etc.) 
(a) .Iso.tope . .P.rodu.ction ....... .. ................ .. 95 .. .. ... % 
(b) .Haint enance .. . .. .... .. .. . ..........•.•......... .5 ....... % 
(c) .............. . .... . . . .. . ................................... % 
(d) .... . ......... .... . ........ . ............... . ........... . .. . % 
(e) ................. .... .......... .. ........ ... ..... . .... ...... % 

CHARACTERISTIC BEAMS 
Current(part J.LA) 

Accelerated Ions . E. '/'~"'~'~' .e.V. / .. u.) ..... . In. Tqq~ ... .... ~~t.e7.qa. I ... . (a) . De.'!~~!.o.I)~ .. . 
(b) ............. .... ... .. ...... .. .......... .. ................ .. 

1991 J.LA-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed 8. m2 Moveable .. ......... m2 

Target Stations: .... / .... No. Served At Same Time: . . . :: ... . 
OTHER FACILITIES: ............ . ............ . ................. . .. 

REFERENCES/NOTES 
(a) . ... . ... ... ..... . ... .......... . . .. . . .. . .................... . .. . 
(b) ....................... . .. . . ...... . ...... . ... . .. . .. .. .. .... .. . . 

PLAN VIEW OF FACILITY, COMMENTS 
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CU23 
ENTRY NO ..... .................. Date .15 .. juin .199.2 .... .. 

Cyclotron Model .5.20. CGR .ME.v. . . .......................... . ... . . . 
Institution . CEA/DRll?P .. -.. Serv.ice. Hospi.ta lier. Fr.eder.ic. Jnliot 
Address .91t..a6 . ORSAY. F.RANCE ....... . . . ........................ . 
Tel .69 .8.1:..77 .. 04 ......... . .. .. Telex . ... .. ........... . . . ... .... . 
Fax 6.9.86 .. 7.1.6.8 ............. EMAIL ............. . .. ... ....... . 
In Charge: . C .• .. CRD.UZEL ... . . . . . Reported by: . . G,. CRQU~Jl.L .... • .. 

HISTORY 
MILESTONE DATES : 

Installation . l97 5. . . . . . . . . First Beam .~'!Y . . 1,'17? . . ....•.. 
DESIGN / CONSTRUCTION BY: .(:9.~.: .ME;Y .. .. ............... . .. 
COST : Accelerator. . . ....... .. ... .. .. Facility ........ . . . ....... . 
FUNDED BY: .. CEA ........ ..... ................ . .. ........... .. _ 

STATUS 
STAFF: Operators . . ............... Technicians .... .. .......... . 
BUDGET: Machine .. . ............... Funded by .. .. ............. . 
TIME DISTRIBUTION : (e.g. basic research, isotope production , main-
tenance, etc.) 1 76 
(a) .Is.atop.e.s.prnduc.tion . . l1C • . . 1~F, .. . ~O ., .... Br .. . . . lOO . . % 
(b) .. ...... ...... ... ...... .. .................................. % 
(c) . .. ... . ..... .. . . ....... . . . .... . ..... . ... . ..... .. ... . . ....... % 
(d) . ....... .. . . .... . .. . ........... . . .......................... % 
(e) .... .... .... .... ...... ... ..... .. ...... . ... .. ..... . .......... % 

CHARACTERISTIC BEAMS 
Current(part J.LA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) p.I'Qton ..... .. . .... .. . 200 . ........ . . 7.0 ... . .. 
(b) Deutron .... .. . ... .... 200 .... .. ..... 7.0 ... .. . 

Helium - 3 100 50 
1991 J.L A-hours on target : . . 30.l"A .... ..... . ............ . ... . ...... . 

FACILITIES 
SHIELDED AREA: Fixed .......... m2 Moveable ... .. . ..... m2 

Target Stations: .... 3 . . .. No. Served At Same Time: .... 1. . . . 
OTHER FACILITIES : ............... . ... .. .. .. . .. ... .. . .......... .. 

REFERENCES/NOTES 
(a) ............................. . .. ..... .. ........ . .. .. .......... . 
(b) ................. . . . .. ... . ............................. ..... . . . 

PLAN VIEW OF FACILITY, COMMENTS 

Solid 111'9_1 d.vlce 
for ... .c:uum or.eOl.llon 

Plan 01 irradiation devices at the 
SHFJ Cyclotron 



ENTRY NO ...... . C??~ ........... Date ... .Ianuary.l •. 19.9.2 
Cyclotron Model . ... . . C;y.clon.e. .3 .. ........ ... .... ... . ........... . 
Institution . . Iurku. 11edical. .. Cycl.atron . .,. . PET .. .Gente.:r:: ...... . 
Address .... . Turku. .Univ.ersity. C.e.ntral.Hospital ............ . 
Tel .358:-21.,.611611. .... . ...... Telex SF. 2052.Q .Turku •. :F.:i.nland 
Fax 3.'i8.,.Zl-:3l8J.91 ........... EMAIL .......................... . 
In Charge: . Hannu. S.:Lp:/.l.a . . . .. Reported by: . Hannu .S:/.p.i.ll). .. . . . 

HISTORY 
MILESTONE DATES: 

Installation . ,J!l:'!"'?.r.Y..? •. )~9.2. First Beam .. 4pr.i),. f?, . . .J.9.9.4. 
DESIGN / CONSTRUCTION BY: .. ~?I) .\l~.¥.l.~P.P.H~!l:~~9P'''! .... .. 
COST: Accelerator . . 2A999.QQ. ¥.l.l1.... Facility .. . ?9.QQ99 . .lf~~! .. . . 
FUNDED BY: .. T!-'.r:~"'. ~JI)~v~.r~i~y .. G~~.t.ral. I!o~p.~~,!-~ . . . q:P.~H~ 

STATUS 
STAFF: Operat~rs ...... ~ ...... . . .. Technicians ... TtiC~"""'" 
BUDGET: Machone ... .. ... .. ........ Funded by ....... . ........ .. 
TIME DISTRIBUTION : (e .g. basic research , isotope production , main
tenance, etc.) 
(a) .Iso.tope . .P.rodu.ction ....... .. ................ .. 95 .. .. ... % 
(b) .Haint enance .. . .. .... .. .. . ..........•.•......... .5 ....... % 
(c) .............. . .... . . . .. . ................................... % 
(d) .... . ......... .... . ........ . ............... . ........... . .. . % 
(e) ................. .... .......... .. ........ ... ..... . .... ...... % 

CHARACTERISTIC BEAMS 
Current(part J.LA) 

Accelerated Ions . E. '/'~"'~'~' .e.V. / .. u.) ..... . In. Tqq~ ... .... ~~t.e7.qa. I ... . (a) . De.'!~~!.o.I)~ .. . 
(b) ............. .... ... .. ...... .. .......... .. ................ .. 

1991 J.LA-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed 8. m2 Moveable .. ......... m2 

Target Stations: .... / .... No. Served At Same Time: . . . :: ... . 
OTHER FACILITIES: ............ . ............ . ................. . .. 

REFERENCES/NOTES 
(a) . ... . ... ... ..... . ... .......... . . .. . . .. . .................... . .. . 
(b) ....................... . .. . . ...... . ...... . ... . .. . .. .. .. .... .. . . 

PLAN VIEW OF FACILITY, COMMENTS 
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CU23 
ENTRY NO ..... .................. Date .15 .. juin .199.2 .... .. 

Cyclotron Model .5.20. CGR .ME.v. . . .......................... . ... . . . 
Institution . CEA/DRll?P .. -.. Serv.ice. Hospi.ta lier. Fr.eder.ic. Jnliot 
Address .91t..a6 . ORSAY. F.RANCE ....... . . . ........................ . 
Tel .69 .8.1:..77 .. 04 ......... . .. .. Telex . ... .. ........... . . . ... .... . 
Fax 6.9.86 .. 7.1.6.8 ............. EMAIL ............. . .. ... ....... . 
In Charge: . C .• .. CRD.UZEL ... . . . . . Reported by: . . G,. CRQU~Jl.L .... • .. 

HISTORY 
MILESTONE DATES : 

Installation . l97 5. . . . . . . . . First Beam .~'!Y . . 1,'17? . . ....•.. 
DESIGN / CONSTRUCTION BY: .(:9.~.: .ME;Y .. .. ............... . .. 
COST : Accelerator. . . ....... .. ... .. .. Facility ........ . . . ....... . 
FUNDED BY: .. CEA ........ ..... ................ . .. ........... .. _ 

STATUS 
STAFF: Operators . . ............... Technicians .... .. .......... . 
BUDGET: Machine .. . ............... Funded by .. .. ............. . 
TIME DISTRIBUTION : (e.g. basic research, isotope production , main-
tenance, etc.) 1 76 
(a) .Is.atop.e.s.prnduc.tion . . l1C • . . 1~F, .. . ~O ., .... Br .. . . . lOO . . % 
(b) .. ...... ...... ... ...... .. .................................. % 
(c) . .. ... . ..... .. . . ....... . . . .... . ..... . ... . ..... .. ... . . ....... % 
(d) . ....... .. . . .... . .. . ........... . . .......................... % 
(e) .... .... .... .... ...... ... ..... .. ...... . ... .. ..... . .......... % 

CHARACTERISTIC BEAMS 
Current(part J.LA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) p.I'Qton ..... .. . .... .. . 200 . ........ . . 7.0 ... . .. 
(b) Deutron .... .. . ... .... 200 .... .. ..... 7.0 ... .. . 

Helium - 3 100 50 
1991 J.L A-hours on target : . . 30.l"A .... ..... . ............ . ... . ...... . 

FACILITIES 
SHIELDED AREA: Fixed .......... m2 Moveable ... .. . ..... m2 

Target Stations: .... 3 . . .. No. Served At Same Time: .... 1. . . . 
OTHER FACILITIES : ............... . ... .. .. .. . .. ... .. . .......... .. 

REFERENCES/NOTES 
(a) ............................. . .. ..... .. ........ . .. .. .......... . 
(b) ................. . . . .. ... . ............................. ..... . . . 

PLAN VIEW OF FACILITY, COMMENTS 

Solid 111'9_1 d.vlce 
for ... .c:uum or.eOl.llon 

Plan 01 irradiation devices at the 
SHFJ Cyclotron 



ENTRY NO. CU24 Date . .. .. . .... . .• . • . . ... .. 
Cyclotron Model . .... q~~I.~ .~2.5 .. . .. . . ...... ... .. . ... . . ... . . . ..... . 
Institution .. . . CEIlMEP. . . . .. ... . . . ..... . ........ . ... . •. • .•. • . •• • • . •. . 
Address ...... 59 . 60 . P.i~~1 • . QQQQ~ .~Y.Q~ .CF.r .•. n.c.e.l. ....... . . . ... .. .... . 
Tel ... . . 33I.7.Z , 3 ~ .. QQ •• O.7. .. . ...... Telex . .. . . . .. . ..... ............. . 
Fax ..... 3.3/,7.8 ... 5.3 ... 3~ .. ~ ~ . ..... ... EMAIL ......... .. ....... . ..... .. . 
In Charge: . . D, . ~~ . ~~~~ . . . . . . . .. Reported by: . P: . ~~ . ~!\~~ . . . .... . . . 

HISTORY 
MILESTONE DATES: 

Installation . . S~R~-.Qe.C .. L9.!\7. . . . . . First Beam ... ~~~ . ~~&& . . . . ... . . 
DESIGN / CONSTRUCTION BY: . .. ~G~ . ~~~ .. .... ..... . .. .... .... .. 
COST: Accelerator .. .. 15 .MF.... . . . . . .. Facility . .. . . . 60 .MF . . ..... . . 
FUNDED BY: . . INSERMfCNBSI.HOSP.L1ALI.UNlV.E.R5.I.T.IE.5 .. . .... . .... ... •. . 

STATUS 
STAFF : Operators ..... . . L . ..... . . Technicians .. . ..... . . . .. ... . 
BU DGET: Machine ... ~OO . OQQ .I: . .. ... Funded by . ~~~~~~ .. .. .. .. .. . 
TIME DISTRIBUTION : (e.g . basic research, isotope production, main· 
tenance, etc .) 

~:~ : ~:m:~~~~~::: ~i::: : : :: : ::: : :: : : ::::::: :::: : : : ::::: :: ::s::: : ~ 
(c) .. .... ..... . ....... . .. ....... .... .. ... . ........... . ......... % 
(d) . . . .... . .. . .. .. . .. . . ... . .. . ... . . . ... . .. .. . ............ . . . .. % 
(e) .. .. .. . ......... . ...... .. ... . ...... ..... """ .. ..... ... .... % 

CHARACTERISTIC BEAMS 
Current(part JJ.A) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .. H": ........... .. . 1.6. Ml!Y ... .. . 
(b) .. 0+ ................ ~.Ml!Y .. .. .. 

. . .... . . .. ... . . .... . . 5'o."'A . ... . 

. . .... . ....... . . ... .. 5'oNfI .. .. . 

1991 JJ.A. hours on target : . . ~.2 .0.0.0 ... . .. . . .. . ... . . . . .. ....... .. .. .. 

FACILITIES 
SHIELDED AREA : Fixed . ... ~q . ... . m2 Moveable .. .... . ... . m2 

Target Stations: . . ....... No . Served At Same T ime: . ... . .. . . 
OTHER FACILITIES : .. ~ .hot ce.n s . .. . . . ... ... .. .. ... .. . ... ...... . .. 

. . . . . . . . . . . . . . . . . . . . . A"tal'A' tad .c hami .. tr.y . . (.oe.ve.lopped. onr 5 ite) . .. . . 

REFERENCES/NOTES 
(a) ....... . .. . .. ... . . . . .... ... .. . . .. . . . . . . . .. . . . . . . . . .. .... ... . .. . 
(b) ..... . .. .... . .. .... . . . . . ... . .. . ....... . . . . . . .... . .. . . . .. . .... . . 

PLAN VIEW OF FACILITY. COMMENTS 

ENTRY NO . .. .. "C~l!~58"" "'" Date ..... .... . .. .... .... . 

Cyclotron M~~s'1ka nscli':"''l'e 'ch'rii'sche ' 'Bunaeiiarlst'cilt 
Institution ...... .. . .. . ...... .. . ... . . ...... . ......... .. ... .. ...... . 
Address F\\lI)O~Aq.n~.)oo, .1*-.3300 . .Braunschwe i g., . FR:; ..... . . 
Tel 9;;) 17;;9.~ . 7 .1 .~ 1 .. . . .. .. . .. . Telex .9528..22. ptb. d . ... . ... . . .. 
Fa x q;;;J.1.-: ;;9i2 .. 4<P.!:i . ... ...... . . EMAIL .... . ....... . .. . . . .. . .. .. . . 
In Charge: .Il.,. !lQ1;:tg~X ...... . . Reported by: . . R • . BO.ttge:r: .. . . . . 

HISTORY 
MILESTONE DATES : 

Installation . 1~72.-:1 9 7.~. . ... . First Beam . . .. 197.3 . . . ... . . . . . . 
DESIGN / CONSTRUCTI2N BY : :rh~ . QiC;::).9.t,:t;QI) . . GQ~J;'q.t;i..on .. . 
COST : Accelerator 3: 1() .. I;M.. . ... . . .. Facility ;2;;.'.10 ... ~ .. .. ... . 
FUNDED BY: F.edEC~~l.~P.ubli(:.'?t: .. ~~y .. . ....... . . .. .. .. . 

STATUS 4 
STAFF : Operators . . .... S " " . .. " Technicians ..... 2 ..... .. .. .. 
BUDGET: Machine .. 2 ~ 10 . .. ~ .... ... Funded by .m. ... .. ... .. 
TIME DISTRIBUTION : (e .g. basic research , isotope product ion , main· 
tenance, etc .) 
(a) . N.ucl~cu:: . ~.t;q.. ,(!'\~\ltj:'.on . physics~ ........ . . .. 30 . . . . .. % 
(b) . CCil ib;r:a,1;: i C?!,\ (I)+:y' ). .. ...... 30 ...... % 
(c) .. f??S 11':etrY. .......... .. . .. .... .... . .... . 40 ....... % 
(d) ....... ... .. . .. . .. .... . ..... .... .. .. , ..... % 
(e) .. .. .. .... ...... ...... .... .. .. ........ .... . % 

CHARACTERISTIC BEAMS 

Accelerated Ions 
(a) . p... .. .max •. 
(b) . d .. .. .. .IT\3X •. 

Current( part JJ.A) 
E/ A (MeV / u) Internal External 
24 .... .. .. .. ..... ~. 3.50 ....... .?Q:-.lm .. .. . 

. . . 7. .. .. .. .. .. . ...>. 3CX) . . ... .. .. .. .1m .... . 

1991 JJ.A·hours on target : 
2000 

FACILITIES 
SHIELDED AREA: Fi xed 850 m2 Moveable .. :-..... . .. m2 

Target Stations: ... 5 .. . .. No . Served At Same T ime: . . .2 . .. . . 
OTHER FACILITIES: . :I::i,Ire . . of . flight. .facility .. f Qr .. fast,· · ··· 
ne~:trons,: . . !?1:~~.q . 1}~'-1t;J;on .field . for . therapy .. aJ.ld .... . .. . 
rad~c:t?io.logy ...... . ......... . ............. . ........ . .. .. . ...... . 

(a rv~~~~. NI~~~~~J~~ .. ,1 . • ill . !J.9W) ) 49. :-.. 358 .... . ... .. . 
(b) . Nllc:l ~ . . Ins1::r:tlIT',. ~W,. , .. 193 . (1 9.82 ) . 0.35 . ,.. .. 644. . . . .. . . . . . 

PLAN VIEW OF FACILITY, COMMENTS 

Movable cyclotron arrangement with ns- pul s ing system 
e specially des i gned for neutron scatter ing exper iments. 
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ENTRY NO. CU24 Date . .. .. . .... . .• . • . . ... .. 
Cyclotron Model . .... q~~I.~ .~2.5 .. . .. . . ...... ... .. . ... . . ... . . . ..... . 
Institution .. . . CEIlMEP. . . . .. ... . . . ..... . ........ . ... . •. • .•. • . •• • • . •. . 
Address ...... 59 . 60 . P.i~~1 • . QQQQ~ .~Y.Q~ .CF.r .•. n.c.e.l. ....... . . . ... .. .... . 
Tel ... . . 33I.7.Z , 3 ~ .. QQ •• O.7. .. . ...... Telex . .. . . . .. . ..... ............. . 
Fax ..... 3.3/,7.8 ... 5.3 ... 3~ .. ~ ~ . ..... ... EMAIL ......... .. ....... . ..... .. . 
In Charge: . . D, . ~~ . ~~~~ . . . . . . . .. Reported by: . P: . ~~ . ~!\~~ . . . .... . . . 

HISTORY 
MILESTONE DATES: 

Installation . . S~R~-.Qe.C .. L9.!\7. . . . . . First Beam ... ~~~ . ~~&& . . . . ... . . 
DESIGN / CONSTRUCTION BY: . .. ~G~ . ~~~ .. .... ..... . .. .... .... .. 
COST: Accelerator .. .. 15 .MF.... . . . . . .. Facility . .. . . . 60 .MF . . ..... . . 
FUNDED BY: . . INSERMfCNBSI.HOSP.L1ALI.UNlV.E.R5.I.T.IE.5 .. . .... . .... ... •. . 

STATUS 
STAFF : Operators ..... . . L . ..... . . Technicians .. . ..... . . . .. ... . 
BU DGET: Machine ... ~OO . OQQ .I: . .. ... Funded by . ~~~~~~ .. .. .. .. .. . 
TIME DISTRIBUTION : (e.g . basic research, isotope production, main· 
tenance, etc .) 

~:~ : ~:m:~~~~~::: ~i::: : : :: : ::: : :: : : ::::::: :::: : : : ::::: :: ::s::: : ~ 
(c) .. .... ..... . ....... . .. ....... .... .. ... . ........... . ......... % 
(d) . . . .... . .. . .. .. . .. . . ... . .. . ... . . . ... . .. .. . ............ . . . .. % 
(e) .. .. .. . ......... . ...... .. ... . ...... ..... """ .. ..... ... .... % 

CHARACTERISTIC BEAMS 
Current(part JJ.A) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .. H": ........... .. . 1.6. Ml!Y ... .. . 
(b) .. 0+ ................ ~.Ml!Y .. .. .. 

. . .... . . .. ... . . .... . . 5'o."'A . ... . 

. . .... . ....... . . ... .. 5'oNfI .. .. . 

1991 JJ.A. hours on target : . . ~.2 .0.0.0 ... . .. . . .. . ... . . . . .. ....... .. .. .. 

FACILITIES 
SHIELDED AREA : Fixed . ... ~q . ... . m2 Moveable .. .... . ... . m2 

Target Stations: . . ....... No . Served At Same T ime: . ... . .. . . 
OTHER FACILITIES : .. ~ .hot ce.n s . .. . . . ... ... .. .. ... .. . ... ...... . .. 

. . . . . . . . . . . . . . . . . . . . . A"tal'A' tad .c hami .. tr.y . . (.oe.ve.lopped. onr 5 ite) . .. . . 

REFERENCES/NOTES 
(a) ....... . .. . .. ... . . . . .... ... .. . . .. . . . . . . . .. . . . . . . . . .. .... ... . .. . 
(b) ..... . .. .... . .. .... . . . . . ... . .. . ....... . . . . . . .... . .. . . . .. . .... . . 

PLAN VIEW OF FACILITY. COMMENTS 

ENTRY NO . .. .. "C~l!~58"" "'" Date ..... .... . .. .... .... . 

Cyclotron M~~s'1ka nscli':"''l'e 'ch'rii'sche ' 'Bunaeiiarlst'cilt 
Institution ...... .. . .. . ...... .. . ... . . ...... . ......... .. ... .. ...... . 
Address F\\lI)O~Aq.n~.)oo, .1*-.3300 . .Braunschwe i g., . FR:; ..... . . 
Tel 9;;) 17;;9.~ . 7 .1 .~ 1 .. . . .. .. . .. . Telex .9528..22. ptb. d . ... . ... . . .. 
Fa x q;;;J.1.-: ;;9i2 .. 4<P.!:i . ... ...... . . EMAIL .... . ....... . .. . . . .. . .. .. . . 
In Charge: .Il.,. !lQ1;:tg~X ...... . . Reported by: . . R • . BO.ttge:r: .. . . . . 

HISTORY 
MILESTONE DATES : 

Installation . 1~72.-:1 9 7.~. . ... . First Beam . . .. 197.3 . . . ... . . . . . . 
DESIGN / CONSTRUCTI2N BY : :rh~ . QiC;::).9.t,:t;QI) . . GQ~J;'q.t;i..on .. . 
COST : Accelerator 3: 1() .. I;M.. . ... . . .. Facility ;2;;.'.10 ... ~ .. .. ... . 
FUNDED BY: F.edEC~~l.~P.ubli(:.'?t: .. ~~y .. . ....... . . .. .. .. . 

STATUS 4 
STAFF : Operators . . .... S " " . .. " Technicians ..... 2 ..... .. .. .. 
BUDGET: Machine .. 2 ~ 10 . .. ~ .... ... Funded by .m. ... .. ... .. 
TIME DISTRIBUTION : (e .g. basic research , isotope product ion , main· 
tenance, etc .) 
(a) . N.ucl~cu:: . ~.t;q.. ,(!'\~\ltj:'.on . physics~ ........ . . .. 30 . . . . .. % 
(b) . CCil ib;r:a,1;: i C?!,\ (I)+:y' ). .. ...... 30 ...... % 
(c) .. f??S 11':etrY. .......... .. . .. .... .... . .... . 40 ....... % 
(d) ....... ... .. . .. . .. .... . ..... .... .. .. , ..... % 
(e) .. .. .. .... ...... ...... .... .. .. ........ .... . % 

CHARACTERISTIC BEAMS 

Accelerated Ions 
(a) . p... .. .max •. 
(b) . d .. .. .. .IT\3X •. 

Current( part JJ.A) 
E/ A (MeV / u) Internal External 
24 .... .. .. .. ..... ~. 3.50 ....... .?Q:-.lm .. .. . 

. . . 7. .. .. .. .. .. . ...>. 3CX) . . ... .. .. .. .1m .... . 

1991 JJ.A·hours on target : 
2000 

FACILITIES 
SHIELDED AREA: Fi xed 850 m2 Moveable .. :-..... . .. m2 

Target Stations: ... 5 .. . .. No . Served At Same T ime: . . .2 . .. . . 
OTHER FACILITIES: . :I::i,Ire . . of . flight. .facility .. f Qr .. fast,· · ··· 
ne~:trons,: . . !?1:~~.q . 1}~'-1t;J;on .field . for . therapy .. aJ.ld .... . .. . 
rad~c:t?io.logy ...... . ......... . ............. . ........ . .. .. . ...... . 

(a rv~~~~. NI~~~~~J~~ .. ,1 . • ill . !J.9W) ) 49. :-.. 358 .... . ... .. . 
(b) . Nllc:l ~ . . Ins1::r:tlIT',. ~W,. , .. 193 . (1 9.82 ) . 0.35 . ,.. .. 644. . . . .. . . . . . 

PLAN VIEW OF FACILITY, COMMENTS 

Movable cyclotron arrangement with ns- pul s ing system 
e specially des i gned for neutron scatter ing exper iments. 
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ENTRY No. CU26 

NAME OF MACHINE 1 ~9~rf.on.q~~ . Y~r~~.b.l.~ .~~j!'9'y h' DATE ~Y .. ~~ '~r~' ~~:~.e.l.~~ · ~O~! :· !~~.I .• . ' IiT , .• k' . . r .... .. .. .. .. .. ..... . . 
INSTITUTION ) I)H! ~!J.t .. M~<l j +! fI.i.s.c .. ~ . ~tt:"ar .. e.nJ~ .y.~ j ~. \l!1~ .. S.~r:~~ . e~ . .i~ .. O.g. l.~ \ .. ~)y~:.s.l.t.a.~~ .. ) ~) . ~~ ... s.s,e.~ ................ . 
ADDRESS .. .. fj~f!!)iI .n.d.~~r:,. ??> . .D .. ~3QQ . ~~~~.n'51~9~73I)lK'Y.."'d""" """" " "" """" """ "" """" """" " "'" 

TEL .. P.2.0.I.nZ~. ?P.I ...... TELEX . .. 8 ..... .. Il. . ... 1~.S .•.• . . • .....• ••. ..•. .• .•. •• • . ..• • , .... .. ... ,. .• ,. ..•. ,,. ... ,. .•• 
IN CHARGE. Pn>f .. . Qr:. ,J .• , .R.a.~~q~. REPORTED BY ,.,. ~~??~. ,.,.. ,. ,. . ,. ....... , ,. . . ,. .......... . ,. , . . . ,. , . ,. .. ,. , ,. . ,. ,.. ,. 

HISTORY AND STATUS 
DESIGN. date ... .1.97.3 .. , .. , ... Model lests . . . . . .1.Q~4 . ... .. . 
ENG DESIGN, dale ... . 1!V.2 ..... , .... . .. , .. . ... ... .. ... ... . 
CONSTRUCTION. dale .. .. 19J4 .. ,. ... ... . ............... .. . 
FIRST BEAM. dale lor goall . .. , ~ept .. .. 197.5. (Essen) ... , ..... . . 
MAJOR ALTERATIONS . .. . ,., . . . , . ... ... , ........ . ........ • 
· ······,· ·· · ,· · · ·, · , · ··· ····· ··, · ···· ·6 ' · · ···· ··· , · ·,····· . 
COST, ACCELERATOR ... SO. 9 . .... . .10

6
" ........ . . .. ... ,.. 

COST. FACILITY, lolal .... sl.6 , . ,. , . 10. , .............•••••• 
FUNDED BY .Land .lIordr.bein.WesUal.en. (Unilo'er.sity) ... . . • 
ACCELERATOR STAFF, OPERATION AND DEVELOPMENT 
SCIENTISTS .... . , .. 7...... ENGINEERS .. ,. ... 4 .. , ..... 
TECHNICIANS ....... .3. . . .. . CRAFTS .. . ... . ... Z . .••••.. 
GRAD STUDENTS Involved during year . .... . . ...... .. . .. .... . 
OPERATED BY .. ... ... . , Research siaff or ., 2. ... , .. Opera lars 
OPERATION . .. 50 .. , . .. . hr/wk, On largel 45 ... . ...... hr/wk 
TIME DISTR. in house ............ %, Oulside ............ % 
BUDGET, op & dev . . . . , . . .... .. , .... " .................... . 
FUNDED BY ..... ,. .......................... . . ... . ,. .... .. 
RESEARCH STAFF, nol included above 
USERS, in house . . , .. , .... 3 .... , . . oUlside .......... , . .. . . . . 
GRAD STUDENTS invoived during year . . .. , .... . ............. . 
RESEARCH BUDGET, in houle .. .. , .....•..•......•.... , .... . 
FUNDED BY .. •.•.... •. . ••. , . . . • . •• . , ........... , ..... . .... . 
MAGNET 
POLE FACE, diameler (compecll ,?!i. cm, R exlracllon .~~. cm 
R injection .. .... , .. cm 
GAP, min .. !i,P ... . cm, Field .. H ........ kG } 6 

max .. lO,l.. . cm, Field .. ZO .... .... kG aIQ,2? .. I9 .. . 
AVERAGE FIELD al R exl .. .. . . . F ........ kG Ampere turns 
B maxI < B > . . " ....... . .. . , .... . . .. . ...... .... .. . .. ... . 
NUMBER OF SECTORS {~~;~:~d : ::~ : : } Spiral, max4.! deg 
SECTOR ANGLE (SSCI . ... ~t9 . . , . ..... de~ 
TRiMMING COILS. J . .P.~1r:~ . !flfI.e,r, .a.'1rj .9Y. !!f .. h.a.r:n!c?~!~ . ~.o.i.l .s 
.. . .. each A .pairs. p.rQfile. ~P.i.1.~ ........................ . 
CONDUCTOR, malerial and Iype ... C.~ . tIJQe~ .................. . 
STORED ENERGY (cryogenicl ...... . ......... . .. . ... .. ... MJ

6 POWER: main coils .. 7.0 , . max, kW ; current stability .2:.1.Q~ 
trimllling coils . . 20 . . max, kW ; current slabilily .2:.10~5 

WEIGHT: Fe .. 21 . . . ..... .. . . lOllS; coils ... . 1.8 . ........ Ions 
COOLING system . .... demi llerjl.1.i.~~d . '(I~ ter . ...... . ... ... ... . 
ION ENERGY (bending limitl EI A ~ . 4e(I.i:"?~~'/a' MeV lamu 

(focusing limill EI A ~ .4e ... . . q'/a' MeV lamu 
ACCELERATION SYSTEM 
DEES, number ........ . ~ ... . ; angle ...... ~9 ...... .... . . deg 
BEAM APERTURE . .. 2 .. 0 .... Clll; DC Bias ... 1 .. . . ..• ..... . kV 
TUNED by, coarse . St1pr.t .. ~\~l)e. fine. J'r.i.m"~'!r6b) ~?f ..... . 
RF .. .... . 6 ... 5.. to ... 4~,? ... mHz, stabla ± ....... ~ ...... . 
Orb F ... 6.5 ... to ... ~Q:? .. . rnHz 
HARMONICS, RF/Orb F, used . . ~~'1c!~m!!n.ta.l ... ....... .... . . . 
DEE - Gnd, max .30 ... kV. min gap .. L~ . . . ... ...... ..... . . crn 
STABILITY, Ipk-pk nolselltpk RF voltl ....... . . . •. . .......... . 
ENERGY GAIN, max . . . . . ... 60 ............•.......... kV/lurn 
RF PHASE, stable 10 ± ...... . .... .. , .. .. . . . .... .. .. , .... deg 
RF POWER input, max , ..... 4.Q ... , ........ . .... • .•.. . ... . kW 
FREOUENCY MODULATION, ~Ie ..... . . 0 .... ..... . .. ..... . Is 

modulator, type . . .... . . .. . .. ........... . . .. . . .... . .... . 
beam pulse, width . .. . ... . .... . ........................ . 

VACUUM SYSTEM 5 
OPERATING PRESSURE .< .5.,\I.q~ . . T~rr ....... ... . Torr or mbar 
PUMPS, No, Type, Size .. ~~~ .. Ix~~ .c";1 .. . .... .. ..... , ....... . 
..... . . ............ , . ... 9)). d.i,f.fus~~n. pu!'l.~ ...... . .. . . ... . 

ION SOURCES 
.............. .... . . .... P!!.n.n.in9. j9~, ~9!J.rt;~ ....... . .. . ... . 

INJECTION SYSTEM 

EXTRACTION SYSTEM 
.electro .... tatlc . d~f1ector· magnet·thannel·· ·· ····.··· .·.·. 

FACILITIES FOR RESEARCH 
SHIELDED AREA, fixed .. 13.& ... •. m' ; movable ...•. ... ... m' 
TARGET STATIONS ... .... 8 . In , ... A. .•. roome 
STATIONS served lit same lime, max .. ~ .. .. , .......•......... 
MAG SPECTROGRAPH, type .............................•.. 
COMPUTER model •. • ... • .. ••. . ... .. ••...• ...•.......... • .. 
OTHER FACILITIES .. isocentrtc. neu·tr.on . ~Rer.py. f~(:.HHy .. 
6. f!1l.t.~rn<ll.~!ld , 1 . .i1\ter.nal. tarlle.t .... tatiol1' ..... . .. ...... . 
1, Iltlll.tr.on .activ<I.t.i.o.n .station. > • • ~F;,:\, .f?~;i.l.i.t;y. . ($:i-!'!'1.ep.,\) .. 
CHARACTERISTIC BEAMS 
PARTICLE ENERGY (MeV) CURRENT (PIIAI 

Goal Achieved Internal External 
protOIl . . ... . .. 2.2~ . .... . . 2.2a, .. . 
deuterons ..... 3.111 .... ... 3 . 1ll .. . . 
lielium.3:t;t, . .. 5.36 .... . .. 5.37,. .. 
lie lium, iI:t.+ . . .. 6.28 ... . ... 6.28 ... . 

.... 300·······35 .... 

. ... . 400· ..... J,z.() •.. . 

. ... .150· ·· ····80··· . 

.••. J.()O ••• • .•. -5() •... 
SECONDARY (part/el 

BEAM PROPERTIES 
MEASURED CONDITIONS 

PULSE WIDTH ..... RF deg ....... PI' A of .. .. MeV ... ions 
PHASE EXC, max ... RF deg .. ... .. PI' A of .... MeV . .. Ions 
EXTRACT eff . .. 70 . . % . l.oa .. PI' A of 14. MeVd.+. '410ns 
RESOL 6E/E .. 0. 5 .. % .. .!iQ .. PI' A of 2.8 . MeVH.e:. ions 
EMITTANCE 

{ 
250 aXial} + 

(n mm. mrad) 250. rad . 1.o.a .. Pl'A of . ).4 . . MeV ~. , ions 

OPERATING PROGRAMS, time distribution 
BASIC NUCLEAR PHYSICS·O SOLID STATES PHYSICS YO''' 
~~u~~~~Cfh~f~jLlCA T. . '~2~ ~~?ltOP~ls~~?hlfl~~J1,~ nc'e" 17% 
:R~d,a(fo:ri :~tiys!c~::::: : ):~~ : :~~~~:~~~~::::::::::::::::::: 1% 
REFERENCES/NOTES 
Rassow. J .• Hudepohl. G .• Maier. E.. Meissner. P.·: 
CIRCE-Cyclotron Isocentric Neutron Therapy Facility. In: 
Burger. G .• Ebert. H.G.: Proceedings Third Symposium on 
Neutron Oosimetry. Munich 1977. EURATOM EUR 5848/DE/EN/FR 1978 

PLAN VIEW OF FACILITY, NOTEWORTHY FEATURES, 
COMMENTS 

• 
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ENTRY NO ... ... .. ~~~? ......................................... Date ... !.~?: .. ~?~~: .. ~ :.~~ ............................. . 
Name of Machine . . Me; . ;3.4 . No:!; ••••.•.•••••.•...•..•••••••••••••••••••••••••••••••••••••••••••••••....•.•...••.••••••••••••••• 
Institution . r;.~mqt;1 .. G?P'G'i!~ .. ~!'l.!'l'i!?r:9!1 . . <;:!'l.l! t!'l.r: mEl\l.t.~9!1.El" .. 15~~.q".f.q~.s.<:'~.l!l)9.s.~\,!~ ~~.l\f!I .. I-l~ ~.q~;L):>.~~.<:l < • • I!~r.~ ....... . 
Address .~I,l1 •• l':I\l.4~ph~;iIIJ~j:'. X\l.l,c!. .2.~9 . . 1. . • ~,.~,. ~q{( . .:l-9 .. P .. 4~ ......................................................... . 
Tel .. + .• (i;2.4L.-:.;4.~2.6.!lJ. .... Telex ......................... Fax . .+ .. (il~J-..-; .. 4.H . . ~9.7 ... EMAIL ....... ........ ......... . 

In Charge: . P:r:: . . <?!'!.:r:? .v:?~.~e;~ . . ............................ Reported by: ... r:::: .. <?~.:r:~. ~'?~.t:E7::-......... .................. .. 

HISTORY 
MILESTONE DATES: 

Design ~.<:! ?<:! /.9. Q.. .. .. .. .. .. Model Tests ... L~? .1. -; ~.L ...... . 
Construction .. L~?~-;-.9.+....... First Beam .f..P.~.i:f-.. +~.?~ .. .. 

DESIGN/CONSTRUCTION BY: 
in house ........ ... other ... ?C;';'NI?n~9N~)( .. N~ ....... .... . 

COST: Accelerator 5.l:1!=!l':lU :.~t:'l.$.)... . Facility .................. . 
FUNDED BY: .. ~.~r.~ .......... ................................. . 

STATUS 
STAFF: Machine 

Scientists . . .1......... ... ....... Engineers ... ~ ................. . 
Technicians .~ . .... .... .... ....... Students ..................... . 

Research (in house/external) 
Scientists .... ,s ..... / ..... ~ .... Engineers . .... ~ .... / ......... . 
Technicians .. 1 ...... / ... ~ .. .. . Students .... ~ .... / ........ . 

BUDGET: Machine 10.Q. K$ ........ . Funded by .. . OKf~ ........ .. 
Research 2.QO .. I< .. $ ........ Funded by . P.~f.Zt.Qth"'.r:l>. 

TIME DISTRIBUTION: 
Basic Research (in house/external) .......... ~9 ~. / . ...... ~ .... % 
Applied Program (in house/external) ........ ~9. % / ...... ~ .... % 
Development ................ % Maintenance ...... . .... . .... % 

MAGNET 
POLE PARAMETERS: 

Diameter .. .1.~.5 .. . cm R ••• "c' .... ~.fL.6cm Rinjec .......... em 
HILL PARAMETERS: Gap (min) ..... 1.0 . . cm Bm ... .:l-:.~? .. T 

(<<I .. ........ AT) Gap (max) .... L8 .... cm Bmin .......... T 
VALLEY PARAMETERS: Gap (min) .. 1.~ .... em Bm ... . .. ... . T 

(0 ...... .. .. AT) Gap (max) .... +.8 .. .. cm Bmin .......... T 
AVERAGE FIELD: < B >min . ~ .•. (i.1.? .. T < B >max .. L-.~?~. T 
NUMBER OF SECTORS: compact/separated ... A ..... 4 ......... . 

sector angle ... .4.9 ......... deg. spiral (max) ......... ? ..... deg. 
FIELD TRIMMING: Trim Coils .... ) .............................. . 

Harmonic Coils ......... ~ .............. . ............... . 
Other ....... . . .. .... . . .... . .......... ..... . .. . . .. _& .. . 

CURRENT: Main Coils .. ~~.Q ....... . Amps Stability .. ~~~ 9 ...... . 
Trim Coils .... . U:1.t?.!1r .. Amps Stability ................ . 
Stored Energy (cryogenic) ............................... MJ 

WEIGHT: Iron .. ~;3 . . 9.Q 9 .. ~g . . . .. Conductor.;3 .. 9.~;3 . . ~.g ...... . 
ION ENERGY: Bending Limit E/ A = ....... )~ ...... q2 / A2 MeV /u 

Focussing Limit E/ A = .............. ... q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: .? .~.C!".~~:r:. ?~y.i;L.~'!-.t.q~.~.:,:. p.?:>:e;:r:. !'l.~P.~~.~: 
No. of Gaps/turn ..... ? ....... dE/dn(max) ... 'O.:.O.? .... MeV/q 
Voltage~max~ ... Q:.Q~ ...... MV Harmonic frf /fion ........... . . . 
Freq .... ~., ........... MHz Power in(max) ................. MW 
Stability: Phase ................... Voltage . .. ............... . 

OTHER CAVITIES (Flattopping or otherwise): 
Description: ...... . . ..... ........ .. ....... ......... . . ........... . 
Region of Influence: Rmin .. .......... cm Rm• x ••••••••••• . cm 
No. of Gaps/turn ............. dE/dn(max) .......... ... MeV/q 
Voltage(max) .............. MV Harmonic frf /fion ............. . 
Freq .. .. . ........... . MHz Power in(max) .. . ... . .... . .. . .. MW 
Stability: Phase ................... Voltage ........ . ......... . 

VACUUM SYSTEM -7 
OPERATING PRESSURE: ?~1.0 . . . . ':r'.Q?r: ........................ . 
PUMPS: No. and type ... ? .. '?.i+ .. di.ff .... p.: .. 49.qO .. Y~~.c;: .... . 
1 . r.Q9 .t.~.J?.' . .?~ 9. sp.rn/}: t . . ~ .. '??s~A~.g. P. : .. ~ 9 .. c.l?r.n/J: .... . 

ION SOURCE(S) 
Type Intensity 0 <n = (J"« Ion Species 

(a) .. qJl.q;t. .. 9.':!~A .. .. \nW9 . .r!l?x.'~~~~ .~~~~~ ... .If .. I .. ~ ..... 
Cb) .. ~.~ ~.t;?~~ .. . 
(c) .............. . 
(d) .............. . 

INJECTION SYSTEM 
. . . . . . . .. . ......... . ......... . ......... Efficiency ......... % 

EXTRACTION SYSTEM 
.. ~~.~~p'~e.~.k?~~ . ............... ... Efficiency .... ~.9.~ % 

CHARACTERISTIC BEAMS 
Current(part /LA) 

Accelerated Ions E{ A (MeV /u) Internal External 
(a) .. 1:1:-............... ~ ............................. 99 .. J.gJl.C!~' ) 
(b) .. I?: ............. ?'.~ .......... ................. .. 99 .. J ... .':. ) 
(c) .......................................................... .. 
(d) ........................................................... . 

Secondary Particles _ E (MeV) par;;/sec 
(a) .. I?- •• \P .. ~.Be.) ..... gR"-:-:'+~'."" " .................. .. 
(b) .................... ................. .. . . .. . ............... . 
(c) .......................................................... .. 

EXTRACTED BEAM PROPERTIES: 
For ... ) ......... /LA of ......... ~.~ .. MeV/u .......... ~ ... ions 
t:.E/E ....................... % t:.q, ....................... Orf 
<n = {J"« x .... ~ .... .... 1rmm mrad z .... .. . ~ . .... 1rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed .. ~.~~~.Q .. m2 Moveable ........... m2 

Target Stations: f1)?X, .. ~ No. Served At Same Time: ..... f .. . 
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COMPUTER model .. PDP.11.-.4.0 .(981) .............. .. ..... . 
OTHER FACILITIES;. Pneuma.tic .tr.atlsfer. for . . inter.tlaJ. ..•.. 
.•...••. . ....• .. •... and. ex.ter.na I. targe.t •.....•.•......... 
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SECONDARY 

. . 3. )(. .10~~~r~~~) • •• .... ... . n .. . ........ . . . .. . 
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. 1.EYBOlJl .liEa~EUS . TXPY. .:l!iQQ ... .. ....... . .... . . .. .. . .... . .. 

. .. . .. .......... .... ..... ..... .......... .. ... .... . . 
ION SOURCES 
. l~r:~,...I, .C;qI,Q. ~~:rtl9P.t; •. ~~~'=''=''f . M~~~D ......• . ••... . .... 

INJECTION SYSTEM 

EXTRACTION SYSTEM 
El.KCTROSTATIC .DEFLKCTOR •. KAGBETIC. CHANNKL .....•... . . .. . 
FACILITIES FOR RESEARCH 
SHIELDED AREA, fixed .• .280 . . . • . m" ; movable .•... . . .. . . ml 
TARGET STATIONS .... . .. 6. In . . 3 ... •. rooms 
STATIONS served aUame time, meK .1 . . .. .. .. ...... . . .... . . . . 
MAG SPECTROGRAPH, type . ... ....... . . ..... . ... . .. . .. ... . 
COMPUTER model . .... ... . . ............. ... . . .. . ... . . . . . . . 
OTHER FACILITIES .IIItLIIIM. J&T. .cooLnl~. SVs:rEX Ji:OR .TAII~E1' • . 

CHARACTERISTIC BEAMS 
PARTICLE p ENERGY IMeVI 

Goal Achieved 
· J'J\Q'l:Q"~.. . . . .. .. ... . . .... =¥l .•.. 
· Py'Q'I:~II~ .. .. . .. . .. . . .. .. l.!! .. .. 
• JIJ.P.I1A~ . . • • ..• •••..•. . . •• . =¥l ... . 

SECONDARY 

BEAM PROPERTIES 

CURRENT IPI,AI 
Internal EKternal 

. . . Hl\> ..... . ... (i:; .. .. . 

... Hl\> ... . . .. .. (i:; . . . . . 

. . . . W . . . ... . .. il!> .. .. . 

Ipert/., 

MEASURED CONDITIONS 
PULSE WIDTH . .. . . RF deg ... . ... PI! A of .. . , MeV . .. lona 
PHASE EXC, milK .. . RF deg .. .. ... PI! A of ... . M.V .• . Ion. 
EXTRACT eff .. .... . % . . .... . Pll A of . .. . MaV . .. lona 
RESOL OE/E ....... % .. .. ... PI! A 01 .... M.V ... Ion. 
EMITTANCE 

lit mm. mradl {: : : . e:~~ } . . . .. . . pllA of . . .. . MeV . . . Ion. 

OPERATING PROORAMS, time distribution 
BASIC NUCLEAR PHYSICS.. SOLID STATES PHySiCS ... . 
BIOMEDICAL APPLICAT. ~ . ISOTOPE PRODUCTIONS l~ 
RADIATION.DAMAGE .ASD.ALPHA.INP.LANTATIOR.IJCF.USIO • • .•• • . 
RKACTOR. MATERIALS . 8SS . . . ..••.. . ••.. .... .• • ••. ••••. • ..•.• • 
REFERENCES/NOTES 

PLAN VIEW OF FACILITY. NOTEWORTHY FEATURES. 
COMMENTS 



ENTRY NO . .. ... . C1J.3.~ .. . ........ Date ~?lP.qtL~.~~ ......... . 
Cyclotron Model I!lC. J.7. f .......................... . ...... . ....... . 
Institution lSTUUTD .. f'i~f. .I.Qf'i.(l~!, . . I?P .. 'll,lM.QIl+. :-.. I?fY.· .. 1:1~P.· .. I:l~.c.L 
Address v, . Y!'!'I.I;;~+"'.r,! ,). :-.. ~9P'~ . 1:1;r,l:~I:l9. :-: . !)'.AI, Y ............... . 
Tel 'cO;;» .. <~9D;;<O . . . . .. ... ... . Telex (0,,), . ~;l;3.<~0. !l!I:1!~.~ .~ . .. . 
Fax !P21.";3.Q7e7:4 ............. EMAIL .. ... ................. .. . .. 
In Charge: E'EDF .•. C.·.I., •.. !lJJ.RJ)CC.I Reported by: C.·.I". !l'\lll~CC.J: ..... . 

HISTORY 
MILESTONE DATES : 

Installation ~PRJ:r,.. ;J.4'7,]V)'{E; .9;3. First Beam .. . . . ....... ... .... . 
DESIGN / CONSTRUCTION BY: ~C;':-'!'Ip)TllP.rm( ................... . 
COST: Accelerator $.2.·.WD.·.QOO.... . .. Facility $.~·.a;;>o .•. QOO .... ... . 
FU N DED BY: NATIONALI:lf.II.I;rl:l. :>.E;I)YJ.GE;. 7" . . LOCAL . CDMMlTJ'EF.: . OF. 

CONTROL (REGIONE LOMBARDIA) 
STATUS 

STAFF: Operators .1.... .. .......... Technicians .1 ........ . .. . ... . 
BUDGET : Machine .. . ..... ...... .... Funded by ................. . 
TIME DISTRIBUTION: (e .g . basic research, isotope production, main
tenance, etc.) 
(a) I ?QT9!,.E .. I:llPPl!9T.I.QI'J . .. . .............. . ........ . ........ s.Q % 
(b)MAINTf.NANCf. ......... .. ...... . .......................... .2.0 % 
(c) ................................ . .. . ................... . .... % 
(d) ......... . . ... ..... .. .. . ......... . ........ .. ..... .. .... . ... % 
(e) . ........... ....... ...... ................................... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A (MeV / u) 
(a) .f.I: .. ...... ....... ..1.-;: ,? .... .. 
(b) .0: .................. a, I,) .... .. 

Internal External 
.. ... )99 ............ t?? ..... . 
.. . .. .l.OO . ........... GO .... . .• 

1991 /lA-hours on target : 

FACILITIES 
SHIELDED AREA: Fixed :?? .,4 .. .... m 2 Moveable ........... m 2 

Target Stations: .. ~ ...... No . Served At Same Time: .+. .. ... . 
OTHER FACILITIES: ....................... . ....... . ......... ... .. 

REFERENCES/NOTES 
(a) ............... . ... . .. . ... . ................................... . 
(b) .... . .. . ................. .. . .. ............... .. ............... . 

PLAN VIEW OF FACILITY, COMMENTS 
CYCLOTRON AND TARGETS, BOTH PLACED IN A BUNKER, ARE 
AT B3 . LABORATORIES AND PET-CAMERA ARE AT B2 . 

ENTRY NO . ..... GT,J,3.6 .... ... .. .... Date .. .. 25.l.p.1.9.2 ....... . 
Cyclotron Model . ~.Gf\.I'!O.I. T.R.ON:j:l< .. M.e; P ...... . .. . .. .. ....... . .. 
Institution . F.ONDA.Z LONE. SENAT.O RE . .P.A.sCA LE .............. . 
Address . .. Y."+ A. . MR~ fI.NO .. S!'.~M.Q ~J\ . .... .': A.POI: ! ....... ..... . 
Tel .. ;3.<:l 7".aL'70.40245.~ ....... Telex ....... .. ..... .. ........... . 
Fax .. ~il.':' (3.~ :-.~~ .QL6.el3 . ... ... EMAIL .. . .................. ... .. . 
In Charge: ................... .. Reported by: ...... .. ....... .. . . .. . 

HISTORY 
MILESTONE DATES: 

Installation .... . ~ il.<:l).... First Beam ... 1.99~ .. ~ . MAY .. . 
DESIGN / CONSTRUCTION BY: S.GMP.U.RONLJ, .. ...... . ...... . . 
COST: Accelerator . . ....... . .... . .... Facility 00.0, .OO.Q. $ .. . . . . 
FUNDED BY: MEP.1 CAl ... Sr:;.HD.QL .. ANO .. EO.NP.AZ.l O.NE . . PASJ:ALE 

STATUS 
STAFF: Operators ... .... :'3.. ....... Technicians ...... ~ ......... . 
BUDGET: Machine .................. Funded by .J:).A.S.C. ~)".F; ..... . . 
TIME DISTRIBUTION : (e .g. basic research, isotope production , main
tenance , etc .) 
(a) .. ..... : . . ... ~ S.QT.c?f.e: .. p~0.I?~.qT.r9.N .......... .... .. ~.q. % 
(b) .. . .......... MJ: N.'\f.NhNCE ...... .. .. ........ ......... ~ .O. % 
(c) .............. ..... ................... .. .. ...... ......... ... % 
(d) ..... .. ........ .. .......... . .... . ... .. .... .. .. ........ ..... % 
(e) ..... .. ........ .. ..... ... .... . ................ .. ... . ..... . .. % 

CHARACTERISTIC BEAMS 
Current( part /lA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .. F:RQTO.[:J:> ......... ~ 7 ....... . .. .... 2.L ......... 2.~ .. .... . 
(b) .. QF;JJ.1'E.IlP.f'i~ ...... ~:.~ ..... . . .... AQ .... .. .. .. . ;l.Q ...... . 

1991 /lA-hours on target : 
300 U~STALLATI0N) 

FACILITIES 
SHIELDED AREA : Fixed ... ~ .~ ..... m 2 Moveable ..... ( .... m 2 

Target Stations: . .... 5. .. . No. Served At Same Time: .. 1. .... . 
OTHER FACILITIES : . llllO .J.O.J)~O.\O.F:e:.~. AV:r.QMA:r)(: ... . .... . . .. 
. 1'M!'l.~P.Qll.\ fI.\ LQr:J . . 1'P. fi.Q')." . . 9P,L.~ .. . ....................... . 
. P..UT.Q~A n<: .. ::m'lT.E.s.J. ~ .. IlY .. 1!1.E.(I.N.~ .. Qf.. ll.Q!l.QT ........ , ... . 

REFERENCES/NOTES 
(a) ... .. ....... .... . . ...... .... ........ .. .. . .. . .... . ... . .. . ... . .. . 
(b) ..... .. ......... . ......... . ..... ..... .... .. .................. .. 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO . .. ... . C1J.3.~ .. . ........ Date ~?lP.qtL~.~~ ......... . 
Cyclotron Model I!lC. J.7. f .......................... . ...... . ....... . 
Institution lSTUUTD .. f'i~f. .I.Qf'i.(l~!, . . I?P .. 'll,lM.QIl+. :-.. I?fY.· .. 1:1~P.· .. I:l~.c.L 
Address v, . Y!'!'I.I;;~+"'.r,! ,). :-.. ~9P'~ . 1:1;r,l:~I:l9. :-: . !)'.AI, Y ............... . 
Tel 'cO;;» .. <~9D;;<O . . . . .. ... ... . Telex (0,,), . ~;l;3.<~0. !l!I:1!~.~ .~ . .. . 
Fax !P21.";3.Q7e7:4 ............. EMAIL .. ... ................. .. . .. 
In Charge: E'EDF .•. C.·.I., •.. !lJJ.RJ)CC.I Reported by: C.·.I". !l'\lll~CC.J: ..... . 

HISTORY 
MILESTONE DATES : 

Installation ~PRJ:r,.. ;J.4'7,]V)'{E; .9;3. First Beam .. . . . ....... ... .... . 
DESIGN / CONSTRUCTION BY: ~C;':-'!'Ip)TllP.rm( ................... . 
COST: Accelerator $.2.·.WD.·.QOO.... . .. Facility $.~·.a;;>o .•. QOO .... ... . 
FU N DED BY: NATIONALI:lf.II.I;rl:l. :>.E;I)YJ.GE;. 7" . . LOCAL . CDMMlTJ'EF.: . OF. 

CONTROL (REGIONE LOMBARDIA) 
STATUS 

STAFF: Operators .1.... .. .......... Technicians .1 ........ . .. . ... . 
BUDGET : Machine .. . ..... ...... .... Funded by ................. . 
TIME DISTRIBUTION: (e .g . basic research, isotope production, main
tenance, etc.) 
(a) I ?QT9!,.E .. I:llPPl!9T.I.QI'J . .. . .............. . ........ . ........ s.Q % 
(b)MAINTf.NANCf. ......... .. ...... . .......................... .2.0 % 
(c) ................................ . .. . ................... . .... % 
(d) ......... . . ... ..... .. .. . ......... . ........ .. ..... .. .... . ... % 
(e) . ........... ....... ...... ................................... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A (MeV / u) 
(a) .f.I: .. ...... ....... ..1.-;: ,? .... .. 
(b) .0: .................. a, I,) .... .. 

Internal External 
.. ... )99 ............ t?? ..... . 
.. . .. .l.OO . ........... GO .... . .• 

1991 /lA-hours on target : 

FACILITIES 
SHIELDED AREA: Fixed :?? .,4 .. .... m 2 Moveable ........... m 2 

Target Stations: .. ~ ...... No . Served At Same Time: .+. .. ... . 
OTHER FACILITIES: ....................... . ....... . ......... ... .. 

REFERENCES/NOTES 
(a) ............... . ... . .. . ... . ................................... . 
(b) .... . .. . ................. .. . .. ............... .. ............... . 

PLAN VIEW OF FACILITY, COMMENTS 
CYCLOTRON AND TARGETS, BOTH PLACED IN A BUNKER, ARE 
AT B3 . LABORATORIES AND PET-CAMERA ARE AT B2 . 

ENTRY NO . ..... GT,J,3.6 .... ... .. .... Date .. .. 25.l.p.1.9.2 ....... . 
Cyclotron Model . ~.Gf\.I'!O.I. T.R.ON:j:l< .. M.e; P ...... . .. . .. .. ....... . .. 
Institution . F.ONDA.Z LONE. SENAT.O RE . .P.A.sCA LE .............. . 
Address . .. Y."+ A. . MR~ fI.NO .. S!'.~M.Q ~J\ . .... .': A.POI: ! ....... ..... . 
Tel .. ;3.<:l 7".aL'70.40245.~ ....... Telex ....... .. ..... .. ........... . 
Fax .. ~il.':' (3.~ :-.~~ .QL6.el3 . ... ... EMAIL .. . .................. ... .. . 
In Charge: ................... .. Reported by: ...... .. ....... .. . . .. . 

HISTORY 
MILESTONE DATES: 

Installation .... . ~ il.<:l).... First Beam ... 1.99~ .. ~ . MAY .. . 
DESIGN / CONSTRUCTION BY: S.GMP.U.RONLJ, .. ...... . ...... . . 
COST: Accelerator . . ....... . .... . .... Facility 00.0, .OO.Q. $ .. . . . . 
FUNDED BY: MEP.1 CAl ... Sr:;.HD.QL .. ANO .. EO.NP.AZ.l O.NE . . PASJ:ALE 

STATUS 
STAFF: Operators ... .... :'3.. ....... Technicians ...... ~ ......... . 
BUDGET: Machine .................. Funded by .J:).A.S.C. ~)".F; ..... . . 
TIME DISTRIBUTION : (e .g. basic research, isotope production , main
tenance , etc .) 
(a) .. ..... : . . ... ~ S.QT.c?f.e: .. p~0.I?~.qT.r9.N .......... .... .. ~.q. % 
(b) .. . .......... MJ: N.'\f.NhNCE ...... .. .. ........ ......... ~ .O. % 
(c) .............. ..... ................... .. .. ...... ......... ... % 
(d) ..... .. ........ .. .......... . .... . ... .. .... .. .. ........ ..... % 
(e) ..... .. ........ .. ..... ... .... . ................ .. ... . ..... . .. % 

CHARACTERISTIC BEAMS 
Current( part /lA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .. F:RQTO.[:J:> ......... ~ 7 ....... . .. .... 2.L ......... 2.~ .. .... . 
(b) .. QF;JJ.1'E.IlP.f'i~ ...... ~:.~ ..... . . .... AQ .... .. .. .. . ;l.Q ...... . 

1991 /lA-hours on target : 
300 U~STALLATI0N) 

FACILITIES 
SHIELDED AREA : Fixed ... ~ .~ ..... m 2 Moveable ..... ( .... m 2 

Target Stations: . .... 5. .. . No. Served At Same Time: .. 1. .... . 
OTHER FACILITIES : . llllO .J.O.J)~O.\O.F:e:.~. AV:r.QMA:r)(: ... . .... . . .. 
. 1'M!'l.~P.Qll.\ fI.\ LQr:J . . 1'P. fi.Q')." . . 9P,L.~ .. . ....................... . 
. P..UT.Q~A n<: .. ::m'lT.E.s.J. ~ .. IlY .. 1!1.E.(I.N.~ .. Qf.. ll.Q!l.QT ........ , ... . 

REFERENCES/NOTES 
(a) ... .. ....... .... . . ...... .... ........ .. .. . .. . .... . ... . .. . ... . .. . 
(b) ..... .. ......... . ......... . ..... ..... .... .. .................. .. 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO . ...... ~?~7 . .. ... ..... Date . .. .......... .. ..... .. 
Cyclotron Model CGR-.MEV .. CYPRLS. 32.5 ...... .. . . ...... .. . ..... ... . 
Institution . . CN.R . IN.STIT!-JTE. O.F . ~~I.NICAIc . PH?,.S~~~.OG~ .... . .... . 
Address .. Vi-A .. ~~Y.I .. ~ ... ~Q ~9.o . .. fJ:.SA . . . I.'1;~~), ... . ..... ......... •. 
Tel :1:39.5.0.583.25 ......... .. . .. Telex .59llS49 ... 1FC . . 1 ....... . .. . 
Fax +39 .. 50 . .'>5~46.1 ........... EMAIL ......... .. ............... . 
In Charge: .P: .. :~~VA?~l!-! ... .. . Reported by: .. .P. · .. ?~.~'{~9.~~ .. .. 

HISTORY 
MILESTONE DATES : 

Installation .... 1.~~?........... First Beam .. .... 1.~~? ... . ... . 
DESIGN / CONSTRUCTION BY: .GeR. MEV . . :-:. flWic:E ....... . .... . 
COST: Accelerator 90ll.000 . . USD.... .. Facility 1..100.,0.00 .. USD .. . 
FUNDED BY: .l'l~n.o.l'l~~ .. <;Q1Jl'l.C,1;I,. 9.~ .l3-~?);;~l3-Pl . ((:!'.~) ..... . ... . 

STATUS 
STAFF: Operators ..... 1....... ... .. Technicians ..... .2. ...... ... . 
BUDGET: Machine .400.,.QOO ......... Funded by ..... ~.I\!l. .. .. ... . . 
TIME DISTRIBUTION : (e .g . basic research, isotope production, main
tenance, etc .) 
(a) . . ~~~.t.'?I?~ . . p.r:,?du.c:~i~.~ .. .. ... . ..•.. . ..•. • .•....... . ... . 89 % 
(b) .. b<J.~;i.c; . r l'.S.E:<J.ri'.lJ . ... ....... ..... . ..... ................ ~Q % 
(c) .. maint.e.nance. ......... . ... . ..... ... .. ... ..... . ......... .'> % 
(d) . .. ............. ..... . .... .. . .. ............ .. ..... % 
(e) .. .. ... .. ... .. ...... .. ....... .............. .......... % 

CHARACTERISTIC BEAMS 
Current(part J.l.A) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .... >1 ....... .. .... . ... !.6 ............. 8.0 ... . ... .. .... 1>.0. . .. .. 
(b) ... d ... .... .... .. ..... 4 ............. ~o. ............ ;30. .... . 

1991 J.l.A-hours on target: 

FACILITIES 
SHIELDED AREA : Fixed 50 m 2 Moveable .... . ...... m 2 

Target Stations: . . . . .. 1 . . . No . Served At Same Time: ... 1 ... . . . 
OTHER FACiliTiES : . .... .. ....... .... .. ..... . . 

REFERENCES/NOTES 
(a) ........ ... ...... .. .. .. 
(b) . ................ ... .. .. .. . ... . .. .... . . ............... . ..... . . . 

PLAN VIEW OF FACILITY, COMMENTS 

I <> 
O~ 

c5 

: ID : 
I -Eb n I 

~ ____ L:JJ LD 

HISTORY 
MILESTONE DATES: Feb .1 983 

Installation C!"t.' .1~ ~~:-.A~!':.198~ First Beam .... ........ . .... .. . 

DESIGN /CONSTRU~TI~N gyci 0·00 · ···· ·· · · · ·· ·· ···· · ·· ··· ···· ··· 
COST: Accelerator .... 3 .O! .. O.~ ... ... Facility ..... ... .......... . 
FUNDED BY: .. Akit.a .Pr.e.~7~t.~re . ... .. ... . . ....... ... . .. .. . .. . . 

STATUS 3 . . 1 
STAFF: Operators. ..... .. . . ....... TechniCians . .. .... . ....... . . 
BUDGET: Machine .¥. )'.5 .• 00.0.,.009 ... Funded by A~H.a . . 1?r.el~\,~).1,re 
TIME DISTRIBUTION : (e.g. basic research, isotope production, main
tenance, etc.) 
(a) .J;~9 ~.o.P."' . P.~q<;ll'.C.~:j.9r .. ~91' . . ~:q.r.~"~~ .. t;~~ . . .. .. . . ... 8.C! . . % 
(b) .J;~ 9~.o.P.~. ?~q<;ll' .C.q9r .. ~9r. .~ '!-~:i.c .. ,~.s.~~.~.h ...... .. 1.<! .. % 
(c) .~!l..:i,I)t!'A,!I)~ !, .................. . . . ............. ..... .. 19 ... % 
(d) ............................... ... ............. . ... ...... .. % 
(e) ................................ ... .... ............ .. ....... % 

CHARACTERISTIC BEAMS 
Current(part J.l.A) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .. .IlT .. ..... .. ... . ~Q.:"' .. ~O ... . 
(b) .. ~t .. .......... .. Il.:-.. ~Q .. .. 

..... 8 ... 5. .I;I:+-. .. .. ... 5 .. ) .I;I:+-. .. 

. .... 7.·.2..1:1:+-. ..... . . !> .•. Q .1;1:+-... 

1991 J.l.A-hours on target : .. .. ~"'2. .~..1.Q.,,~ ......... .. ............. .. 

FACILITIES 
SHIELDED AREA: Fixed .. ~2 : 5 . ... . m 2 Moveable . .......... m 2 

Target Stations: ..... 5 ... No . Served At Same Time: ..... ~ .. . 
OTHER FACILITIES : ..... . ... . ....... . ........ .... ........... .. 

REFERENCES/NOTES 
(a) . . ........ .... ....... . .. ... ..... . .... .. .. . .. . ... ... . . .... . . .. . . 
(b) ............... . ...... .............................. .. ....... .. 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO . ...... ~?~7 . .. ... ..... Date . .. .......... .. ..... .. 
Cyclotron Model CGR-.MEV .. CYPRLS. 32.5 ...... .. . . ...... .. . ..... ... . 
Institution . . CN.R . IN.STIT!-JTE. O.F . ~~I.NICAIc . PH?,.S~~~.OG~ .... . .... . 
Address .. Vi-A .. ~~Y.I .. ~ ... ~Q ~9.o . .. fJ:.SA . . . I.'1;~~), ... . ..... ......... •. 
Tel :1:39.5.0.583.25 ......... .. . .. Telex .59llS49 ... 1FC . . 1 ....... . .. . 
Fax +39 .. 50 . .'>5~46.1 ........... EMAIL ......... .. ............... . 
In Charge: .P: .. :~~VA?~l!-! ... .. . Reported by: .. .P. · .. ?~.~'{~9.~~ .. .. 

HISTORY 
MILESTONE DATES : 

Installation .... 1.~~?........... First Beam .. .... 1.~~? ... . ... . 
DESIGN / CONSTRUCTION BY: .GeR. MEV . . :-:. flWic:E ....... . .... . 
COST: Accelerator 90ll.000 . . USD.... .. Facility 1..100.,0.00 .. USD .. . 
FUNDED BY: .l'l~n.o.l'l~~ .. <;Q1Jl'l.C,1;I,. 9.~ .l3-~?);;~l3-Pl . ((:!'.~) ..... . ... . 

STATUS 
STAFF: Operators ..... 1....... ... .. Technicians ..... .2. ...... ... . 
BUDGET: Machine .400.,.QOO ......... Funded by ..... ~.I\!l. .. .. ... . . 
TIME DISTRIBUTION : (e .g . basic research, isotope production, main
tenance, etc .) 
(a) . . ~~~.t.'?I?~ . . p.r:,?du.c:~i~.~ .. .. ... . ..•.. . ..•. • .•....... . ... . 89 % 
(b) .. b<J.~;i.c; . r l'.S.E:<J.ri'.lJ . ... ....... ..... . ..... ................ ~Q % 
(c) .. maint.e.nance. ......... . ... . ..... ... .. ... ..... . ......... .'> % 
(d) . .. ............. ..... . .... .. . .. ............ .. ..... % 
(e) .. .. ... .. ... .. ...... .. ....... .............. .......... % 

CHARACTERISTIC BEAMS 
Current(part J.l.A) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .... >1 ....... .. .... . ... !.6 ............. 8.0 ... . ... .. .... 1>.0. . .. .. 
(b) ... d ... .... .... .. ..... 4 ............. ~o. ............ ;30. .... . 

1991 J.l.A-hours on target: 

FACILITIES 
SHIELDED AREA : Fixed 50 m 2 Moveable .... . ...... m 2 

Target Stations: . . . . .. 1 . . . No . Served At Same Time: ... 1 ... . . . 
OTHER FACiliTiES : . .... .. ....... .... .. ..... . . 

REFERENCES/NOTES 
(a) ........ ... ...... .. .. .. 
(b) . ................ ... .. .. .. . ... . .. .... . . ............... . ..... . . . 

PLAN VIEW OF FACILITY, COMMENTS 

I <> 
O~ 

c5 

: ID : 
I -Eb n I 

~ ____ L:JJ LD 

HISTORY 
MILESTONE DATES: Feb .1 983 

Installation C!"t.' .1~ ~~:-.A~!':.198~ First Beam .... ........ . .... .. . 

DESIGN /CONSTRU~TI~N gyci 0·00 · ···· ·· · · · ·· ·· ···· · ·· ··· ···· ··· 
COST: Accelerator .... 3 .O! .. O.~ ... ... Facility ..... ... .......... . 
FUNDED BY: .. Akit.a .Pr.e.~7~t.~re . ... .. ... . . ....... ... . .. .. . .. . . 
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VACUUM SYSTEM -5 
OPERATING PRESSURE: ... . .. 2.?' .. 10 .... ~,?::;r ............. . .... .. 
PUMPS: No. and type ..... . ................ ........ ............ . . . 

. . . . . . . . . . .1, . ~.i. q"!l.io,:,. P."!~I? ......... ~ ?~.o .. If ~.<:c; .. . . . .. .... . 



ENTRY NO . ..... . .. CU48 ....... .. . Date ... ... ...... . . .. ... .• . 
Cyclotron Model ..... . ... ~'!~~.o.~~ ~~9 .. .. . . ................... .... . 
Institution ... .. . . .DI ! ~~.I .. RADIOISOTOPE LABS .... LTI? ........ . ... .. . 
Address .... ~p.3.-1 . . ~HIMOOK.URA. M!lT?U.OMA~H! . S.A.NDUGUN. CI!ID~ . .. .. . 

Tel ...... 94.7.9::~~~~nI .. . ...... Telex ... I?!~~!.O~~ .~?~!.4.1 ..... .. . . 
Fax . .... . ~~:~~~~.-.5.III ....... . EMAIL ... . ......... ..... .. ...... . 
In Charge: .. .11, ; \C: !l.I.T:~l! ....... Reported by: . . . . ... . . . .. . .... ... . 

HISTORY 
MILESTONE DATES: 

Imtallation .. .. .. ~~9?: .11.. . ... First Beam .. .. . I.~~~:~ ........ . 
DESIGN/CONSTRUCTION BY: ......... . ~ ,!.L~: ..... . ........... . 
COST: Accelerator . ........... ..... . . Facility ............. ... .. . 
FUNDED BY: ................................ .. .... .. ....... .. . . . 

STATUS 
STAFF: Operators. . . ...... . ....... Technicians .. .. .... ..... .. . . 
BUDGET: Machine ....... .. .. . . ..... Funded by . . . ... . .......... . 
TIME DISTRIBUTION : (e .g . basic research, isotope production, main
tenance, etc.) 
(a) . .................... . ... ~OSTO.P.E .. ~~O~~.C.T.I.~N ......... ~?? . % 
(b) ............. . . . ... ....... .. .. .............. .. . . ........... % 
(c) .......... . ............... .... . . . . . .. ..... , ... . .. . . . ...... . . % 
(d) ... . ..... . .......... .. . . . .. ............... . ...... .. . .. . .... % 
(e) ......... .. .. . ...... . ............ . . .. ........... . . . ... . ..... % 

CHARACTERISTIC BEAMS 
Current(part p.A) 

Accelerated Ions E/A (MeV / u) 
H- 30 (a) ...... . . . ...... ... ........ .. .. 

Internal External 
......... . . .... . .... }~q .... . . 

(b) ............................ .. 

1991 p.A-hours on target: 
1200000 

FACILITIES 
SHIELDED AREA: Fixed ........... m 2 Moveable . .......... m2 

Target Stations: .... 4 .... No . Served At Same Time: .. . ..... . 
OTHER FACILITIES: ....... . . .. . . ..... . .. ..... ............ . ... .. .. 

REFERENCES/NOTES 
(a) ... .. .. .. ............................. .... . ...... ............. . 
(b) ......... . . . .................. . . .. .. . ........ . . . .. . .... . .... .. . 

PLAN VIEW OF FACILITY, COMMENTS 
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FACILITIES 
SHIELDED AREA: Fixed . ....... . .. m 2 Moveab le .. ......... m2 
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OTHER FACILITIES: ........ . ................. .... .............. .. 
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(b) ... .......................................................... .. 
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ENTRY NO . .. . .... C.~50 . . . . . . ... . Date ... Ju.l ~(. 2/ .92 .. .. . . . . 
Cyclotron Model .... .. . Cyclone. JQ · ·C···· 'L' ,f· ·· ······· · · ·· ···· · 
Institution . . .. tjt\l~.'\ .Med.i -:-~h'y.~,!-cs . .. 0: .' ... ~. : .. 1ly'Qg9 . . F:~c;:;i.l.:i, 1;y 

Address .. .. . 9rJ.., . Te.chtlo .. P.ark. , .. Sanda. City, . .Hyog.o .Pret. . Japan 
Tel ... (.0795.).68.,-1>.7.7.1. ......... Telex .. . . . .... . ....... . ......... . 
Fax .. (97.Q~ )f>!3.--::?97.1 ... .. ..... EMAIL ........... . ........ . ..... . 
In Charge : . . r .. Mo,i .... . . . . . .. Reported by: . Y .... ~Qr;i .... •. ...... 

HISTORY 
MILESTONE DATES: 90 A g st 90 

Installation .t:I?-y . . ~9.:-. . ~~~:. ... Fi rst Beam . . .. u . ~ ............ . 
DESIGN / CONSTRUCTION BY: .Ion. B.ea!l1 . Appl:i..c;ati-p.lls .. . . .•. 
COST : Accelerator. . ..... Facility. ~.1.09~ .... . . . .. .. . 
FUNDED BY: .. . .. O!'.l\ .c;:~m.p'any ............... . ... .. ........ . . . . . 

STATUS 10 5 
STAFF : Operators. . .. ............. Technicians .. . .. .. ....... . . . 
BUDGET: Machine .... . . . ......... .. Funded by .......... . ...... . 
TIME DISTRIBUTION : (e .g . basic research , isotope prod uction , main
tenance, etc.) 
(a ) . J,?9~.qp~ . p.r:,?~~.c.~i'?!l ... .... ............ . ........... ~6" % 
(b) . . t1a;tJ\t;'i'!l!".f\C;~ .. ......... ... _ ................ . .......... .. % 
(c) .. p~y~.l.QJ)1Jl~l\t; ......... .. ... . .......... . . . .. .. ........ ~ . .. % 
(d) ........... ... ......... . ... . .. . ..... . ... . .... . . . ... . ....... % 
(e) ........................... ... ... . ............. ..... .. .. .. . . % 

CHARACTERISTIC BEAMS 
Current{part J.l. A) 

(a~c~~I~te.d .Io ~~ . .. E{~-SS.eV / u? ... 3.5~~~~~1 .. . ... 3.~9v.r.n.a. I ... . 
(b ) . .. ......... . ... . . . ........... . . .... .... . ..... . ........ . .. .. 

1991 J.l. A-ho urs on t arget : .. . 4 . 72x 1 0.
5 
..... .. ... .. .... . ......... . .. . 

FACILITIES 190 
SH IELDED AREA: Fixed .. . ... ..... m2 Moveable .. . ..... 2' m2 

Target Stations: ... .4 .... No. Served At Same Time 

OT.HE.~,~~~~W~~S~i~.a· "0 ( .~adi.o·~har.iriace.u,,~~caX~ .·""" """ " """"" 

REFERENCES/NOTES 
(a) . . .. .. .......... . .......... . ........... . ... ... .. . . .. . 
( b) ..... . ... . . . .............. . ... .... ... .. ....... . . . .... ... ...... . 

PLAN VIEW OF FACILITY, COMMENTS 
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11\ I 
• • 11' 

1 1 111 

' I I I II 

~' 

ENTRY NO . . .... CU5~ ............ . Date .. Jul y .2/.92. ....... . 
Cyclotron Model ... Gy~.l.QI)~ . . ~Q . .... . .. . ... .................... . . . 
Institution . t-b.hon. Medi:-.P.bysJ.cs.!:o . , . Ltd •. . . Hyo.go. Facility. 
Address .9.,-1 .•. Tec.hno . .P.ar k., . . Sanda. C;i.t;y • . )iyogP .. I?rd • . Japan 
Tel ... (0.7.95)6.8-:-47.7.1 ......... Telex ................ . ..... . .... . 
Fax .. .cQ79.5.2Qe :-.~Qn. .. .. .... EMAIL ..................... . .•... 
In Charge: .. y .... !:Ior;i. .. . ... . ... Reported by: . Y .•. . tl9.r::i. .... . ..... . 

HISTORY 
MILESTONE DATES : 

Installation .11i1.r:c;\l . .9). 7" . /\I!g . .92 Fi rst Beam . . .. . .... . ........•. 
DESIGN / CONSTRUCTION BY: . 1M.Beam . Ap.plications ..... . . 
COST: Accelerator . Facility .. $lOOM .......... . 
FUNDED BY: .. ... . 01')1. .cotn.,aoy ..................... . ..... . .... . 

STATUS 
STAFF : Operators ......... . ....... Technicia ns .. ............ . . . 
BUDGET: Machine . ........ . ........ Funded by .... . . ... . . ..... . . 
TIME DISTRIBUTION : (e .g . basic research , isotope product ion , main
tenance , etc .) 
(a ) ..................... . . . ....... . ... ... .. ... .. . ...... . ...... % 
(b ) ... .. ..... .. ... . .. .. .... . . .. . . ... . ... .. . . . ............. . ... % 
(c) .. . .... . .............. ... ... ... ... .. ......... . .............. % 
(d ) ..... . ...... . ..•........•............ ... ............. . . . ... % 
(e ) . .................. . ....... . .. . . . . ..... . . ..... .. ......... . .. % 

CHARACTERISTIC BEAMS 
Current{part J.l.A) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .. .If. .... ... ... .l.~ -:-W .... . .... . 3~0. H.-.......... 3~~~ ...... . . 
(b) .. . ...... . .............. . ............... . .................. . 

1991 J.l. A-hours on target : 

FACILITIES 
SHIELDED AREA: Fixed . ... 17.0 .. . m2 Moveable ........... m2 

Target Statio ns : . .. .4 . . . . No. Served At Same Time: ... ) ... . 
OTHER FACILITIES: ... .. . . ..... .... .. ... .. .......... . ........... . 

. ........ t'rp.<luct.l,QI). A.r.E;9. P.~ .J!.i' .d. ~9P)1.a,''!'i'.~E!u):?-.~~~;> ........ . 

REFERENCES/NOTES 
(a) . . ...... .... .... ... . . .... .. . .. .. . . .. .. .... .. . . . ... .. ... ... .... . 
(b) ................ . . . ......... . ................. . . . . .. . . . .. ..... . 

PLAN VIEW OF FACILITY, COMMENTS 
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..... .. ... .. .... . ......... . .. . 
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ENTRY NO •. .... .c.~~~ ....... .. .... .......... ....... .. ........... Date ............ .... . .... ... .... . . . . .. .. . . .. .... . . .... .. . 
Name of Machine .. ~~.~?!<.l!. P.I!~Y.~~?~ ~¥ .. <;:¥.c:~~.t;~~.l! .... . .... . ...... .... ... .. . ... . .. ..... .. . ....... ... . ......... ... .. .... . 
Institution ......... Cy.clo.tron . and. Radioi.sot.ope. .Cen te.I:, .. Tohoku. .TJn.i ve.I:£Lty . ..... . . . . .... ... ... .. ... ........... . 
Address ... . . . ..... ?>:r.c!I)lf1.I}:J.:-.1\.QP.c! I • • Q~P . . $~.I1c;1?l.:L .. .:r<ilP'c!I;l. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..... . . ......... ... . 
Tel .. . ... . . ~?~::??~ :-?~?~ .. Telex .~ ~.2.~~.6 .. ~!i.l!C;~~. ~ .... Fax .. ~.2.~:-.~~~.-:~~.~~ ....... EMAIL ~.f!~~P .~. :J:~r;;J:r:l!Y!'!L 
In Charge: '~'" . f).l.j;i..Q~<l . . ... .. • . . . .. .... .. ..... ..... ... . . . .. Reported by: .. T~ .. Sh.illo.~uk.a ................ ... . ........ . ... . 

HISTORY (CGR-MeV Model 680) 
MILESTONE DATES: 

Design ..... . . i 9'15' "1"97"1' . Model Tests .. . .. ...... .. . . ... ... . 
Construction ....... -:.. .... . .... First Beam . ~.E!7.E!~~;r: ( .. 1 ~.7 7 

DESIGN/CONSTRUCTION BY: 
in house ......... .. other . . . CGR.-.MeV .&. •• £UMJ:.'l'OMO . 15 .... . . . 

COST: Accelerator ... . . . . .. . . . . . . . . . . Facility . 1 A . x .. 1.0 .. . . .. . . 
FUNDED BY: . . J.apan. .M.ill.i.st.ry .. 0£. Edu.cation .......... . 

STATUS 
STAFF: Machine 

S" 4 . 1 clentlsts ..... 4' . . . . . . . . . . . . . .. Englne.,rs .... ..... .. ..... .. . .. . 
T.,chnicians . ......... ............ Students ............. . . .. . ... . 

Research (in house/external) 
Scientists .... ). ~ . .. / .. ":?q.. .. Engineers ......... . / ..... . .. . . 
Technicians . ........ / ......... Students .... .. . .. / . .... . .. . 

BUDGET: Machine }.O .. j . .. . "()6' " Funded by -!~.l??-.r:. a~!l:~·s. ~!=,y 
Research .. : . .. ~ .. ~ . ... ... Funded by ... ~~ . . ~. Y~.~ :=:1:-~m 

TIME DISTRIBUTION: 
Basic Research (in house/external) .... 1.? .. ... % / .. :.~ .. .... . % 
Applied Program (in house/external) . .1. Q .....•. % / . 3.0 .... .. . % 
Development .. J .Q . . . . . . . . . •. % Maintenance . .. .1. 0 . . . . . . . . .. % 

MAGNET 
POLE PARAMETERS: 

Diameter . . . 1.6 O ... cm Re .... d . 6.8 ..... cm R;·njed .... . ... . cm 
HILL PARAMET~RS : Gap (min) .. 1;3 ..... . cm Bm ... . 1.:? .... T 

(<<I D .• 261'.1 0 T) Gap (max) . ......... cm Bm;n .. ... . . ... T 
VALLEY PARAMETERS: Gap (min) .. . .. . .. cm Bm .. ........ T 

(<<I .....•... . AT) Gap (max) . ... 28 .. .. cm Bm;n ... 1:.Q?. T 
AVERAGE FIELD: < B >m;n ........ . . T < B >m ..... 1 : .~~ .. T 
NUMBER OF SECTORS: compact/separated ...... 4 ... / _ ......... . 

sector angle ... .......... .. deg. spiral (max) . ........ SO . . .. deg. 
FIELD TRIMMING : Trim Coils . ... ? .<;:,i,:n::.lJ;I..crr .. •.......... . •.••. 

Harmonic Coils . ....... ~ .. P.C!1-.:r:$ .. ..... ....... . . . . .... . 

Other ·························· · ····· ·· ········ · ·····S . 
CURRENT: Main Coils . . . 19.qP .. .... Amps Stability . f .. ~ .. ! .Q -:-"S" 

Trim Coils .... . .. .. JqP ... Amps Stability .... f .. ~ .. !.q-:-.. . 
Stored Energy (cryogenic) ............ ...... .... . .. . . .. .. MJ 

WEIGHT: Iron .. . . 1.00. . ton.s .. . .. Conductor . . ... .. . . . .. .... . . . . 
ION ENERGY: Bending Limit E/A = . . .. . . .. ~9 ..... . q2/A2 MeV/u 

Focussing Limit E/ A = ..... . .. . .. . .. .. . q/ A MeV /u 

ACCElERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: ... 2. P~:T;' .<;i!:c?- .. ~~ .. ~.e:9: ....... . b"~" """"'" 
No. of Gaps/turn ·0· .. 05· .. ·· .. dE/dn(m~x) : ·· ·· : ··~:.:4· MeV/q 
Voltage(max) .......... .... MV HarmOniC f'f /f;on .. . 2 ......... . 
Freq .. . 20..:-. . 4.0 .... MHz Power in(max) ...... 9.'. ~ ....... MW 
Stability: Phase ............ .... .. . Voltage . . . 1.0 :-.~ .... . .. ... . 

OTHER CAVITIES (Flattopping or otherwise): 
DeSCriptIon: ................ .. ........................... . . . . . .. . 
Region of Influence: Rm;n ............ em Rm ..... .. ....... em 
No. of Gaps/turn.... .. .... . . . dE/dn(max) . . . ....... . .. MeV /q 
Voltage(max) .... ..... ..... MV Harmonic frr /f;on .. ....... .. . . . 
Freq ................. MHz Power in(max) . .. ............. . MW 
Stability: Phase ..... . . .. . .. . ...... Voltage .....• . . .... . ..... . 

VACUUM SYSTEM 
OPERATING PRESSURE: ... . 1 .. >\ • • 1.0:-.6 .. 'l'o!;r . ... . .. ... . .. . . .. . . 
PUMPS: No . and type . . ..... 2 .. ~ . B.OD.0 .. 1/.s ................... . 

. . .. . ... ... ... ... ....... . C?P . Cltf.~\l. ~~.C?n .. J?!-:l!lP.~ .......... . . . 

ION SOURCE(S) 
Typ., Int.,nsity CI (n = /3"(( Ion Species 

(a) . ~.~c?~l;I~~I. . . 
(b) . ~ .~C? S?~~.> .. 

.9:.f~~'> .... .. (1rmm mrad) P , d, 4He, 3He 

... .. ... .. . .. .. ::::::::::: :::: ~;::~~::~:::::: 
(c) .. . ........... . 
(d) ....... .. . . .. . . 

INJECTION SYSTEM 
. . . . . . . . . . ..... .. .. . ......... . . .. . .. . .. Efficiency ... . .. . . . % 

EXTRACTION SYSTEM 
. .De.tl.ec.tor.+.two .magne.tic .chanlleEfficiency ':V.70 . . ... % 

CHARACTERISTIC BEAMS 
Current(part J.'A) 

Accelerated Ions E/A (MeV/u~ Internal External 
(a) .. ) .tel} ...... ;3. (,5.l.. :'t . .40.(~ .. ) ... .. .. .... . .. . ..... J.O'O •....• 
(b) .. 4?El ........ .. . 7 .. ":. V? ... . ....... .. .. . . ....... .. 6.Q .. ... . 
(c) "1~'~"""'" .1.Q .. ": •. ~9 ........ .. .. .... . .. ........ 4.0 ..... . 
(d) .... N .. . ...... ?Q . . '\' .. ~~ .............. ... .. .... ..... 1.. ... . 

Secondary Particles E (MeV) part/sec 
(a) ..... .. .... . ... ..... ...... .. .... . .. ..... . .. . .......... .. . . . . 
(b) .... . .... ... .... .. . .. .................... . ................. . 
(c) . . .. . .. ........ . .... ............... .... . . ....... ........... . 

EXTRACTED BEAM PROPERTIES: 
For .. 2 0 ......... J.'A of .35 . . .. . ... .. MeV /u .... ~ . . . . ... . ions 
AE/E ......... . . Q ,.~ . ••• . •. . % Aq, . . ............. . .... ... °rf 
(n = /3"(( x ... 3.0 . . .... . 1rmm mrad z . ... 2.1. ...... 1rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ... 6.0.Q .... m2 Moveable . .. ........ m2 

Target Stations: ... 1 P .... No. Served At Same Time: .. 1 ..... . 
MAGNETIC SPECTROMETERS: .. . . ...... . . .. .... ...... . . .. . . .. . . 
OTHER FACILITIES : J;$Rt9l?~ .. f.:r:Q~\IS::.t ;i..QI;l .. I?R~;i,t:~.Ql\ .. . ... . 

. ~Q¥l.Q9.:r:?P.l). ... . !W¥.t:r.qI;l .. +~~ I •• 9n :-.~1-n~ . . I\l9-.~? . ... ... . .. . 

. P.~P.~~.~ t~l? .' .. !J.~?-.I1) .. c:l).RPP.~~.!:i .... ... .... . ........... . .... . 

REFERENCES/NOTES 
(a) S.Morita et a1. , I EEE Trans .N.S. NS - 26 (19 79) 1930 
(b) T . Shinozuka et a1 ., Proe. Cys . Co~Caen) 

(1981) 117 
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ENTRY NO . . .. .. . CUS.3 ........... Date .... Jltly . . l/92 . . .... . 
Cyclotron Model .. .. .... !l80pF ....... . ... ......... . .............. . 
Institution .. . N.i.hon . . Med.i.-J'bys.tcs . . CO •• Ltd ... Chi ba .F.aci 1 i ty . . 
Address .... 3.-.1. K.i.tasode. Sodegaur.a.sIJ.i·· I Japan ............. . 
Tel ... (43a~63~.4.Z71. .......... Telex . .................... . . . . .. . 
Fax ... (.438)6.3~33.Q5 ......... . EMAIL ..... 299~.o2 .. . .... .. . . .. . . 
In Charge: .. . Masaj5. .Taka.hash~eported by: .Masaji. .Takahash.i. 

HISTORY 
MILESTON E DATES: 

Installation .. Np.v. •. J 9.84. First Beam . J.urJe . .1.985 ....... . 
DESIGN/CONSTRUCTION BY: .. . Sumitoma .•.. C.G~7MeV ....... . . 
COST: Accelerator .. . . ... . Facility . .. .. $60M ....... . . 
FUNDED BY: ...... .•.. ... . ..... ........ ..... .. ...... ... ......•.. 

STATUS 
STAFF: Operators. . ........ . .... . . Technicians ... 1 P ......... . . . 
BUDGET: Machine .................. Funded by .... .. ... . . . .... . . 
TIME DISTRIBUTION : (e.g. basic research, isotope production, main· 
tenance, etc.) 
(a) . .. . ... .. . Is.Qtope .P.roducti.or.J . .. . ...... ... . ..... . ... 9B' % 
(b) ...... . ... ~a.l.nten.ance . ...... ... .... . .. . ..... . . ... .. .. J ... % 
(c) ..... . .... .. .. ... . . ... . ........ . . . . ..... . ........ . .......... % 
(d) ..... .... . .. . . ........ . . .... .... . ..... . ......... . ........... % 
(e) .................................... .. ... ...... .. ........... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A (MeV /u) Internal External 
(a) ..... . p ... . ........ . 28 ...... . . .. 150 .......... . . 50 ...... . 
(b) ............... . ...... .. . 

1991 /lA-hours on target: . . . . 3.><1 O~.5 ..... •.... . . . ... .. . ... . •.. . 

FACILITIES 
SHIELDED AREA: Fixed ... .90 ..... m2 Moveable ........ . .. m2 

Target Stations: .... 5 .... No. Served At Same Time: .. . .1. ... . 
OTHER FACILITIES: ... . ............ ... ... . ........ ... . .. . . . . 

REFERENCES/NOTES 
(a) .. ...... .............. . 
(b) ................. . .. . 

PLAN VIEW OF FACILITY. COMMENTS 

ENTRY NO ..... . CUS.4 ... ... ...... Date .... July. 1/.92. ..... . 
Cyclotron Model ........ 75.0pY ..... . .. ........................... . 
Institution .... Ni.hon .. Med.i.c~by.stcs .. Co •.• Ltd . .c.hiba .F.ae.i.1 it}, .. 
Address ...... }~ 1 .. kHi).;;.o.de. S.adeg.aura.-.sbi. .> .Jap.an ......... . 
Tel ... . (~~.cn(i~.-.4Z7J. ......... Telex . .... . .................... . . 
Fax .... C4~~).Ei~7~;3.QQ ......... EMAIL ..... 299~.Q2 ............ . . . 
In Charge: .Mq~aji. Ja.kq~iI.S.hi. Reported by: Mi).;;.a.ji.la~ah.asb.i .. 

HISTORY 
MILESTONE DATES: 

Installation . . . S.e.R, . J.~~~. . . . . . First Beam . . .. ~l,In.e. .19B.G .... . 
DESIGN/CONSTRUCTION BY: ... ?~rn.i.t9rn.o .. , . .c.~~7M.e.~ ........ . 
COST: Accelerator ............ ... .. Facility ... $60M ......... . . 
FUNDED BY: .. ..... . ... . .... . .... ........ . .................... . . 

STATUS 
STAFF: Operators. .... . ........... Technicians ..... lG ..... ... . 
BUDGET: Machine ....... ... .... . ... Funded by ................. . 
TIME DISTRIBUTION: (e.g. basic research , isotope production, main
tenance, etc.) 
(a) ... . . .. .isoto.pe. Pr.oductton .. . . ... .. . . . .... . ......... 90 . . % 
(b) ....... Main:t.enanc.e .......... . .. ... . ......... . . .. . ... 10 .. % 
(c) .......................... . ..... . . . ..... ... ..... .. . .... . .... % 
(d) ...... .. .. .. ... ... . ............ . ........... . .... .. .... . .... % 
(e) ............ .. .. ........ . ..... . . ..................... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E( A (MeV (u) Internal External 
(a) .. ... jl . ....... . .... 32 . .. ...... . . . .1.50 ............ riO ...... . 
(b) . . : . . . Q ...... . . .. .. .7.0 . . . ..... .. ... ............... 50 . ... .. . 

1991 /lA-hours on target: . .. 3xl0e5 . . ....................... .. 

FACILITIES 
SHIELDED AREA: Fixed .. 14.0 ..... m2 Moveable ........... m2 

Target Stations: .... 6 .... No. Served At Same Time: .... .1 . .. . 
OTHER FACILITIES: . ........ . ....... .. . . ... .. .... . ..... . ....... . . 

REFERENCES/NOTES 
(a) . .. .... . . .. ..... .. .. . . 
(b) .......................... . 
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COST: Accelerator .. . . ... . Facility . .. .. $60M ....... . . 
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tenance, etc.) 
(a) . .. . ... .. . Is.Qtope .P.roducti.or.J . .. . ...... ... . ..... . ... 9B' % 
(b) ...... . ... ~a.l.nten.ance . ...... ... .... . .. . ..... . . ... .. .. J ... % 
(c) ..... . .... .. .. ... . . ... . ........ . . . . ..... . ........ . .......... % 
(d) ..... .... . .. . . ........ . . .... .... . ..... . ......... . ........... % 
(e) .................................... .. ... ...... .. ........... % 
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SHIELDED AREA: Fixed ... .90 ..... m2 Moveable ........ . .. m2 
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(b) ....... Main:t.enanc.e .......... . .. ... . ......... . . .. . ... 10 .. % 
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ENTRY No. cuss 
Meditron June 1989 

NAME OF MACHINENiticiri Medi~PflYsfCs Co'.; ' Ud; Tal<aPa1Jia' FacilfW· ····· .... . ..... ... . .... . .. ..... . ....... .. .. .. .. ..... . ... . 
INSTITUTION ........... . ...................... .. ......... . ...... .. ..... . .... . ..... . .... .. . ..... ......... ....... ... ........ . 
ADDRESS .. . 4.- 2 r1 ,. Takatsukasa ., .. Takaraz.uka, . l:Iyo'Jl. J.APAN .665 ....... . . . .. ....... . ... . ..... . , .. . ... .. ... .... .. ... . 

TEL .. 079.7_7.1_47:7.1. ...... TELEX 56.456.fi9 .. NMP . J ... . ................. .. ... . ...... ... ... . ..... . . . .... , ............ . 
IN CHARGE .. H • . Tobj.K.l. . . . . . . . . . . REPORTED BY .,.'1 •. Tanaka. . ~ ..... . .•• .. . . .. .. . , , . , ..... ... . •.. , . ..•.. ..... .. , ... , . .. . .• 

HISTORY AND STATUS 
DESIGN. date ... , .... . .. ... . ,. Model tests . . . ~C;~., . ~~:-: ~~ .. 
ENG DESIGN, date. , . , ... , . . . ... , ..... . ... .. . '97" , , . ..... . 
CONSTRUCTION, date ..... , ... A~9.·. ~i~-;'4' .', .. ,4 ..... . , , .. 
FIRST BEAM, date (or goal) ...... l;I~v, ~ " , . . ...... " ... . , . , .. . 
MAJOR ALTERATIONS .. AC!9~.qo.n. ~~ . ~~~e,~~?,~ " , ..... . 
. . .... . ' . . .. .... .. N~'!i, ,~~9n~t.~~ .... . ... "" ".,." 
COST, ACCELERATOR" .. , ....... " .. , ........ , ........ , .. 
COST, FACILITY, total , .. , , .. , .. , .. , .. , ... , , , , , , , , , , , , , , , , , , 
FUNDED BY .. ~.iJ)91\ .~~~t~~.l}y~.i,C;:~ . <;:9 .•.• . ~tA· . . , ..... " 
ACCELERATOR STAFF. OPERATION AND DEVELOPMENT 
SCIENTISTS ., .......... ,.. ENGINEERS , ... ? .... , ... .. . 
TECHNICIANS . .. 1. . . .. . . . . . CRAFTS .. . ..... .. . . . . . .•• . 
GRAD STUDENTS Involved during year .........•............. 
OPERATED BY . .. ... ... . Reseerch staff or .......... Operators 
OPERATION .... . .. .. . .. hr/wk, On target ............ hr/wk 
TIME DISTR . in house ... 1.00 .. .... %, Outside ... . .. . .. ... % 
BUDGET, op & dev ... . ... .. ......... . . , , ... .. . . .... . ... ... . 
FUNDED BY ........ . ........ . .......... . •. . . .. ............ 
RESEARCH STAFF, not included above 
USERS, in house . , . ......... . .. . . outside .....•... ....... .. 
GRAD STUDENTS involved during year .......•.•.............. 
RESEARCH BUDGET, in house ............................. .. 
FUNDED BY ........ .......... .. ................ . ......... . 
MAGNET 
POLE FACE, diameter Icompactl .96 . cm, R extrection . 42 cm 
R Injection .... . . . .. cm 
GAP, min . ... .... . cm, Field . .. ..... .• .. kG } 

max . .... .... cm, Field .... ., ...... . kG at .... .. ... • 
AVERAGE FIELD at R ext .... .... 1 .. :.~ . ... kG Ampere turns 
8 max,' <8::> .... .. ........ ...... .. ............... . .. .. . . 

NUMBER OF SECTORS {~~;~:::a~ : : : : : : } Spiral, max .. deg 
SECTOR ANGLE ISSCI ...... ....... . .. deg 
TRIMMING COILS ... .. ..........•..... .. ........ . .......... 

CONDUCTOR, material and type ..........•.•...••..•..•...... 
STORED ENERGY Icryogenicl ........ . ...... .... , . ....... ~ 
POWER: main coils . !'IO . . max, kW ; currant stability .1 9: .. 

trimming coils ..... . max, kW ; current stability ... .. . 
WEIGHT: Fe .. 20 ........... tons; coils .... . ....... . ... tons 
COOLING system ... .. ..• . . .. ...... ......... • . .. ............ 
ION ENERGY {bending limitl E/A = . ...... . q'/a' MeV/amu 

(focusing limit) E/ A = .... . .. . q'/a' MeV lamu 
ACCelERATION SYSTEM 
DEES, number .... ~ . .. . ..... ; angle ... 9.0 ... .. ... .. .. ... deg 
BEAM APERTURE ..... . .... cm; DC Bias .1 ... 5 ............ kV 
TUNED by, coarse ... . . ... . ..... fine . . ................... . 
RF ............ to .......... mHz, stable ± ....... ... . . .. . 
Orb F . . . . . . . . .. to .. .. .... .. mHz 
HARMONICS, RF/Orb F, used ... , . .. . .... . ................. . 
DEE - Gnd, max . ... . . kV, min gap, .... ..•. • .. .• .......... cm 
STABILITY, Ipk-pk nolae)lIpk RF vol II .. ...... . . ........... .. . 
ENERGY GAIN, max ......... ... ...... . ............. . kV/turn 
RF PHASE, stable to ± .. .. _ ........................... _ . deg 
RF POWER Input, max ..... . .. ..•. .... . .......... . ....... kW 
FREOUENCY MODULATION, rete .. .. ...... ....... .. ... ... . Is 

modulator, type , ...................................... . 
beam pulse, width ...... . . . ... . ... ..................... . 

VACUUM SYSTEM -6 
OPERATING PRESSURE .... 5. )(. .1 P ..... .. . .. . . .. Torr or mbar 
PUMPS, No, Type, Size .. . . .1 •. ~ .• 1.0:' . .r? "' ~ t ••• _ ••••••••••..• 

.... .. .................... . 1 .. >s . ~ ," .. I? .. . ~, •. _ ........ _ ••.. •• 

ION SOURCES 
...... .. ... . . •.•• ••• . . . ~~<;> .. t;yP.~ ......... .. . ...... .. ..... . 

INJECTION SYSTEM 

EXTRACTION SYSTEM 

FACILITIES FOR RESEARCH 
SHIELDED AREA, fixed . . ......... If' ; movable .. . .. , . . ... m' 
TARGET STATIONS .... 3 .... in ......... rooms 
STATIONS served at same tima, max . , .............. , ...•..... 
MAG SPECTROGRAPH, type .. ' ..... , . , ..... .. .. . . . .••...... 
COMPUTER modal .. . ................. . .. , ... ......••. . .... 
OTHER FACILITIES ...... , ..... . .. , . , . . , . . . . . ••• . .. , . . ... . . . 

CHARACTERISTIC BEAMS 
PARTICLE ENERGY IMeV) CURRENT IPI.A) 

Goal Achieved Internal External 

:prntQri::: ::: i( :::: ::::i~ :::: :jO:q::::: :: $~::::::: 

SECONDARY 

BEAM PROPERTIES 
MEASURED 

PULSE WIDTH ..... RF deg 
PHASE EXC, max . . . RF deg 
EXTRACT eff ....•.. % 
RESOL 6E/E ....... % 
EMITIANCE 

Ipartls) 

CONDITIONS 
· ...... Pll A of .... MeV • .. ions 
· . ... .. Pll A of ... • MeV ... ions 
· ...... Pll A of . .. • MeV ... ions 
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Tel .(.Q298.) .. 5J:-.631.1 ........... Telex ............... .. ... ... .... . 

Fax .. te) .. ~~? .. !F.?~)~ .. . .... EMAIL . ........................ .. 
In Charge: r ... ~~.; .g~f!1?.t.s. ~ .. . .. Reported by : .. ~, .. y.O'Q~.z.a,"ig. .... . . 

Fax (0298) .. ~17~.5.~6 ... ... .... EMAIL ...... .... ...... .. .... .... . 
In Charge: J •. N.ag9k.a.I'i~ . . ...... Reported by: . J .•. . ~il9.akil\'l.a . .... . 

HISTORY HISTORY 
MILESTONE DATES : MILESTONE DATES : 

Installation .. Q<;j:, .. 19a~..... . .. First Beam .. 0~.1; , . J9.84 ..... .. Installation ~pr.i.1 . ~.5 . . -:- . J.u.~~ .. 86 First Beam J.4Q~ . .1.~~9 . ....... . 
DESIGN / CONSTRUCTION By:N'I:.:r:.~1,.e."Yj,c:.~l~ p?-'!!!!'.1¥l.j,~,q.,t,.~_?!l.'l.. Labs DESIGN / CONSTRUCTION BY: . ~?\'IN?\'I ..... .......... ... .. .. .. . 
COST: Accelerator . .......... .. . ... . . Facility.. . .... . .. ......... COST: Accelerator .. $.1.. 7.5.0 . . 999.. .... Facility .. $??.o. .999 .. .... . . 
FUNDED BY: . ..... ... . ..... . ...... . .. ......... . . ... .. .. ......... FUNDED BY: .~C;~~.~<;~ .. a.n~ . :r.chn 9.1.()9Y. Ag~~.c.y', .. J.~~. ~~~' .... .. 

STATUS 
STAFF : Operators . . . ......... . . ... Technicians .... .. ... . .. .... . 
BUDGET : Machine .. . . ... ........... Funded by ................. . 
TIME DISTRIBUTION : (e.g. basic research , isotope production , main
tenance , etc.) 
(a) .... ...... .•. .... ~P.A.I) ......... ... ... ... ... ...... .. ~P ...... % 
(b) ... . ......... . . . . ~B's .•. . PIX( ...... . . .. . .... . ....... ~O .. . ... % 
(c) .... . . ... ....... . Mi<;rp::bepJII ............. . . ....... 10 . ..... % 
(d) .... .... ..... .. .......... .. . ................ ... ........ . ... % 
(e) ...... .. ......... ..... ... .... ...... ..... ............... ..... % 

CHARACTERISTIC BEAMS 
Current{part J1.A) 

Accelerated Ions E/ A J MeV tU) Internal External 
(a) .... P ... . 

4
. 9 .... 1,..8-:-1. .•. ), . . -:.8 .... ... .......... ~Q!. .. ~Q ... .. 

(b) . .3He, ... ~e ... . 5 .• A-:-2) .•. . 6. p.-:1.6 . .... .... ... . ... .1.0 . ... 1.0 .... . 

1991 J1.A-hours on target : 

FACILITIES 
SHIELDED AREA: Fixed ...... .7.0 .. m2 Moveable . . ... ...... m2 

Target Stations: .. . ...... No. Served At Same Time: . ... .. . . . 
OTHER FACILITIES : ... . . . ..... .. ...... ... ............. .. ....... . . 

REFERENCES/NOTES 
(a) .1:1 ... Y.ooe.z.aWiI, . . 11 .. t.h . Cy.c.l Qtr.QT) . C.QT)f .. . 1.gep .. R. (i~.6 .. . .... . 
(b) ...... . .. . . . ...... . ....... . ......... . ......................... . 

PLAN VIEW OF FACILITY, COMMENTS 

STATUS 
STAFF: Operators .. . 9 .... ..... . 
BUDGET: Machine F90 .. QOO ........ . 

T h . . 0 
ec ",clans .stil: ..... . ..... . 

Funded by ................. . 
TIME DISTRIBUTION : (e .g . basic research, isotope production , main
tenan'Be, etc .) 
(a) .. a~ .;.c . R~.se~:c.~ . (~.a.ter; .a.1 s. S.~ ~ e~.c.~) ......... ~9 .. .... % 
(b) ·t<la~nte~anGe · ··· ... . ·· · .. · · . .. · ..... · ...... · ..... ZQ ..... . % 
(c) .. . . ..... . . ... ... . .... ... ... . . .. . .. ........ .. ............... % 
(d) ... . . .. . . ...... ... .... .. . ..... .. .. . .. .. ... . ........... .. .. . % 
(e) . . .. ............ . ... .. ... .. ... . . ...... .. ...... .... ..... ... .. % 

CHARACTERISTIC BEAMS 
Current{part J1.A) 

Accelerated Ions 
(a) . pJ.d . ...... .. . 
(b) . ~e::3 ! ti.e::4 .. . 

E/ A (MeV / u) Internal External 
. ).7.110 ...... .. . .. .. 50. p/.o ....... 50. pjd .. .. 
. 215j 20 .. ........... 20 .. .. .. .. .... 20 ........ . 

1.75 x 10e3 
1991 J1.A-hours on target : .. ............. ..... . ..... .... ....• .. ..... 

FACILITIES 
SHIELDED AREA : Fixed .... ~9 ..... m 2 Moveable ...... 9 .... m2 

Target Stations: .... .. . 1 . No . Served At Same Time: .. 1 . .... . . 
OTHER FACILITIES : ............................................ .. 

REFERENCES/NOTES 
(a) .P.r.oc .... 1l t.h . In.t '.1. Conf • .. on. c.:,<c lot.r.oQ, .. 1986., .. p.571 .. . . 
(b) . ... (H •. Shi.rajs.hi. e.t .al..) .. . . ... .. . . ... . ................. . 
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1M tlll 

IRRAD IATION ROOM 



ENTRY NO. .... CU.6~ .. .. ....... . . Date .~~f.7.1.~?- ............ . 
Cyclotron Model ... ().~C;~!' .... . ...... . .......... . ....... . ......... . 
Institution .. Nl<!<: .Co?,~,?"a:t.~o" .. . ... .. .................... .... ... . 
Address . . ~ -;-1 .. ~UJ!:!l.IRC?:-C.~O ( . :r.~URUI'g:-K~J . . Y()I<ql.I~1A . ? ;J.O .. ~r;,?~!l 
Tel ... ~1:-~.5 -:~ 0 .5:-: ?53? ....... Telex ....... . ..... . . . . .... ...... . 
Fax .. 81::~? :-.50~ :-?55? ... . ... EMAI L .. . ....... ....... .. . ...... . 
In Charge: ................... .. Reported by: .I:1~~Ij+9 . . 'iIlH1A41,1 .. . 

HISTORY 
MILESTONE DATES : 

Installation .. JUtjE . ~ 9.9~ . . First Beam . ~~r,Y .. 1 .~''1! ....... . 
DESIGN/CONSTRUCTION BY: . .oXFOI~D. !!'l.~1'll!1.I1r;I.JT,s .. , ..... . . . 
COST: Accelerator....... .. .......... Facility ................ , .. 
FUNDED BY: ........................................ . ........ . . . 

STATUS 
STAFF: Operators ...... 5........... Technicians ..... ? ......... . 
BUDGET: Machine . . ................ Funded by . .. . . ......... . . . . 
TIME DISTRIBUTION : (e.g. basic research. isotope production, main· 
tenance, etc. ) 
(a) P.~,!,?~P'p'l1)en.t .,?f . . p~~. ~.h,:,?~.s.t:r¥ . . mo<;lul.e':' .... . ..... ~9 ... % 
(b) N:'.':~7:'.r:.:?-?~'?~.':':l?h!, .. (1~.9~.:-.) .. . . ..... . . . ....... 9 ... % 
(c) .f:1,:,~:'.t,:,~a.nc;,:, ........................ . . ... , . . ......... 1.~ ... % 
(d) ......... . . ...... . ......................................... % 
(e) .... . ................................ . ...................... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .11. ....... . . . .... . L2 . .... . ... . . ... JQO . . . . ...... . . LQO ..... . 
(b) .............. . 

1991 /lA-hours on target: .. .. ............ . ~9/P.QQ ................. . 

FACILITIES 
SHIELDED AREA: Fixed 72 m 2 Moveable 

T"get Stations: .. No. Served At Same Time: .. 1 .. __ 
OTHER FACILITIES: .................. 2 ..... .. ..... ...... . . .. ... .. 

. . . . . ~'?t. ~.h,:,,?i.s.t:ry-.. ,:oom ...... B.~ . t.n ...... ••.• . •.•..•. . ....•.... 

REFERENCES/NOTES 
(a) ........... .... ..... . ............. • .•......•...... • ............ 
(b) ............................................. .. ........ ..... .. . 
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ENTRY NO . .. .... CU?4 ........ .. . Date "J.,-!l}e .. 1.~ .. 19.n .. .. 
Cyclotron Model . . ~~"n.<\~t;:(J11~'!' . M.G~?f. ... .... . . . ............... . 
Institution .. P.ET-C-ente·r.- '\J"'l:vers-H:y' Hosp·ital · ..... . .. .. ..... . 
Address Oos_~e_':s}-''-g_eL5~ _ N~::.971.:H:~\irQ"ingen! Neth~r),,,1)9? 
Tel . . +. . 31 .. 50. 6.1 . 33l-l ..... . .. Telex .5 ~942 . a",gn. NL .......... . 
Fax . ~ . .31. 5.1) .696.619 ... ..... · EMAIL GIL· .e . KV-l.,·NL· ..... . ..... . 
In Charge: W •. lIaa1bu.:cg . . ...... Reported by: A.M •. J •. ".aana··· .. · · 

HISTORY 
MILESTONE DATES: 

Installation . . 1.9.91.. ... ..... First Beam. March. .1991 ... . .. . 
DESIGN/CONSTRUf:TION BY: .Scaruiitrnnix. AB ... .... . ..... . . 
COST: Accelerator ~ MUEL. .... .. .. .. . Facility . . 12. MUEL ...... . . . 
FUNDED BY: .UoivJ?rsit.y. .l:Ios.pital.t. Univexsi,t:y .. of G.ron~gen 

STATUS 
STAFF: Operators .. . . ...... . . ... .. Technicians .. . ........... . . . 
BUDGET: Machine ............. Funded by .. . .... ..... ..... . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main
tenance, etc.) 
(a) J~9.t.QP''? P.r:qc;i\l.C.t::i-9P .. (H(: .•. PN .. D.Q •. Hl.n ...... lP.Q. % 
(b) ... .. ........... .. .. ... ....... .... .. ................ % 
(c) ..... . . .. . .. .. ... .... . ................ .. ... . ........... .... . % 
(d) .... . .. ..... .............. .. ......... % 
(e) .... ... .................. . ......... . . . .. . . ..... .... . .. . . . ... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) . p . .. ..... ..... ... .l.7. . Me-V ............ . 74 .... ..... 65 ....... . 
(b) .d ............. .. ... B,S.MeV ....... ... 7& ........ 50 ...... .. 

1991 /lA-hours on target: .. 4100. llAh ... . . ... .. . .................. . 

FACILITIES 
SHIELDED AREA: Fixed .. 5.5 ..... . m 2 Moveable ........... m 2 

Target Stations: ... 1 ..... No. Served At Same Time: .. 1. .... . 
OTHER FACILITIES: .1. . targ~t . .s.tat;i.o.!J. wHh. H . . tar!?,,,!;. ~)<,<:hanger 

.. ~ac;lj..Q<:1).~[lI;i,c;a~ . Lat>9r.a.!;017. ........ . . .............. . ....... . 

.. . ~j,~I)l.e.!J~. )::~.I'IT. 9.5.~n.1 .. ~O~ .Lt;:r911 .. C;al)l.e.,a ........... . ...... .. 

REFERENCES/NOTES 
(a) ................................... . .. . .... . ............... . 
(b) ...................... . .............................. . ....... .. 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO. .... CU.6~ .. .. ....... . . Date .~~f.7.1.~?- ............ . 
Cyclotron Model ... ().~C;~!' .... . ...... . .......... . ....... . ......... . 
Institution .. Nl<!<: .Co?,~,?"a:t.~o" .. . ... .. .................... .... ... . 
Address . . ~ -;-1 .. ~UJ!:!l.IRC?:-C.~O ( . :r.~URUI'g:-K~J . . Y()I<ql.I~1A . ? ;J.O .. ~r;,?~!l 
Tel ... ~1:-~.5 -:~ 0 .5:-: ?53? ....... Telex ....... . ..... . . . . .... ...... . 
Fax .. 81::~? :-.50~ :-?55? ... . ... EMAI L .. . ....... ....... .. . ...... . 
In Charge: ................... .. Reported by: .I:1~~Ij+9 . . 'iIlH1A41,1 .. . 

HISTORY 
MILESTONE DATES : 

Installation .. JUtjE . ~ 9.9~ . . First Beam . ~~r,Y .. 1 .~''1! ....... . 
DESIGN/CONSTRUCTION BY: . .oXFOI~D. !!'l.~1'll!1.I1r;I.JT,s .. , ..... . . . 
COST: Accelerator....... .. .......... Facility ................ , .. 
FUNDED BY: ........................................ . ........ . . . 

STATUS 
STAFF: Operators ...... 5........... Technicians ..... ? ......... . 
BUDGET: Machine . . ................ Funded by . .. . . ......... . . . . 
TIME DISTRIBUTION : (e.g. basic research. isotope production, main· 
tenance, etc. ) 
(a) P.~,!,?~P'p'l1)en.t .,?f . . p~~. ~.h,:,?~.s.t:r¥ . . mo<;lul.e':' .... . ..... ~9 ... % 
(b) N:'.':~7:'.r:.:?-?~'?~.':':l?h!, .. (1~.9~.:-.) .. . . ..... . . . ....... 9 ... % 
(c) .f:1,:,~:'.t,:,~a.nc;,:, ........................ . . ... , . . ......... 1.~ ... % 
(d) ......... . . ...... . ......................................... % 
(e) .... . ................................ . ...................... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .11. ....... . . . .... . L2 . .... . ... . . ... JQO . . . . ...... . . LQO ..... . 
(b) .............. . 

1991 /lA-hours on target: .. .. ............ . ~9/P.QQ ................. . 

FACILITIES 
SHIELDED AREA: Fixed 72 m 2 Moveable 

T"get Stations: .. No. Served At Same Time: .. 1 .. __ 
OTHER FACILITIES: .................. 2 ..... .. ..... ...... . . .. ... .. 

. . . . . ~'?t. ~.h,:,,?i.s.t:ry-.. ,:oom ...... B.~ . t.n ...... ••.• . •.•..•. . ....•.... 

REFERENCES/NOTES 
(a) ........... .... ..... . ............. • .•......•...... • ............ 
(b) ............................................. .. ........ ..... .. . 
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ENTRY NO . .. .... CU?4 ........ .. . Date "J.,-!l}e .. 1.~ .. 19.n .. .. 
Cyclotron Model . . ~~"n.<\~t;:(J11~'!' . M.G~?f. ... .... . . . ............... . 
Institution .. P.ET-C-ente·r.- '\J"'l:vers-H:y' Hosp·ital · ..... . .. .. ..... . 
Address Oos_~e_':s}-''-g_eL5~ _ N~::.971.:H:~\irQ"ingen! Neth~r),,,1)9? 
Tel . . +. . 31 .. 50. 6.1 . 33l-l ..... . .. Telex .5 ~942 . a",gn. NL .......... . 
Fax . ~ . .31. 5.1) .696.619 ... ..... · EMAIL GIL· .e . KV-l.,·NL· ..... . ..... . 
In Charge: W •. lIaa1bu.:cg . . ...... Reported by: A.M •. J •. ".aana··· .. · · 

HISTORY 
MILESTONE DATES: 

Installation . . 1.9.91.. ... ..... First Beam. March. .1991 ... . .. . 
DESIGN/CONSTRUf:TION BY: .Scaruiitrnnix. AB ... .... . ..... . . 
COST: Accelerator ~ MUEL. .... .. .. .. . Facility . . 12. MUEL ...... . . . 
FUNDED BY: .UoivJ?rsit.y. .l:Ios.pital.t. Univexsi,t:y .. of G.ron~gen 

STATUS 
STAFF: Operators .. . . ...... . . ... .. Technicians .. . ........... . . . 
BUDGET: Machine ............. Funded by .. . .... ..... ..... . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main
tenance, etc.) 
(a) J~9.t.QP''? P.r:qc;i\l.C.t::i-9P .. (H(: .•. PN .. D.Q •. Hl.n ...... lP.Q. % 
(b) ... .. ........... .. .. ... ....... .... .. ................ % 
(c) ..... . . .. . .. .. ... .... . ................ .. ... . ........... .... . % 
(d) .... . .. ..... .............. .. ......... % 
(e) .... ... .................. . ......... . . . .. . . ..... .... . .. . . . ... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) . p . .. ..... ..... ... .l.7. . Me-V ............ . 74 .... ..... 65 ....... . 
(b) .d ............. .. ... B,S.MeV ....... ... 7& ........ 50 ...... .. 

1991 /lA-hours on target: .. 4100. llAh ... . . ... .. . .................. . 

FACILITIES 
SHIELDED AREA: Fixed .. 5.5 ..... . m 2 Moveable ........... m 2 

Target Stations: ... 1 ..... No. Served At Same Time: .. 1. .... . 
OTHER FACILITIES: .1. . targ~t . .s.tat;i.o.!J. wHh. H . . tar!?,,,!;. ~)<,<:hanger 

.. ~ac;lj..Q<:1).~[lI;i,c;a~ . Lat>9r.a.!;017. ........ . . .............. . ....... . 

.. . ~j,~I)l.e.!J~. )::~.I'IT. 9.5.~n.1 .. ~O~ .Lt;:r911 .. C;al)l.e.,a ........... . ...... .. 

REFERENCES/NOTES 
(a) ................................... . .. . .... . ............... . 
(b) ...................... . .............................. . ....... .. 
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ENTRY No. CU65 

NAME OF MACHINE ...... :7~~ .................... . DATE .... ?~pt.E!!'1~~r:. t ~~~. 'ph"" . . '0' . h' . ' Il' V .......... ... ... .. ....... . . 
INSTITUTION . M.a.ll. iT)C;~ rp9.t.Qi~g(l9~ ~.i .c.s .. (~91J!lfl¢J '~ " ~ ' . ('!fl~.i.1 .. J.~I) ........... i . l . l. P'~ .. ~P. ~r .. ... . .) .......... .... ..... ... .. . 
ADDRESS .... p ... a .. . eQ~. ) ... V~~ . ~~ . p.e.W!~ .. ~P~.E.R.~~~Q? 1" .. .. " tA ' . .. 31' ... '246 '10M' . . .............. ... ....... .. . . ... . 

TEL .:l1(0)22fl.6.-) 010 ...... TELEX ... m?9 . p.LP~.~ ... . :r~~.E ... ~ . . ... !9F : ....... ... ...... .... .... . ....... . . .. . .... . 
IN CHARGE . . B • . Reiff.. . . ......... REPORTED BY .. ,J .•. 4 ... '{~(l . ~l!r . . B.dAr) ... ... . . .. .. ....... . .. .. ... . .. ... .. . .. ... .... . ... . .. . 

HISTORY AND STATUS 
DESIGN. date . ......... . .. . .. . Model tests ..... . ..... . ....• 
ENG DESIGN, date ... . ...... . .. . . . ................•. . ...... 
CONSTRUCTION, date .. 1963.-1964 . . .. . ... . .............. .. 
FIRST BEAM, date (or goal) . pr.o.tans •. June. .1964 ... . ........ . 
MAJOR ALTERATIONS .1966 .. . ...... . ... , ....... . ... . . . ... . 
.......... . . . .... . ... . . mult.i .. pa"ticle~. macnige . ...... , .•• 
COST, ACCELERATOR . Z. l. x. .LOIl .. . ..... . ...... .... . .. ... . 
COST, FACILITY rW:teli PhTlips 'Oupha'r' ·S:V: · · · ·· · ·· ··· · · 
FUNDED BY .. P . ...... . . . . .. .. . ... .. .... . ..... . . .. ...... .. . 
ACCELERATOR STAFF, OPERATION AND DEVELOPMENT 
SCIENTISTS ..... . 1........ ENGINEERS . .. L ... .. .. .. .. 
TECHNICIANS ..... 5. . . . . ... CRAFTS ..... lO ..... . . .. .. . 
GRAD STUDENTS Involved during year ...• • ..• .. : •... . . .. . , . . 
OPERATED BY .... -.... .. Research stall or • • .• . lD . . . Operators 
OPERATION .. . . 1.32 .... hr/wk, On target ... DO ..... . hr/wk 
TIME DISTR. in house . .. 1.00 ..... %, Outside . . . ~ ... . . . . . % 
BUDGET, op & dev ......... -.. . .... , .. . .. . .............. ... . 
FUNDED BY .... pl'. i~ately . ..... . . . ..... . . . ....... . ... . .. .. 
RESEARCH STAFF, not Includad above 
USERS, In house .. . .. ~ ..... .... .. outside .. . ~ .. ........ .. .. 
GRAD STUDENTS Involved during yesr .....• ... ~ .... . . ... . . .•. 
RESEARCH BUDGET, In house . .. . .... . .. . . ... ~ . ... . . . ... .. .. 
FUNDED BY .. .... .. . ..... . ... . .... . .... . . . . , ....•....•. . . . 
MAGNET 
POLE FACE, diameter (compact) .140 cm, R extraction . ~7. cm 
R Injection .. . .. ~ . . . cm 
GAP, min .. .. . 16 .. cm, Field ............ kG } 6 

max .... . 30 .. em, Field ......... .. . kG at·.5.Q3 .10 .. . 
AVERAGE FIELD at R ext .. ..... . . 15.3 . .. . kG Ampere turns 
B maxi < B > . .. .. .................. :3' .. ..... ....... ... . . 
NUMBER OF SECTORS {~~:::~:d :: : : :: } Spiral , max ~~ deg 
SECTOR ANGLE (SSC) . ... .. ........ . . deg 
TRIMMING COILS . . .. .. .. . •........... .. , • ..•.. , •....•• . • • , 

CONDucToR': ~~'t~;I~i ~~d' iy'~~ : : : : : ~j : : : : : : : : : : : : : : : : : : : : : : : 
STORED ENERGY (cryogenic) ....... . . .• . •. . .. .. ...... . . . MJ 
POWER : main colis . Hill .. max, kW ; current stability . . . . . . 

trimming colis . .. ... l1lax, kW ; current stability .. . .. . 
WEIGHT : Fe .. . ....... 100 ... tOilS; coils .. . ....... . .... . tons 
COOLING system . . closed .circuit. d.em .water .............. . 
ION ENERGY (bending limit) EI A = .. . lO . . q'la' MeV /amu 

(focusing limit) E/ A = ....... . q'/a' MeV /amu 
ACCelERATION SYSTEM 
DEES, number ...... .1. '5' ... ; angle . . .' . . ... . . 6~~5' ..... deg 
BEAM APERTURE .. . ~i .. . . .. cm; DC Bias t . , .. . .' .. .... . . . kV 
TUNED b I'IS I' nm cap y, c~~se ...... n" . .. . Ine .. ...... 5x1'0..:6 " ... .. 
RF ............ to ....... . . . mHz, stable ± ..... . . . ..... . . 
Orb F .... .. .. 7. to .. .. 21. ... mHz 
HARMONICS, RF/Orb F, used . . 1 ~t. 01' •. 3r.d .. . .. . . , ... . ..... . 
DEE· Gnd, max .. 50 '. kV, min gap ..... . ... : :3' . ... . . .. .... cm 
STABILITY, (pk·pk nOlse)/(pk RF volt) ... . 10 .... .. .. .. .. .. ... . 
ENERGY GAIN, max ..... 100 ........ . .. . ....... . . . ... kV/turn 
RF PHASE, stable to ± ..... . .......... . . . . . ..... . ... .. .. deg 
RF POWER Input, malt .... 90 . .. .... ..... ........ .. ....... kW 
FREQUENCY MODULATION, rate .. .. ..... • .. . . . . . ... . ..... /s 

modulator, typa .....•.... . ..... .. ... . ... . . .. . . .. . ...... 
beam pulse, width . ... . ..... . ...... . . . . .. . . ............ . 

VACUUM SYSTEM 
OPERA T)NG PRESSURE .. .. 5:-J-ll ........ .. .... . . . Torr or mbar 
rUMPS, No, Type, Size .. .l. .QU .c;tjff. •. ·.P.411JP. .l?999 . . 1.1.~ ..... . 

ION SOURCES 
.. umRYAl •. p.m, .SOOY •. f3A . .... . .... . . . .. . ... . . . .. . .. .. . . 

Fi lament 8 V. 1000 A 

INJECTION SYSTEM 

EXTRACTION SYSTEM 
. ..... . . none ......... . . . .... . ... . ... . . .. ............. . . . . 

FACIliTIES FOR RESEARCH 
SHIELDED AREA, lixed • ... • -.. .... m' ; movable ..... -... .. . m' 
TARGET STATIONS .. . . -....• In .. . .. . .•. roome 
STATIONS served at lame tlma, max . .. . ...• ~ • .. ... . ••.... . . . . 
MAG SPECTROGRAPH, type •. .. .. ... • . .• . ~ . ..... . • .... • . . . . 
COMPUTER model . • , ..••••• . , .• , ., • . .••. ~ .... ....•. . ••. ... 
OTHER FACiliTIES •• , .. , •• .. • .. •• , .nODi .... , • . , ••• . .• . ••.•• 

CHARACTERISTIC BEAMS 
PARTICLE ENERGY (MeV) CURRENT (PIIA) 

Goal Achieved Internal External 
. . . Ii. l . . . . . .. .. 2.& . . .. .. , .. .3.0 . . . .... 400 ........ .. . .. .. 
. .. H.2. . . . . . . .. l~ .. .. ... ... ~Q .. . . ... 400 . ... . .. ....... . 
. .. Hel . ... . .. . A~ .. . . ... ,. All .. , 
.. . He<\ . .. . .... . lO . .... .. . .. 4~ .. . 

- -:: ::ioo:::: : ::: :>: ::: 
SECONDARY (part/a) 

BEAM PROPERTIES 
MEASURED CONDITIONS 

PULSE WIDTH ••• . • RF deg .•. • ••• Pli A of . .• . MeV .. . ions 
PHASE EXC, max . •• RF deg . .•• •. • PI! A 01 . . .. MaV . . . Ions 
EXTRACT eft . . •. , . , % . , ... , , PI! A 01 ... . MeV • •. Ions 
RESOL AE/E ....... % .... .. . Pli A of .... MeV ... ions 
EMITTANCE 

(" mm. mrad) { .• , aXladl} .• ...•• PI!A 01 .. . .. MeV .. . Ions . .. . ra 
OPERATING PROGRAMS, time distribution 
BASIC NUCLEAR PHYSICS.. SOLID STATES PHySiCS ...• 
BIOMEDICAL APPlICAT. • . •• ISOTOPE PRODUCTIONS ~?~. 
nevelo~ent. • •. , •• .. • . ~% . . . , . . . . .. . . . •.. ......... , ... . ... . 

REFERENCES/NOTES 
Hagedoorn. H,L . and Verster. M.F . C. 
CERN report 63·19(1963) pp 286~90 

PLAN VIEW OF FACILITY, NOTEWORTHY FEATURES, 
COMMENTS 

Accelerator exclusively used for r~dionuclide 
production with protons. 



ENTRY NO . ...... CU6.7. .... . ... .. . Date ... . ... .. . .. . . .......• 
Cyclotron Model ... 11<:: .. ~ .5. . .... . ... .. ... . ............. . .. . .. . . .. . 
Institution .D~Et. 'p'hy.s: .. Un.~ v ..... of .. O.~l~ ......... . ....... . . . 
Address . ~~ ~.~?-.er.r~! .. N.or\>iay . . .. ..... . . ......... .. .......... . 
Tel 9.~ .. ~?~~.2.~ . .............. Telex ................ ........... . 
Fax Q? .~.~9A?~ .......... . ... EMAILS.y~.:j.!1.flI.~t:.'i?·.\l.i.9.·.l)~. 
In Charge: .'! .... l:1.~?~~.:q: ...... Reported by: .9.' .. M~?~~.H· . .... . 

HISTORY 
MILESTONE DATES: 

Installation .1. ~7.~ ............. First Beam .1. ~?~ ............ . 
DESIGN/CONSTRUCTION BY: .~,?a~?:~ !:.~?n~.~ ............... . 
COST: Accelerator .. 6 . . M. yOK. . . . . . . . Facility .. ~ .. t;! .. NOI~ ...... . 
FUNDED BY: l!~.~ y.,:::.si t:¥ .. an.d .. Re.~~.~::.ch . .c~':l!l.c~.~ .. . ... . 

STATUS 
STAFF: Operators .? .. ...... . .... . Technicia ns .? ...... ...... : . 
BU DGET: Machine .+ .. 11 .. 1'/9.1S ....... Funded by .QI).i. Y.· .. R~p. , !=.Qun. 
TIME DISTRIBUTION: (e.g . basic research, isotope production, main· 
tenance, etc.) 

m .:.:.:.!.!ii~~;:l~.F~:h.:.:.:.:.:.:.:.:.:l~:.:.:.:.~.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:. ~ 
(d) .... . .... . ......... .. . . . . . . .. .. ......... . .. . ...... ..... .... % 
(e) ............. . ... .. . .. ... . . ... ... .. ... ...................... % 

CHARACTERISTIC BEAMS 
Current{part J.l.A) 

Accelerated Ions E/ A ~MeV/u) 
(a) .. P..... . . . . . . :t-.Q:-.. ? . .. .. . 
(b) .. 9:, ?~~., ~.~~ . ..... . 

Internal External 

1991 J.l.A-hours on target: .2.2 °.° .. ................. ............... . 
FACILITIES 

SHIELDED AREA: Fixed .;L.~O .... m 2 Moveable ...... ... .. m 2 

Target Stations: ... 4 . ... . No. Served At Same Time: ;L ....... . 
OTHER FACILITIES: ....... . 

REFERENCES/NOTES 
(a) .. ~l)n':l~+ . . R~.p~.r;t:J ... tq':l~+ .•.. ?l1y.'? .. .. ~.r;?l!p .... ;L.~ ~.+ ..... . 
(b) . ..... ...... . . . . . ............ ............... . . . .............. . . 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO . ..... ~.l!Q9 ............ Date ..... .. .... . ..... . ... . 
Cyclotron Model .T~.C .. t:199.~1. ~.S.~~9 .. . ....... . .. .. . .. . ... ..... ... . 
Institution ~i (19. X~J.s.'l1. ~.p.~<;:J.a.1. i ?f' .~~~.P.it!l.1 .. ~. R~~~!I.r:c;I). ~.~r)tre 
Address .~: 9: .. ~<?~ .. 3~?~., .. Ri'y.adh ... 1.? .. ' . . ??udj. Ar:~b.i.~ ...... . 
Tel . .4Q~~.7.4n. .~l\t .. . . 1.770. .... Telex .40.1.Q50. RYSP£C .SJ ....... . 
Fax . 0.-.Q69~.1.~4~.1 .~4a9.~ .. .... EMAIL ...... . ................... . 
In Charge: ~<;I\'IiI.r:<;I. P.· .. ~ilr.r:q 1). Reported by: ?iI.1.l1)iI!l. .t1i) .i.~Qilr.i .. 

HISTORY 
MILESTONE ?cATES: March 

Installation .~C.~c?!,'y'.Te~y1.n7 First Blam P.cttb.~r:.J.9m .. .. . 
DESIGN / CONSTRUCTION BY: .~~~ .. C¥~ . .ot!,o.n .. . <?.r.Rc?!'~.~~<?~ .. . 
COST: Accelerator .... ~ ........... ... Facility .. . . :-............. . 
FUNDED BY: . . G9Y.~r:(l(ll~.r]t . 9.~ .?!I.u.cji. !\.r:C!~j.a .... . . ... ..... .. .. . 

STATUS 
STAFF: Operators ..... ~... ........ Technicians ..... 1 . ... ... .... . 
BUDGET: Machine . .. .. -.. .. ...... . .. Funded by . ... .. -. .. .. . . .. .. . 
TIME DISTRIBUTION: (e .g . basic research, isotope production, main

tenan1e, etcoJ 
(a) .. ~<?~.o.e.?r<?d~.c.~!on ..... .. .... .. .. . .. ....... . .. .... .. J? % 
(b) N~\l~.r:q(l. J.~~r!lp'y' ....... .. ........... . .... ... . ..... . ... 49 % 
(c) .~!I.i.T)~~.n'lT)~~ ............ . .. . . . .... . . . ........ . . . ......... ~ % 
(d) ........... . . .... . . . ........... .. . . .... ........ .... % 
(e) . . .... . . .... ..... ...................•...... .......... . . . .... % 

CHARACTERISTIC BEAMS 
Current(part J.l.A) 

Accelerated Ions E/ A ~MeV / u) Internal External 

~:~ :~~:: : ::::::: : : :::::J::::::: ...... ~~g ..... · ····i~~······· 
4He 13' .. ... i 3'5 .. ... . .... . 1;0' .. .. .. 

1991 J.l.j!.~hours on target: 7 . .. ..... . .... 90 . .. . ... . .... 5.0 ...... . 

FACILITIES 
SHIELDED AREA: Fixed . .1.90 .. . .. . m 2 Moveable .... 0 ...... m 2 

Target Stations: ... 9 ..... No. Served At Same Time: .. .1. . ... . 
OTHER FACILITIES: . . ... .. . ... .... . . .. .. .. ........ . ............. . 

. ......... . . . ..... I.sotPJJe . p.rqduc.t ~ <?n .. .. ............. . . ..... . 

. . . .. . . . . . . . . . . . . . I.soce.nt!,i c .. T)!!U.tr:on .. p'rodu.ct ~o.~ ....... . .. . 

REFERENCES/NOTES 
(a) . J~~~ .. 1r~m . ~lJ.~1., .. S.~i: . '~~J~:. ~~·d:~b·~19(g~9) "····"· 
(b) ......... . .. .. . ...... . ......... .. . .. . . .. .. .. .. ... . . .. . ... .. .. . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO . ...... CU6.7. .... . ... .. . Date ... . ... .. . .. . . .......• 
Cyclotron Model ... 11<:: .. ~ .5. . .... . ... .. ... . ............. . .. . .. . . .. . 
Institution .D~Et. 'p'hy.s: .. Un.~ v ..... of .. O.~l~ ......... . ....... . . . 
Address . ~~ ~.~?-.er.r~! .. N.or\>iay . . .. ..... . . ......... .. .......... . 
Tel 9.~ .. ~?~~.2.~ . .............. Telex ................ ........... . 
Fax Q? .~.~9A?~ .......... . ... EMAILS.y~.:j.!1.flI.~t:.'i?·.\l.i.9.·.l)~. 
In Charge: .'! .... l:1.~?~~.:q: ...... Reported by: .9.' .. M~?~~.H· . .... . 

HISTORY 
MILESTONE DATES: 

Installation .1. ~7.~ ............. First Beam .1. ~?~ ............ . 
DESIGN/CONSTRUCTION BY: .~,?a~?:~ !:.~?n~.~ ............... . 
COST: Accelerator .. 6 . . M. yOK. . . . . . . . Facility .. ~ .. t;! .. NOI~ ...... . 
FUNDED BY: l!~.~ y.,:::.si t:¥ .. an.d .. Re.~~.~::.ch . .c~':l!l.c~.~ .. . ... . 

STATUS 
STAFF: Operators .? .. ...... . .... . Technicia ns .? ...... ...... : . 
BU DGET: Machine .+ .. 11 .. 1'/9.1S ....... Funded by .QI).i. Y.· .. R~p. , !=.Qun. 
TIME DISTRIBUTION: (e.g . basic research, isotope production, main· 
tenance, etc.) 

m .:.:.:.!.!ii~~;:l~.F~:h.:.:.:.:.:.:.:.:.:l~:.:.:.:.~.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:. ~ 
(d) .... . .... . ......... .. . . . . . . .. .. ......... . .. . ...... ..... .... % 
(e) ............. . ... .. . .. ... . . ... ... .. ... ...................... % 

CHARACTERISTIC BEAMS 
Current{part J.l.A) 

Accelerated Ions E/ A ~MeV/u) 
(a) .. P..... . . . . . . :t-.Q:-.. ? . .. .. . 
(b) .. 9:, ?~~., ~.~~ . ..... . 

Internal External 

1991 J.l.A-hours on target: .2.2 °.° .. ................. ............... . 
FACILITIES 

SHIELDED AREA: Fixed .;L.~O .... m 2 Moveable ...... ... .. m 2 

Target Stations: ... 4 . ... . No. Served At Same Time: ;L ....... . 
OTHER FACILITIES: ....... . 

REFERENCES/NOTES 
(a) .. ~l)n':l~+ . . R~.p~.r;t:J ... tq':l~+ .•.. ?l1y.'? .. .. ~.r;?l!p .... ;L.~ ~.+ ..... . 
(b) . ..... ...... . . . . . ............ ............... . . . .............. . . 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO . ..... ~.l!Q9 ............ Date ..... .. .... . ..... . ... . 
Cyclotron Model .T~.C .. t:199.~1. ~.S.~~9 .. . ....... . .. .. . .. . ... ..... ... . 
Institution ~i (19. X~J.s.'l1. ~.p.~<;:J.a.1. i ?f' .~~~.P.it!l.1 .. ~. R~~~!I.r:c;I). ~.~r)tre 
Address .~: 9: .. ~<?~ .. 3~?~., .. Ri'y.adh ... 1.? .. ' . . ??udj. Ar:~b.i.~ ...... . 
Tel . .4Q~~.7.4n. .~l\t .. . . 1.770. .... Telex .40.1.Q50. RYSP£C .SJ ....... . 
Fax . 0.-.Q69~.1.~4~.1 .~4a9.~ .. .... EMAIL ...... . ................... . 
In Charge: ~<;I\'IiI.r:<;I. P.· .. ~ilr.r:q 1). Reported by: ?iI.1.l1)iI!l. .t1i) .i.~Qilr.i .. 

HISTORY 
MILESTONE ?cATES: March 

Installation .~C.~c?!,'y'.Te~y1.n7 First Blam P.cttb.~r:.J.9m .. .. . 
DESIGN / CONSTRUCTION BY: .~~~ .. C¥~ . .ot!,o.n .. . <?.r.Rc?!'~.~~<?~ .. . 
COST: Accelerator .... ~ ........... ... Facility .. . . :-............. . 
FUNDED BY: . . G9Y.~r:(l(ll~.r]t . 9.~ .?!I.u.cji. !\.r:C!~j.a .... . . ... ..... .. .. . 

STATUS 
STAFF: Operators ..... ~... ........ Technicians ..... 1 . ... ... .... . 
BUDGET: Machine . .. .. -.. .. ...... . .. Funded by . ... .. -. .. .. . . .. .. . 
TIME DISTRIBUTION: (e .g . basic research, isotope production, main

tenan1e, etcoJ 
(a) .. ~<?~.o.e.?r<?d~.c.~!on ..... .. .... .. .. . .. ....... . .. .... .. J? % 
(b) N~\l~.r:q(l. J.~~r!lp'y' ....... .. ........... . .... ... . ..... . ... 49 % 
(c) .~!I.i.T)~~.n'lT)~~ ............ . .. . . . .... . . . ........ . . . ......... ~ % 
(d) ........... . . .... . . . ........... .. . . .... ........ .... % 
(e) . . .... . . .... ..... ...................•...... .......... . . . .... % 

CHARACTERISTIC BEAMS 
Current(part J.l.A) 

Accelerated Ions E/ A ~MeV / u) Internal External 

~:~ :~~:: : ::::::: : : :::::J::::::: ...... ~~g ..... · ····i~~······· 
4He 13' .. ... i 3'5 .. ... . .... . 1;0' .. .. .. 

1991 J.l.j!.~hours on target: 7 . .. ..... . .... 90 . .. . ... . .... 5.0 ...... . 

FACILITIES 
SHIELDED AREA: Fixed . .1.90 .. . .. . m 2 Moveable .... 0 ...... m 2 

Target Stations: ... 9 ..... No. Served At Same Time: .. .1. . ... . 
OTHER FACILITIES: . . ... .. . ... .... . . .. .. .. ........ . ............. . 

. ......... . . . ..... I.sotPJJe . p.rqduc.t ~ <?n .. .. ............. . . ..... . 

. . . .. . . . . . . . . . . . . . I.soce.nt!,i c .. T)!!U.tr:on .. p'rodu.ct ~o.~ ....... . .. . 

REFERENCES/NOTES 
(a) . J~~~ .. 1r~m . ~lJ.~1., .. S.~i: . '~~J~:. ~~·d:~b·~19(g~9) "····"· 
(b) ......... . .. .. . ...... . ......... .. . .. . . .. .. .. .. ... . . .. . ... .. .. . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY No. CU70 

NAME OF MACHINE .. . ~~C~~~Y~.L.Q~~Q~ ....... . . . ... DATE ..... .. . .... . . ... . ... .. .. .. . •.............. . ............ . .......... 
INSTITUTION ........ I!:OREA .CMCER. CEN.T.E:R .fJOSPl:rAL .•. .ISfl~RI. ..... . .. . . ...... . .. . .... ... ............... . .. . .. . . . ... . . ...... . 
ADDRESS ......... .. 21~;-~ .. GQtiG~E\JN!;,.p.QtiG . OO~ON!i.~.~l! • . S~OVk . . .... ... .. ......•...... ........ . .... ..... .. ..•.• .• . ... . . .... 

TEL . . 914,2501 .. . . ... .... TELEX . . . ~CC~OSP . . K~n~4 . . ..... . . . ... ....... ... . ........ .. ... . .. ... .. ...... , ... . . .... . . . 
IN CHARGE . .. . .. .. .. .. .. .. .. .. ... REPORTED BY .. J:.Y.ClOTIWtU.A.B, ... KCCIL ........................... ..... ....... . ........ .. 

HISTORY AND STATUS 
DESIGN. date . . '.82 •. ~ .. . . ..... Model tests ... ......... . ... . 
ENG DESIGN. date .. . '.83 •. 1 . . ..•. .. . ..... . . ... .. ... . . ...... 
CONSTRUCTION. date .. ~ 8a~ . . 5 ...•... . .. .. ... .. . .......... 
FIRST BEAM. deta (or goal) ..... '.1\6 •. 1.. 2.5 ............. . .... . 
MAJOR ALTERATIONS ... . .. .. . ...•........•... ...... ...... 

C·osT. ·i.:ccei.iiAATOR·:: :: ~:.:iaQ;66b : lJ:S: i. ::::::::::: :: :::: 
COST. FACILITY. total ..... a.baut .8.00D .• .Q00 . US . ~ . ... .. .... . 
FUNDED BY .. KOREA .CAlKER .cENTER . HOSP.lT.AL . ... ......... . 
ACCELERATOR STAFF, OPERATION AND DEVELOPMENT 
SCIENTISTS .. .. .. 2. ...... . ENGINEERS .... 3 ...... .... . 
TECHNICIANS .. ... 3 . .. . .. .. CRAFTS .. ............. .. .. 
GRAD STUDENTS Involvad during year .... ... . .. ....... . .. .. . 
OPERA TED BY . ....... .. Research staft or ..... 6 .... Operators 
OPERATION .. . 50 . . .. . .. hr/wk. On target ... 1S ....... hr/wk 
TIME DISTR . In house . ... . 100 .. . %. Outside . ... . . ... ... % 
BUDGET. op'" dev ... 200.000. .'f,/.yr ....... . ................ . 
FUNDED BY ... KOREA .CANCER. CENTER . HOSPl.TAL . .. ... . .... .. 
RESEARCH STAFF. not Included above 
USERS, In housa ......... 2 ....... outside .. ............. . .. 
GRAD STUDENTS Involved during year .. ... . . . .....•.... .. •.•. 
RESEARCH BUDGET. In houle ... . . ·NOT· DEC.roW • ... . .....•.. 
FUNDED BY .. .......... . ...................... . ...... . ... . 
MAGNET 
POLE FACE. dlametar Icompactl 143 cm, R extraction .57. cm 
R Injection ... . ..... em 
GAP. mln .... n ... cm. Field ..... . ~Q,5 .. kG } 5 

max ... 19 . ..7. . cm. Field . .......... . kG at ~ .. a.8.x.~Q . . 
AVERAGE FIELD at R ext .. . . . .. . . . . V.6 . . kG Ampere turns 
B maxi < B > ... 1..11\ . . .. . ...... . . . . .... .. . ............. . 

NUMBER OF SECTORS {~~;~:~:d : :~: : : } Spiral. max5.5. deg 
SECTOR ANGLE (SSCI ............ . •.. dag 
TRIMMING COILS ...... 10 . pa.ir.s . ....... .. ............. ... . 

CONDUCTOR. material and type .... . HG 11 ow. Ca .. . ......... . . . 
STORED ENERGY (cryoganicl . . ..................... .. ... MJ 
POWER: main coils . . 126. max, kW ; current stability WO-:5 

trimming coils • . . 10. max, kW ; current stability .lx.10-:5 
WEIGHT : Fe .... S8. . .2 .. .. .. . tons; coils ... . 3.S ......... tons 
COOLING systam . ·90 .l. /mi n· :r.:.18~200C . .. . ................ . . 
ION ENERGY (bending limltl EI A = .. ~O .... q'la' MeV lamu 

trocuslng limit I EI A = ....... . q'la' MeV lamu 
ACCELERATION SYSTEM 
DEES. nurllber ...... . . 2 ..... ; angle ... .. . .... 90 ........ deg 
BEI\M APERTURE . . .. . 2 . ... cm ; DC Bias ..... 10 ......... kV 
TUNED by. coarse coax.ial. .stem . line moYabl.e . flap . .... .. . . 
RF .... 15 .. . 5 .. . to .... 26.8 .. mHz. stable ± ............. .. 
Orb F . .. 7.75 .. . to .... 26 .3 . . mHz 
HARMONICS, RFIOrb F, used . ... . 1.2 ......... ........ . . . .. . 
DEE · Gnd, max . . 40 .. kV, min gap .... .. ...... 2 . . ... . . .... cm 
STABILITY, Ipk·pk noiselllpk RF voltl .. lD~.3 . . .. ...... ... . ... . 
ENERGY GAIN, max .. .. .. . . . .. .. 160 ................. kVlturn 
RF PHASE. stable to ± ..... .... ... l~ ..... . ......... .... deg 
RF POWER input, max .. . .. , . ... . . 60 . ..... . ... ... ... . . .. . kW 
FREOUENCY MODULATION, rate .. . ... ... .... . . ..... ..... . Is 

module tor, type ........ . ....... . ..... . .. .. ....... . .... . 
beam pulse, width . . . ..... . . .. ........ . . . ..... . ........ . 

VACUUM SYSTEM 
OPERATING PRESSURE .... ... 5xlO~? ... . ....... Torr or mbar 
PUMPS, No. Type; Size ....... . ...... . ..... .. .. . ... .. ...... . 
.. . . Oiffu.s.i.onpump •.. 2 .•. DlfC~O.Q .(aAll~RS.l. .... . .. . . .. . .. 

. . 4000. LJ.sec ........ . ... . ... . ........ . .... . .. . ... .....•. 
ION SOURCES 
.... P. • . L. G. .. . COlD. CAT.HQO~ . ............................ . . . 

INJECTION SYSTEM 

EXTRACTION SYSTEM 
.Eli'trosta.t ic .Ollfl ector .. +. .EhctrOtllagneti-c .ChlRRel ..... 

FACILITIES FOR RESEARCH 
SHIELDED AREA, fixed . .. laQ .... ml ; movable . ... 2.5 ..... ml 
TARGET STATIONS . ... A ... In ...... 2 .. roome 
STATIONS served at lame tlma, mex .......••...... , •••..•• . • • 
MAO SPECTROGRAPH. type •... .. ..... •.. ....... . .... .•. .•. 
COMPUTER model ............ PDP . . 11/.23+ .......... ....... . 
OTHER FACILITIES . . . • . • •.•••.. . . ...... .... ... ..•. .• ..•• . •• 
· N£UT.RON . THERAP.Y .. (.NI .50) ....... . ........... ...... ....... . 
. Io!£CICAL .MICROJRON . (,...,. 22~ . .... . ... .. ... . .. . .. ....... ... . 
CHARACTERISTIC BEAMS 
PARTICLE ENERGY (MeVI CURRENT (PI,A) 

Goal Achieved Internal External 
· Protran ....... 5.Q ...... 5D ... 5 ... .. .l30 .... ... .. 85 .1I~ .. 
· Oeutr.o.n .. . ........ . . . ........ . . . .. . ... .........•• . . . . 
· He,..3. . . . .. . not .. tes ted . ye.t. . . . . .. ........... . . . .... \/ .. 
· kfe,.lI ..... . . . ... AB ... ... AR ... .. . .. . 60 ........ . 35 .p~ .. 
SECONDARY (part/el 

BEAM PROPERTIES 
MEASURED CONDITIONS 

PULSE WIDTH ..... RF deg . . ..... PI' A 01 .. .. MeV ... Ions not 
PHASE EXC. max ... RF deg ....... PI' A 01 ... . MeV . -t' lona measured 
EXTRACT eft . . . . 6.~ . % . . ZO . .. PI' A of ~O. ~ MeV ~ .. Ions yet 
RESOl 6EIE .. . {.l . % .'z0 ... pl'Aof~O.~MeVIj~ . ions 
EMITTANCE 

{
.13 aXial} protgn 

(n mm. mradl .14. rad ... 10 .. Pl'Aol .50.SMeV . .. 1 n8 

OPERATING PROGRAMS, time distribution 
BASIC NUCLEAR PHYSICS.. SOLID STATES PHySiCS ..•. 
BIOMEDICAL APPUCAT. .... ISOTOPE PRODUCTIONS ZI)r.fday 
NEllT.RON . T~ERAP.Y •. ..... 8ot" p~y ... . •..•. . .. . ...... . •. .. . .... 

REFERENCES/NOTES 

1) KAERI/RR·495/85 
2) SCANDITRONIX TECHANICAL SPECIFICATION NOTE 

PLAN VIEW OF FACILITY. NOTEWORTHY FEATURES, 
COMMENTS 



ENTRY NO ....... ~Un ... ... ...... Date .... ..... . ..... • .. .. .. 
Cyclotron Model SCANDITRONIX MCl7 
.. KAROLINSKA'fiosl>itAt' bEP ·CLIN·NEUROFYS· ··· ········ 

InstItutIon .. BOX6</SOO' S:IM 01 sTObrnoi:.M. ~ .. .... .....•... .. 
Addres~ .... .. .. ..... : ... .. ........ . ...... .. ..... .. ... ... ...... .. . 
Tel ........ . (8) 729 5590 . . . . . . . . . Telex ........... . . . ............. . 
Fax ......... (8).3.3.~~~~ ...... ... EMAIL .. . ........ .. ..... .. ...... . 
In Charge: ... ~'.~~ . .. ... . ... Reported by: . .. . ~'.~~ ... ... .. . 

HISTORY 
MILESTONE DATES: 

Installation .. . ~ .8.1: ~~~ ~.l. First Beam . . 'SCANDI~r;~.~ . 
DESIGN/CONSTRUCTION BY: ................................. . 
COST: Accelerator.... . ... . ... . . ..... Facility ..... . ... .. ... . . .. . 
FUNDED BY: ~~~0i.?~T~ .... . . . ... . ....................... . 

STATUS 

STAFF : Operators. . ... ... . ... ... .. Technicians .. f .. .... . .. . ... . 
BUDGET: Machine .. 1Q!>!>9.l!~I? ...... . Funded by .. '!-'?S!'!!(I!-...... .. 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main. 
tenance, etc. ) 

(a) ........ NMmlNGJi: ..... .... .. ....... ........ 19:1.5 .. ... .. .... % 
(b) .. .. ..... I~~~91;'~ .~~,?!J.l!0'~<?~ ... ......... .. .. ~~:~. . . . . . . . . .. % 
(c) ...... . ........................ . . .. ... ... .. ...... . .. . .. ... . . % 
(d) .... .. .... .......... .. ............ ..... .............. ...... % 
(e) .............. .. .... . ....... .. . . . .... ... . . . .... . .. ..... .... . % 

CHARACTERISTIC BEAMS 

Accelerated Ions E/A (MeV /u) 
Current(part /loA) 

Internal External 
(a) .. ... .... p ....... 17 ......... .. .. . ?'.~. \l~. . . .. . 50 uA 

>25uA .... 25u:.\ ...... (b) ......... ~ ........ ~ .5 ........ .. 

1991 /loA·hours on target: 

FACILITIES SELFSIllEI..DED CYKLOTRON 

SHIELDED AREA:~ ........... m 2 M. uhl ......... ... m 2 

Target Stations: ... I . .... No. Served At Same Time: ... .. ~ . . . 

OTHER FACILITIES: pEtRADi6Cil!lM1Stfl.YLAlH'2'PET.CAMERAS ..... . . 
............. . .. . .. . . ...... ..... ....... . ... .. ..... ....... ..... .. . 
............. ..... .... .. ......... . .. ...... .. .. ...... .. .... . .... .. 
. ... . ....... . . ... .... ..... . .... ...... .. ...... . .. . .............. . . 

REFERENCES/NOTES 

(a) ............... . ........ . ..... . .. .. . .. ............. .. ......... . 
(b) ................ ... .... . ........ . ....... . .... . ................ . 

PLAN VIEW OF FACILITY, COMMENTS 

MC 17 
Shielded 

Electronic Equipment 
and Power Supplies To Control room and 

Radiochemistry lab. 

ENTRY NO . CU72 Date ............ .. . 
Cyclotron Model .Mell .............................. . . 
Institution . \J .p'p.sa.la l)n.iv.ersit.y PET-Cen~re ... 1 
Address Akadem1.ska SJ ukhuset! ,751 B? .Upps.a a 

Tel .(4.6) .. 1 .8 .18 .. 33 .. 8.1. ... Telex 
Fa x {.4 6.) ... 1.818 .33 .~O .. EMAIL .... 
In Charge BenQ.t; .. L.~ng?t; •. QI)l Reported by F!9.ber.t. :Re:ir,:ec.k. 

HISTORY 
MILESTONE DATES : 

Installation dec. . 9.0 .. ~m.ay .. 91 First Beam {Tl.<lY .. !il.1. .... . 
DESIGN / CONSTRUCTION BY: Sc.a[l.dH:r .Qr:o.i. ~ . .liS .. 
COST: Accelerator 13 .. 00.0 . . Q 0.0 .. S.K r lFacility .~ 0.4. . P,OO .. 0.00 .. S K r 
FUNDED BY : \l.Qr.io.LJ~ .. i= .u.r:oP.~ . 

STATUS 
STAFF: Operators ... 9............ Technicians ... ~ .... . .... .. 
BUDGET : Machine 1 .. .3 .. M?Kr. Funded by .PE.T:-.Ce.~t.re. 
TIME DISTRIBUTION : (e.g. basic research , isotope production , main· 
tenance , etc . ) 
(a) . lso.t o.pe .. pr.odvc.t;i..Q[l .. 
(b) Me int e nan.ce. 
(c) 
(d) 
(e) 

CHARACTERISTIC BEAMS 
Current(part /loA) 

% 
% 

.. % 
% 

" % 

Accelerated Ions E/ A (MeV / u) 
17 

Internal External 
(a) Ht . 
(b) P.+ .. .~,~ .. 

10 000 .......... 1991 /loA·hours on target : 

FACIlITIES 

...... aD ............. 65. 
. ... SQ ............ 80·· 

SHIELDED AREA: Fixed . .... 40 .... m 2 Moveable .. . .. m 2 

Target Stations: .. . 1 ..... No. Served At Same Time: .. 
OTHER FACILITIES : ............... . ................ . 

REFERENCES/NOTES 
(a) ....... .. .... . . .................. .. ... . 
(b) . . .... . ...... . ...... . 

PLAN VIEW OF FACIlITY, COMMENTS 



ENTRY NO ....... ~Un ... ... ...... Date .... ..... . ..... • .. .. .. 
Cyclotron Model SCANDITRONIX MCl7 
.. KAROLINSKA'fiosl>itAt' bEP ·CLIN·NEUROFYS· ··· ········ 

InstItutIon .. BOX6</SOO' S:IM 01 sTObrnoi:.M. ~ .. .... .....•... .. 
Addres~ .... .. .. ..... : ... .. ........ . ...... .. ..... .. ... ... ...... .. . 
Tel ........ . (8) 729 5590 . . . . . . . . . Telex ........... . . . ............. . 
Fax ......... (8).3.3.~~~~ ...... ... EMAIL .. . ........ .. ..... .. ...... . 
In Charge: ... ~'.~~ . .. ... . ... Reported by: . .. . ~'.~~ ... ... .. . 

HISTORY 
MILESTONE DATES: 

Installation .. . ~ .8.1: ~~~ ~.l. First Beam . . 'SCANDI~r;~.~ . 
DESIGN/CONSTRUCTION BY: ................................. . 
COST: Accelerator.... . ... . ... . . ..... Facility ..... . ... .. ... . . .. . 
FUNDED BY: ~~~0i.?~T~ .... . . . ... . ....................... . 

STATUS 

STAFF : Operators. . ... ... . ... ... .. Technicians .. f .. .... . .. . ... . 
BUDGET: Machine .. 1Q!>!>9.l!~I? ...... . Funded by .. '!-'?S!'!!(I!-...... .. 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main. 
tenance, etc. ) 

(a) ........ NMmlNGJi: ..... .... .. ....... ........ 19:1.5 .. ... .. .... % 
(b) .. .. ..... I~~~91;'~ .~~,?!J.l!0'~<?~ ... ......... .. .. ~~:~. . . . . . . . . .. % 
(c) ...... . ........................ . . .. ... ... .. ...... . .. . .. ... . . % 
(d) .... .. .... .......... .. ............ ..... .............. ...... % 
(e) .............. .. .... . ....... .. . . . .... ... . . . .... . .. ..... .... . % 

CHARACTERISTIC BEAMS 

Accelerated Ions E/A (MeV /u) 
Current(part /loA) 

Internal External 
(a) .. ... .... p ....... 17 ......... .. .. . ?'.~. \l~. . . .. . 50 uA 

>25uA .... 25u:.\ ...... (b) ......... ~ ........ ~ .5 ........ .. 

1991 /loA·hours on target: 

FACILITIES SELFSIllEI..DED CYKLOTRON 

SHIELDED AREA:~ ........... m 2 M. uhl ......... ... m 2 

Target Stations: ... I . .... No. Served At Same Time: ... .. ~ . . . 

OTHER FACILITIES: pEtRADi6Cil!lM1Stfl.YLAlH'2'PET.CAMERAS ..... . . 
............. . .. . .. . . ...... ..... ....... . ... .. ..... ....... ..... .. . 
............. ..... .... .. ......... . .. ...... .. .. ...... .. .... . .... .. 
. ... . ....... . . ... .... ..... . .... ...... .. ...... . .. . .............. . . 

REFERENCES/NOTES 

(a) ............... . ........ . ..... . .. .. . .. ............. .. ......... . 
(b) ................ ... .... . ........ . ....... . .... . ................ . 

PLAN VIEW OF FACILITY, COMMENTS 

MC 17 
Shielded 

Electronic Equipment 
and Power Supplies To Control room and 

Radiochemistry lab. 

ENTRY NO . CU72 Date ............ .. . 
Cyclotron Model .Mell .............................. . . 
Institution . \J .p'p.sa.la l)n.iv.ersit.y PET-Cen~re ... 1 
Address Akadem1.ska SJ ukhuset! ,751 B? .Upps.a a 

Tel .(4.6) .. 1 .8 .18 .. 33 .. 8.1. ... Telex 
Fa x {.4 6.) ... 1.818 .33 .~O .. EMAIL .... 
In Charge BenQ.t; .. L.~ng?t; •. QI)l Reported by F!9.ber.t. :Re:ir,:ec.k. 

HISTORY 
MILESTONE DATES : 

Installation dec. . 9.0 .. ~m.ay .. 91 First Beam {Tl.<lY .. !il.1. .... . 
DESIGN / CONSTRUCTION BY: Sc.a[l.dH:r .Qr:o.i. ~ . .liS .. 
COST: Accelerator 13 .. 00.0 . . Q 0.0 .. S.K r lFacility .~ 0.4. . P,OO .. 0.00 .. S K r 
FUNDED BY : \l.Qr.io.LJ~ .. i= .u.r:oP.~ . 

STATUS 
STAFF: Operators ... 9............ Technicians ... ~ .... . .... .. 
BUDGET : Machine 1 .. .3 .. M?Kr. Funded by .PE.T:-.Ce.~t.re. 
TIME DISTRIBUTION : (e.g. basic research , isotope production , main· 
tenance , etc . ) 
(a) . lso.t o.pe .. pr.odvc.t;i..Q[l .. 
(b) Me int e nan.ce. 
(c) 
(d) 
(e) 

CHARACTERISTIC BEAMS 
Current(part /loA) 

% 
% 

.. % 
% 

" % 

Accelerated Ions E/ A (MeV / u) 
17 

Internal External 
(a) Ht . 
(b) P.+ .. .~,~ .. 

10 000 .......... 1991 /loA·hours on target : 

FACIlITIES 

...... aD ............. 65. 
. ... SQ ............ 80·· 

SHIELDED AREA: Fixed . .... 40 .... m 2 Moveable .. . .. m 2 

Target Stations: .. . 1 ..... No. Served At Same Time: .. 
OTHER FACILITIES : ............... . ................ . 

REFERENCES/NOTES 
(a) ....... .. .... . . .................. .. ... . 
(b) . . .... . ...... . ...... . 

PLAN VIEW OF FACIlITY, COMMENTS 



ENTRY NO ..... . . CU?4 ........... Date ... .iT.4{l.· . . . 9.? .... .. . 
Cyclotron Model ... :T.F!J.Q/.1.? . . ...... . .................• 
Institution ...... !{l.s.t) t:!1.t.'!. '?t. i'!':''?f.~ij'. f:.r1"!'9!1, J~,?,!,.~ij',?!, ... . .. . 
Address . .1.0.09. ~~.~,.~ .3.2.5.' . . Taj.~!J!-,?,J?,.,?f.~ ..... . 
Tel .. . 8!l?:-?:-!??PP.EX·. 2?D1. .. . . Telex ...................... . ... • . 
Fax . .E!~<r.?-:~8.1.1.54.2. ....... .. ... EMAIL ....... . .................. . 
In Charge: . . . G •. . '!i!'.'1. ..... .... . Reported by: . J'.'.'!: .. 5.c?l!'1 . ...... . 

HISTORY 
MILESTONE DATES: 

Installation . J.aJ?, ?3.-:,,!a!":.93... First Beam .. . ~R7: . . ~~ ... . . . . . . 
DESIGN/CONSTRUCTION BY: .... '!R.Il!Mf,/EB~~ . ...... .. ...... . 
COST: Accelerator . ... ~ .... . . Facility . . . ~ ...... . 
FUNDED BY: . . .. . q'?Y!=.r.1)I[lf'!l.~ .'?f . .ll<;P.· .. of. ':ll~1)" .............. . 

STATUS 
STAFF: Operators ....... :1 ......... Technicians ....... 4 ........ . 
BUDGET: Machine .. ................ Funded by ................ .. 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main
tenance, etc.) 
(a) .. . I.s.'?~'?f?e.. Pr.o."!'!'C.ti.O'J? ........ .... ..... .. . .. ....... ':: .7.11 % 
(b) .. E.J?,?i:'.e.e.r:i:,.'J. .Al?p.l.ic,!-ti.0l! . .. ... . .... . .. ....... . . ::--:.1.;; % 
(c) ... ?t!'.e.r: ............. .. ... .................. .......... ,,:,.!-.5. % 
(d) ....................... .. ... .. .. .. .......... .. ....... ... ... % 
(e) .......... . ........... .. .... . . .. .... .... ............ . .. . . ... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accel~rated Ions E/ A (MeV /u) Internal External 

~~~ : :~~:::::: :;~i~: J~~ii/::::: :~~~: ~~:::::: ~~:~~::::::::::::::: 
1991 /lA-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed ... . . ,207 .. m2 Moveable ........... m2 

Target Stations: . .. . 5 .... No. Served At Same Time: . .. 2. .... . 
OTHER FACILITIES: . . . ....... . .......... . ...................... .. 

Radiochemical & Radiopharmaceutical 
'proauc;t'{on' faCiHdes' J.·riClil'dinii no!:' ce1l',' · ············· 
'lE"aa~sh'{eliHlig' aseptic' 'glove 'bo;,; . aseptic' 'ioom's: .... . . 

REFERENCES/NOTES 
(a) '!h.~"? c.y'cl,?t.r."!l!. i".,,:c:hin.e . . "!~.t.h J ~.s.C!t:0P!:'! .J?!.o.<1'f'?t.i.C!{l ..... 
(b) s.tati?!'.s.. ,,!iP. -?~ . . esta~~~?!'.e.d. 'C'?!"l?~e.te.~~.!.n. !~.~'?'?~,. 

PLAN VIEW OF FACILITY, COMMENTS 

I. TR-l~/30 Cyclotron 
Z-.£rtr..cl.or 8. C .. Tarlat 

3. Combin.t.Uon!Sw1lcb.1nc We.iIIet &. 80lld Ta.r,.t 
4. Cry<> Pump 10. SwllchiDI Wa,net 
:':i. S'-"rlni w..,IltIt(V/H) U. Quodrupoie (Doublet 

ENTRY NO ...... Cll.7.6. . . .......... Date .. 1O.JlI.!:Y. 1992! .... . 
Cyclotron Model .. . . .. f.'H.J.l, I ps. . .. ... . ....... .. .................. . 
Institution .. .. AMERSHAM .. INTERNAT.J.ONAL . . p.l.e ............ ..... .. . 
Address ... ~M£RSHAM .lABORA.T.ORIES,. WHITE. UON. '~HAM_ 
Tel .. (.O)/l9,475!t-.355.Q ... . ..... Telex .,(Ic.T.I.VU;. ........... J;lVl:KS . 
Fax . (O.~49/1.-.54~:..l674 ........ EMAIL ............... .......... .. 
In Charge: T.It!! . .GREY.-.MORGAN ... Reported by: .. DfiWl..M . lE,wI5i ... . 

HISTORY 
MILESTONE DATES: 

Installation .. .1.9.63~.6.5. . ..... .. First Beam .. t966. ............ . 
DESIGN/CONSTRUCTION BY: .. PHILIPS. ......... ........ .... _. 
COST: Accelerator . £.Q.35M.......... Facility .. £0.30M ......... . 
FUNDED BY: .... lJ.K .(lJ.QMIC . .ENERGY. AU.T.HORl.TY ............... . 

STATUS 
STAFF: Operators ... ... 6... ...... . Technicians . . ... .4 ......... . 
BUDGET: Machine ............. . .... Funded by .Col]l[1ler.ci.a.l .... . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main
tenance, etc.) 
(a) ...... . . ...... . .... . . .I.~QTPP~. P.R.QQV~.UO~ ............. 7.Q % 
(b) ....... ....... ....... MAl~:r.E.~~~~.~ .................... 30 % 
(c) ........ .. ............. .... . ................................ % 
(d) .. . ... .... . ........... . ...... .. ..... . ...................... % 
(e) ..... . . .. . .. .................... ........... .. ............... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A (MeV /u) Internal External 
(a) ... p .............. :n ............... 60D..... .... ........... max 
(b) ... d. .............. t6 ... .. ....... .. 160D ................... . 

1991 /lA-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed ........... m2 Moveable ........... m2 

Target Stations: ... J .. . .. No. Served At Same Time: .... t ... . 
OTHER FACILITIES: ............................................ .. 

....... .R.~f':10J.~ . CON,(~OI.. . . '( (lRG~T ............................... . 

.... ... .N.Q~. PPJ81\.T.Q8. ~.Qf':1PlJ.T.~8. ~.Q~TRQ~ .... . .......... . .... . . 

. ...... .N.Q~. P.~~81\.T.Q8 . :r.l\~(3~ . .T. .~tl!\.~G!~.G ... . ...... .. .. .... ... .. 

REFERENCES/NOTES 
(a) ............ . ................... . ............................. . 
(b) ......... ....... ... . .. . .............. . ..........•........ . ..... 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO ..... . . CU?4 ........... Date ... .iT.4{l.· . . . 9.? .... .. . 
Cyclotron Model ... :T.F!J.Q/.1.? . . ...... . .................• 
Institution ...... !{l.s.t) t:!1.t.'!. '?t. i'!':''?f.~ij'. f:.r1"!'9!1, J~,?,!,.~ij',?!, ... . .. . 
Address . .1.0.09. ~~.~,.~ .3.2.5.' . . Taj.~!J!-,?,J?,.,?f.~ ..... . 
Tel .. . 8!l?:-?:-!??PP.EX·. 2?D1. .. . . Telex ...................... . ... • . 
Fax . .E!~<r.?-:~8.1.1.54.2. ....... .. ... EMAIL ....... . .................. . 
In Charge: . . . G •. . '!i!'.'1. ..... .... . Reported by: . J'.'.'!: .. 5.c?l!'1 . ...... . 

HISTORY 
MILESTONE DATES: 

Installation . J.aJ?, ?3.-:,,!a!":.93... First Beam .. . ~R7: . . ~~ ... . . . . . . 
DESIGN/CONSTRUCTION BY: .... '!R.Il!Mf,/EB~~ . ...... .. ...... . 
COST: Accelerator . ... ~ .... . . Facility . . . ~ ...... . 
FUNDED BY: . . .. . q'?Y!=.r.1)I[lf'!l.~ .'?f . .ll<;P.· .. of. ':ll~1)" .............. . 

STATUS 
STAFF: Operators ....... :1 ......... Technicians ....... 4 ........ . 
BUDGET: Machine .. ................ Funded by ................ .. 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main
tenance, etc.) 
(a) .. . I.s.'?~'?f?e.. Pr.o."!'!'C.ti.O'J? ........ .... ..... .. . .. ....... ':: .7.11 % 
(b) .. E.J?,?i:'.e.e.r:i:,.'J. .Al?p.l.ic,!-ti.0l! . .. ... . .... . .. ....... . . ::--:.1.;; % 
(c) ... ?t!'.e.r: ............. .. ... .................. .......... ,,:,.!-.5. % 
(d) ....................... .. ... .. .. .. .......... .. ....... ... ... % 
(e) .......... . ........... .. .... . . .. .... .... ............ . .. . . ... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accel~rated Ions E/ A (MeV /u) Internal External 

~~~ : :~~:::::: :;~i~: J~~ii/::::: :~~~: ~~:::::: ~~:~~::::::::::::::: 
1991 /lA-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed ... . . ,207 .. m2 Moveable ........... m2 

Target Stations: . .. . 5 .... No. Served At Same Time: . .. 2. .... . 
OTHER FACILITIES: . . . ....... . .......... . ...................... .. 

Radiochemical & Radiopharmaceutical 
'proauc;t'{on' faCiHdes' J.·riClil'dinii no!:' ce1l',' · ············· 
'lE"aa~sh'{eliHlig' aseptic' 'glove 'bo;,; . aseptic' 'ioom's: .... . . 

REFERENCES/NOTES 
(a) '!h.~"? c.y'cl,?t.r."!l!. i".,,:c:hin.e . . "!~.t.h J ~.s.C!t:0P!:'! .J?!.o.<1'f'?t.i.C!{l ..... 
(b) s.tati?!'.s.. ,,!iP. -?~ . . esta~~~?!'.e.d. 'C'?!"l?~e.te.~~.!.n. !~.~'?'?~,. 

PLAN VIEW OF FACILITY, COMMENTS 

I. TR-l~/30 Cyclotron 
Z-.£rtr..cl.or 8. C .. Tarlat 

3. Combin.t.Uon!Sw1lcb.1nc We.iIIet &. 80lld Ta.r,.t 
4. Cry<> Pump 10. SwllchiDI Wa,net 
:':i. S'-"rlni w..,IltIt(V/H) U. Quodrupoie (Doublet 

ENTRY NO ...... Cll.7.6. . . .......... Date .. 1O.JlI.!:Y. 1992! .... . 
Cyclotron Model .. . . .. f.'H.J.l, I ps. . .. ... . ....... .. .................. . 
Institution .. .. AMERSHAM .. INTERNAT.J.ONAL . . p.l.e ............ ..... .. . 
Address ... ~M£RSHAM .lABORA.T.ORIES,. WHITE. UON. '~HAM_ 
Tel .. (.O)/l9,475!t-.355.Q ... . ..... Telex .,(Ic.T.I.VU;. ........... J;lVl:KS . 
Fax . (O.~49/1.-.54~:..l674 ........ EMAIL ............... .......... .. 
In Charge: T.It!! . .GREY.-.MORGAN ... Reported by: .. DfiWl..M . lE,wI5i ... . 

HISTORY 
MILESTONE DATES: 

Installation .. .1.9.63~.6.5. . ..... .. First Beam .. t966. ............ . 
DESIGN/CONSTRUCTION BY: .. PHILIPS. ......... ........ .... _. 
COST: Accelerator . £.Q.35M.......... Facility .. £0.30M ......... . 
FUNDED BY: .... lJ.K .(lJ.QMIC . .ENERGY. AU.T.HORl.TY ............... . 

STATUS 
STAFF: Operators ... ... 6... ...... . Technicians . . ... .4 ......... . 
BUDGET: Machine ............. . .... Funded by .Col]l[1ler.ci.a.l .... . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main
tenance, etc.) 
(a) ...... . . ...... . .... . . .I.~QTPP~. P.R.QQV~.UO~ ............. 7.Q % 
(b) ....... ....... ....... MAl~:r.E.~~~~.~ .................... 30 % 
(c) ........ .. ............. .... . ................................ % 
(d) .. . ... .... . ........... . ...... .. ..... . ...................... % 
(e) ..... . . .. . .. .................... ........... .. ............... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A (MeV /u) Internal External 
(a) ... p .............. :n ............... 60D..... .... ........... max 
(b) ... d. .............. t6 ... .. ....... .. 160D ................... . 

1991 /lA-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed ........... m2 Moveable ........... m2 

Target Stations: ... J .. . .. No. Served At Same Time: .... t ... . 
OTHER FACILITIES: ............................................ .. 

....... .R.~f':10J.~ . CON,(~OI.. . . '( (lRG~T ............................... . 

.... ... .N.Q~. PPJ81\.T.Q8. ~.Qf':1PlJ.T.~8. ~.Q~TRQ~ .... . .......... . .... . . 

. ...... .N.Q~. P.~~81\.T.Q8 . :r.l\~(3~ . .T. .~tl!\.~G!~.G ... . ...... .. .. .... ... .. 

REFERENCES/NOTES 
(a) ............ . ................... . ............................. . 
(b) ......... ....... ... . .. . .............. . ..........•........ . ..... 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO ........ ~1!?? .......... Date .. ·l·Q· .J u.l y .. ~·9 9-2· . 
Cyclotron Model ...... G p.- 4-2 .. . ............... . .......... ...... . . 
Institution . .. ~ME RSH~M .I.N T.E RNU IQN A.L .. P. L.C ............. . . 
Address A~ERSfJP"M. HB.QRI.ITDRI ES., . .l-JeUU . Ll.QN. RMO •. AMER.5.HIiM, 
Tel. (O.l.494~.3550 .............. Telex . ACTl.V.LG . ..... .. . ~P.C;~~ .. . 
Fax .(.Q)~9.4 ... 36.7.4 .......... .. EMAIL ....... . .......... ....... . . 
In Charge: HM. GR~Y ~MQ~GM .. Reported by: .Q ~Wl .. M. LEWI S ..... . 

HISTORY 
MILESTONE DATES: 

Installation ... 1980............ First Beam ... . .. 198.1. .. ... ... . 
DESIGN/CONSTRUCTION BY: . r:iClOIRON . .cORP ...... ......... . 
COST: Accelerator .... .uS$ . 2M. . ..... Facility ...... . .. . .. .. .... . 
FUNDED BY: . U.K .P"J.QMIC . .ENERG'i./IUUJORl.T.Y .................. . 

STATUS 
STAFF: Operators ....... 6......... Technicians .... .4 . .. ....... . 
BUDGET: Machine .. ................ Funded by . C.oJlJJ!I~r.c: iQ.l. ... . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main
tenance, etc.) 
(a) ........ . .. !50HJPf .PROOlJt:::r.r.ON· .. ·· ................. }O % 
(b) .... ... .. . . MA.j.NTENANCE ...... . ..... .... ... . . ..• ........ 30 % 
(c) ....... . .................................. . ... .............. % 
(d) . .. .. . .•...... . ...... . .............................. . . .... . % 
(e) ............................................................ % 

CHARACTERISTIC BEAMS 
Current(part }lA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .. p . . ............ 42 ................ 260 . .... . ..... 250. max. 
(b) .. p ......... .. ... 30 .. . . .. . ......... .340 ........... .320. max. 

p 11 150 
1991 }lA-hours on target : 

FACILITIES 
SHIELDED AREA: Fixed . ... .... . .. m2 Moveable ........ . .. m2 

Target Stations: . . . ·2· ... No. Served At Same Time: .. 1 ..... . 
OTHER FACILITIES: .... ..... ..... . . ............................ . . 

.... . . . REMOTE. .comRoll£D. TAAGETS ..... ... .......... . .... . .. . 

...... . COMP.UT£R .I.IUIOMA.T.EO. JQT~L. .sySTEM ...... ... . . •..... ... 

REFERENCES/NOTES 
(a) ... .. .. . ..... ... ........ . .............. . .. .... . ............... . 
(b) .. . .... . .. . . .... . ... . ... ... . . . .... . .. . ........................ . 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO ...... C??8 ............ Date .. l.0 .JUU. ~9.92 ..... . 
Cyclotron Model .... MC.-.40 . . Mk2 . . ............................... . 
Institution .. AMERSHM1. .lNTERNUJ.ONl.Il . . P.LC ..................... . 
Address . P..M£RSHAM . LARQ~I\.T.OR j ES •. WH.l TE . LlON .• 'WI.IO., .. AM£R5Io!AM, 
Tel ...... (0):4.9.475A~355.0 ..... Telex .. ACTI.V.LG ............ ~P~.I<;S 
Fax .... '!'Q149:4.-.54~3674 .... ' EMAIL . . ........... .... ......... . 
In Charge: . HM . GRf;Y 7M.QRGM. Reported by: . .DEWl..M . L.EWI S .... . 

HISTORY 
MILESTONE DATES: 

Installation ... t9(l.6........... . . First Beam . . . . 19.86 ........... . 
DESIGN/CONSTRUCTION BY: . 5CMDl.T.ROtUX .I.IB . ........ .. . . . . 
COST: Accelerator .qRl:lro.l\ .f.1 .•. 5~... . Facility .................. . 
FUNDED BY: .~p.l1]ll)~r.c.i.(:!l ...................................... . 

STATUS 
STAFF: Operators ...... 9.......... Technicians ..... 4 .......... . 
BUDGET: Machine .......... ... ..... Funded by ........... .. . ... . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main
tenance etc.) 
(a) .. : .. ..... ·~~~~~~~A.~~~~~.CTi9.N . . .. .. .. .. .... . .. . ....... 7Q ~ 
(b) . .. .. ........... . . . .... . ........ ...... . .. . . . .. ... ........ ]0 Yo 
(c) ..................... . ....... . ........ . .. ......... . .... .. ... % 
(d) ......................... . .. .... .. .............. . ... ... .... % 
(e) .... ... ............. . .. . ...... ......... . . . ...... ... .. . . .... % 

CHARACTERISTIC BEAMS 
Current(part }lA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .... . p .......... .1.1. 7 • .35.5 . .. . .. . . ........................ . 
(b) . . . ..... . .. ... . . ...... .33.5... . .... 25.Q . . . . . . . ... max. . .. .•.. 

1991 }lA-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed ..... . . . ... m2 Moveable ........... m2 

Target Stations: ... 2. .... No. Served At Same Time: .... 1 ... . 
OTHER FACILITIES: ............................................. . 

. . . . . . . AUTOMII TEn .CYC.LOTRnN ............... .. . .. . ... ......... . 

. ... .... REMDlE. C.QNTRilL . T AAGET5. .......•..........•........... 

REFERENCES/NOTES 
(a) ................ . . .. . ........ .. .. . ........ . .. . ........ . .. ..... . 
(b) ..................... . ..... . .. .. ... ..... .. ... .. .... .. . . .... .. .. 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO ........ ~1!?? .......... Date .. ·l·Q· .J u.l y .. ~·9 9-2· . 
Cyclotron Model ...... G p.- 4-2 .. . ............... . .......... ...... . . 
Institution . .. ~ME RSH~M .I.N T.E RNU IQN A.L .. P. L.C ............. . . 
Address A~ERSfJP"M. HB.QRI.ITDRI ES., . .l-JeUU . Ll.QN. RMO •. AMER.5.HIiM, 
Tel. (O.l.494~.3550 .............. Telex . ACTl.V.LG . ..... .. . ~P.C;~~ .. . 
Fax .(.Q)~9.4 ... 36.7.4 .......... .. EMAIL ....... . .......... ....... . . 
In Charge: HM. GR~Y ~MQ~GM .. Reported by: .Q ~Wl .. M. LEWI S ..... . 

HISTORY 
MILESTONE DATES: 

Installation ... 1980............ First Beam ... . .. 198.1. .. ... ... . 
DESIGN/CONSTRUCTION BY: . r:iClOIRON . .cORP ...... ......... . 
COST: Accelerator .... .uS$ . 2M. . ..... Facility ...... . .. . .. .. .... . 
FUNDED BY: . U.K .P"J.QMIC . .ENERG'i./IUUJORl.T.Y .................. . 

STATUS 
STAFF: Operators ....... 6......... Technicians .... .4 . .. ....... . 
BUDGET: Machine .. ................ Funded by . C.oJlJJ!I~r.c: iQ.l. ... . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main
tenance, etc.) 
(a) ........ . .. !50HJPf .PROOlJt:::r.r.ON· .. ·· ................. }O % 
(b) .... ... .. . . MA.j.NTENANCE ...... . ..... .... ... . . ..• ........ 30 % 
(c) ....... . .................................. . ... .............. % 
(d) . .. .. . .•...... . ...... . .............................. . . .... . % 
(e) ............................................................ % 

CHARACTERISTIC BEAMS 
Current(part }lA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .. p . . ............ 42 ................ 260 . .... . ..... 250. max. 
(b) .. p ......... .. ... 30 .. . . .. . ......... .340 ........... .320. max. 

p 11 150 
1991 }lA-hours on target : 

FACILITIES 
SHIELDED AREA: Fixed . ... .... . .. m2 Moveable ........ . .. m2 

Target Stations: . . . ·2· ... No. Served At Same Time: .. 1 ..... . 
OTHER FACILITIES: .... ..... ..... . . ............................ . . 

.... . . . REMOTE. .comRoll£D. TAAGETS ..... ... .......... . .... . .. . 

...... . COMP.UT£R .I.IUIOMA.T.EO. JQT~L. .sySTEM ...... ... . . •..... ... 

REFERENCES/NOTES 
(a) ... .. .. . ..... ... ........ . .............. . .. .... . ............... . 
(b) .. . .... . .. . . .... . ... . ... ... . . . .... . .. . ........................ . 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO ...... C??8 ............ Date .. l.0 .JUU. ~9.92 ..... . 
Cyclotron Model .... MC.-.40 . . Mk2 . . ............................... . 
Institution .. AMERSHM1. .lNTERNUJ.ONl.Il . . P.LC ..................... . 
Address . P..M£RSHAM . LARQ~I\.T.OR j ES •. WH.l TE . LlON .• 'WI.IO., .. AM£R5Io!AM, 
Tel ...... (0):4.9.475A~355.0 ..... Telex .. ACTI.V.LG ............ ~P~.I<;S 
Fax .... '!'Q149:4.-.54~3674 .... ' EMAIL . . ........... .... ......... . 
In Charge: . HM . GRf;Y 7M.QRGM. Reported by: . .DEWl..M . L.EWI S .... . 

HISTORY 
MILESTONE DATES: 

Installation ... t9(l.6........... . . First Beam . . . . 19.86 ........... . 
DESIGN/CONSTRUCTION BY: . 5CMDl.T.ROtUX .I.IB . ........ .. . . . . 
COST: Accelerator .qRl:lro.l\ .f.1 .•. 5~... . Facility .................. . 
FUNDED BY: .~p.l1]ll)~r.c.i.(:!l ...................................... . 

STATUS 
STAFF: Operators ...... 9.......... Technicians ..... 4 .......... . 
BUDGET: Machine .......... ... ..... Funded by ........... .. . ... . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main
tenance etc.) 
(a) .. : .. ..... ·~~~~~~~A.~~~~~.CTi9.N . . .. .. .. .. .... . .. . ....... 7Q ~ 
(b) . .. .. ........... . . . .... . ........ ...... . .. . . . .. ... ........ ]0 Yo 
(c) ..................... . ....... . ........ . .. ......... . .... .. ... % 
(d) ......................... . .. .... .. .............. . ... ... .... % 
(e) .... ... ............. . .. . ...... ......... . . . ...... ... .. . . .... % 

CHARACTERISTIC BEAMS 
Current(part }lA) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .... . p .......... .1.1. 7 • .35.5 . .. . .. . . ........................ . 
(b) . . . ..... . .. ... . . ...... .33.5... . .... 25.Q . . . . . . . ... max. . .. .•.. 

1991 }lA-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed ..... . . . ... m2 Moveable ........... m2 

Target Stations: ... 2. .... No. Served At Same Time: .... 1 ... . 
OTHER FACILITIES: ............................................. . 

. . . . . . . AUTOMII TEn .CYC.LOTRnN ............... .. . .. . ... ......... . 

. ... .... REMDlE. C.QNTRilL . T AAGET5. .......•..........•........... 

REFERENCES/NOTES 
(a) ................ . . .. . ........ .. .. . ........ . .. . ........ . .. ..... . 
(b) ..................... . ..... . .. .. ... ..... .. ... .. .... .. . . .... .. .. 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY No. CU79 
NAME OF MACHINE .... ~~!~~~~.I .~.~ .~~~~?'!~?~ ... DATE ...••.... ~'!~. ~.v.'" ~~~? ..... ...... ..... .......... ........ .... .... . 
INSTITUTION . . . . . .... ~E~!~!,~ .. ~~~I!~I,l~!, . ~O.U.N.C:~L ...... .. .... . .. . .. .. ......... . ......... .... .. . ..... .. ..•• . ...•.•. • .•••••••. 
ADDRESS .. P9!l~.L.~~ . ~'!~!<?:r!'~.N . . C:I!~~R!, .•. ~~!<.~~~'!~I,l~~~. !I.~~~~~~1: I . !l!!!l.I.N.~~~~ 1 • ~~~~'" .'~~'!~~!~~P!!' " .L.~~ • m I . !'~ ........... . 

TEL . . q~~7n~ . . 6.3.6.~ ....... TELEX .. . 6,2,7.q~~ . . ....... . ~Il~IlI:'~~ • . !l?I::U~ .?~~~ .. ........................... .... ....... . 
IN CHARGE . . . '1; ,ij •. l>{I.,x:r.o.1\ .... . ... REPORTED BY . .. 1, fl .• . ;lM'I;QIf . .. , ...... .. ... ........ .. ... .... ....... . .. ................ . 

HISTORY AND STATUS 
DESIGN, dale . . ~9~~/~? ....... Modelleala ....... ........ .. 
ENG DESIGN, dale . .. ~'lQl(g~2i1r""" "" ................ . 
CONSTRUCTION, dele ... ... ... .3. .•..................•..... 
FIRST BEAM, dele lor gOllIl I'IW:r9.R.Y .. \'lQ3 •. l>~:r". .. 1.9,I!~ .•....... 
MAJOR ALTERATIONS .~\l\lJ:r~9~ .. Q~ .~1!9,!,9N. :r.H.~'l"t:'( .•••••.• 
.. .................. ... 1.'~C~,,;r:r.Y., .\'lQ'), ......... ... ...... .. 
COST, ACCELERATOR . . •... ~l .•. ~ ........................ . 
COST, FACILITY, lotel ....... ,£.4 .•. ~", ........................ . 
FUNDED BY . . ... . U. , ~ • . C;~lI!=fl/l .. C.'WHTll!l> ...... . ... .. ..... . . 
ACCELERATOR STAFF, OPERATION AND DEVELOPMENT 
SCIENTISTS ...... . ~....... ENGINEERS ... ~ .......... .. 
TECHNICIANS .. ... . 2 ....... CRAFTS . ..... ~ .... . ...... . 
GRAD STUDENTS Involved during yellr .. .. . .. •.. ..... .. . ..... 
OPERATED BY ... . ....•. Reaeerch aleff or .......... Operlltora 
OPERATION ............ hr/wk, On IlIrget ... .. ...... . hrtwk 
TIME DISTR. In house .. . ..... . . . . %, Outalde ...• ... .... . % 
BUDGET, op'" dev ............. .. ..• .. .. ................... 
FUNDED BY .... .. .. ME~ICAL . RE.SEARC~ . 9?~~~.I.L ............. . 
RESEARCH STAFF, nOllncluded abova 
USERS, In houslI ... .3. ..... ...... . oullldll ... . ..•..••.•.•... 
GRAD STUDENTS Involved during yeer ...... . ...•.• •.••••..• .• 
RESEARCH BUDGET, In houle ..... . ... .. .. .. . . ...••...•. ... • 
FUNDED BY . .. ~/'I.P,I~'lWI . 9!-!l~.E.R .. 'lI!~~~!19!1. rp.N.~ .... ... . ... . 
MAGNET 
POLE FACE, die meter lcompectl .1.6.q cm, R extraction .. Ii' cm 
R Injection .. . . . .. . . cm 
GAP, min .. 12.) ... cm, Field .. ?? . .1. ..... kG } 

max. ,2,2 .•. 1 . . . crn, Field .. ).,3, • .0 ... ... kG at . 26~ .• (),o.0 .. 
AVERAGE FIELD at R ext ....... .1'! ... 7 ...... kG Ampere lurnl 
Bmax/ <8> .................. ~.\2 .................... .. 

NUMBER OF SECTORS {~~;'~:~d :::~:: } Spirel, max ?5deg 
SECTOR ANGLE ISSCI . . .... . ......... deg 
TRIMMING COILS .. ~ . ;;!'r~.llA.R,Mq,!~~. ~o~~.s . ......... .•...• •• 

. . . . (i . ~!'rll. P.R5~\!~~I! . ~!I!'P.I.E"~~ . ~(m~ .. ... . . . 
CONDUCTOR. materiel end type . . ,!q~"'9~ . 9().p.p,,~'l . .. . ......... . 
STORED ENERGY Icryogenlcl . .. . .. ...... ................ M~ 
POWER: main coils. nil .. max, kW ; current stability .1.X.l.o.-:~ 

trimming coill ... 5 .. max, kW ; current Itllbility .1~.IP-: 
WEIGHT : Fe .. ... 120 .. . . . ... tons ; coill .... ~. ~ ...... .. . tons 
COOLING system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . .... . 
ION ENERGY Ibending limitl EtA - .. :~? .. q'te' MeV/emu 

1I0cusinglimiti EtA c ••••.••. q'/a' MeV/amu 
ACCELERATION SYSTEM 
DEES, number ... 2 .. . ... . . .. ; angle .............. ~? .... deg 
BEAM APERTURE ... ~:? .... em; DC Bial .. ...... ........ kV 
TUNED by, coarse .......... . ... line ............. /; . .... . .. 
RF . ..2.~.. .. ... to .......... mHz, slable ± .~'!~Q~ ........ . 
Orb F . .... ?~ . . to .......... mHz 
HARMONICS , RFtOrb F, used ... ~ .. . ... . ........... . ....... . 
DEE - Gnd, max . 40 ... kV, min gap ... .. ..... 'j ' .. ... ...... em 
STABILITY, Ipk-pk noiselllpk RF voltl ... ~.l,o.-.. .. .. . ......... . 
ENERGY GAIN, max .. ........ ..... l,o.O . . ... . ..... . ... kV/turn 
RF PHASE, stebleto ± ............... ~:~ ................ deg 
RF POWER Input, m8X • • .• . , •...•••• P.o, . .• ••.•••••••••• , . kW 
FREOUENCY MODULATION, rate . .... ... ......... ...... ... Is 

modulator. type ... . .....................•...... . ....... 
beem pulse. wirlth ....... .... . . . . ... .. ................. . 

VACUUM SYSTEM 5 
OPERATING PRESSURE ..... ~. ~~~ ..... .. .. . . '" . Torr or mbar 

P~~P~oo~oL;~f~' ~~ie riipPuslo'N' 'puMP ' ......... .. ..... . ... . 

: ~~~;';ji~~~BOOS:riR~ :~ o~? i~~: M~~~~i6~~: ~;":C:~I:~G:::::::::: 
ION SOURCES 
....... ... . . INTEH.NAI~ •.. ~~L~. C~:r.H?~~ ..... .... ......... .... . 

INJECTION SYSTEM 
~~.B.C.T.~~S~ ~!~ ~ ~ !!~ .E.c.~~~~~t:'~r~ ~.+.P.o.c:~~~ ~~~ . ~!lN'.N"~~ ...•.•• 

EXTRACTION SY8TEM 

FACILITIES FOR RESEARCH 
SHIELDED AREA, nxed . . .... ... .. m' : movllble .•.•••••••• m' 
TARGET STATIONS . . ..... . . In ....•.... rooml 
STATIONS aerved aUllma tlma, miX ... . . ......... . .... .... .. . 
MAG SPECTROGRAPH, type ...•••.•.....• . •.•.•.••• .. .•• ••. 
COMPUTER model •••••••••• .•. . .. ••• • ••• ....•••• •. ,." • .•• 
OTHER FACILITIES ; ••.••.•.•••.....•..•••••..••.••••••••••• 

CHARACTERISTIC BEAMS 
PARTICL~ ENERGY IMeVI CURRENT IPIIAI 

Goal Achlaved Inlernal Exlernal 
..... ':' ..... .. ... ~C? .... .. ~?:? .. .. . .. ~.1.~~ . .. . .. .. 5.~ ... . 

SECONDARY (perl/il 
••• .• 11 ..••..•... , ..•..•. ~Q .llf.P/I'I.IN •• @. ,\~Q<;". flipI' ........ . 
. ..................... .. n{lIlI!'J'. {l.,PTM .P.J;J.Tijltltlll .... , .... . 
BEAM PROPERTIES 

MEASURED CONDITIONS 
PULSE WIDTH . . • • . RF deg ••.••.• PI' A of ." •. • MeV . .. lonl 
PHASE EXC, max .. . RF deg . . . .... PI' A of . .• . MIIV • • . lonl 
EXTRACT eff ....... % .. ..... PI' A of .... MeV •.. Ions 
RESOl AE/E ....... % ....... PI' A of .... MeV ... lana 
EMITTANCE 

I" mm. mradl {: : : .II~!~ } ....... PI'A of ..... MeV ... lana 

OPERATING PROGRAMS, tlml dlstrlbullon 
BASIC NUCLEAR PHYSICS.. SOLID STATES PHySiCS ••.. 
BIOMEDICAL APPLICAT. 1.~~~ ISOTOPE PRODUCTIONS •.•. 

REFERENCES/NOTES 
11 SCANDITRONIX Mc60pp 

PLAN VIEW OF FACILITY, NOTEWORTHY FEATURES, 
COMMENTS ACCELERATOR USED IIITH SCANDITEM HIGH ENERGY 
NEUTRON THERAPY UNIT. CONTROLLED BY PDPII-23. 

r T T 



ENTRY NO .. . . . . . C.U80 .. . ........ Date .22 , p .•. n ..... .... ... . 
Cyclotron Model .S<; <,p'q:\'\:rp.Il:j.,!,. )1C; ~ 9 .. ~'!-r)< . . g . . .. .. . . ......... . . 
Institution .. 1:1!' fl.:i. c; ,!-~ .. ~~~!".",r ~!l. (::<? \f!'.c: ~l . . C~c;~? ~r?!, .. 1.! '!- ~t .. . 
Address .. l-! ,!-!)l!TI.~r:~!)l.i~l) . !I.o.~I?~.t.~ ~ !. p.~ . C a.~7 . ~.~~~? .l:'?~~.o.,: ... . . 
Tel ... . .. 9.~~.?4.q . ~.1.6.~ ....... Telex . . . . ............... !"IP . ~ !I.~ 
Fax ...... Q?1. ) ~ 3. }??? ...... EMAIL . .. ........ . ... . ........ .. . 
In Charge: .11.]" . . ~J::~!.ON . . . . . . . . Reported by: ~.~ .. ~~~~ . ...... . . 

HISTORY 

MILESTONE D1Uf . March 1986 
Installation ..... . ........ . ..... Fs 6'! n'aiat"i oi:i:LX' and . MIre .. . .. . 

DESIGN / CONSTRUCTION BY: ......... .. .. .. . . . .. . ... ......... . 
COST: Accelerator . .£.l . . 1:1.... .. .... . . . Facility q .1:1 . . ........ . ... . 
FUNDED BY: . . . ~!"A ~~!'.1 . . ~!,~.e.~r~.h. .c;:9!l.I!C; P ..... . ..... . ...... . . 

STATUS 
STAFF: Operators . . .. . 8. . . ... ... . . . Technicians .. ~ ..... . ....... . 
BUDGET : Machine .. 9.0.~ ... .... .... Funded by .111!-~ .. ... ....... . . 
TIME DISTRIBUTION : (e .g . basic research, isotope production , main
tenance, etc .) 
(a) . .. r)':.'!;. tr.a.c;.m; ............ . ........ . , ........... .. ... . . fi 5 % 
(b) . . . Of.f:: ~;i..t.~ .1J1!".d.i.<;<, ), .. i. ~P.t.QII\!. 'p'J;Q d.llC; ' ;i.P.Il ........... 25 % 
(c) . . .. ~,!-;i.r.t.~I)"p'~~{ d.e.'(~ J. p'p'f(\\'r.t ..... . ... . .. . .. . . . . . . .. . ... 1.Q % 
(d) . . . . .... . .... .. . . .... .. .......... . . .• . . . ... . ... .. . ... . ..... % 
(e) . ... . . . . ......... . ....... . .......... . ..... . .. . . . . .. . ..... . .. % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A ~MeV / u) Internal External 
(a) ... . ~I!-~!~~~ ... .... . .. 9 ........... .. ?9'O ........ ... ~~9 .. .. .. . 
~~)) . . . ~:~T!=.R~~~/ ALP.~. i~""" '" .30i ~'ri59 ..... . 1.Q9 ; ~.5 ... .. . 

1991 /lA-hours on target : .. . .... . . ~ O J .b.QQ ..... . ..... . ....... . ..... . 

FACILITIES 
SHIELDED AREA: Fixed .. . ~Q . . .... m 2 Moveable .. . ........ m 2 

Target Stations: .. . ... . ~. No . Served At Same Time: .. 1 ...... . 
OTH ER FACILITI ES : . . 2.:< .. ~E~ . . S.C:~!'!'.'Cr: . ,<,Si7'!le.~s . :-. . ~~n ...... . 
1.?". .CYCI~ONE .. ~. ~!C:r:GEN. GENER1\TOR .. ( I BI\ ) .. :- .. ~7~. s.'C I.' ~~.,,: ~ e ... . 

.. . . . . .. . .. . .. .. . . . . . .. . . .. . .... . . .. . ......... . ..... .. ,,'.' !=~X .. 

REFERENCES/NOTES 
(a) ... .. .... . . ... . . ........ .. .... . .. .. . . .. . . . . ..... . .... . .... . . . . . 
(b) .............. ... ........... . .. . ..... .. . . .. . . . . .. ... . . .... . ... . 

PLAN VIEW OF FACILITY, COMMENTS 

(!ycfohon 

"1 

"'" " t~~;' 

ENTRY NO ....... C?~ 1 ...... .. .. . Date . 2.2+ ?2 ............ . 
Cyclotro n Model . .... C;:Y~.LON~. } . m~~~ .... .... .. .. ... ... ... ..... . 
Institution .~!".'l: ~ c;!,.l . . I!-~ ~.e.~,,~h .. c;:?~.~"il .. q~71.o t ,,?!,: .l!:,;i.~ .. . ... . 
Address .l!~~'C I? ~ !".~ ~~ . !,,~spi.t~~! . . Du . C.an~ .. R,?~d.' . .r:,'?!'.~'?'.' ..... . 
Tel .... 0 81.. 711 0 .. 3162, ......... Telex .... .. .. ............ .I'n ? '<~ I!S 
Fax .. .. 081. .7.43. 3.9.87 ......... EMAIL .......................... . 
In Charge: .. M. L .REN' OR .. .... Reported by: . P. )l.l1AC;~J .... . .. . 

HISTORY 
MILESTONE DATES : 

Installation . . ;F.~Q, .. 9) . . . . . . . . . First Beam . . l1a!" .. ~ ~ .......... . 
DESIGN / CONSTRUCTION BY: . . ~!'>A ... . . . ... . . .. . . . 
COST: Accelerator... ... . .. . .... . ..•. Facilit1 .comrers;ion ..... . 
FUNDED BY: .~9Y."'~ .~o.':; ~ g !".",q "'!'.t.'C . ~~.d.i c;~ . . . ~7!'.o.~~ .......... . 

STATUS 
STAFF: Operators ...... . .. :-: ... . .. Technicians .... . .. . . . .. .. . . . 
BUDGET: Machine .......... -: ...... . Funded by ................ .. 
TIME DISTRIBUTION : (e .g . basic research , isotope production , main
tenance, etc.) 
(a) . Q-lCJ.GF;~U.~ . l' RP.~l)(::r.:r;O~ . . 3.0. tlP.llJ.l.$/~ ...... .... ...... ~5 . % 
(b) . 1:1<\:rN1;F;~A.liC;J;: .. ~ .. ? .l-!01)R.S.l.I% . . ..... ... . . ... . . ... ...... 5. % 
(c) ......... .. ........ . ....... .. . ..... ....... .................. % 
(d) .................... .. . .. ... .......... . . . ..... . ........ . ... % 
(e) ............. . ... .. ........ .. ...... .. ...... .. ...... .. .. . .... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A (MeV l u) Internal External 
(a) . D.EUTERONS ....... 1. 8 .... .... ..... ! 2.0 .... .. ..... 50, ...... . 
(b) .. .. .... .. ........................ ...... .... . ...... .. ...... . 

1991 /lA-hours on target : 

FACILITIES 
SHIELDED AREA: Fixed .... .. . .:?? m 2 Moveable ... ... . .... m 2 

Target Stations: . ... . ) . . No . Served At Same Time: . . .. .... . 
OTHER FACILITIES : .. . ... .. .. . .. .. ... ... ......... . ........ ... .. .. 

SEE OTHER ENTRY FOR MAI N FACILITIES .......... .. ... . ...... .. ........... .. .. .... . .... . . .. . . . .... ...... 

REFERENCES/NOTES 
(a) .. . . .. ...................... . ... . .. . . . .. . ... . ............ _ .. . . . 
(b) . .. . . . . . . .. . . . . .. . . . . .... .... . .. . .. ..... .. . . . .... .. . . . ... . .... . 

PLAN VIEW OF FACILITY, COMMENTS 

OJ 



ENTRY NO .. . . . . . C.U80 .. . ........ Date .22 , p .•. n ..... .... ... . 
Cyclotron Model .S<; <,p'q:\'\:rp.Il:j.,!,. )1C; ~ 9 .. ~'!-r)< . . g . . .. .. . . ......... . . 
Institution .. 1:1!' fl.:i. c; ,!-~ .. ~~~!".",r ~!l. (::<? \f!'.c: ~l . . C~c;~? ~r?!, .. 1.! '!- ~t .. . 
Address .. l-! ,!-!)l!TI.~r:~!)l.i~l) . !I.o.~I?~.t.~ ~ !. p.~ . C a.~7 . ~.~~~? .l:'?~~.o.,: ... . . 
Tel ... . .. 9.~~.?4.q . ~.1.6.~ ....... Telex . . . . ............... !"IP . ~ !I.~ 
Fax ...... Q?1. ) ~ 3. }??? ...... EMAIL . .. ........ . ... . ........ .. . 
In Charge: .11.]" . . ~J::~!.ON . . . . . . . . Reported by: ~.~ .. ~~~~ . ...... . . 

HISTORY 

MILESTONE D1Uf . March 1986 
Installation ..... . ........ . ..... Fs 6'! n'aiat"i oi:i:LX' and . MIre .. . .. . 

DESIGN / CONSTRUCTION BY: ......... .. .. .. . . . .. . ... ......... . 
COST: Accelerator . .£.l . . 1:1.... .. .... . . . Facility q .1:1 . . ........ . ... . 
FUNDED BY: . . . ~!"A ~~!'.1 . . ~!,~.e.~r~.h. .c;:9!l.I!C; P ..... . ..... . ...... . . 

STATUS 
STAFF: Operators . . .. . 8. . . ... ... . . . Technicians .. ~ ..... . ....... . 
BUDGET : Machine .. 9.0.~ ... .... .... Funded by .111!-~ .. ... ....... . . 
TIME DISTRIBUTION : (e .g . basic research, isotope production , main
tenance, etc .) 
(a) . .. r)':.'!;. tr.a.c;.m; ............ . ........ . , ........... .. ... . . fi 5 % 
(b) . . . Of.f:: ~;i..t.~ .1J1!".d.i.<;<, ), .. i. ~P.t.QII\!. 'p'J;Q d.llC; ' ;i.P.Il ........... 25 % 
(c) . . .. ~,!-;i.r.t.~I)"p'~~{ d.e.'(~ J. p'p'f(\\'r.t ..... . ... . .. . .. . . . . . . .. . ... 1.Q % 
(d) . . . . .... . .... .. . . .... .. .......... . . .• . . . ... . ... .. . ... . ..... % 
(e) . ... . . . . ......... . ....... . .......... . ..... . .. . . . . .. . ..... . .. % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A ~MeV / u) Internal External 
(a) ... . ~I!-~!~~~ ... .... . .. 9 ........... .. ?9'O ........ ... ~~9 .. .. .. . 
~~)) . . . ~:~T!=.R~~~/ ALP.~. i~""" '" .30i ~'ri59 ..... . 1.Q9 ; ~.5 ... .. . 

1991 /lA-hours on target : .. . .... . . ~ O J .b.QQ ..... . ..... . ....... . ..... . 

FACILITIES 
SHIELDED AREA: Fixed .. . ~Q . . .... m 2 Moveable .. . ........ m 2 

Target Stations: .. . ... . ~. No . Served At Same Time: .. 1 ...... . 
OTH ER FACILITI ES : . . 2.:< .. ~E~ . . S.C:~!'!'.'Cr: . ,<,Si7'!le.~s . :-. . ~~n ...... . 
1.?". .CYCI~ONE .. ~. ~!C:r:GEN. GENER1\TOR .. ( I BI\ ) .. :- .. ~7~. s.'C I.' ~~.,,: ~ e ... . 

.. . . . . .. . .. . .. .. . . . . . .. . . .. . .... . . .. . ......... . ..... .. ,,'.' !=~X .. 

REFERENCES/NOTES 
(a) ... .. .... . . ... . . ........ .. .... . .. .. . . .. . . . . ..... . .... . .... . . . . . 
(b) .............. ... ........... . .. . ..... .. . . .. . . . . .. ... . . .... . ... . 

PLAN VIEW OF FACILITY, COMMENTS 

(!ycfohon 

"1 

"'" " t~~;' 

ENTRY NO ....... C?~ 1 ...... .. .. . Date . 2.2+ ?2 ............ . 
Cyclotro n Model . .... C;:Y~.LON~. } . m~~~ .... .... .. .. ... ... ... ..... . 
Institution .~!".'l: ~ c;!,.l . . I!-~ ~.e.~,,~h .. c;:?~.~"il .. q~71.o t ,,?!,: .l!:,;i.~ .. . ... . 
Address .l!~~'C I? ~ !".~ ~~ . !,,~spi.t~~! . . Du . C.an~ .. R,?~d.' . .r:,'?!'.~'?'.' ..... . 
Tel .... 0 81.. 711 0 .. 3162, ......... Telex .... .. .. ............ .I'n ? '<~ I!S 
Fax .. .. 081. .7.43. 3.9.87 ......... EMAIL .......................... . 
In Charge: .. M. L .REN' OR .. .... Reported by: . P. )l.l1AC;~J .... . .. . 

HISTORY 
MILESTONE DATES : 

Installation . . ;F.~Q, .. 9) . . . . . . . . . First Beam . . l1a!" .. ~ ~ .......... . 
DESIGN / CONSTRUCTION BY: . . ~!'>A ... . . . ... . . .. . . . 
COST: Accelerator... ... . .. . .... . ..•. Facilit1 .comrers;ion ..... . 
FUNDED BY: .~9Y."'~ .~o.':; ~ g !".",q "'!'.t.'C . ~~.d.i c;~ . . . ~7!'.o.~~ .......... . 

STATUS 
STAFF: Operators ...... . .. :-: ... . .. Technicians .... . .. . . . .. .. . . . 
BUDGET: Machine .......... -: ...... . Funded by ................ .. 
TIME DISTRIBUTION : (e .g . basic research , isotope production , main
tenance, etc.) 
(a) . Q-lCJ.GF;~U.~ . l' RP.~l)(::r.:r;O~ . . 3.0. tlP.llJ.l.$/~ ...... .... ...... ~5 . % 
(b) . 1:1<\:rN1;F;~A.liC;J;: .. ~ .. ? .l-!01)R.S.l.I% . . ..... ... . . ... . . ... ...... 5. % 
(c) ......... .. ........ . ....... .. . ..... ....... .................. % 
(d) .................... .. . .. ... .......... . . . ..... . ........ . ... % 
(e) ............. . ... .. ........ .. ...... .. ...... .. ...... .. .. . .... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/ A (MeV l u) Internal External 
(a) . D.EUTERONS ....... 1. 8 .... .... ..... ! 2.0 .... .. ..... 50, ...... . 
(b) .. .. .... .. ........................ ...... .... . ...... .. ...... . 

1991 /lA-hours on target : 

FACILITIES 
SHIELDED AREA: Fixed .... .. . .:?? m 2 Moveable ... ... . .... m 2 

Target Stations: . ... . ) . . No . Served At Same Time: . . .. .... . 
OTHER FACILITIES : .. . ... .. .. . .. .. ... ... ......... . ........ ... .. .. 

SEE OTHER ENTRY FOR MAI N FACILITIES .......... .. ... . ...... .. ........... .. .. .... . .... . . .. . . . .... ...... 

REFERENCES/NOTES 
(a) .. . . .. ...................... . ... . .. . . . .. . ... . ............ _ .. . . . 
(b) . .. . . . . . . .. . . . . .. . . . . .... .... . .. . .. ..... .. . . . .... .. . . . ... . .... . 

PLAN VIEW OF FACILITY, COMMENTS 

OJ 



ENTRY NO. _ CU82 Date,--:::-----::--=-=--___ _ 
Cyclotron Model CS-30 The Cyclotron COlp (TCC) 
Institution Uniyersity of Michiean Medjcal School 
Address 3480 Kresge III Ann Arbor. MI 48109-0552 
Tel 313-936-1186 Telex _N..."",o""ne"-_____ _ 
Fax 313-764-0288 EMAIL DEYans @UMICHEDlr 
In Charge: Dr Dayid E Kuhl Reported by: R Lininger 

HISTORY 
MILESTONE DATES: 

Installation Feb '82-Noy '82 First Beam A~D ... r_' ... 82,,-___ _ 
DESIGN/CONSTRUCTION BY: The Cyclotron COlPoration 
COST: Accelerator $1 6 Mjllion Facility $6 5 Mjllion 
FUNDED BY: NIH Kresge Foundation and Medical School 

STATUS 
STAFF: Operators 2 Technicians 
BUDGET: Machine Not Ayailable Funded by Granl~ 

TIME DISTRIBUTION: (e.g. basic research, isotope produc
tion, maintenance, etc.) 
(a) Isotope Production 90% 
(b) Maintenance 10% 
~ % 
00 % 
00 % 

CHARACTERISTIC BEAMS 

Accelerated Ions EtA (MeV/~) 
External 

(a) p+ 26 
(b) d+ 16 

Current(part ~A) 
Internal 

20 
20 

1991 ~A-hours on target: _-'!:464""'6L-_________ _ 

FACILITIES 
SHIELDED AREA: Fixed 75 m2 Moveable ___ m2 

Target Stations: --L No. Served At Same Time: L
OTHER FACILITIES: _-- ----- ------

REFERENCESINOTES 
(a) 
(b) 

PLAN VIEW OF FACILITY. COMMENTS 

/ 
~ , 
IY • 
~ -
o H 
...J • v , ,.. , 
V-i" 

ENTRY NO . ..... . CD. .83 .......... Date ... .. . .. ............ .. 
Cyclotron Model ..... MC.-.40 ..................................... .. 
Institution ..... ~~~.~ ~ ~~Xs ics., . . ~:t.c ............ .. .. . . ... ...... . ... . 
Addr~)s08H~'~~~~o~i? ~.e !. Ar.1~~~.t~'!-. !IEi~ht.s! .. IL . . ?OOO~ .... . 
Tel . .. ..... ... ... .. ...... . ..... Telex ... . .. .. . ........... . . . .. .. . 
Fax ... .... . ........ .. ......... EMAIL .. .... .. ................. . . 
In Charge: .. R· .. lI!l.b.I?'!-l'.d .. .. ... Reported by : .. . Il, .. C.~'\l.s ........ . 

HISTORY 
MILESTONE DATES : 

Installation .. 19'(8. .. . . . . .. . First Beam .F"br.l1""y . .1??~ . .. . 
DESIGN / CONSTRUCTION BY: .. ~.c.,,~dit.roni.x . . .. ...... . . . ... . 
COST: Accelerator. .. ....... . . Facility .. . . .... . . . . . . . ... . 
FUNDED BY: .... .. ..... . .. ... .. . .. . ........ . ................. . .. 

STATUS 
STAFF: Operators . . . . Q.. . ......... Technicians .. . !> ... ... .. .. .. . 
BUDGET: Ma~i~ ........ . . .. .. . ... Fund~~ . . .. . ... . ...... . . . 
T IME DISTRI BUTION : (e.g. basic research , isotope production, main
tenance, etc. ) 
(a) .. ~.s.~~'?P!' .. ~~?ducti.on . .. .. ................... . . ..... ~Q .. % 
(b) .. M:".i~t~!,.a~~~ ..... . .. . . ... .. . .... . .... . . ............. ~Q .. % 
(c) ............ .. ............. .... .... .. . .. .. .... .............. % 
(d) .. . .. .. .. ..... .. .. ...... .... .. ............... % 
(e) .. .. .... ...... .. ..... .. ...... .. ... .. .. ............. % 

CHARACTERISTIC BEAMS 
Current( part /-lA) 

(a~cce~~~te.d .I~~s .. . ~.{t~~.~? / ~) Internal External 
.... 20.0 ... . . ... . .. 7,5 ..... . 

(b) ... .. . .... . . ..... . .. . ... .... . . 

1991 /-lA-hours on target : . ... 7.)\ . lD
5 
. . .... . . . . ......... . . . ... . ... . 

FACILITIES 
SHIELDED AREA : Fixed .. V~9 .... .. m 2 Moveable ... q ....... m2 

Target Stations: ... f ..... No. Served At Same Time: . . . ~ . ... . 
OTHER FACILITIES : ................... . ........ . .. ........ .. .. .. . 

REFERENCES/NOTES 
(a) ............ . ... . .. .. . . . . . . ... . . . .. .. . . . ......... ... . . 
(b) . .. ............................................. .. .. . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO. _ CU82 Date,--:::-----::--=-=--___ _ 
Cyclotron Model CS-30 The Cyclotron COlp (TCC) 
Institution Uniyersity of Michiean Medjcal School 
Address 3480 Kresge III Ann Arbor. MI 48109-0552 
Tel 313-936-1186 Telex _N..."",o""ne"-_____ _ 
Fax 313-764-0288 EMAIL DEYans @UMICHEDlr 
In Charge: Dr Dayid E Kuhl Reported by: R Lininger 

HISTORY 
MILESTONE DATES: 

Installation Feb '82-Noy '82 First Beam A~D ... r_' ... 82,,-___ _ 
DESIGN/CONSTRUCTION BY: The Cyclotron COlPoration 
COST: Accelerator $1 6 Mjllion Facility $6 5 Mjllion 
FUNDED BY: NIH Kresge Foundation and Medical School 

STATUS 
STAFF: Operators 2 Technicians 
BUDGET: Machine Not Ayailable Funded by Granl~ 

TIME DISTRIBUTION: (e.g. basic research, isotope produc
tion, maintenance, etc.) 
(a) Isotope Production 90% 
(b) Maintenance 10% 
~ % 
00 % 
00 % 

CHARACTERISTIC BEAMS 

Accelerated Ions EtA (MeV/~) 
External 

(a) p+ 26 
(b) d+ 16 

Current(part ~A) 
Internal 

20 
20 

1991 ~A-hours on target: _-'!:464""'6L-_________ _ 

FACILITIES 
SHIELDED AREA: Fixed 75 m2 Moveable ___ m2 

Target Stations: --L No. Served At Same Time: L
OTHER FACILITIES: _-- ----- ------

REFERENCESINOTES 
(a) 
(b) 

PLAN VIEW OF FACILITY. COMMENTS 

/ 
~ , 
IY • 
~ -
o H 
...J • v , ,.. , 
V-i" 

ENTRY NO . ..... . CD. .83 .......... Date ... .. . .. ............ .. 
Cyclotron Model ..... MC.-.40 ..................................... .. 
Institution ..... ~~~.~ ~ ~~Xs ics., . . ~:t.c ............ .. .. . . ... ...... . ... . 
Addr~)s08H~'~~~~o~i? ~.e !. Ar.1~~~.t~'!-. !IEi~ht.s! .. IL . . ?OOO~ .... . 
Tel . .. ..... ... ... .. ...... . ..... Telex ... . .. .. . ........... . . . .. .. . 
Fax ... .... . ........ .. ......... EMAIL .. .... .. ................. . . 
In Charge: .. R· .. lI!l.b.I?'!-l'.d .. .. ... Reported by : .. . Il, .. C.~'\l.s ........ . 

HISTORY 
MILESTONE DATES : 

Installation .. 19'(8. .. . . . . .. . First Beam .F"br.l1""y . .1??~ . .. . 
DESIGN / CONSTRUCTION BY: .. ~.c.,,~dit.roni.x . . .. ...... . . . ... . 
COST: Accelerator. .. ....... . . Facility .. . . .... . . . . . . . ... . 
FUNDED BY: .... .. ..... . .. ... .. . .. . ........ . ................. . .. 

STATUS 
STAFF: Operators . . . . Q.. . ......... Technicians .. . !> ... ... .. .. .. . 
BUDGET: Ma~i~ ........ . . .. .. . ... Fund~~ . . .. . ... . ...... . . . 
T IME DISTRI BUTION : (e.g. basic research , isotope production, main
tenance, etc. ) 
(a) .. ~.s.~~'?P!' .. ~~?ducti.on . .. .. ................... . . ..... ~Q .. % 
(b) .. M:".i~t~!,.a~~~ ..... . .. . . ... .. . .... . .... . . ............. ~Q .. % 
(c) ............ .. ............. .... .... .. . .. .. .... .............. % 
(d) .. . .. .. .. ..... .. .. ...... .... .. ............... % 
(e) .. .. .... ...... .. ..... .. ...... .. ... .. .. ............. % 

CHARACTERISTIC BEAMS 
Current( part /-lA) 

(a~cce~~~te.d .I~~s .. . ~.{t~~.~? / ~) Internal External 
.... 20.0 ... . . ... . .. 7,5 ..... . 

(b) ... .. . .... . . ..... . .. . ... .... . . 

1991 /-lA-hours on target : . ... 7.)\ . lD
5 
. . .... . . . . ......... . . . ... . ... . 

FACILITIES 
SHIELDED AREA : Fixed .. V~9 .... .. m 2 Moveable ... q ....... m2 

Target Stations: ... f ..... No. Served At Same Time: . . . ~ . ... . 
OTHER FACILITIES : ................... . ........ . .. ........ .. .. .. . 

REFERENCES/NOTES 
(a) ............ . ... . .. .. . . . . . . ... . . . .. .. . . . ......... ... . . 
(b) . .. ............................................. .. .. . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO . .... .... c.U8(. . . . . . . . .. Date . ......... . .•... . • .... 
Cyclotron Model .. M.C<~49. . . . . . . ............ . .. . ..... . 
Institution .... . 11,,~.i-.Pl)y~.ics, .. ~1)c: .... ............... . ... . ..... . 
Address )350 .. N:. ~idg~ .•.. Ar1il"!~to.n . Hei.&h~.s •.. I!--... ?~.OO~ .... . 
Tel .. (.798)3?~.-.~~9~ .. .. ....... Telex . .. .. . . ......... . ...... . .. . . 
Fax .. .... . .. . ... ... .......... . EMAIL .... . .. ..... .............. . 
In Charge: . . R: .. H,:,bb,~,:"d . .. ... . Reported by: D .. ~0.1.~,:,ba.u.&~ ... . 

HISTORY 
MILESTONE DATES: 

Installation . . .1.Q!H ....... . First Beam !1.qy. :t.9.!!? ........• 
DESIGN / CONSTRUCTION BY : .. $~!,.n<!H.r:q1)~" . .. . .........•... 
COST: Accelerator .......... . .. Facility ...... . .... . . . .... . 
FUNDED BY: .. ......... . .. .. ..• . .. 

STATUS 
STAFF: Operators .. 9.... ... ..... .. Technicians . . . 4 ........ .... . 
BUDGET: Machine .... .............. Funded by ...... . ......... .. 
TIME DISTRIBUTION : (e.g. basic research . isotope production. main
tenance. etc.) 

~:~ : : :~:~~~~~:~~;~;:~:~ ~:i:q1)::::: :: ::: :: :: :: ::: :::::: ::: ~~::: ~ 
(c).... .. .. .......... ....... . ...... ... ........... .. ......... % 
(d) ........ .. .. .... ...... .. .. .. .. .. ........ ... .. % 
(e) ............ .. .. ........... .. . .. .. . .. ..... .... .. .... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions 
(a) .. ~+. 

E/ A (MeV / u) Internal External 
.. .. 1~.~ . AQ ... ...... ?9.0 ........ . ?? ........ 

(b) . . . . .. . .. . .... . 

1991 /lA-hours on target : .. .7. x .. 10
5 
....... .. . .. . . ........ ... ..... . 

FACILITIES 
SHIELDED AREA: Fixed . .. U5 .. . . . m 2 Moveable ... Q •...... m 2 

Target Stations: .. ~ ... ... No . Served At Same Time: .. 1 ...... . 
OTHER FACILITIES : .. ... . . , ........ .. . .. .... .... . . ..... .. 

REFERENCES/NOTES 
(a) ...... .. ... . 
(b) .... .. ...... .. .... . 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO ... .. ... ClJ85..... .. . Date .... .... ... . . .... ... . . 
Cyclotron Model . .. fY,...7.50 . . . . . . . ..... ........ . . . ... . 
Institution. Al!lI'P,I);;tlll.:-: .111'.cI!.,.Ph)1'> il'.&, . JAc: •... ... . ... . ... ..... 
Address ~.3.~Q. t< .•. . ~;i.!iM. f\.Y,,!. ,. )\,l-;i..t\g'9P. .I~g!:-'h . :r.I .. l?O.o.Q4 ... . 
Tel . 7P.~-:-~9.8.--:~~P.Q . .. .. . ... ... Telex . ... .. ... ........... .. ..... . 
Fax JQ?:-)~?:-.8AP ............ EMAIL.. . ....... .. .. ... .. . 
In Charge: .. F. • . !l.l.IQ1;>,,;r.cI ...... . Reported by: !) • . ll.QJ,.I'Pp.ql,lgh . ... . 

HISTORY 
MILESTONE DATES : 

Installation )\\lg .... '. ?5. . . . First Beam !:iiiY . .+ 9!l.1! .. . . .. . . . . 
DESIGN /CONSTRUCTION BY: C~.~-:-!:i~Y.l$\lJ1l."~,?J1l.o . . ..... . ...... . . 
COST: Accelerator ......... . ....... . Facility .. . .. . . .. . .. ... . .. . 
FUNDED BY: ....... .. ... .. .......... ....... . ... .......... ..... .. 

STATUS 
STAFF: Operators .... . P........... Technicians .. . .. fl .. .... ... . . 
BUDGET: Machine . . ...... . ..... . ... Funded by . ............ .... . 
TIME DISTRIBUTION : (e.g. basic research , isotope production, main
tenance, etc. ) 
(a) . Isoto.,e. Pr.aduc.tion. ..... ...... .. . .... . . ..... .. .... B.a. % 
(b) Maintenance. ... ... . ... . .... . ..... . .. .. ... ... ......... ;2.0 .. % 
(c) ....... .. ..... ..... .... .. .. ...... .. .......... % 
(d) .. .. ........... .... .. ......... ...... % 
(e) ........... .. .. ..... .. ....... ............ % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions 
(a) .. H+ ...... .. . 

E/ A (MeV / u) Internal External 
. . 25:-.7.0 ............ . 200 .......... . 100 .. .. 

(b) ... . . . ..... ... . 

1991 /lA-hours on target : ... . .7':')..0.5 
.... .. . .... . ...•.•... . ..... . ... 

FACILITIES 
SHIELDED AREA: Fixed . . P~. m 2 Moveable .. O. m 2 

Target Stations: 5 No . Served At Same Time: . . . 1 . . ... 
OTHER FACILITIES : .. . . 

REFERENCES/NOTES 
(a) .. ..... .... . ....... . 
(b) ... ... . .. ... . . . . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO . .... .... c.U8(. . . . . . . . .. Date . ......... . .•... . • .... 
Cyclotron Model .. M.C<~49. . . . . . . ............ . .. . ..... . 
Institution .... . 11,,~.i-.Pl)y~.ics, .. ~1)c: .... ............... . ... . ..... . 
Address )350 .. N:. ~idg~ .•.. Ar1il"!~to.n . Hei.&h~.s •.. I!--... ?~.OO~ .... . 
Tel .. (.798)3?~.-.~~9~ .. .. ....... Telex . .. .. . . ......... . ...... . .. . . 
Fax .. .... . .. . ... ... .......... . EMAIL .... . .. ..... .............. . 
In Charge: . . R: .. H,:,bb,~,:"d . .. ... . Reported by: D .. ~0.1.~,:,ba.u.&~ ... . 

HISTORY 
MILESTONE DATES: 

Installation . . .1.Q!H ....... . First Beam !1.qy. :t.9.!!? ........• 
DESIGN / CONSTRUCTION BY : .. $~!,.n<!H.r:q1)~" . .. . .........•... 
COST: Accelerator .......... . .. Facility ...... . .... . . . .... . 
FUNDED BY: .. ......... . .. .. ..• . .. 

STATUS 
STAFF: Operators .. 9.... ... ..... .. Technicians . . . 4 ........ .... . 
BUDGET: Machine .... .............. Funded by ...... . ......... .. 
TIME DISTRIBUTION : (e.g. basic research . isotope production. main
tenance. etc.) 

~:~ : : :~:~~~~~:~~;~;:~:~ ~:i:q1)::::: :: ::: :: :: :: ::: :::::: ::: ~~::: ~ 
(c).... .. .. .......... ....... . ...... ... ........... .. ......... % 
(d) ........ .. .. .... ...... .. .. .. .. .. ........ ... .. % 
(e) ............ .. .. ........... .. . .. .. . .. ..... .... .. .... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions 
(a) .. ~+. 

E/ A (MeV / u) Internal External 
.. .. 1~.~ . AQ ... ...... ?9.0 ........ . ?? ........ 

(b) . . . . .. . .. . .... . 

1991 /lA-hours on target : .. .7. x .. 10
5 
....... .. . .. . . ........ ... ..... . 

FACILITIES 
SHIELDED AREA: Fixed . .. U5 .. . . . m 2 Moveable ... Q •...... m 2 

Target Stations: .. ~ ... ... No . Served At Same Time: .. 1 ...... . 
OTHER FACILITIES : .. ... . . , ........ .. . .. .... .... . . ..... .. 

REFERENCES/NOTES 
(a) ...... .. ... . 
(b) .... .. ...... .. .... . 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO ... .. ... ClJ85..... .. . Date .... .... ... . . .... ... . . 
Cyclotron Model . .. fY,...7.50 . . . . . . . ..... ........ . . . ... . 
Institution. Al!lI'P,I);;tlll.:-: .111'.cI!.,.Ph)1'> il'.&, . JAc: •... ... . ... . ... ..... 
Address ~.3.~Q. t< .•. . ~;i.!iM. f\.Y,,!. ,. )\,l-;i..t\g'9P. .I~g!:-'h . :r.I .. l?O.o.Q4 ... . 
Tel . 7P.~-:-~9.8.--:~~P.Q . .. .. . ... ... Telex . ... .. ... ........... .. ..... . 
Fax JQ?:-)~?:-.8AP ............ EMAIL.. . ....... .. .. ... .. . 
In Charge: .. F. • . !l.l.IQ1;>,,;r.cI ...... . Reported by: !) • . ll.QJ,.I'Pp.ql,lgh . ... . 

HISTORY 
MILESTONE DATES : 

Installation )\\lg .... '. ?5. . . . First Beam !:iiiY . .+ 9!l.1! .. . . .. . . . . 
DESIGN /CONSTRUCTION BY: C~.~-:-!:i~Y.l$\lJ1l."~,?J1l.o . . ..... . ...... . . 
COST: Accelerator ......... . ....... . Facility .. . .. . . .. . .. ... . .. . 
FUNDED BY: ....... .. ... .. .......... ....... . ... .......... ..... .. 

STATUS 
STAFF: Operators .... . P........... Technicians .. . .. fl .. .... ... . . 
BUDGET: Machine . . ...... . ..... . ... Funded by . ............ .... . 
TIME DISTRIBUTION : (e.g. basic research , isotope production, main
tenance, etc. ) 
(a) . Isoto.,e. Pr.aduc.tion. ..... ...... .. . .... . . ..... .. .... B.a. % 
(b) Maintenance. ... ... . ... . .... . ..... . .. .. ... ... ......... ;2.0 .. % 
(c) ....... .. ..... ..... .... .. .. ...... .. .......... % 
(d) .. .. ........... .... .. ......... ...... % 
(e) ........... .. .. ..... .. ....... ............ % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions 
(a) .. H+ ...... .. . 

E/ A (MeV / u) Internal External 
. . 25:-.7.0 ............ . 200 .......... . 100 .. .. 

(b) ... . . . ..... ... . 

1991 /lA-hours on target : ... . .7':')..0.5 
.... .. . .... . ...•.•... . ..... . ... 

FACILITIES 
SHIELDED AREA: Fixed . . P~. m 2 Moveable .. O. m 2 

Target Stations: 5 No . Served At Same Time: . . . 1 . . ... 
OTHER FACILITIES : .. . . 

REFERENCES/NOTES 
(a) .. ..... .... . ....... . 
(b) ... ... . .. ... . . . . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO . . . .. . . C~S6 ......... . .. Date . .. .. . .... . •.•. ... .... 
Cyclotron Model ... ?"a~d.i.tron.i.x .. t·,~~ ~6F ..... ... ... ..... ..... . 
Institution .. . yp.hl)~ . . H.qp.~.im. W.T1i.v~.r.s.i );Y . ... ...•. . . .. .. . ....... . 
Address . . .. . NU.c;l~.a.r: .t.1~.qi.c.:.i.n.~ ................ . .. .... . .. . ..... . 
Tel . ... . ~.1.Q~~?5.~?~.1.6 ......... Telex ................... . .. . . ... . 
Fax . . . . .4W-.~~?~p'Em . . ...... EMAIL ....... . .... . ....... . ..... . 
in Charge: .R, F ... . Q\l~.n.~l? ..... Reported by: ~,F." .Oil.n.r)qJ.s ...... . 

HISTORY 
MILESTONE DATES: 

Installation ... 2!.1l2. .......... . First Beam ... .4/82 . .. .. ..... . 
DESIGN/CONSTRUCTION BY: . .. Sc.:il.llQi);.r.QI).ix ...... . ..... •. .. 
COST: Accelerator .... $) )1. .... .... .. Facility .... 7~ • .. .•. . • • ...• 

FUNDED BY: ...... .N.~~p? ........ . ... .... ..................... . . 

STATUS 
STAFF : Operators ... $//1 . .. . ... .. Technicians ... ... . -.: ....... . 
BUDGET: Machone ..... ............. Funded by ... . tlm ..... . ... . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main
tenance, etc.) 

~:~ :: :~n~:~~~~~~/~:~ : : : : : : : : :: :: : : : :: : : : : :: :: : : : : :: : : : : ~:~:: ~ 
(c) .... . .. .. .. ........ . .. .. . . .. . . .. .... .. .. ......... . ....... % 
(d) . ................. . .. . .. .. ... . ........ . .... . ........ % 
(e) .. . ........ . ... .. ...................... . ... .. .... . ..... . ... . % 

CHARACTERISTIC BEAMS 
Current(part J.LA) 

Accelerated Ions E/ A (MeV / u) 
(a) .. ~rot.~~ ........... .1.f:! ...... . 
(b) .. QE!y.t.~~9!1 . .... . ... . iL .. .. . 

Internal External 
... . .. . 75. .... . .. . . . . 50 .. .... . 
... . .. }~ .......... . . 5.0 . . .. . . . 

1991 J.LA-hours on target: ..... )~9 ................................ . 

FACILITIES 
SHIELDED AREA: Fixed . . ......... m 2 Moveable .... .. ~Q ... m 2 

Target Stations: .4 .. . . . No. Served At Same Time: ) ...... . 
OTHER FACILIT IES: .......................... . 

REFERENCES/NOTES 
(a) . ... .. .. .......... . .....•... .. .•. . .... . . . .•.. . ... . .. .. 
(b) ............................................... • ............... 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO . . . ... CUSS ............. Date . . . .J!l.n,~. ~.9.~? ...... . 
Cyclotron Model . .. .JS.,,! . ~ ?l.Q .. ...... . ... . ....... .. . ............. . 
Institution .. . . . .... N:r.1! . q.~,!~\,!,.~ . 9~.n,~~!, .... . .. ..... . .. . . . ... . . . 
Address .. I~~dg ... .19., .. !Un: . .lC~.Ol!. B.eth!".s,da, . . MD .. . 2Q~?.2. ..... . 
Tel ... (39D .. ~96.-.0~~5 ......... Telex ...... 8942.2. .. . .. .... . ..... . 
Fax .. .om) .. 4.~9:-P.q4 .. ...... EMAIL .l?~llk~tMP.l!$r ... C;G:!'I.I.lj:9P.v 
In Charge: .\o!,. ~' " .J;:~!<.').1)l!,P .... Reported by: .. 1"" .$, . . E:+!,P.cj!,!< .. 

HISTORY 
MILESTONE DATES: 

Installation ..... J:"ne.l.~~?.... First Beam . S."p.te!"~e!, .. 1.~~? . 
DESIGN/CONSTRUCTiON BY: . . .:r<lP!m . $!=.e.~+.l'I.~'\<P .. I,'~"""" 
COST: Accelerator.. . . ..... ....... . .. Facility .. ... . .... ........ . 
FU N OED BY: .... !'Ii'-.t.:i,9!1!'.~ . ~p!"~H!l.~~~ . .o.~ . !l!' . .;H!l ............ . 

STATUS 
STAFF: Operators ....... ). .... Technicians ...... ...... .... . 
BUDGET: Machine ... FOQ~ .... .. ... Funded by .. . NI~ ........... . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main
tenance, etc.) 
(a) ... . . ..... . . Is,?t?p.e. P~.~d,:,c.t~'?~ .............. ~? ........ . % 
(b) .... . ...... i<.,,~~!'.r.c;l) . ? .Dev!,.~,!pm'~n~ ......... W ..... . ... % 
(c) ......... . .. M?i.'!t<;na,nce . . ...... . .............. 5 .......... % 
(d) ... • ............... . ............. % 
(e) . ...... . . ................. . . . . . . .. .. . . . . . . . •... . .. . . . ... % 

CHARACTERISTIC BEAMS 
Current(part J.LA) 

Accelerated Ions E/ A (MeV / u) 
(a) .. !l+........ . . . . . 1) 
(b) .. d+ ..... . ........ .1.Q .... ... . 

Internal External 
. ....... ..... .. . ~9 ...... . 

. ..... • ...•......... . ~O .. . .. . . 

1991 J.LA-hours on target: ...... ~5.o00 ...... . .. ... ... . ... .. . . . ... .. . 

FACILITIES 
SHIELDED AREA: Fixed ... )4 ..... m 2 Moveable .... 6 . .. . m 2 

Target Stations: .... ~ . . .. No. Served At Same Time: .. .1 . . ... . 
OTHER FACILITIES: .. . .......... ..... . 

............. . . . ....... ri'-.r:g~!= . . GI)!'P.gH.. . . . .. . . . .......•.. 

.. ... ........ ........ .. !l.o.~.9~P'? ..... ... . . . 

REFERENCES/NOTES . 
(a) :r.l"\~. 9p.~'!'!=.~'1I!-!'.1 .. $~at.'!'? .o.~. ~!l!' .. l:Ia!'.~'1n!,.~ .~!1.s. qt!lt.~'? .. 
(b) p.f .. J:!~a.~tJ:l .. C.y',,~pt.,,?n .. C0l!'p.l~~, . .p, . ?i,!scJak l .. "t. ?l, .. . .. 

Eleventh Int. Conf. on Cyclotrons and Applications, 
Tonics Publ., Tokyo (1987). 

PLAN VIEW OF FACILITY, COMMENTS 

CS·30 

JSW 1710 

NIH CYCLOTRON FACILITY B3 LEVEL 

CONTROL 
ROOM 



ENTRY NO . . . .. . . C~S6 ......... . .. Date . .. .. . .... . •.•. ... .... 
Cyclotron Model ... ?"a~d.i.tron.i.x .. t·,~~ ~6F ..... ... ... ..... ..... . 
Institution .. . yp.hl)~ . . H.qp.~.im. W.T1i.v~.r.s.i );Y . ... ...•. . . .. .. . ....... . 
Address . . .. . NU.c;l~.a.r: .t.1~.qi.c.:.i.n.~ ................ . .. .... . .. . ..... . 
Tel . ... . ~.1.Q~~?5.~?~.1.6 ......... Telex ................... . .. . . ... . 
Fax . . . . .4W-.~~?~p'Em . . ...... EMAIL ....... . .... . ....... . ..... . 
in Charge: .R, F ... . Q\l~.n.~l? ..... Reported by: ~,F." .Oil.n.r)qJ.s ...... . 

HISTORY 
MILESTONE DATES: 

Installation ... 2!.1l2. .......... . First Beam ... .4/82 . .. .. ..... . 
DESIGN/CONSTRUCTION BY: . .. Sc.:il.llQi);.r.QI).ix ...... . ..... •. .. 
COST: Accelerator .... $) )1. .... .... .. Facility .... 7~ • .. .•. . • • ...• 

FUNDED BY: ...... .N.~~p? ........ . ... .... ..................... . . 

STATUS 
STAFF : Operators ... $//1 . .. . ... .. Technicians ... ... . -.: ....... . 
BUDGET: Machone ..... ............. Funded by ... . tlm ..... . ... . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main
tenance, etc.) 

~:~ :: :~n~:~~~~~~/~:~ : : : : : : : : :: :: : : : :: : : : : :: :: : : : : :: : : : : ~:~:: ~ 
(c) .... . .. .. .. ........ . .. .. . . .. . . .. .... .. .. ......... . ....... % 
(d) . ................. . .. . .. .. ... . ........ . .... . ........ % 
(e) .. . ........ . ... .. ...................... . ... .. .... . ..... . ... . % 

CHARACTERISTIC BEAMS 
Current(part J.LA) 

Accelerated Ions E/ A (MeV / u) 
(a) .. ~rot.~~ ........... .1.f:! ...... . 
(b) .. QE!y.t.~~9!1 . .... . ... . iL .. .. . 

Internal External 
... . .. . 75. .... . .. . . . . 50 .. .... . 
... . .. }~ .......... . . 5.0 . . .. . . . 

1991 J.LA-hours on target: ..... )~9 ................................ . 

FACILITIES 
SHIELDED AREA: Fixed . . ......... m 2 Moveable .... .. ~Q ... m 2 

Target Stations: .4 .. . . . No. Served At Same Time: ) ...... . 
OTHER FACILIT IES: .......................... . 

REFERENCES/NOTES 
(a) . ... .. .. .......... . .....•... .. .•. . .... . . . .•.. . ... . .. .. 
(b) ............................................... • ............... 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO . . . ... CUSS ............. Date . . . .J!l.n,~. ~.9.~? ...... . 
Cyclotron Model . .. .JS.,,! . ~ ?l.Q .. ...... . ... . ....... .. . ............. . 
Institution .. . . . .... N:r.1! . q.~,!~\,!,.~ . 9~.n,~~!, .... . .. ..... . .. . . . ... . . . 
Address .. I~~dg ... .19., .. !Un: . .lC~.Ol!. B.eth!".s,da, . . MD .. . 2Q~?.2. ..... . 
Tel ... (39D .. ~96.-.0~~5 ......... Telex ...... 8942.2. .. . .. .... . ..... . 
Fax .. .om) .. 4.~9:-P.q4 .. ...... EMAIL .l?~llk~tMP.l!$r ... C;G:!'I.I.lj:9P.v 
In Charge: .\o!,. ~' " .J;:~!<.').1)l!,P .... Reported by: .. 1"" .$, . . E:+!,P.cj!,!< .. 

HISTORY 
MILESTONE DATES: 

Installation ..... J:"ne.l.~~?.... First Beam . S."p.te!"~e!, .. 1.~~? . 
DESIGN/CONSTRUCTiON BY: . . .:r<lP!m . $!=.e.~+.l'I.~'\<P .. I,'~"""" 
COST: Accelerator.. . . ..... ....... . .. Facility .. ... . .... ........ . 
FU N OED BY: .... !'Ii'-.t.:i,9!1!'.~ . ~p!"~H!l.~~~ . .o.~ . !l!' . .;H!l ............ . 

STATUS 
STAFF: Operators ....... ). .... Technicians ...... ...... .... . 
BUDGET: Machine ... FOQ~ .... .. ... Funded by .. . NI~ ........... . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main
tenance, etc.) 
(a) ... . . ..... . . Is,?t?p.e. P~.~d,:,c.t~'?~ .............. ~? ........ . % 
(b) .... . ...... i<.,,~~!'.r.c;l) . ? .Dev!,.~,!pm'~n~ ......... W ..... . ... % 
(c) ......... . .. M?i.'!t<;na,nce . . ...... . .............. 5 .......... % 
(d) ... • ............... . ............. % 
(e) . ...... . . ................. . . . . . . .. .. . . . . . . . •... . .. . . . ... % 

CHARACTERISTIC BEAMS 
Current(part J.LA) 

Accelerated Ions E/ A (MeV / u) 
(a) .. !l+........ . . . . . 1) 
(b) .. d+ ..... . ........ .1.Q .... ... . 

Internal External 
. ....... ..... .. . ~9 ...... . 

. ..... • ...•......... . ~O .. . .. . . 

1991 J.LA-hours on target: ...... ~5.o00 ...... . .. ... ... . ... .. . . . ... .. . 

FACILITIES 
SHIELDED AREA: Fixed ... )4 ..... m 2 Moveable .... 6 . .. . m 2 

Target Stations: .... ~ . . .. No. Served At Same Time: .. .1 . . ... . 
OTHER FACILITIES: .. . .......... ..... . 

............. . . . ....... ri'-.r:g~!= . . GI)!'P.gH.. . . . .. . . . .......•.. 

.. ... ........ ........ .. !l.o.~.9~P'? ..... ... . . . 

REFERENCES/NOTES . 
(a) :r.l"\~. 9p.~'!'!=.~'1I!-!'.1 .. $~at.'!'? .o.~. ~!l!' .. l:Ia!'.~'1n!,.~ .~!1.s. qt!lt.~'? .. 
(b) p.f .. J:!~a.~tJ:l .. C.y',,~pt.,,?n .. C0l!'p.l~~, . .p, . ?i,!scJak l .. "t. ?l, .. . .. 

Eleventh Int. Conf. on Cyclotrons and Applications, 
Tonics Publ., Tokyo (1987). 

PLAN VIEW OF FACILITY, COMMENTS 

CS·30 

JSW 1710 

NIH CYCLOTRON FACILITY B3 LEVEL 

CONTROL 
ROOM 



ENTRY NO ......... CU8.9 .. . . ..... Date .. ~'!':'!' .. ~~~f ........ .. 
Cyclotron Model .... ~CC .. C~:·}o ............ ... . . ...... ... ...... .. . 
Institution .......... ~;rx .q..i.f!:J,~i'.l .. 9!'P..t,H ...................... . 
Address .. )l.~~g:. )Q I .. J?!!, . . 1.949.1 .•. . !l!'.t.l)o:'!>?'!, . ~ . . f.o.~n ..... . 
Tel. P.O.U. ~.9.~79?AL ........ Telex ... ~~~.2.L ............ . .. .. 
Fax .m~) .. ~??-:qp .4 .......... EMAIL ?~'!!--~.l'?1l?!I.S:~ ,~~.·.~~!I.·.q9Y 
In Charge: . ~' .. ~ .... ~c;:\<.e.~,!,~p. ... Reported by: .. ~, .. ~' .. f.~'!~!'J.'!~ .. 

HISTORY 
MILESTONE DATES: 

Installatio!, .... !~.~': . ~ .98~ .. .. . First Beam .. ;'I.o.~: .. 1.~~? ....... 
DESIGN/CONSTRUCTION BY: . :r.!)~. ~y.q+?~.r:<?,:, . . C.<?HP.r:IH;i.o.'! .. 
COST: Accelerator ................... Facility ....... . . . .... . . .. . 
FUNDED BY: . !".,!~~?p..,!+. I!\~~~t.,!~~!3 .. <?~. H.~~l-~.I: ...... .... . .. .. 

STATUS 
STAFF: Operators ....... 3.......... Technicians ............... .. 
BUDGET: Machine ... J~.o.q~ .... .... Funded by ... .ImI ........ .. . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main· 
tenance, etc. ) 
(a) ........... ~:,o.t0l'~ .. ~~!,.d.~~ ~~.~~ ......... ~ ~ . .. .. .. .. . .. ... % 
(b) ........... R!,.s.~'!-r~h . ~. P.~y!,;J..ql?!li!'p..t, ... . ~q ............... % 
(c) .. .. ... .. ... ~,!~p..t.~1).~P..C;L ............ . ... ? ................ % 
(d) ............................ . ... ... ..... . ....... ... .. .... .. % 
(e) .. .................. . .. . ... ... . ... . . . . ... ... . .. ..... . ....... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/A JMeV /u) 
(a) .. ~+ .......... . ... J .'.~ .... .. 

Internal External 
200 60 .. .. ... ...... .. .. ... .. ....... . 

(b) . At •. }-;I,!!"" . 4-.ll~ ..... .. . ... . 

1991 /lA·hours on target : 8500 

FACILITIES 
SHIELDED AREA: Fixed .. ?P ... . . .. m2 Moveable ...... ~ .... m2 

Target Stations: ..... 7 ... No. Served At Same Time: ... J .... . 
OTHER FACILITIES : ... .. ....................................... .. ...................... . 1'",g~,. c.ll'p,lg.e.r: ........................ . 

..•. ..... . ...... . ..... . 1:I9J: .. G~n." .... .... ..... .... .... ... .... .. . 

REFERENCES/NOTES 
(a) ... T.~". O'p.,,~~.t~,?~a.l .. St!'.~'!~ .. ~f. ~~.~ .~~.t. i??!,.~. ~p..s.~~~~.~'7~. 
(b) .. ?~ . ~~.,,:~t~ .. ~~~~?t~?!' .. ~?~?~'7'!'.' .. ~: . 'p.~a~~J~k.' . . ':~. !'.~ ~ .. 

Eleventh Int. Conf . on Cyclotrons and Applications. 
Ionics Publ. Tokyo (1987). 

PLAN VIEW OF tACllITY. COMMENTS 

CS·30 

JSW 1710 

NIH CYCLOTRON FACILITY B3 LEVEL 

CONTROL 
ROOM 

ENTRY NO . ....... ~P.9.q .......... Date .... .. ...... .. .. .... .. 
Cyclotron Model ... . ~~~ .. C;J{I')...o.t;'9J1. ) ............ . . . ............ . 
Institution ....... p).l.~Ql'.t . . ~H.C.~. rp..a,J;1!li'.c.~\lJ:.i.C;'!-f . . C.q, .......... . 
Ad.:'ress .... . 3)L :r.r:~1.>;J..e .. 99Y.~ .R$I.· ... !l .iP\,!,.:i,<;'!-I . ~ ... 0)~?.2. . . . 
Tel .... . (5.q~) .. . ~n-:~QP .... .. Telex .......... ................ .. 
Fax ........................... EMAIL ................ ....... .. .. 
In Charge: . . ?~t~!' .. l!'?l-~.~~ ... . Reported by: .. r:,,~?~ . I!\'~.~ . .... . . 

HISTORY 
MILESTONE DATE]: 

Installation ..... ? 7.q . . . . . . . . . . First Beam ..... 7/ ?~ ... ..... . . 
DESIGN/CONSTRUCTION BY: .. ~1.~~?t.r:~'.' .. C.~ ~p: .... ~.S::~? .. . 
COST: Accelerator .. .. .. . ... ......... Facility ....... . .. .. ..... . . 
FUNDED BY: ... .E:.~:.?~~?~.~ .................. . ............... . 

STATUS 
STAFF: Operators.. .. ............. Technicians ................ . 
BUDGET: Machine .. .. .. .... ...... .. Funded by ...... . ........ .. . 
TIME DISTRIBUTION: (e.g. bdsic research , isotope production, tnain· 

tenance, etc.) Isotope Production 100 • 
(a) . . . ....... ... . .. . . . . . . ........ ... ...... . . ... . . ............. Yo 
(b) ....... ........ .... . ................. . ..................... % 
(c) .... .. ..... . .. .. ........ . .. ... .. . ............ ........ .. ..... % 
(d) .......................... . . . .. . . .......................... % 
(e) ......... ..... . . ...... . .. .. ..... . ... ...... ...... ... ..... .. .. % 

CHARACTERISTIC BEAMS 

Accelerated Ions 
(a) . .. . ~~P.t. C?~!3 .. . 
(b) . . .... . ... .... . 

E/A (MeV/u) 
22 .. ... . . ... . .... 

1991 /lA· hours on target: 

FACILITIES 

Current(part /lA) 
Internal External 

200 

SHIELDED AREA: Fixed ....... 60 . . m2 Moveable ........... m2 

Target Stations: . . .. . 1 .. . No. Served At Same Time: ........ . 
OTHER FACILITIES: ....... . .. ... ... ... . ... . ..... .... . .. ... .. .. . .. 

REFERENCES/NOTES 
(a) ..................... . .. . . .. . . . ........... ... .. • . • .. .. ... .. .... 
(b) . . ....... . ... .... . . ................................... • . ... .. . . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO ......... CU8.9 .. . . ..... Date .. ~'!':'!' .. ~~~f ........ .. 
Cyclotron Model .... ~CC .. C~:·}o ............ ... . . ...... ... ...... .. . 
Institution .......... ~;rx .q..i.f!:J,~i'.l .. 9!'P..t,H ...................... . 
Address .. )l.~~g:. )Q I .. J?!!, . . 1.949.1 .•. . !l!'.t.l)o:'!>?'!, . ~ . . f.o.~n ..... . 
Tel. P.O.U. ~.9.~79?AL ........ Telex ... ~~~.2.L ............ . .. .. 
Fax .m~) .. ~??-:qp .4 .......... EMAIL ?~'!!--~.l'?1l?!I.S:~ ,~~.·.~~!I.·.q9Y 
In Charge: . ~' .. ~ .... ~c;:\<.e.~,!,~p. ... Reported by: .. ~, .. ~' .. f.~'!~!'J.'!~ .. 

HISTORY 
MILESTONE DATES: 

Installatio!, .... !~.~': . ~ .98~ .. .. . First Beam .. ;'I.o.~: .. 1.~~? ....... 
DESIGN/CONSTRUCTION BY: . :r.!)~. ~y.q+?~.r:<?,:, . . C.<?HP.r:IH;i.o.'! .. 
COST: Accelerator ................... Facility ....... . . . .... . . .. . 
FUNDED BY: . !".,!~~?p..,!+. I!\~~~t.,!~~!3 .. <?~. H.~~l-~.I: ...... .... . .. .. 

STATUS 
STAFF: Operators ....... 3.......... Technicians ............... .. 
BUDGET: Machine ... J~.o.q~ .... .... Funded by ... .ImI ........ .. . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main· 
tenance, etc. ) 
(a) ........... ~:,o.t0l'~ .. ~~!,.d.~~ ~~.~~ ......... ~ ~ . .. .. .. .. . .. ... % 
(b) ........... R!,.s.~'!-r~h . ~. P.~y!,;J..ql?!li!'p..t, ... . ~q ............... % 
(c) .. .. ... .. ... ~,!~p..t.~1).~P..C;L ............ . ... ? ................ % 
(d) ............................ . ... ... ..... . ....... ... .. .... .. % 
(e) .. .................. . .. . ... ... . ... . . . . ... ... . .. ..... . ....... % 

CHARACTERISTIC BEAMS 
Current(part /lA) 

Accelerated Ions E/A JMeV /u) 
(a) .. ~+ .......... . ... J .'.~ .... .. 

Internal External 
200 60 .. .. ... ...... .. .. ... .. ....... . 

(b) . At •. }-;I,!!"" . 4-.ll~ ..... .. . ... . 

1991 /lA·hours on target : 8500 

FACILITIES 
SHIELDED AREA: Fixed .. ?P ... . . .. m2 Moveable ...... ~ .... m2 

Target Stations: ..... 7 ... No. Served At Same Time: ... J .... . 
OTHER FACILITIES : ... .. ....................................... .. ...................... . 1'",g~,. c.ll'p,lg.e.r: ........................ . 

..•. ..... . ...... . ..... . 1:I9J: .. G~n." .... .... ..... .... .... ... .... .. . 

REFERENCES/NOTES 
(a) ... T.~". O'p.,,~~.t~,?~a.l .. St!'.~'!~ .. ~f. ~~.~ .~~.t. i??!,.~. ~p..s.~~~~.~'7~. 
(b) .. ?~ . ~~.,,:~t~ .. ~~~~?t~?!' .. ~?~?~'7'!'.' .. ~: . 'p.~a~~J~k.' . . ':~. !'.~ ~ .. 

Eleventh Int. Conf . on Cyclotrons and Applications. 
Ionics Publ. Tokyo (1987). 

PLAN VIEW OF tACllITY. COMMENTS 

CS·30 

JSW 1710 

NIH CYCLOTRON FACILITY B3 LEVEL 

CONTROL 
ROOM 

ENTRY NO . ....... ~P.9.q .......... Date .... .. ...... .. .. .... .. 
Cyclotron Model ... . ~~~ .. C;J{I')...o.t;'9J1. ) ............ . . . ............ . 
Institution ....... p).l.~Ql'.t . . ~H.C.~. rp..a,J;1!li'.c.~\lJ:.i.C;'!-f . . C.q, .......... . 
Ad.:'ress .... . 3)L :r.r:~1.>;J..e .. 99Y.~ .R$I.· ... !l .iP\,!,.:i,<;'!-I . ~ ... 0)~?.2. . . . 
Tel .... . (5.q~) .. . ~n-:~QP .... .. Telex .......... ................ .. 
Fax ........................... EMAIL ................ ....... .. .. 
In Charge: . . ?~t~!' .. l!'?l-~.~~ ... . Reported by: .. r:,,~?~ . I!\'~.~ . .... . . 

HISTORY 
MILESTONE DATE]: 

Installation ..... ? 7.q . . . . . . . . . . First Beam ..... 7/ ?~ ... ..... . . 
DESIGN/CONSTRUCTION BY: .. ~1.~~?t.r:~'.' .. C.~ ~p: .... ~.S::~? .. . 
COST: Accelerator .. .. .. . ... ......... Facility ....... . .. .. ..... . . 
FUNDED BY: ... .E:.~:.?~~?~.~ .................. . ............... . 

STATUS 
STAFF: Operators.. .. ............. Technicians ................ . 
BUDGET: Machine .. .. .. .... ...... .. Funded by ...... . ........ .. . 
TIME DISTRIBUTION: (e.g. bdsic research , isotope production, tnain· 

tenance, etc.) Isotope Production 100 • 
(a) . . . ....... ... . .. . . . . . . ........ ... ...... . . ... . . ............. Yo 
(b) ....... ........ .... . ................. . ..................... % 
(c) .... .. ..... . .. .. ........ . .. ... .. . ............ ........ .. ..... % 
(d) .......................... . . . .. . . .......................... % 
(e) ......... ..... . . ...... . .. .. ..... . ... ...... ...... ... ..... .. .. % 

CHARACTERISTIC BEAMS 

Accelerated Ions 
(a) . .. . ~~P.t. C?~!3 .. . 
(b) . . .... . ... .... . 

E/A (MeV/u) 
22 .. ... . . ... . .... 

1991 /lA· hours on target: 

FACILITIES 

Current(part /lA) 
Internal External 

200 

SHIELDED AREA: Fixed ....... 60 . . m2 Moveable ........... m2 

Target Stations: . . .. . 1 .. . No. Served At Same Time: ........ . 
OTHER FACILITIES: ....... . .. ... ... ... . ... . ..... .... . .. ... .. .. . .. 

REFERENCES/NOTES 
(a) ..................... . .. . . .. . . . ........... ... .. • . • .. .. ... .. .... 
(b) . . ....... . ... .... . . ................................... • . ... .. . . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO . . . .. .. ~~9.1 .. . . ... .. . . . Date ........ . ......... . .. . 
Cyclotron Model .. . . !'lEN . C,y.c 1 o.tr.oo . 2 ........ . . . . .......... . ... . 
Institution ...• . . l)v?.o.I}t. !1.~ ' ~ !<-.. ~I:> i'.r.n!~~!i'.l!t;:j.~,",~ .99.· . .. . .. ...... . 
Address ..... . ) n . :J;n'l>.~~ . 9.o.'(~ . !<.q .... ~~ne.t: ~~ !'., .. ~ .. . Q~~.q? . 
Tel ... (.'?9.8) . . . 6.n:-~.OV . ... . .. Telex ........... .. ............ . . . 
fa x . . ............. . . . ......... EMAIL ....... . ........ .. ........ • 
In Charge: .l?!'.t .e,. H.o) t ~p. .... . . Reported by : .. . ~~~p..~ . ~!l.c.k ..... . 

HISTORY 

MI~Ls~;I~~~nE .~~~E~~/~ ? . . . . . . . First Beam .. . . ~ Y?? ........ . 
DESIGN / CONSTRUCTION BY: ... ~?~ lo.t.r: ~~ .. ~~71': .... ~.S.-:~? .. 
COST : Accelerator l("i" · Il· ·p··· · ····· Facility ........ . ... . .. . .. . 
FUNDED BY: .. . .. ... . : ... ':. ??-.~ . ... . .. .............. .. .... ... . . . . 

STATUS 
STAFF: Operators ........ .. . . ... . . Technicians ... . .. . .. . ... . . . . 
BUDGET: Machine . ....... . .. . ... .. . Funded by .... . .. .. ...... . . . 
TIME DISTRIBUTION : (e .g . basic research . isotope production. main
tenance, etc .) 
(a) .. . .. .. . ): :;.Q t opl' . . l?mdllct;i.QI) .. . .... .... . ... ... . .... J.QQ .. % 
(b) .. . ........ . . . . . . ........ .. ..... .. .. . . ........ . ... . .. . ..... % 
(c ) . ... . . ........ . . . . . ... . . . . . . ... . ... .. . . . .. .. . .... . ... . ...... % 
(d ) .. . ... . ... . ..... . . . . ......... . ... .. . . ... . . .. . .. ............ % 
(e) .. .. . . . .......... . .. . ....... . ..... .. .. . ..... .. .. . . ..... . .... % 

CHARACTERISTIC BEAMS 
Current(part J.l.A) 

Accelerated Ions E/ A ( MeV / u) I nternal External 
(a) .. P.ro t on s . .. . ........ 26 . . . .... . 2.QO .. . . . .... . ........ . 
(b) . . . ... ........... . . ...... .. .. . 

1991 J.l. A-hours on target : ....... . .. ... .... . ....... .. . . ... . . . . . . . . . . 

FACILITIES 
SHIELDED AREA : Fixed .... .'?9 . .. . . m2 Moveable . . . .. . ..... m2 

Target Stations : .... 1 .. . .. No . Served At Same Time: .. . . . ... . 
OTHER FACILITIES: . . ........ . .... . .. .. . ......... . .... . ..... . 

REFERENCES/NOTES 
(a) . . .. . . .. .. ..... . .... . ...... . . ..... . . . .... . ........ . .... . . .. . . . . 
(b) .. . .. . .. .. ........... .. . .... .. ..... . ..... .. . . .. ......... . . . ... . 

PLAN VIEW OF FACILITY. COMMENTS 

ENTRY NO ..... . G1)9.2 . . .. . . . ..... , Date .. . ............ . ..... . 
Cyclotron Model ... 1l1::!'! .. C;yc;t.o. t;:rPA .~ . . ........ . .............. . .. . 
Institut ion .... I)\Ir.o.,,~ . !1.~ '<;:!<-' .~I:> i'.r.n!~ ~!i'.l\q~i'.~. 99.· .. ............ . 
Address .. . . .. ~;3.1. :rr!i'.b)-~ . ~.qy~ . . ~4 , ... .lHP.~,:j.~.a., . . K4 .. 9.1.!ll?? 
Tel ..... (~9!l) .. 9 7.l.-:~9P .. . .. Telex ... . .. . ............. .. ..... . 
Fax .... . .................... . . EMAIL ......... . ... . .......... ··· 
In Charge: . ).'.~ t ~ :r. )~'? ). .t.ql) .. . . . Reported by: ... f?'.":I!1:< .. B~c::1:< ..... . 

HISTORY 
MILESTONE DATES: 8/78 

I II ' 5 /78 F' t B nst a atlon . ...... . .... . ..... . . TM~s Cy~i'~)'tr o;i 'Corp: " C'5":30' 
DESIGN / CONSTRUCTION BY: . ..... . .. . . ..................... . . 
COST : Accelerator ... . ..... .. . .. . .... Facil ity . . ...... ... ....... . 
FUNDED BY: . ... . . . . . .. . . ..... .. .......... .. .... . .............. . 

STATUS 
STAFF: Operators .. . .. . ....... .. .. Technicians ....... . ... . .... . 
BUDGET : Machine ....... ... ........ Funded by .............. . .. . 
TIME DISTRIBUTION : (e .g . Jasic research . isotope product ion . main
tenance. etc .) 
(a) . . ... . ... )!'~.~ '?P !' .. p~~~.~" t i?f! .. . .. . .... . . . ... . ..... ~~~ .. % 
(b) .. . ....... .. ..... . . . ....... .. ........... . ....... .. ......... % 
(c) ... . ....• . ... . .... .. . . . .. . . . ..... . ........ . ........ . ........ % 
(d) . . . ..... . . . . . .. ........ . ........ . ...... .. .......... . ... . ... % 
(e) . . . ......... . .. . . . ........ . ..... . ... .. .. . .. . ........... . .... % 

CHARACTERISTIC BEAMS 
Current(part J.l. A) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .l? r o.t.on s ......... . .... 26 ..... .. ... .. .. 2.QQ ... . . . .......... . 
(b) .. .. .... ... ... . . . . . ... . . ... .... . . . .......... . ..... . .. . . . . .. . 

1991 J.l.A·hours on target: .. . ......... . ...... . .. . .. . ........... . .. . . 

FACILITIES 
SHIELDED AREA : Fixed ..... ~9 . . . . m2 Moveable ...... . . . .. m2 

Target Stations: . .. .. .1 ... No. Served At Same Time: .... . ... . 
OTHER FACILITIES : ... . . . ........... .. ......... ... .......... . .. .. 

REFERENCES/NOTES 
(a) . ....... . .... . ................. . .. .... .. . . ,., . ... . .. ... ..... , . . 
(b) . ............ . . ............ . ......... .. ..... . ... . .. ....... ... .. 

PLAN VIEW OF FACILITY. COMMENTS 



ENTRY NO . . . .. .. ~~9.1 .. . . ... .. . . . Date ........ . ......... . .. . 
Cyclotron Model .. . . !'lEN . C,y.c 1 o.tr.oo . 2 ........ . . . . .......... . ... . 
Institution ...• . . l)v?.o.I}t. !1.~ ' ~ !<-.. ~I:> i'.r.n!~~!i'.l!t;:j.~,",~ .99.· . .. . .. ...... . 
Address ..... . ) n . :J;n'l>.~~ . 9.o.'(~ . !<.q .... ~~ne.t: ~~ !'., .. ~ .. . Q~~.q? . 
Tel ... (.'?9.8) . . . 6.n:-~.OV . ... . .. Telex ........... .. ............ . . . 
fa x . . ............. . . . ......... EMAIL ....... . ........ .. ........ • 
In Charge: .l?!'.t .e,. H.o) t ~p. .... . . Reported by : .. . ~~~p..~ . ~!l.c.k ..... . 

HISTORY 

MI~Ls~;I~~~nE .~~~E~~/~ ? . . . . . . . First Beam .. . . ~ Y?? ........ . 
DESIGN / CONSTRUCTION BY: ... ~?~ lo.t.r: ~~ .. ~~71': .... ~.S.-:~? .. 
COST : Accelerator l("i" · Il· ·p··· · ····· Facility ........ . ... . .. . .. . 
FUNDED BY: .. . .. ... . : ... ':. ??-.~ . ... . .. .............. .. .... ... . . . . 

STATUS 
STAFF: Operators ........ .. . . ... . . Technicians ... . .. . .. . ... . . . . 
BUDGET: Machine . ....... . .. . ... .. . Funded by .... . .. .. ...... . . . 
TIME DISTRIBUTION : (e .g . basic research . isotope production. main
tenance, etc .) 
(a) .. . .. .. . ): :;.Q t opl' . . l?mdllct;i.QI) .. . .... .... . ... ... . .... J.QQ .. % 
(b) .. . ........ . . . . . . ........ .. ..... .. .. . . ........ . ... . .. . ..... % 
(c ) . ... . . ........ . . . . . ... . . . . . . ... . ... .. . . . .. .. . .... . ... . ...... % 
(d ) .. . ... . ... . ..... . . . . ......... . ... .. . . ... . . .. . .. ............ % 
(e) .. .. . . . .......... . .. . ....... . ..... .. .. . ..... .. .. . . ..... . .... % 

CHARACTERISTIC BEAMS 
Current(part J.l.A) 

Accelerated Ions E/ A ( MeV / u) I nternal External 
(a) .. P.ro t on s . .. . ........ 26 . . . .... . 2.QO .. . . . .... . ........ . 
(b) . . . ... ........... . . ...... .. .. . 

1991 J.l. A-hours on target : ....... . .. ... .... . ....... .. . . ... . . . . . . . . . . 

FACILITIES 
SHIELDED AREA : Fixed .... .'?9 . .. . . m2 Moveable . . . .. . ..... m2 

Target Stations : .... 1 .. . .. No . Served At Same Time: .. . . . ... . 
OTHER FACILITIES: . . ........ . .... . .. .. . ......... . .... . ..... . 

REFERENCES/NOTES 
(a) . . .. . . .. .. ..... . .... . ...... . . ..... . . . .... . ........ . .... . . .. . . . . 
(b) .. . .. . .. .. ........... .. . .... .. ..... . ..... .. . . .. ......... . . . ... . 

PLAN VIEW OF FACILITY. COMMENTS 

ENTRY NO ..... . G1)9.2 . . .. . . . ..... , Date .. . ............ . ..... . 
Cyclotron Model ... 1l1::!'! .. C;yc;t.o. t;:rPA .~ . . ........ . .............. . .. . 
Institut ion .... I)\Ir.o.,,~ . !1.~ '<;:!<-' .~I:> i'.r.n!~ ~!i'.l\q~i'.~. 99.· .. ............ . 
Address .. . . .. ~;3.1. :rr!i'.b)-~ . ~.qy~ . . ~4 , ... .lHP.~,:j.~.a., . . K4 .. 9.1.!ll?? 
Tel ..... (~9!l) .. 9 7.l.-:~9P .. . .. Telex ... . .. . ............. .. ..... . 
Fax .... . .................... . . EMAIL ......... . ... . .......... ··· 
In Charge: . ).'.~ t ~ :r. )~'? ). .t.ql) .. . . . Reported by: ... f?'.":I!1:< .. B~c::1:< ..... . 

HISTORY 
MILESTONE DATES: 8/78 

I II ' 5 /78 F' t B nst a atlon . ...... . .... . ..... . . TM~s Cy~i'~)'tr o;i 'Corp: " C'5":30' 
DESIGN / CONSTRUCTION BY: . ..... . .. . . ..................... . . 
COST : Accelerator ... . ..... .. . .. . .... Facil ity . . ...... ... ....... . 
FUNDED BY: . ... . . . . . .. . . ..... .. .......... .. .... . .............. . 

STATUS 
STAFF: Operators .. . .. . ....... .. .. Technicians ....... . ... . .... . 
BUDGET : Machine ....... ... ........ Funded by .............. . .. . 
TIME DISTRIBUTION : (e .g . Jasic research . isotope product ion . main
tenance. etc .) 
(a) . . ... . ... )!'~.~ '?P !' .. p~~~.~" t i?f! .. . .. . .... . . . ... . ..... ~~~ .. % 
(b) .. . ....... .. ..... . . . ....... .. ........... . ....... .. ......... % 
(c) ... . ....• . ... . .... .. . . . .. . . . ..... . ........ . ........ . ........ % 
(d) . . . ..... . . . . . .. ........ . ........ . ...... .. .......... . ... . ... % 
(e) . . . ......... . .. . . . ........ . ..... . ... .. .. . .. . ........... . .... % 

CHARACTERISTIC BEAMS 
Current(part J.l. A) 

Accelerated Ions E/ A (MeV / u) Internal External 
(a) .l? r o.t.on s ......... . .... 26 ..... .. ... .. .. 2.QQ ... . . . .......... . 
(b) .. .. .... ... ... . . . . . ... . . ... .... . . . .......... . ..... . .. . . . . .. . 

1991 J.l.A·hours on target: .. . ......... . ...... . .. . .. . ........... . .. . . 

FACILITIES 
SHIELDED AREA : Fixed ..... ~9 . . . . m2 Moveable ...... . . . .. m2 

Target Stations: . .. .. .1 ... No. Served At Same Time: .... . ... . 
OTHER FACILITIES : ... . . . ........... .. ......... ... .......... . .. .. 

REFERENCES/NOTES 
(a) . ....... . .... . ................. . .. .... .. . . ,., . ... . .. ... ..... , . . 
(b) . ............ . . ............ . ......... .. ..... . ... . .. ....... ... .. 

PLAN VIEW OF FACILITY. COMMENTS 



ENTRY NO .... ..... ~~~? ......... Date ..................... . 
Cyclotron Model ...... !'I~.N . Cy.c.~'?~.r.~~. 4 .. ... . ...... .... ........ . . 
Institution ..... I?':'~.~~~. !'I.E;~7!< .. ~~~.r:n!~<;!,~~~~.a.~. ~?: .... .. ....... . 
Address . .. /~~. :r.r:~~~.~ .~?:V.~ .~~: .... )!:L.l.~,!!,.i.,,~ .. ~ .. .o.1.~9f .. 
Tel ... ~~.o.~ ... . 6n~ ... ~~ ....... Telex .. ..... . ... .... ....... ... .. . 

Fax ........ 'Pet'e"r 'R"it,,{-,'" EMAIL . . ... . riank·"!lucK········ 
In Charge: ..... . ............. .. Reported by: ....... ... ...... .... . 

HISTORY 
MILESTONE DATES: 

Installation ..... pn~......... First Beam ..... . ~z?9 ......... . 
DESIGN/CONSTRUCTION BY: . CY."~'?tr.~~. ~.~~\': . . . ~~:-}q ..... . 
COST: Accelerator .. . . . ...... . ... .. . . Facility ...... .. . . .. . .... . . 
FU NDED BY: ... . E.'. ~: .. ~'!~?;:~ ................... .... .. . ... . . ... . 

STATUS 
STAFF: Operators...... ..... . ..... Technicians .. .. ........... . . 
BUDGET: Machine .............. . ... Funded by ............. . ... . 
TIME DISTRIBUTION: (e.g . basic research, isotope production, main
tenance etc.) 
(a) .. ~.':~~?.P.':. ~r.~~u~t.i~:, .................... .. . ....... l.~?. % 
(b) ............. .. ... . ..... . ... . ....... . ...... . .... .. ......... % 
(c) .............•......... . .... . ....•...... . ...•... ... • ...•. ... % 
(d) .. ........ ........ . ..... ... .. ...... .. . .... .... . .... . ....... % 
(e) ............................................................ % 

CHARACTERISTIC BEAMS 
Current(part JJ.A) 

Accelerated Ions E/ A (MeV /u) Internal External 
(a) ... \'rp.t;QI).!l ........... . ~9.. ......... .2.Q9 ................ ... . 
(b) ........................................................... . 

1991 JJ.A-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed 50 m2 Moveable ........... m 2 

Target Stations: .... 1 .... No. Served At Same Time: ........ . 
OTHER FACILITIES : ............................................. . 

REFERENCES/NOTES 
(a) .............................................................. . 
(b) ............................ .. .. ... . ........ . ... . ........ .... . . 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO .... . GlJ9~ ............ . . Date ..................... . 
Cyclotron Model . .... HEN .. CyclQtrpn .5 ......... . ................ . 
Institution ...... l)ul'.Qot . M<:rcl<. .\'I;tIl.m.ac.e.l.Itil'.'Il,. . C.o., ........... . 
I\ddress .. . .... . .. . .. 3:1.1 .. Trl'.Ql,.l' .. C.qyl' .. F,4 t • .ll:j.J. .l.~J;j.I'.'I •. WI. .. 0;86, 
Tel ..... . (.~OS). .. Q7.1.-:eOJ.z .... Telex . .......................... . 
Fax ... .. ... . .................. EMAIL ... . ..... . ..... ........ .. . . 
In Charge: .. l'.E:tl'r . .lIQJ...t.O'T). ... . Reported by: f.r:~I).!< .. ~1.!!')<: ..... . .. . 

HISTORY 
MILESTONE DATES: 

Installation ...... .l.2/~?....... First Beam ...... . U~9 .... .... . 
DESIGN/CONSTRUCTION BY: .... S.~~.~~~0.NI~ ............... . 
COST: Accelerator .. .. . .... ..... .... . Facility ..... .... . .. ...... . 
FUNDED BY: ..... ~: 1.- . . D,:,~?,!~ . . ... ... . ... . . ........ .. .. .... ... . 

STATUS 
STAFF: Operators..... ........ .... Technicians .. . ............. . 
BUDGET: Machine .......... . . . ..... Funded by .. .. ............. . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main
tenance, etc .) 
(a) ......... .lsotpoe. PLoduc.tion . .. ......... . .. . . . .. l.QO ... % 
(b) .. . ............................... .. .....•................. % 
(c) ..... . .. . ... . . . . .. ..... • .... . ............•........ . .. . .... . . % 
(d) ..... , ........................ . .•... .. .•................ . .. % 
(e) .. . ............... .. . .......... . ... . ... . . ... ... . . ... . ....... % 

CHARACTERISTIC BEAMS 
Current(part JJ.A) 

Accelerated Ions E / A (M e V / u) 
(a) .... \'r.o.~QI).I3 . . . ........ )9 ... . 

Internal External 
..... ~99 .... .. ...... . ... . . . 

(b) .... . ........ ............. ... . 

1991 JJ.A-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed ... ?O ...... m2 Moveable ........ T m2 

Target Stations: .... 2 ... . No. Served At Same Time: . . ...... . 
OTHER FACILITIES : ......................... . . . .. . .............. . 

REFERENCES/NOTES 
(a) .. . .... .... ... . . . . . ......... . ... . . . . ... . .... ... ... ... . .... . ... . 
(b) ... . .... . ..... .. . . . .... . . . .... .. ..... . .......... . .......... . .. . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO .... ..... ~~~? ......... Date ..................... . 
Cyclotron Model ...... !'I~.N . Cy.c.~'?~.r.~~. 4 .. ... . ...... .... ........ . . 
Institution ..... I?':'~.~~~. !'I.E;~7!< .. ~~~.r:n!~<;!,~~~~.a.~. ~?: .... .. ....... . 
Address . .. /~~. :r.r:~~~.~ .~?:V.~ .~~: .... )!:L.l.~,!!,.i.,,~ .. ~ .. .o.1.~9f .. 
Tel ... ~~.o.~ ... . 6n~ ... ~~ ....... Telex .. ..... . ... .... ....... ... .. . 

Fax ........ 'Pet'e"r 'R"it,,{-,'" EMAIL . . ... . riank·"!lucK········ 
In Charge: ..... . ............. .. Reported by: ....... ... ...... .... . 

HISTORY 
MILESTONE DATES: 

Installation ..... pn~......... First Beam ..... . ~z?9 ......... . 
DESIGN/CONSTRUCTION BY: . CY."~'?tr.~~. ~.~~\': . . . ~~:-}q ..... . 
COST: Accelerator .. . . . ...... . ... .. . . Facility ...... .. . . .. . .... . . 
FU NDED BY: ... . E.'. ~: .. ~'!~?;:~ ................... .... .. . ... . . ... . 

STATUS 
STAFF: Operators...... ..... . ..... Technicians .. .. ........... . . 
BUDGET: Machine .............. . ... Funded by ............. . ... . 
TIME DISTRIBUTION: (e.g . basic research, isotope production, main
tenance etc.) 
(a) .. ~.':~~?.P.':. ~r.~~u~t.i~:, .................... .. . ....... l.~?. % 
(b) ............. .. ... . ..... . ... . ....... . ...... . .... .. ......... % 
(c) .............•......... . .... . ....•...... . ...•... ... • ...•. ... % 
(d) .. ........ ........ . ..... ... .. ...... .. . .... .... . .... . ....... % 
(e) ............................................................ % 

CHARACTERISTIC BEAMS 
Current(part JJ.A) 

Accelerated Ions E/ A (MeV /u) Internal External 
(a) ... \'rp.t;QI).!l ........... . ~9.. ......... .2.Q9 ................ ... . 
(b) ........................................................... . 

1991 JJ.A-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed 50 m2 Moveable ........... m 2 

Target Stations: .... 1 .... No. Served At Same Time: ........ . 
OTHER FACILITIES : ............................................. . 

REFERENCES/NOTES 
(a) .............................................................. . 
(b) ............................ .. .. ... . ........ . ... . ........ .... . . 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO .... . GlJ9~ ............ . . Date ..................... . 
Cyclotron Model . .... HEN .. CyclQtrpn .5 ......... . ................ . 
Institution ...... l)ul'.Qot . M<:rcl<. .\'I;tIl.m.ac.e.l.Itil'.'Il,. . C.o., ........... . 
I\ddress .. . .... . .. . .. 3:1.1 .. Trl'.Ql,.l' .. C.qyl' .. F,4 t • .ll:j.J. .l.~J;j.I'.'I •. WI. .. 0;86, 
Tel ..... . (.~OS). .. Q7.1.-:eOJ.z .... Telex . .......................... . 
Fax ... .. ... . .................. EMAIL ... . ..... . ..... ........ .. . . 
In Charge: .. l'.E:tl'r . .lIQJ...t.O'T). ... . Reported by: f.r:~I).!< .. ~1.!!')<: ..... . .. . 

HISTORY 
MILESTONE DATES: 

Installation ...... .l.2/~?....... First Beam ...... . U~9 .... .... . 
DESIGN/CONSTRUCTION BY: .... S.~~.~~~0.NI~ ............... . 
COST: Accelerator .. .. . .... ..... .... . Facility ..... .... . .. ...... . 
FUNDED BY: ..... ~: 1.- . . D,:,~?,!~ . . ... ... . ... . . ........ .. .. .... ... . 

STATUS 
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BUDGET: Machine .......... . . . ..... Funded by .. .. ............. . 
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(b) .. . ............................... .. .....•................. % 
(c) ..... . .. . ... . . . . .. ..... • .... . ............•........ . .. . .... . . % 
(d) ..... , ........................ . .•... .. .•................ . .. % 
(e) .. . ............... .. . .......... . ... . ... . . ... ... . . ... . ....... % 

CHARACTERISTIC BEAMS 
Current(part JJ.A) 

Accelerated Ions E / A (M e V / u) 
(a) .... \'r.o.~QI).I3 . . . ........ )9 ... . 

Internal External 
..... ~99 .... .. ...... . ... . . . 

(b) .... . ........ ............. ... . 

1991 JJ.A-hours on target: 

FACILITIES 
SHIELDED AREA: Fixed ... ?O ...... m2 Moveable ........ T m2 

Target Stations: .... 2 ... . No. Served At Same Time: . . ...... . 
OTHER FACILITIES : ......................... . . . .. . .............. . 

REFERENCES/NOTES 
(a) .. . .... .... ... . . . . . ......... . ... . . . . ... . .... ... ... ... . .... . ... . 
(b) ... . .... . ..... .. . . . .... . . . .... .. ..... . .......... . .......... . .. . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO ... . .... ~~9.5 ........... Date . . .. . .... .. ......... . . 
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Address ...... .:rH .. T.t;epJ,~ . CP)C~ . !1-1I.·. )1;i.l, l,'i'!: .i.c;~ • . w, . . ~n~(i? . . 
Tel . ... (:;P.&2 ... 6.~~:-~.Q~? ..... Telex . . ..... . . ... .. . . .. . ........ . 
Fax ........................... EMAIL . ........ . . . .............. . 
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COST: Accelerator .... .. ... . ... ..... . Facility ................. . . 
FUNDED BY: . .... . ~ .. I:.p':'~o:r:~ ... .. ........................... . 

STATUS 
STAFF: Operators.. ........ ....... Technicians ....... . ........ . 
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CHARACTERISTIC BEAMS 
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Accelerated Ions E/ A ~MeV / u) 
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.... ... .............. 2~.~ .. ... 

(b) .. . .............. . .. . . ... . . . . . 

1991 J.l.A-hours on target: . . ...... . . . .... .. .. . .. .... ....... . . . ..... . 

FACILITIES 
SHIELDED AREA: Fixed ... 200 ..... m2 Moveable . .. . .. r ... m2 

Target Stations: .... 3 .... No. Served At Same Time: .. . ... .. . 
OTHER FACILITIES : .......... . .. . ...... ... . . .................. . . . 

REFERENCES/NOTES 
(a) . . .. . . ......... .... ......... . ........... .. ... .. ..... . . . . . .... . . 
(b) . .. . ... . ............... . ... ... .. .... .............. . ........... . 
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Tel ... . ?l.6 .. ~~~ . . ~~~~ ..•....... Telex 'NRCFREDC@UBVMS':Cc'.iiuFF' 
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HISTORY 
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DESIGN/CONSTRUCTION BY: .weude.l.E~.tLe. .Cbas.e .Cpnst .. 
COST: Accelerator 2.,a00.Ono........ Facility . .3..800 .•. 000 ...... . 
FUNDED BY: .Stat.e. .U • . . Qf .NY .. ll\lJ'f.alD. and . Y.eterM'O. ~.lIp..sp . 

STATUS 
STAFF: Operators........ ......... Technicians . ......... ...... . 
BUDGET: Machine . ...... .. . ... ..... Funded by ..... .. .. ....... .. 
TIME DISTRIBUTION : (e.g. basic research , isotope production, main-
tenanceE etc.) ) 25 
(a) .~.! .. ~~~lS.~~~ . ... ........ S. ~~~~N~~~·e.~ .. . ........ ;1,) • • •• % 
(b) .~7~.e.~x:c:~ .. ..... ........ ......... " ....... .......... 1S .... % 

(c) . ~~E~;~':P~~'duci:"fcin"""""" ro················· 3·5···· :" 
~~? ............................................................................................. .................. ........ ~ 

CHARACTERISTIC BEAMS 
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(a) .. .. . 11 . . .. . . .. . . ..... 30 . ............ 350 ... . ....... 4~O ... ... . 
(b) ............... ... ........ . ....... ... ...................... . 

1991 ,..A-hours on target: ... ............ . .. P ...................... . 

FACILITIES 0 
SHIELDED AREA: Fixed ........ 5.~. m2 Moveable .. ......... m2 

Target Stations: . ... . . l.q . No. Served At Same Time: .... 2 .... . 
OTHER FACILITIES : .. ....... . ................................... . 

REFERENCES/NOTES 
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(b) .... . . . ... . . .... . .... . ...... .. ... ...... . . . . . • .............. % 
(c) ..... . .. .. . . .. . . . ... .. •. • . .......•.. . •.............. .• .•.... % 
(d) .... . . .. ... . ..... . .......... .. ...... ... .. ... .. . .... . ....... % 
(e) . . . . .. . ... . ..................... . . .. .... ... ........ . ..... . . . % 
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Accelerated Ions E/ A ~MeV / u) 
(a) .... . ~:- ............... 9 ... . .. . 

Internal External 
.... ... .............. 2~.~ .. ... 

(b) .. . .............. . .. . . ... . . . . . 
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OTHER FACILITIES : .......... . .. . ...... ... . . .................. . . . 
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DESIGN/CONSTRUCTION BY: .weude.l.E~.tLe. .Cbas.e .Cpnst .. 
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FUNDED BY: .Stat.e. .U • . . Qf .NY .. ll\lJ'f.alD. and . Y.eterM'O. ~.lIp..sp . 

STATUS 
STAFF: Operators........ ......... Technicians . ......... ...... . 
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tenanceE etc.) ) 25 
(a) .~.! .. ~~~lS.~~~ . ... ........ S. ~~~~N~~~·e.~ .. . ........ ;1,) • • •• % 
(b) .~7~.e.~x:c:~ .. ..... ........ ......... " ....... .......... 1S .... % 

(c) . ~~E~;~':P~~'duci:"fcin"""""" ro················· 3·5···· :" 
~~? ............................................................................................. .................. ........ ~ 

CHARACTERISTIC BEAMS 
Current(part J.l.A) 

Accelerated Ions E/ A (MeV /u) Internal External 
(a) .. .. . 11 . . .. . . .. . . ..... 30 . ............ 350 ... . ....... 4~O ... ... . 
(b) ............... ... ........ . ....... ... ...................... . 

1991 ,..A-hours on target: ... ............ . .. P ...................... . 

FACILITIES 0 
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ENTRY NO. GU~8 
NAME OF MACHINE. FM:r .q<;:~P"I:~Q~ .. . . ... .... . ... . 
INSTI TUTION ... Frankli!1. MqLeall ~~!'lqr .j.~.l . .Il.E:!lle.a.r:cn. lnsti tute. 
ADDRESS . 5841 : S: . Ma;ylalld . !\ve:nu~, . . CI)~~.C\go, lT~ino.j,s .. 60637 

TEL . . . . . . . . . TELEX. . . . . . . . . . . . . . . . . .. 
IN CHARGE s· .. · J~ Gatley .. . .. . . REPORTEDBY . . ,.. .•. 01:. C.reer/N • . Odeh . 

HISTORY AND STATUS 
DESIGN . ddle ... 196.5 ....... MotlcllC,ls .. . 
ENG DESIGN. dale .... ~965.-:~7 . 
CONSTRUCTION. dale .19~ .9. · .. . . 
FIRST BEAM.tlale (or yuall ... July .. . .19~ .9 .... 
MAJOR ALTERATIONS D~pe."t;a~. 

19~7 .. 

COST, ACCELERATOR .. :', ' : ~49~ :O'QO ' .... ... .. ... . . 
COST. FACILITY. IUI,II .. ~OOK .. . ...... . 
FUNDED BY .. . pepartme.11 t; . af. . ~I)~r.qy .. 
ACCELERATOR STAFF. OPERATION AND DEVELOPMENT 
SCIENTISTS .5 .. .. . ENGINElRS .. 1.1 .. 
T[CIINICIANS . . .. 4. . CRAFTS .. . 1 . 
GRAD STUDENTS illvulvcd durillli year .... 
OPE RA TE D BY .X ... ReSt,"rei> Slall ur .. OllCrawrs 
llPLRAllON . .1.5. 1111",."011 1"'11,,1 .10. 
TIME DISTR . 111 IUHI,)'- 10.0. 'i(. , ouls.d~ 

BUDGET . "I' ISo ""v. 
FUNDED BY 
RESEARCH STAFF, nO! included ilIJOVr. 

USERS. jlllltHISI ~ •..•. Y:~~. ouhuli: " ......• 

h l /wk 

.. . 'li. 

GRAD STUDENTS IIlv()lvt:u c.lurinu YI!"r 

RESEARCH BUOGET. in hou,e 
FUNDED BY 

.... . 4 ............ . . 

MAGNET 
POLE FACE. dia,"eler (colllpacil . ... 81 .. Cltl. R .... lracllon .. ) 5 . om 
A Iflicetion .. , .. till 

GAP. ,nin ... 5 . CIIl. Field ... 20 . . kG} 5 
ona •. 1.Q.cm. Field .. . 12 .. kG al . . 2 . x .10 . . . .. . 

AVERAGE FIELD al R e.1 ..... 16 .. kG Ampere lurns 
ll'''ax/<B> ... l .. . 2.s . . ... . . .. .... . .. .... . .. .. •... ..• 

NUMBER OF SECTORS [:~~~:I~~: : : : : : :} Spiral. max . .• <leg 

SECTOR ANGLE ISSCI ......... ... . dl'9 
TRIMMING COILS .. 3. .ea •... 8. Tur:na .. ·lOOA. max.·· ··· 

CO'ND~CTOR:,',,~;e;ial'~n~'I~~~ : :Ji.~ : f:c;~i: ::: ::: i: :r\uit: ::::: 
STORED ENERGY (cryogenic) .. , . , .... , .... . .... . . .. .. MJ -4 
POWER : lIIain coils, . ?B lIIax kW: currenl stabililY 5 . )t .. 10 

trilOilling coils . , . .. max kW : current siability ... • .•. 
WE IGHT . Fe .... 14 . .... .. Ions: coils .. . .. ..... ...• . Ions 
COOLING sySlem .. \~!l.t:~~ .. '. . . . . . . . . . . ....... . ... . 
ION ENERGY IBendlng limltl E/A' .. . . q' lA' MeV/amu 

IFocusing limi ll E/A' . .. .... , . . . q/A MeV/amu 
ACCELERATION SYSTEM 
DEES, number .. . . ... 2. .... .. angle ..............•. deg 
BEAM APE RTU RE .... 2. . . . . .. cm; DC Bias .. 1.5. XV •.•• k V 
TUNED by . coarse . . . 11~ . . .. .. . . ,. fine YC .Tri/l\lller,-'4' " 
RF . . 1.2 ...... 10 .. . 2?. . .. MHz. stable t .1" ?<. ),9 .... . 
OrbF .. . . P . . . .. .. 10 ... .2.!i ...... . . MHl 
HARMONICS. RF/Orb F. used ............... .. .... . ...... . 
DEE-Gnd. nlax .. . 3P ......... kV.lTlin gap . . .....•..... cm 
STABILITY. Ipk ·pk noisel/lpk RF valli . ' .. •.•... ... . . 
ENERGY GAIN . max . . ... 60 . .max ..... . ...... . ... kVlturn 
RF PHASE . slable 10 t . .. , .. . . ... . ...... .. . .. . .... •. dey 
RF POWE R input. max. . 29 . . . . . . . . . . . . . . . . . . . . . . .. kW 
FRFOUENCY MODULATION, rale .. ..•... . ..•......•.•.. Is 

mudulator, type • • . 
bealll pulse. width . . . . • . . . . . ....... . . • 

VACUUM SYSTEM -5 
OPE AA TlNG PRESSURE ... 1 . x. .10 . . . Torr or mba( 
PUMPS. No. Type . Si,e . J. .ea, . .. 10:' .. Oil. Diffusian, . . . 
, .. . l .. E\q •. .. U . CfM .Mechanical ... . . 

ION SOURCES 
.. lon. Heated .Pig. 

INJECTION SYSTEM 
. . . . . . .... . . , .. .. . . .. Nane ....... . , . .. ...... . ..... . 

EXTRACTION SYSTEM 
. . ~.l~'?t~~~~~ ~.i~ . ~tt.a.lll)e~ .. ~~ ~tt .. C:q'!lP~.I1f!~1:~p. .lran 
FACILITIES FOR RESEARCH 

SHIELDEDAREA.lixf!d .... 6~ . . m' . l((o.ohle .. ::7 .. . . on' 
TARGET STAllONS .. ..... 2 ........ iot .... 2 .... .. !?,?'.n1 
STA TlONS serve(1 at same tllllt!, IIlax .• . .. . ~ • . ••• •• ..•.••••••• 

MAG SPECTROGRAPH. Iype . . -:-:" ......... , . . . . . . . . . . •. . 
COMPUTER IOIodel .......... . .... . . ... . . . •.. . ... .. 
OTHER FACILITIES ... ..•. . ...... .. . •.. . .. ...••....... 

CHARACTERISTIC BEAMS 
PARTtrl.F EN~RGY (M .. VI CIJRRFNT "",AI 

Pratein 
Deut. 
:~e: .3!! 
. H~4. 
SfCONIJI\RY 

Cill,ll 
15 

8 
20 . "i~::: 

BEAM PROPERTIES 
MEASURED 

PULSE WIDTH .... RF dey 
PHASE EXC. otlax .. RF dC!l 

1\IIIjE'VI!d 

;I. .4 .•. ~ .. 
. . 8 .•. ~ .. 
;20 •. ~ . . 
;1..5 ..... 

hlll !,,,_,1 

.. UO . . . 

. . 40 .0 .. . 

. . ll! .O. 

.. . 11 .0 .. 

CONDITIONS 

lXIt:tnal 
. ... 5:; . .. 
. .. 270 .. . 
.. .. 53 .... . 
. ... 40 . ... . 

Pj.I A 01 ••... MeV . .. ... ion. 

EXTRACT eft .. 5.? . % n.O. 
pj.l A ul ..... MeV • ..... ions 
Pj.I A of .. S . . MeV ... 0 .. ions 
Pj.I A 01 ... •. MeV .... .• ions RESOL AE/E ••. J, . % 

EMITTANCE 
.5.Q ••• i~1 
.5.Q. rad 

. 9.0 .. pj.l,i\,·.,t.,..,.".-.-Mt. .... - •. . .• • 

OPERATING PROGRAMS. lillu, rliSlril>ulil)n 
tlASIC NUCL[AR PHYSICS.. . SOLID STA TES PHYSICS .• . •..•. 
BIOMF.OICAL APPLICAT .100t. ISOTOPF PRODUCTIONS ••...... 

Chann 

REFERENCES/NOTES In AlP Canference Proceedings, '9, 1 
1iCampact Cyclatran Engg. G.O. Hendry 
21ACRH Cyclatran, P.V. Harper 
3) DeSign af Neutran Therapy Facility, F.T. Kuchnier 

PLAN VIEW OF FACILITY, COMMENTS. ETC. 

1. )He recavery system far ecanamical 3He++ 6peratian 

2. Particle changes are made in 30 minutes 
3. Targets may be irradiated internally ar 

externally 

4. Twa external target statiansl ane far isatape, 
the ather far neutran praductian 

5. External beams transpart system includes twa 
quadrupale daublets, ane steering magnet. 
ane switching magnet, and faur collimatars 



ENTRY No. CU99 

NAME OF MACHINE. "'edt. ~Ph.Y.!il's . CY!=.l.o.~r.Q~ .... DATE .... .. .. ....... ...... .. ......... ..... ......... ..... ......... ... ... . 
INSTITUTION ... .... Med.i.-P.hys i CS •. .I.nc;, ...... . .. . . . .. .... ... .. ... . ... . .. .. ... . . .... . . .. . ... . ..... . ...... ..... . .. . ........ . 
ADDRESS .... ...... 5855 .. C.hr.istll!. Av.e •. ~",eryy.i. 1.1.~ .. ~~ .. 9.4.6.Q~ . : .V?~ ... ....... ...... . ........ .. .... .. . .......... ..... .... . 

TEL ... .. . . .. . . ... ... ..... TELEX . . .......... . . . ...... . ... ................. ... . . . ....... . ••.• ..... . ..... ...... . .... 
IN CHARGE .. E .•. R •. RIlIi.~l.l . .. . . .. REPORTED BY .. £ • .R •. Russe.l .l. ....... ....... .... . ...... ... ... . ... .... .. . ... .. . ...... .... . 

HISTORY AND STATUS 
DESIGN, date . . ... . ... . ....... Model lesls . . . . •...... . . ..•. 
ENG DESIGN. date . . ...... . . ...•. . ... . .. . .............. . . .. 
CONSTRUCTION, dUe ........ . ...•. . . ... ..... ... . . .....•.. 
FIRST BEAM, dele lor goa II. .. Accepted. 12L.ZO . ... ... .... . ... . 
MAJOR ALTERATIONS .. ... None .. ... . . ........... .. .. . ... . 

COST, ACCELERATOR . . .... . ...... . ...... ... ..•........... 
COST, FACILITY, lolal . ... .. .. .... ,. '" .. .. .. . . ..... . . . .•... 
FUNDED By ... ... . ... . /lled.i.-.P.hysics. lnc •.. ......... . .. . .. 
ACCELERATOR STAFF, OPERATION AND DEVELOPMENT 
SCIENTISTS ......... 1..... ENGINEERS .. ..... ........ . 
TECHNICIANS . .. ... .. 5. . . . . CRAFTS ..........•.. • .• . • . 
GRAD STUDENTS involved during yeer ..........•.•.. . .. .. ... 
OPERATED BY .•... . . ... Research elaff or . •. . ... ... Operators 
OPERATION ..... 168 ... hr/wk, On target .. 12D ....... hr/wk 
TIME DISTR. In house .•.. ,99 .. ... %, Outside .. • . 1 ..... . . % 
BUDGET, op & dev . . ........... .. .. .. . . . . ..... ..... . . . ... •. 
FUNDED BY .......... Medi"Ph)<sics. Inc. ....... . .......... .. 
RESEARCH STAFF, not included above 
USERS, In house ........... .. ..... oUlside .........•..... . .• 
GRAD STUDENTS Involved during year .•....••...••. • . •.•. .••. 
RESEARCH BUDGET, In houle ..... . . . ....... ..... .. ...... . .. 
FUNDED By ................. ... ............ , .. . ....•.•..•• 
MAGNET 
POLE FACE, diameter Icompacll .9Z . cm, R extraction !t2 .. cm 
R Injection . .. ...... cm 
GAP, min ...... 5 .. cm, Field .... • . 21. ... kG } 6 

mex . ... J.Q .. cm, Fleld . ..... 13 . 5 .. kG at 2.x10 .. . .. 
AVERAGE FIELD at R ext ........... 1G. 5 . . kG Ampere turns 
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. .. . ra 
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BASIC NUCLEAR PHYSICS . . SOLID STATES PHySiCS ..•• 
BIOMEDICAL APPLICAT. • ... ISOTOPE PRODUCTIONS 100. 

REFERENCES/NOTES 

1) IEEE Trans. Nucl . Sci. NS-14, 70-71 (1967) 
2) IEEE Trans. Nucl. Sci . Ns-16, 500-503 (1969) 

PLAN VIEW OF FACILITY, NOTEWORTHY FEATURES, 
COMMENTS 
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Cyclotron Model ..... ~?.1) )1!,.~ .?~!,.11)"~? ....... ..... ......... . 
Institution ....... u?~. / . ?y.~c;:g~ .................................. . 
Address ......... ?2.5.q . ~.l.c;,!~?-.r . . ~~., .' .. ~:>:> . . ~!l!'.~<;~ .. c.~. ?P.q~~ .. . 
Tel . . . ?~? .~?? .q~?? ...... .... Telex ........... . . . . ... . .. . .... . . 
Fax ... 2.~~ .. 2.z.~. ~ .1.~~ .......... EMAIL ..... ........ ........ .... . . 
In Charge: ~~~ .. ~r~~.~,:¥. . . . . .. Reported by: .. ~~.r:'7~~ .. ~':'?;> . ... . . 

!Diana Tribbey 

HISTORY 
MILESTONE DATES: 

Installation . . Sept, .. 9.,........ First Beam . .... .. Jan, . 9-2 ... . 
DESIGN/CONSTRUCTION BY: Laff;ill~1iet" . A.r.Gb.it.aGt, . J{QRlP 
COST: Accelerator ........ ........... Facility .. . .. ..... ..... ... . 
FUNDED BY: .... USC ./.S"tNCOR ........... ..... . . .............. . 

STATUS 
STAFF: Operators .... . ... . 2....... Technicians ... .... . 1 ....... . 
BUDGET: Machine .... . ............. Funded by . .. SYNC.Qa . •... ... 
TIME DISTRIBUTION : (e.g. basic research , isotope production, main
tenance, etc.) 
(a) ... f)':.,!; .<;J-;i.f\~<;{l;L .......... • ... ... . .... ........ ...... . ~Q .•• % 
(b) . .. f)':.,!; .H,~.e.4~\,!1. . .. ... . .. .. .. . . .......... ....... ... . ~9 ... % 

~~} :.:.:.:.:.:.:.:.:.:.:.:.:.:-:-:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.: .:.:.:.: .: .:.:.:.:.:.:.:.:.:.:.:.:.: ~ 
CHARACTERISTIC BEAMS 

Current(part /lA) 
Accelerated Ions E/ A (MeV / u) 

(a) ... H-: ...... . . . .. . ... 11.MeV .. 
Internal External 

(b) ........ . .................... . 

1991 /lA-hours on target : ......................................... . 

FACILITIES SELFSHIELDED 

SHIELDED AREA: Fixed ...... ..... m2 Moveable .......... . m2 

Target Stations: ....... .4 No. Served At Same Time: ... ? ... . 
OTHER FACILITIES: ............ . .................... . ..... . ... .. . 
0ll .. ~H!' . . ~~~.o.p'hl'~!l!'!C;Y ... .. ......... • . ... .............. .. .. . ... 
R!,,g,~'?ll?-.l .. I?~?t.r:i~!'.t.~'?ll .. C."':'-~!'F .. . .. . . .... . . . . . .. .... .. ..... .. . . 

REFERENCES/NOTES 
(a) .............................................................. . 
(b) .... . ... .. . .... .... . .. ..... . ............ .... .. ......... . ... •. .. 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO .... . ... . C.l!~~9 ......... Date . . 9J.fl,!9f. . . . .... ..... . 
Cyclotron Model .. eTI. ME; • . F.Q.!. HiTS.t. .0P,,). .. ..... .. .. ...... . 
Institution .. UI)iv.E;r.$Hy .. of. H:i.$<;PA!lip ...... .. . . .. ... .. .... . .... . 
Address . ~ .5)Q . !1.e.Q :i-SOfl.l .. $SO.i.9)<;!' .. C;~,,~.e.~. P-QQ. Y!'.~'{:. A'{~ :!1.4<l:i-son 

Tel .9P.8 . .?9.2.)PP ..... ... ..... Telex ........... ........ .... . ... . 
Fax .~Q? .2.~? f..4.q ........ . ... EMAIL ............ ........ . . .. .. . 
In Charge: ~. '::[:. !1.o.q~!,:> .... ... . Reported by: .. ~: ~: .. 11,?dd.,,~ .. .. .• 

HISTORY 
MILESTONE DATES: 

Installation May. 1.9.86. ......... First Beam .18. days. after .. 1l,r. 
DESIGN/CONSTRUCTION BY: cn .Iuc ....... . . ............ ..... . 
COST: Accelerator .$499.,.322..... . ... Facility .$55 .•. QOO .... ...•.• 
FUNDED BY: JIl.t.J;q.Jjlll.r:&:j.. S.QI,lTI'.e.!l. (lM.) .. .. .......... . ..... . ... . 

STATUS 
STAFF: Operators ..... ? ......... Technicians .. . ... 9 . .. . ..... . 
BUDGET: Machine ... ~Qi< .. .... . .... . Funded by .. ..... W . . ... .. . . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main-
tenance, etc.) 0 
(a) ... ~'!~~" .. ~!,~.EO'!:t;s:ll. ............ . .... . ...... . ...... . ... ).. % 
(b) . .. I~'?t?p.<; . ~.r.~ q':l~.t.~'?:' .... . ...... . ... .. .. ... .......... ~;. % 

~~} .':': ~a.i~.~.en:~~~.e .. :.: .: ........... :.:.: .. . : .:.: .:.: .:.: .: .:.: .: .:.: .:.: .:.:.:.: .: .:.:.:.: .: .... . ~:.:.: ~ 
CHARACTERISTIC BEAMS 

Current(part ItA) 
Accelerated Ions E/ A (MeV /u) Internal External 

(a) .. J)rp.t.QQ.~ .......... H,it.. .......... <.QQ ......... . . :<.~Q .... . 
(b) . ... .. ............... . .. ... .... ............................ . 

1991 /lA-hours on target: )~P.o .. J:!'?l'.r.~. ?:i-.n:"", .. 1.~~?!.3.qQ .l>.r:~. ~p. . . ~l 

FACILITIES 
SHIELDED AREA: Fixed .~~9 ....... m2 Moveable ... . . . .. T m2 

Target Stations: .... ~ .. .. No. Served At Same ~ime: .. d ..... . 
OTHER FACILITIES: ,:,:,r.t.i~~~ . . s~~t.,:~i?g .. ~~~.".~7 . .. ~~.~ ... ~':':'.-. . 

':'i'.r:<l. ~ .i.~~<;:~!,.q . 1:>!'i'.I1). f9F .. '!''?~.t.",:,- .. t.,,:r:g!'.t.~, . 1.2. . ~:'~."r:<;:~!i.~!j~ble 
~?-.r.g", t:>., . . '!'l'~.t: . ~!'.t.'~" r,!!-r . <;l!':V:"~:>P!l!"':'-~ ..... ..... . ... . . .. .. .. . 

REFERENCES/NOTES 
(a) ............................ ..... .. . ....... . .. . ... . . ... . ... .. . . 
(b) .................... . ...... . ..... . . ... ............. ... ...... . . . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO . .. . . .. . GT,J~P.!l ... .. ... . Date ..................... . 
Cyclotron Model ..... ~?.1) )1!,.~ .?~!,.11)"~? ....... ..... ......... . 
Institution ....... u?~. / . ?y.~c;:g~ .................................. . 
Address ......... ?2.5.q . ~.l.c;,!~?-.r . . ~~., .' .. ~:>:> . . ~!l!'.~<;~ .. c.~. ?P.q~~ .. . 
Tel . . . ?~? .~?? .q~?? ...... .... Telex ........... . . . . ... . .. . .... . . 
Fax ... 2.~~ .. 2.z.~. ~ .1.~~ .......... EMAIL ..... ........ ........ .... . . 
In Charge: ~~~ .. ~r~~.~,:¥. . . . . .. Reported by: .. ~~.r:'7~~ .. ~':'?;> . ... . . 

!Diana Tribbey 

HISTORY 
MILESTONE DATES: 

Installation . . Sept, .. 9.,........ First Beam . .... .. Jan, . 9-2 ... . 
DESIGN/CONSTRUCTION BY: Laff;ill~1iet" . A.r.Gb.it.aGt, . J{QRlP 
COST: Accelerator ........ ........... Facility .. . .. ..... ..... ... . 
FUNDED BY: .... USC ./.S"tNCOR ........... ..... . . .............. . 

STATUS 
STAFF: Operators .... . ... . 2....... Technicians ... .... . 1 ....... . 
BUDGET: Machine .... . ............. Funded by . .. SYNC.Qa . •... ... 
TIME DISTRIBUTION : (e.g. basic research , isotope production, main
tenance, etc.) 
(a) ... f)':.,!; .<;J-;i.f\~<;{l;L .......... • ... ... . .... ........ ...... . ~Q .•• % 
(b) . .. f)':.,!; .H,~.e.4~\,!1. . .. ... . .. .. .. . . .......... ....... ... . ~9 ... % 

~~} :.:.:.:.:.:.:.:.:.:.:.:.:.:-:-:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.: .:.:.:.: .: .:.:.:.:.:.:.:.:.:.:.:.:.: ~ 
CHARACTERISTIC BEAMS 

Current(part /lA) 
Accelerated Ions E/ A (MeV / u) 

(a) ... H-: ...... . . . .. . ... 11.MeV .. 
Internal External 

(b) ........ . .................... . 

1991 /lA-hours on target : ......................................... . 

FACILITIES SELFSHIELDED 

SHIELDED AREA: Fixed ...... ..... m2 Moveable .......... . m2 

Target Stations: ....... .4 No. Served At Same Time: ... ? ... . 
OTHER FACILITIES: ............ . .................... . ..... . ... .. . 
0ll .. ~H!' . . ~~~.o.p'hl'~!l!'!C;Y ... .. ......... • . ... .............. .. .. . ... 
R!,,g,~'?ll?-.l .. I?~?t.r:i~!'.t.~'?ll .. C."':'-~!'F .. . .. . . .... . . . . . .. .... .. ..... .. . . 

REFERENCES/NOTES 
(a) .............................................................. . 
(b) .... . ... .. . .... .... . .. ..... . ............ .... .. ......... . ... •. .. 

PLAN VIEW OF FACILITY, COMMENTS 

ENTRY NO .... . ... . C.l!~~9 ......... Date . . 9J.fl,!9f. . . . .... ..... . 
Cyclotron Model .. eTI. ME; • . F.Q.!. HiTS.t. .0P,,). .. ..... .. .. ...... . 
Institution .. UI)iv.E;r.$Hy .. of. H:i.$<;PA!lip ...... .. . . .. ... .. .... . .... . 
Address . ~ .5)Q . !1.e.Q :i-SOfl.l .. $SO.i.9)<;!' .. C;~,,~.e.~. P-QQ. Y!'.~'{:. A'{~ :!1.4<l:i-son 

Tel .9P.8 . .?9.2.)PP ..... ... ..... Telex ........... ........ .... . ... . 
Fax .~Q? .2.~? f..4.q ........ . ... EMAIL ............ ........ . . .. .. . 
In Charge: ~. '::[:. !1.o.q~!,:> .... ... . Reported by: .. ~: ~: .. 11,?dd.,,~ .. .. .• 

HISTORY 
MILESTONE DATES: 

Installation May. 1.9.86. ......... First Beam .18. days. after .. 1l,r. 
DESIGN/CONSTRUCTION BY: cn .Iuc ....... . . ............ ..... . 
COST: Accelerator .$499.,.322..... . ... Facility .$55 .•. QOO .... ...•.• 
FUNDED BY: JIl.t.J;q.Jjlll.r:&:j.. S.QI,lTI'.e.!l. (lM.) .. .. .......... . ..... . ... . 

STATUS 
STAFF: Operators ..... ? ......... Technicians .. . ... 9 . .. . ..... . 
BUDGET: Machine ... ~Qi< .. .... . .... . Funded by .. ..... W . . ... .. . . 
TIME DISTRIBUTION: (e.g. basic research, isotope production, main-
tenance, etc.) 0 
(a) ... ~'!~~" .. ~!,~.EO'!:t;s:ll. ............ . .... . ...... . ...... . ... ).. % 
(b) . .. I~'?t?p.<; . ~.r.~ q':l~.t.~'?:' .... . ...... . ... .. .. ... .......... ~;. % 

~~} .':': ~a.i~.~.en:~~~.e .. :.: .: ........... :.:.: .. . : .:.: .:.: .:.: .: .:.: .: .:.: .:.: .:.:.:.: .: .:.:.:.: .: .... . ~:.:.: ~ 
CHARACTERISTIC BEAMS 

Current(part ItA) 
Accelerated Ions E/ A (MeV /u) Internal External 

(a) .. J)rp.t.QQ.~ .......... H,it.. .......... <.QQ ......... . . :<.~Q .... . 
(b) . ... .. ............... . .. ... .... ............................ . 

1991 /lA-hours on target: )~P.o .. J:!'?l'.r.~. ?:i-.n:"", .. 1.~~?!.3.qQ .l>.r:~. ~p. . . ~l 

FACILITIES 
SHIELDED AREA: Fixed .~~9 ....... m2 Moveable ... . . . .. T m2 

Target Stations: .... ~ .. .. No. Served At Same ~ime: .. d ..... . 
OTHER FACILITIES: ,:,:,r.t.i~~~ . . s~~t.,:~i?g .. ~~~.".~7 . .. ~~.~ ... ~':':'.-. . 

':'i'.r:<l. ~ .i.~~<;:~!,.q . 1:>!'i'.I1). f9F .. '!''?~.t.",:,- .. t.,,:r:g!'.t.~, . 1.2. . ~:'~."r:<;:~!i.~!j~ble 
~?-.r.g", t:>., . . '!'l'~.t: . ~!'.t.'~" r,!!-r . <;l!':V:"~:>P!l!"':'-~ ..... ..... . ... . . .. .. .. . 

REFERENCES/NOTES 
(a) ............................ ..... .. . ....... . .. . ... . . ... . ... .. . . 
(b) .................... . ...... . ..... . . ... ............. ... ...... . . . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO . .. . ... CUl~l . .......... Date .J'.' l ! .15.' . . 199.z. .... . 
Cyclotron Model ........ . ... C.~·;;lP ................... .. . .. ....... . . 
Institution . . l'!,?\lr'.t . . ~~r'<i:\.. t1.e.<l:\.s:i'.1 .. (:!,1\~!) r. ........... . ...... .. . . 
Address . .. .4~99 .. ~H.o.'l. ~.o.'i4, . .l'!:i,~l1';i. . .1}<:'i'.c;i") ,. r.~'?r;i..q~. ).3.~49 .. 
Tel . P9.~>'??~ -:- ?~.6.~ ........... Telex .... . . ....... .... .... . ..... . 
Fax .09?).~?~: ·?~~~ . . ......... EMAIL ....... . .......... ... ..... . 
In Charge: Th.~II)~~ . .I~o,?i'.~~ . ..... Reported by: ~,?'.".a.s . . ]lP.~ ~I:t!' .. . .. . 

HISTORY 
MILESTONE DATES : 

Installation . . 1971. . . . . . . . . . . . . . First Beam ... 1.97~ . . .. . ....... . 
DESIGN / CONSTRUCTION BY: T(i!" . . GYS:.~Q~rp.I\. ~p.r.P'9r.a.~:j.9r' .... . 
COST: Accelerator .. nl..... .. . ... ... . Facility J .. ~~ ..... . ...... . 
FU N OED BY: \1P.'!'l t . !,.~1).~;i./.!?r~Y.~~<:' . . f.l!1).~;i..I\g . . .. .. . . . ... ...... . 

STATUS 
STAFF: Operators ... .'?........... Technicians ... ..... ........ . 
BUDGET: Machine . . .... .. . . .. . . ... . Funded by yp~"!'.c.~~~ .... . . 
TIME DISTRIBUTION : (e.g. basic research, isotopf~~o~ucc1t1-o'h~ main-

'fr&l~~::~:::d"" "0 •.•.•.•.•.•.•.•.•.•. •. •. :~...... •.• •.•.•. •.•. •.•. :: •. :.:. ~ 
(d) ... . . . . .. . ... ...... .. . .. . . ... . ............ . . . ... .. ... .... .. % 
(e) .. .. . .. . .... ... .. . . . .. . .. . .... . . ......•........ . ........ % 

CHARACTERISTIC BEAMS 
Current(part J.lA) 

Accelerated Ions E/ A (MeV/u) Internal External 
(a) .. . . p:+: ..... . ..... 26 ... 5 . ........... 1.30 ......... . ... 20 ..... . 
(b) ... .... .. .. .... .. .... .. ...... . ........ .. ............ . ... ... . 

1991 J.lA-hours on target : ...... 291.,250 .... . ..... . .... . ........... . 

FACILITIES 
SHIELDED AREA: Fixed .... . . . .... m2 Moveable ....... . ... m2 

Target Stations: .. } ..... No . Served At Same Time: .. l .. . .. . 
OTHER FACILITIES : .~!":V:!)'.l. !".>\~<:'m~+. !=.'i,g!".t . . '?ti'.t;:j.9r'.S ........ . 

. 11),??t;. ~~:r.g!)t? .:i,l)t!".r:l)~~ .................... .... .............. . 

REFERENCES/NOTES 
(a) ....... . .... .. ... . ....... .... ........ .. ..... . .. . . ............. . 
(b) .. ......... . .................. .. ... ..... ........ ... ...... .... .. 

PLAN VIEW OF FACILITY, COMMENTS 

13 total staff; 5 operators/engineers; 
6 chemists, 1 nuclear pharmacist 
1 physicist 

CUll3 
ENTRY NO .... .. ........... . . . .. . Date .7 -:-92 . ........... . .. . 

Cyclotron Model S~EMENS/.CTI. .MODEL .112. ...... .. ... . .......... .. 
Institution lIANDERBU:L .UIlIIlIEIl.SII.Y .MEnICAI.. .CENIEIl. ....... ... . 
Address .22.22. PJ.EIl.CE. AVE .. , . . PET . . FACUITY., . . 125 ..• l:!RB. •• 
Tel (oD) .. ;l1>3.-:75U........... . Nas)l.v;H ;L !". ,. 1'~ . .3.'rn.2.-:Q;l;t,s . .. . 
Fax«i~~) .. ~4;l:-.6XH .......... . EMAIL ............. . .......... .. . 
In Charge: . RQl:I .I'Wll:l ~I'.G. . . . . .. Reported by: . RQl:I . t1NI~:rl\Ci .. ... . 

HISTORY 
MILESTONE DATES : 

Installation .l.~ ~~.............. . First Beam .. ~~?~ ....... ..... .. 
DESIGN/CONSTRUfTl~rb BY: . . .. . . .... C:~~ ......... . . ......... . 
COST: Accelerator .}!.? .. ~?~.O ... .... Facility .... ~.2.,.~~?,.~?~ .. . 
FUNDED BY: .1IANDERBLI.r ...... .. ...... .. . ....... .. .......... · .. 

STATUS 
STAFF: Operators . . . ... l. ' .' . . . . . . . Technicians ..... . O ....... .. . 
BUDGET: Machine .. .$300 •. 000 ..... . Funded by .VANIlEIl.BILt .... . 
TIME DISTRIBUTION : (e .g. basic research, isotope production , main
tenance, etc.) 
(a) ~?~Wfl' .. ~~9PJ.!C;npN .... ........ .. .. ...... ... . ... .. 9.5 ... . % 
(b) l:Ii\.I.l'lTl'!W1Gl' ..................... ..... ........ .. .. ... .s .... % 
(c) .... . ..... . . . . .. ................. . .......................... % 
(d) .......... ... .............. .. . .... . . ... ..•..... ... . ........ % 
(e) . ........ . ...... . .... .... .... . .................. ..... ..... . . % 

CHARACTERISTIC BEAMS 
Current(part J.lA) 

Accelerated Ions E/A (MeV/u) Internal External 
(a) H ............. .. .... . u ...... .. 
(b) . . . . ..... .................... . 

1991 J.lA·hours on target : .. . ....... . .... ......... ..... ............ . 

FACILITIES 
SHIELDED AREA: Fixed ......... .. m2 Moveable ........... m2 

Target Stations: . . .. 4 .. . . . No. Served At Same Time: . .. . ~ ... . 
OTHER FACILITIES : .. lMP,l;Qy!!p:.lmff\~ ) .. Nl.QlMf.QIJ.+~? .......... . 

(a)Ry~~~E~~.~~~~~~M ... ~.9.(.q ~:-,l.~. P.~~~? .... ............. . 
(b) ............ ......... ... . . .. . . . . ..... . ................. . ...... . 

PLAN VIEW OF FACILITY, COMMENTS 



ENTRY NO . .. . ... CUl~l . .......... Date .J'.' l ! .15.' . . 199.z. .... . 
Cyclotron Model ........ . ... C.~·;;lP ................... .. . .. ....... . . 
Institution . . l'!,?\lr'.t . . ~~r'<i:\.. t1.e.<l:\.s:i'.1 .. (:!,1\~!) r. ........... . ...... .. . . 
Address . .. .4~99 .. ~H.o.'l. ~.o.'i4, . .l'!:i,~l1';i. . .1}<:'i'.c;i") ,. r.~'?r;i..q~. ).3.~49 .. 
Tel . P9.~>'??~ -:- ?~.6.~ ........... Telex .... . . ....... .... .... . ..... . 
Fax .09?).~?~: ·?~~~ . . ......... EMAIL ....... . .......... ... ..... . 
In Charge: Th.~II)~~ . .I~o,?i'.~~ . ..... Reported by: ~,?'.".a.s . . ]lP.~ ~I:t!' .. . .. . 

HISTORY 
MILESTONE DATES : 

Installation . . 1971. . . . . . . . . . . . . . First Beam ... 1.97~ . . .. . ....... . 
DESIGN / CONSTRUCTION BY: T(i!" . . GYS:.~Q~rp.I\. ~p.r.P'9r.a.~:j.9r' .... . 
COST: Accelerator .. nl..... .. . ... ... . Facility J .. ~~ ..... . ...... . 
FU N OED BY: \1P.'!'l t . !,.~1).~;i./.!?r~Y.~~<:' . . f.l!1).~;i..I\g . . .. .. . . . ... ...... . 

STATUS 
STAFF: Operators ... .'?........... Technicians ... ..... ........ . 
BUDGET: Machine . . .... .. . . .. . . ... . Funded by yp~"!'.c.~~~ .... . . 
TIME DISTRIBUTION : (e.g. basic research, isotopf~~o~ucc1t1-o'h~ main-

'fr&l~~::~:::d"" "0 •.•.•.•.•.•.•.•.•.•. •. •. :~...... •.• •.•.•. •.•. •.•. :: •. :.:. ~ 
(d) ... . . . . .. . ... ...... .. . .. . . ... . ............ . . . ... .. ... .... .. % 
(e) .. .. . .. . .... ... .. . . . .. . .. . .... . . ......•........ . ........ % 

CHARACTERISTIC BEAMS 
Current(part J.lA) 

Accelerated Ions E/ A (MeV/u) Internal External 
(a) .. . . p:+: ..... . ..... 26 ... 5 . ........... 1.30 ......... . ... 20 ..... . 
(b) ... .... .. .. .... .. .... .. ...... . ........ .. ............ . ... ... . 

1991 J.lA-hours on target : ...... 291.,250 .... . ..... . .... . ........... . 

FACILITIES 
SHIELDED AREA: Fixed .... . . . .... m2 Moveable ....... . ... m2 

Target Stations: .. } ..... No . Served At Same Time: .. l .. . .. . 
OTHER FACILITIES : .~!":V:!)'.l. !".>\~<:'m~+. !=.'i,g!".t . . '?ti'.t;:j.9r'.S ........ . 

. 11),??t;. ~~:r.g!)t? .:i,l)t!".r:l)~~ .................... .... .............. . 

REFERENCES/NOTES 
(a) ....... . .... .. ... . ....... .... ........ .. ..... . .. . . ............. . 
(b) .. ......... . .................. .. ... ..... ........ ... ...... .... .. 

PLAN VIEW OF FACILITY, COMMENTS 

13 total staff; 5 operators/engineers; 
6 chemists, 1 nuclear pharmacist 
1 physicist 

CUll3 
ENTRY NO .... .. ........... . . . .. . Date .7 -:-92 . ........... . .. . 

Cyclotron Model S~EMENS/.CTI. .MODEL .112. ...... .. ... . .......... .. 
Institution lIANDERBU:L .UIlIIlIEIl.SII.Y .MEnICAI.. .CENIEIl. ....... ... . 
Address .22.22. PJ.EIl.CE. AVE .. , . . PET . . FACUITY., . . 125 ..• l:!RB. •• 
Tel (oD) .. ;l1>3.-:75U........... . Nas)l.v;H ;L !". ,. 1'~ . .3.'rn.2.-:Q;l;t,s . .. . 
Fax«i~~) .. ~4;l:-.6XH .......... . EMAIL ............. . .......... .. . 
In Charge: . RQl:I .I'Wll:l ~I'.G. . . . . .. Reported by: . RQl:I . t1NI~:rl\Ci .. ... . 

HISTORY 
MILESTONE DATES : 

Installation .l.~ ~~.............. . First Beam .. ~~?~ ....... ..... .. 
DESIGN/CONSTRUfTl~rb BY: . . .. . . .... C:~~ ......... . . ......... . 
COST: Accelerator .}!.? .. ~?~.O ... .... Facility .... ~.2.,.~~?,.~?~ .. . 
FUNDED BY: .1IANDERBLI.r ...... .. ...... .. . ....... .. .......... · .. 

STATUS 
STAFF: Operators . . . ... l. ' .' . . . . . . . Technicians ..... . O ....... .. . 
BUDGET: Machine .. .$300 •. 000 ..... . Funded by .VANIlEIl.BILt .... . 
TIME DISTRIBUTION : (e .g. basic research, isotope production , main
tenance, etc.) 
(a) ~?~Wfl' .. ~~9PJ.!C;npN .... ........ .. .. ...... ... . ... .. 9.5 ... . % 
(b) l:Ii\.I.l'lTl'!W1Gl' ..................... ..... ........ .. .. ... .s .... % 
(c) .... . ..... . . . . .. ................. . .......................... % 
(d) .......... ... .............. .. . .... . . ... ..•..... ... . ........ % 
(e) . ........ . ...... . .... .... .... . .................. ..... ..... . . % 
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RF , . . . q .. .... to . . , f?, ... . mHz. stable ± .. . ... .. ...... . 
Orb F , . ' , , , .. " to, ' ,.".... mHz 
HARMONICS, RF/Orb F. used, ...... , . , ................... .. 
DtE· Gnd, max " . , . , kV. min gap . , . ' .. .... ,. ,. " .......• ern 
STABILITY. h,k'pk noisalllpk RF volt! .... , ... , . . . .... . , ... . . . 
ENERGY GAIN. max, . . " .. . , .. . . . . , . .. , ..•. , ... . .... kV/turn 
RF PHASE. stable to ± .. , .... , .. ,', . ... . . ... . .. .. . . . . ... deg 
RF POWER illplil. I\lBK •• . •••. • .. • •••••••••••••••••••••••. kW 
FREQUENCY MODULATION. rate ................. .. .... ... /s 

modulator. type .. , ....... . . . , ... , . ........... , ...•. . ... 
beam pulse. wldlh ..... , . . , ... . , .. , . , . . . . . ...... . •. .. .. . 

VACUUM SYSTEM 
OPERATING PRESSURE ....... !9.!'. ' .. .... . ... .. Torr or muar 
PUMPS. No. Type, Size . ... J . . -.. qn. 4 Hf)l.8.i.o,,! .... •... .. . . •• 
". ,. , . ... , , . , , .. ,t.lII) . tlll'l1 . .... . , .. . . .. . ...... .. . ...... ' .. . 
ION 'SOURCES ... , , , .... . , .. , . , ..... ... .... ... ........ ... . 
. , .... . .. ,' .. " ... P.e.'!'!~t;lg ...... . . . . , ... , . . . •...• .......•... 

INJECTION SYSTEM 

~~lre~.fl~~~~ ~'r~J!d~~~g,!~ ~!~. ~~i'!,.n.e.1 . •. .. , , ... . ... .. .. , , 
FACtLiTIES FOR RESEARCH 
SHIELDED AREA. liKed, ..• • •. , ... m' ; movable . ..••..• • .• m' 
TARGET STATIONS ... ~ ..... In ..... 1 ... rOOlll1 
STATIONS lervad et 18me time. maK ... • ..... •. ..... .. ... , .... 
MAG SPECTROGRAPH. type .. .. , , ..• , •....... . ..... . . , . . , . . 
COMPUTER model •.. . . . .. . • , •. .. .. . . • • .. " ...............• 
OTHER FACiliTIES ....... . ... . , .... . • .•.. . ..•.......•. .•• .. 

CHARACTERISTIC BEAMS 
PARTICLE ENERGY IMeV) 

Goal Achieved 
••••• P. • •••••••••••••••• • •• ~~ • • ••• 
• • ••• <1 •••••••••••••••• •• ••• ~ ••• •• 
• ••• • <If • • ••• ••••••••••• • ••• ~& . . ... 
•• • 3,1111 " ••• ••• •••• ••• • •••• ZQ ••••• 
SECONDARY 

BEAM PROPERTIES 

CURRENT IpllAI 
Internal External 

.... . ....... .. . ~D . ... . 

.. ...... . .. .... 7~ .... . 

. .... ... ... .... 50 ....• 
(part/II 

MEASURED CONDITIONS 
PULSE WIDTH ..... RF deg ....... PI' A of ... . MeV •. • lonl 
PHASE EXC. max ... RF deg • ••.. . . PI' A of .•.. MeV • .. lonl 
EXTRACT elf ....... % ....... PI' A of . .• . MeV •.. lona 
RESOl 6E./E .. .. I .. % ....... PI' A of .... MeV ... lonl 
EMITIANCE 

1. ~p 8xl81 } 
(Il mm. mradl). ~O. rad .. •. ..• PI'A of .. .. . MeV ... lona 
OPERATING PROGRAMS. time distribution 
BASIC NUCLEAR PHYSICS .. SOLID STATES PHySiCS •..• 
BIOMEDICAL APPLICAT.lPP.%. ISOTOPE PRODUCTIONS .... 

REFERENCES/NOTES 

PLAN VIEW OF FACILITY. NOTEWORTHY FEATURES. 
COMMENTS 



CU121 ENTRY NO . ....... . . . ............... .. .. . .. . ... . . . . . ...... . ..... Date . . .... J.l!1.Y. ~~~.2. ................... . ... .. ... ....... . . 
~:~:u~~~achine . G'~;'~!;:hy~}Q~~~h'i 'n'g to ri ' Mecfi'cai ' Cen't'er ... ..... .. .................. .......... .. ... ... ..... ... ........ . 
Address . . .' .' .' .. .'.'.'.' n~~~~t~~~t' .'~f .' R~~.'i .~·t{~~ .' O~.~~.'l.'~~; : .' R.C.'-.'Q8: : S~~:tt·l~.' W~ .' 9.8:i~5 . USA' .. .... .... .. ....... ... .... .... ... .... . 
Tel .(206) . 5.4.8~411 2 .. . . .. ... Te lex .4~1Q99.6 . . U.~. ~L ...... . .. Fax ( 2.0.6) . ~1? :- ~.2.1.~· .. .. ........... EM·AiL. ·~~ ~ ~~~~:R;i.QQ~~ ·: ~:~S.~~~~T9N . 
In Charge : .... . . .. . R,. Ri :;.1.e.r: .... . .. .. ..... . ... .. ...... . . . . . . Reported by : R, . Ri :;.1.e.r: . ... . ............... . ............... E.~~ . . 

HISTORY 
MILESTONE DATES : 

Design ......... ~~(lP.. ....... Model Tests .... ·)913.Q .. . .. .... . .. 
Construction .. . 198l.-.198~..... . First Beam . fil.c.tQrY ... ,lVN .62 

DESIGN/CONSTRUCTION BY: Facil ity JUN 83 
in house ........ . .. other . ... S.GClod.i.tronil<. AB .Uppsa.l.a . .... . . 

COST: Accelerator 4.2. mio. U.5.D . .. ... Facility . 7 . D. .ro; o .. USD .... . 
FUNDED BY: . .u.S .Nil.tiollil.1.. Canc.er.lmtH lIte . . .... . . . . .. . . .. . 

STATUS 
STAFF: Machine 

Scientists . ..... ~ . . . . . . . . . . . . . . . Engineers ... 2 . . ............... . 
Technicians .... 3 ......... .. ..... . Students . .. -... .. . .. . . ........ . 

Research (in house/external) 
Scientists .. .. . .? .. / .... :-.. ... Engineers ... ~ ..... . / .. :: .... .. 
Technicians .. :. ~ .... / ... -.. .... Students .. c ..... . J .. 7 .... .. 

BUDGET: MachIne .16000.0 .USD ...... Funded by . ~O.S.1l1 til.1. . tSPJ1le 
f~lUI~ .. .. e)(c.l.. .. stil.U . Funded by .9ril.ntS .......... 

TIME DISTRIBUTION : 
Basic Research (in house/ external) . .... 5 . . .... % / .......... . . % 
Applied Program (in house/external) . . 85 .... .. . % / ........ . .. % 
Development . ..... 5 ......... % Maintenance ........ ~ ... .. . . % 

MAGNET 
POLE PARytsoTERS: 

Diameter . . ....... em R e x t ra.c t ... 57. .... em Rinj ec t .. . . -:- .... em 
HILL PARAMETERS : Gap (min) ... 1l. .. 5 .. cm Bm .. ... 2,P.5 ... T 

(III ...... .. .. AT) Gap (max) .. 11...5 ... cm Bmin ..... ... .. T 
VALLEY PARAMETERS: Gap (min) 20.5 .. .. cm Bm .. ... .. . .. T 

(0 .......... AT) Gap (max) .. 20 ... 5 .. . cm Bmin .......... T 
AVERAGE FIELD: < 8 >min .. . ... . ... T < 8 >m .. ... L7.5 .. . T 
NUMBER OF SECTORS: compact/separated . .. .3 ... . . / . . ..... . . . 

sector angle ........... .. .. deg. spiral (max) .... 55 .... . .... deg. 
FIELD TRIMMING: Trim Coils ... . 1.0 ................. . ........... . 

Harmonic Coi ls ... . . . .... 4 . se.ts ........ .. ... . ......... . 
Other ······ · ········· · ···· · ············· · ···· · ·5 ······ . 

CURRENT: Main Coils . 900. .Il.. ma.x .. Amps Stability . . 10:-.... ~:5 . . 
Tnm COIls . ~O . ::!l0. A .1lJi1- l< .. Amps Stability ........ . )9 .. .. . 
Stored Energy (cryogenic) ......................... .. .. .. MJ 

WEIGHT: Iron ... 900.00 . kg. ....... Conductor . . 380.0 . ~g ....... . . . 
ION ENERGY: Bending Limit E/ A = ... 51 ........... q2/A2 MeV/u 

Focussing Limit E/ A = ............ .. ... q/ A MeV /u 

ACCelERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description : ... two. 9.0 . o~g, . D~.e.s ....... . ............. ... ...... . 
No. of Gaps/turn . . . .4 . . ...... dE/dn(max) . 0 ... 160 . ..... MeV /q 
Voltage(max) .. D .• 040 ...... MV Harmonic f,dfion .1.2 ........ .. 
Freq ... .. 19 . 5. ." . 26. ... MHz Power in(max) . 0 ... 060 .... ~3"" MW 
StabIlity: Phase .t/~ . .ldeg_. . . . . ... Voltage . . .. . . lD .......... . 

OTHER ~AVITIES (Flattopping or otherwise): 
Descnptlon: . ........... . . .. ~ . ... . ........... . .................. . 
Region of Influence: Rmin .... . ....... cm Rm u ............ cm 
No. of Gaps/turn ............. dE/dn(max) .. .. ......... MeV /q 
Voltage(max) ...... . .. . .... MV Harmonic f,t/fion ... .. ........ . 
Freq .. . ...... . ....... MHz Power in(max) .... . .. .. . . ...... MW 
Stabi lity: Phase . ... . ... . ......... . Voltage .... .... ... . ...... . 

VACUUM SYSTEM - 6 
OPERATING PRESSURE: . . 1.Q ... !11qi!r 
PUMP~ : No. and type . ~ . ~ .i.l .. 9!f.~l!~)~~ : p~~p.~::CE:~~~:r:~~J~: : :: 
. f.1.l!19}, . t!J.t.i! 1. ~.a. p.i!~.l .~Y. . ? 5.QQ . ) .i .~~ r~I.~~~ . ............... . ~ 

ION SOURCE(S) 
Type Intensity «I 

(a) f!'.~~ rr?l .. ~ !J.l.d . ~ ?¥9~~ .. ~~~. 
(b) I:'~ .t.~ . 9~.a. l .. ~.h.il1!(l~'y .......... . 
(c) ................. . ........... . 
(d) ... ......... . . . . . . .... .... ... . 

INJECTION SYSTEM 

'n = fJ"I' 
( 1I'mm mrad) 

Ion Species 

. . R. d ... 3I:!e .•. 4He 

. . . . . . . .. . ........ . . ......... . . ... . .... Efficiency ......... % 

EXTRACTION SYSTEM 
EJ...st .. Oef.. •. EMC.2pa.s.s ; Ye. .foC.ch .. .. Efficiency 7.5785 .... % 

CHARACTERISTIC BEAMS 
Current(part JlA) 

(a~c~e~~~~t.~~ .I~~.s ... ~/t~~o:'~~) . .. ... 19be~~~~ ....... rp.t~~~~~ .. . 
(b) .cL. .. .. ... ...... l~ .. -.. Z~ . .... .. ... P.~ ....... .... ~O .... .... . 
(c) .~~~.+.-I; .......... 2l.:: . ~~ ............ L .......... 2 ... 2 .... .. 
(d) .4~~:".f: .......... ~0 .. -.. 4~ ............ 1... .......... P.·) !? .. .. 

Secondary Particles E (MeV) part/sec 
(a) ........ 7 .. ............................................... .. 
(b) . .. . .. .............. ....... .. . . . . . . •.. . . . .. . .•.. . . .. ... . . . .. 
(c) ........................ .. .......... .. .. .... .... . ......... .. 

EXTRACTED BEAM PROPERTIES : 
For ...... . .. 1 . . ... JlA of . . 50 ... 5 . .. .... MeV /u .... p ......... ions 
6E/E . ................. .. . . . % 6<1> .. .. ... . . .. .. . ......... °rf 
'n = fJ"I' x ... 12 . . . .. ... 1I'mm mrad z . . .1.4 ........ 1I'mm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed .? !i.5 .... .. . m2 Moveable ... 9 .... ... m2 

Target Stations: .. . . 3 .... No. Served At Same Time: ... 1. ... . 
MAGNETIC SPECTROMETERS: . .. ..... -. .... .. ..... . . .... . ...... . 
OTHER FACILITIES: ! :;p.Gelltr.i.C; . N.e.lIt rPJl . n~.t:i!\lY. MO(11 . ....... . 

. ... . .. . ... ........ F.i.l\e9 .. B.~~Ql .. ~~ lItr.ql) . T.h.~ \il P.Y. . ~9P.l1J ....... . 

. Is.atope. .P.rODuct.i.an .S.t.a.tion .io. 4clo.tr.oo . . IJ.ClUH. .(p.E.ll .. 

REFERENCES/NOTES 
(a) R ... Bi :;.ler. e.t .aJ.. .. COr-U.LNUEn .OPERATION .OF . .T.I:!Ui.E:JHILE . 
(b) C).,m~AL . ~Y.CLOTRO~ . FACl~nX . (thi. ~ . i=.o.r)fm:r)r;:~1 ....... . 

PLAN VIEW OF FACILITY. COMMENTS 

FlnST Floon 



ENTRY NO. ... CU.12? Date . ..... . ...... . .. . . .. . . 
Cyclotron Model .. ~.S.-:Z2. . . . . . . . . . . . . . . . . . . . ... .. ........ . 
Institution .. Amersham . .,. . Medid?hysics, .. Inc • . .. ... . ..... .. ..... 
Address .9.00. D.urha.m .ave..,. S.auth . .Elainfield. NJ .. 07080 .....• 
Tel .. 9.08:-.7..57:-05.00 .... . ....... Telex . ...... . .. . ... . . ........ . . . . 
Fax. . . ............. ... .. . EMAIL .... .. ... . . ..... .... .. .... . 
In Charge: . . ~, . . li1.J.pp.~J;'Q. . ...... Reported by: \-1 ... . Buela ... .. . .... . 

HISTORY 
MILESTONE DATES : 

Installation . .;rll.ly'. t9.7.4. First Beam ,J"V)1,l{l.ry'. ~9.7.3 .... . 
DESIGN / CONSTRUCTION BY: T.!)'! . ~'y'~:).9.t.r:o\l . . C.orp.· ........... . 
COST: Accelerator Facility 
FUNDED BY: ....... . . .. .. .. .. . . .. . 

STATUS 
STAFF: Operators .... 9.. . ... . . Technicians .... {; ........... . 
BUDGET : Machine .... . .. .. . ..... ... Funded by ...... .. ..... .... . 
TIME DISTRIBUTION : (e.g. basic research, isotope production , main
tenance , etc .) 
(a) .. . LsD.top e . .Eroductio.n .... . ..... . ... . ......... . .. . . 8D. .. % 
(b) .. . 1;I{l;i.Jlt'i'llMC'i' .. . .. .. .. . ..... ..... ....... . •.. . .... .. 20. .. % 
(c) .... ........ ... . . .... . ..... . ... .. .. ... ......... % 
(d) ...... ... ...... . ........ • . . . • ... % 
(e) ... . ...... . ..... .. . . . % 

CHARACTERISTIC BEAMS 

Accelerated Ions 
(a) .. ll+ . . .. .. . 
(b) ......... . 

E/ A (MeV / u) 
.. . 22. 

Current(part /lA) 
Internal External 

. . . . 200 .. .. .. .. .... 100 ... . 

1991 /lA-hours on target : . 7~L05 .. . .......... .. ................... . 

FACILITIES 
SHIELDED AREA: Fixed 

Target Stations: 2 
OTHER FACILITIES : 

REFERENCES/NOTES 
(a) 
(b) 

8.5.. . .. . m 2 Moveable .. . ... Q. . . . m 2 

No . Served At Same Time: ~ ....... . 

PLAN VIEW OF FACILITY, COMMENTS 
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HISTORY 
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(c) ........ .... ..... ... .. ........ . ......... . ....... % 
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(e) ..... ... .. .. ... . ... . •. •. •. ... . . . . . .•.•.•.... • . .. % 

CHARACTERISTIC BEAMS 

Accelerated Ions 
(a) .. .IC. 
(b) . . ...... . ..... . 

E/ A (MeV/u) 
. . . 30 . . 

1991 /lA-hours on target : .... 71'.1.0 6 . 

FACILITIES 

Current( part /lA) 
Internal External 

. . . 5D.0 .. . .. ... . 2x250 .... . 

m 2 Moveable .. ... D . . ... m 2 SHIELDED AREA : Fixed qo 
Target Stations: .. 4 .. No . Served At Same Time: .2 ... . .. . . 

OTHER FACILITIES : .... ... . . . . 

REFERENCES/NOTES 
(a) ........... . 
(b) 

PLAN VIEW OF FACILITY, COMMENTS 
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ENTRY NO. CU124 Date 25-AUG-92 

Name of Machine .. . ':(~l:l. P.1.C~. <.:r'!-P?-!'. .S.t;",,~. ¥~:r.~~) . ......... . Institution Brookhaven National Laboratory . . .................................... . . . ...................... . 

Address .. :::: j;.~:t:~~; :~: : \~~?? : : : : : : : : : : : : : : . : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 
Tel .. {?~.6). )~?:-~?5.l . . ...... Telex ... ...... ... . .. .. ........ Fax .. \~~?l. ~~.2.-:~~~~ ........ EMAIL . ?~~.l.Y.~r:~'.'~:.c.~n;: ~~~:?O 
In Charge: .... . A. •.. ~: . l-1!'.l.f .................................... Reported by: ... P.· . . ~ ' .. ~~~.1.Y."r: ... ............................. . 

HISTORY 
MILESTONE DATES: 

Design ..... ~.~~+.......... .. Model Tests ....... l.~~~ .......... . 
Construction .. .. ~51.8.+ . . . . . . . . First Beam ... ) ~?2 .......... . 

DESIGN/CONSTRUCTION BY: 
in house ........... other . ;I.ap',!-!, .. ~ ~e.e~ . ¥~.r:~~. .. . .......... . 

COST: Accelerator .. B.60, Dna.. . . . . .. Facility .. ),.1.00.,.000 .. ... . 
FUNDED BY: ..... P.q~ .......................................... . 

STATUS 
STAFF: Machine 

Scientists ....... )... . ........... Engineers .. .. .. ....... . ....... . 
Technicians ...... 2 ............... Students ... ...... ........... . . 

Research (in house/external) 
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FUNDED BY: ................ .. ........ .. . . .. . ............. ... ... . 

STATUS 
STAFF: Machine 

Scientists . . .. . .. .. . . ..... .. .. . . Engineers .. . .... ..... . ... . .. . . . 
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Research (in house/external) 
Scientists . ..... . . " / . .. . ... . .. Engineers . .. .. . .... / ..... . . . . . 
Technicians . ... . .... / ......... Students ......... / .. . ..... . 

BUDGET: Machine .. . ............. .. Funded by .. .. ...... . . . .... . 
Research ... . ..... .. .. . .. .. Funded by ... . ... . ......... . 

TIME DISTRIBUTION: 
Basic Research (in house/external) ....... . .... % / ... .. ....... % 
Applied Program (in house/external) . . ......... % / ....... ... . % 
Development .......... . ..... % Maintenance . . . . . . . . . . . . . . .. % 

MAGNET 
POLE PARAMETERS: 

Diameter .. E:~5. ... cm Rex l,&cl .. 3. +5. .. cm Rinjecl . . ... . . . . cm 
HILL PARAMETERS: Gap (min) .. . §.6 .... cm Bmu ;r;~ ~? .. .. T 

(ill .... .... .. AT) Gap (max) ........ . . cm Bmin .... ... .. . T 
VALLEY PARAMETERS: Gap (min) . ... . .. . cm Bmu . . .... .. T 

(C! .. .. ...... AT) Gap (max) ... ... .... cm Bmin ........ . . T 
AVERAGE FIELD: < B > min ...... . ... T < B >mu J: .• 9 ... . .. T 
NUMBER OF SECTORS: compact/separated ... . . .... . / . .. . . .. . . . 

sector angle . ... . . . . . .... . . deg. spiral (max) ............ . ... deg. 
FIELD TRIMMING: Trim Coils ... ..... ... ......................... . 

Harmonic Coils ......... . . . ... . .... . .... . .. . ........ . .. . . 
Other .......... , .... . .......................... . - 7 .. . 

CURRENT: Main Coils . . ~9.q .. .. .. Amps Stability .. ~ . . I;9 .. .. .. . 
Trim Coils .. . .... . ..... ... . Amps Stability ... . ............ . 
Stored Energy (cryogenic) ........ .. ....... .. ........... . MJ 

WEIGHT : Iron .. . 7!W.Q. :r.. .. ... . Conductor . . J;7~ . CA.l.) ...... . 
ION ENERGY: Bending Limit E/ A = .. l;9~9 ... ...... q2 / A2 MeV /u 

Focussing Limit E/ A = ........ ... .... .. q/ A MeV /u 

ION SOURCE(S) 
Type Intensity C! In = (3'Y l Ion Species 

(mA) (1rmm mrad) 
(a) .. open. w.ith .cold. .cathod ... .. .. ... . . . . 
(b) . .. ....................................... . . .. 
(c) .. . ............ .... ......................... . .............. .. 
(d) .... . ........ . . . .. .. . ..... .. ...... .. .... .... . 

INJECTION SYSTEM 
. . . . . . . .. . . . . ..... . . ......... . .... . .. . . Efficiency . ... . . . . . % 

EXTRACTION SYSTEM 
.no.n . J.i1J.e~ . . ~.eE';.eMXll.t;ixe .1?:Y.1?:t.elllEfficiency . . ?9 .... % 

CHARACTERISTIC BEAMS 
Current(part IlA) 

(a)c~~~~~t.~~ .I~~~.. . ~.~ ~b~o: : .u.>. . .... I~~~}~~ . .. . ... ~~.t~7~~ . . . 
(b) .... ........ .... .. ..... . .... .... . .. .................... . . . . . 
(c) .. ............... .. ....... .. .. . ...... .. . .. ....... ... ....... . 
(d) . . ... . . . .. ........ . .. . . .. .. . .... .. . . ... . .. . .. . ......... . ... . 

(a) ~~~~.n.~~~y. :'~r~~~I~~ . . .. ... ~l;~Qe~~ ... . ....... ~l7t1.Q~ .. . 
~~~ :::::: )::::::::: ::: :::::: ::~~: : :: ::: :: :: : :: : ~ :::: : ~:8~ ::: 

EXTRACTED BEAM PROPERTIES: . 
For ..... . .. . .. . .. IlA of . . ........... . MeV /u .. . .. . .. . . . ... ions 
AE/E . . . . .. .. . .. . . .. ........ % A,p .. . .......... . ......... °rf 
In = (3'Yl x. . . . . . . . . . . . . 1rmm mrad z . . . . . . . . . . . .. 1rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed .. . . ... . ... m2 Moveable .... ....... m2 

Target Stations: . . ....... N.o. Served At Same Time: . . ...... . 
MAGNETIC SPECTROMETERS: ............ . ........... . . . .. . ... . 
OTHER FACILITIES: .:r.I;'9.t;9nth~;r:Iilp.J'., ... J;!?P.t p.P~ . ?:r;'~q.)'\9.t;ion, 
l?;i.-:~;U . . Gp.aMeJ. , . .. .&ll.., .. ~:illle .. o.f .. ~~::t.j.,ght . .. il.e1l.t;r.Qfl. . 
9P.ec.t~.Q~et.er .• ':UUS. :-:fM;i..U.t :Y. . .f.O;r. . ;i..I).Y:e fJ.t;i.,gll.t ;i..Q n 
J, !5.Q :t.QP.f1 . X?-.J;' . .f: r .ql)l .. !?1<?-~U,:j. ~.J' . .:r ~.g;i..(m . .............. . 

REFERENCES/NOTES 
(a) f::;:,.~ ,? •... ~.t. ~~ '? .YP .. ~;J}:-.l!~~ ~.I?- .. q~.I?-~.~~.e ~<? !" .. o.I?-. . . 
(b) !::barged . ~e..I:t;i,cl. e. A~. c; ~.J..· . \ . ,"{ ;2., . '£7.5. . .c+.~i?q ) ... . . 

ACCELERATION SYSTEM PLAN VIEW OF FACILITY, COMMENTS 

FUNDAMENTAL ACCELERATION: 
Description: LaJIlbo. ai. 2.. P.!)!' .. Ii.ee . . i"1.Hh . ;r:9.t<?-.t< :j.n K .9.a.P.a.9 i tor 
No. of Gaps/turn ... 2.... .. ... dE/dn(max) .... .. .. ..... MeV /q 
Voltag~m~J.> ... q . ~ +Q ... MV H~rmonicf,dfion .... ;1; ...... .. 
Freq .. . 9. .. . 3. .•. 3. .... . MHz Powertn(max) ......... 9.,;2 .... MW 
Stabili ty: Phase ... . . . ... . .. . . . .... Voltage . . . . . . .. . .. . ...... . 

O~~~~p~~~I~~~H~~~W~~~~. ~J.~~~?~~~ .. ~~.~~.~?~ ~.~~ ...... . 
Region of Influence: Rmin ... 2.9 ~ . . ... em Rmu . ,32.0 .... . . cm 
No. of Gaps/turn .. . 2.. ..... .. dE/dn(max) .......... .. . MeV /q 
Voltage(max) D , .003 ... .. . MV Harmonic f,! /fion ....... I .. .. . 
Freq .::'13 •. 3 ........ MHz Power in (max) ..... 0 •. Q02 ..... MW 
Stability: Phase ............ . ...... Voltage . .... ..... ....... . . 

VACUUM SYSTEM - 6 
OPERATING PRESSURE: . . '22"aI'~f'f"""" " '" 'n .. .. .... .. .. 

PUMPS: No. and type ........... ~ .. Y.~~.~~. y~.~~ .. ?~ ... .. .. . 
............... . ......... . 40000 .. l/.s ....................... . . . 
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TIME DISTRIBUTION: 
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MAGNET 
POLE PARAMETERS: 

Diameter . .. . ?~;t .. cm Re.tr&C< ... l,9? .. cm Rinject . ..... . ~. cm 
HILL PARAMETERS: Gap (min) .... 2."! . P . . cm Bm .. . . . ). ... ~~ .. T 

(CI .69~ .. C!99. AT) Gap (max) .. ?.o. ~~ .. . cm Bmin ... ~! ~.C! .. T 
VALLEY PARAMETERS : Gap (min) .... . .. . cm Bm .. ....... . T 

(CI .. .. .. .... AT) Gap (max) . ...... ... cm Bmin .. .. .. .... T 
AVERAGE FIELD : < 8 >min . . . . .. . .. . T < 8 >m.. .. ....... . T 
NUMBER OF SECTORS: compact/separated ... . ...... / ... .. . ... . 

sector angle ..... .. .. ...... deg. spiral (max) .. .. ..... ...... deg. 
FIELD TRIMMING: Trim Coils .... . .......... ...... ... . .. . ........ . 

Harmonic Coils . ............... . .. . .... . ......... . . .... . 
Other ........ . ............ .. .. .. .. .. . . .............. . . . 

CURRENT: Main Coils . ;t6.C! .~ ...... Atffjl~ Stability .. ~ .•. l, . ~ .... .. 
Trim Coils . . .. .. . . .... ... . . Amps Stability . .. . .. ... . . ..... . 
Stored Energy (cryogenic) .. ................ .... .. .... .. . MJ 

WEIGHT: Iron . . ~~l .. t;Q(l,s...... . .. Conductor .. ?f. . . 1;91' .s .... . . .. . . 
ION ENERGY: Bending Limit E/ A = . .. ............. q2 / A2 MeV /u 

Focussing Limit E/ A = .. . . .... .. .. . .... q/ A MeV /u 

ACCELERATION SYSTEM 
FUNDAMENTAL ACCELERATION: 

Description: . .. :?C\'I.4.Q. O O.O.fl~ . •.. :t;Q~".t; :i,I}g .. c;qI}9!".'l9'(lF .. . ...... .. . 
No. of Gaps/turn .... ~... .. . .. dE/dn(max) .. ... ........ MeV /q 
Voltage(max) . .•. en ? ....... MV Harmonic frf /fion . . f . . . .. . .... . 
Freq .. ~ 9. :-.. ~ ~ .... ... MHz Powerin(max) .... .. ... ~ ?t'O .... MW 
Stability: Phase ..... . . . . .. ... . .... Voltage ........... . ...... . 

OTHER CAVITIES (Flattoppin!h or otherwise): 
Description: . . ""iEi' . . f.~~ . ,s.~~::. ?~t;~:: . . e.,:~ !,!".c:~~? !, ... ... ... .. . .... . 
Region of Influence: Rmin .. .......... cm Rma • ........ .. .. cm 
No. of Gaps/turn ... .... .. .... dE/dn(max) ... .. ...... .. MeV /q 
Voltage(max) . .. .. . .... . ... MV Harmonic frtlfion . .. . . .... . .. .. 
Freq .. . . .. ... . . . ..... MHz Power in(max) .. ..... ... . ...... MW 
Stability: Phase ... . . . .... . . . .. Voltage ..... . ... ..... ... . . 

VACUUM SYSTEM 
OPERATING PRESSURE: 3 x 10-

6 
( 3 x 10-

7 
l'asp. ) 

PUMPS: No. and type ... ~: ~~ : ~~~ ~ ~~I ~ : : c?~~: :( U·~~:~~~?~: : :: : : : : : : : 

ION SOURCE(S) 
Type Intensity CI (n = f3'Y( Ion Species 

(mA) (7fmm mrad) 
(a) . h~~. ~.:i,~il-I)l!"At. p)l.~ 'iEi'9-•. 'H·9. :· ,{9~i'!":'l9:· . . . .. . 
(b) .. .. ................... .. .. . ................ . 
(c) ... .. ... .. . .... .......... .. . .. .......... .. . .. 
(d) .. ........ .... . ...... .. .......... ........ ... . 

INJECTION SYSTEM 
. ..... . . .. Efficiency ... . .... . % 

EXTRACTION SYSTEM 
...P.i!9?j.,v", . ''''9ft!.IJ '''HtP.:t;.i'!l~ .. c.hi'1'!'.~~ ... Efficiency .C;i' .... ~ .. % 

CHARACTERISTIC BEAMS 

Accelerated Ions 
(a) .. PF.q1;91'p .. .. . 
(b) ... . .. . .. . . . . . ....... .... .. . .. .... . . . . ... .... . . .. .... ..... . . 
(c) .. ........ ..... .... ...... .................... .. ........... .. 
(d) . .... . . .. . .. .. . .... . . . ................ .. . .. .. . ............. . 

Secondary Particles E (MeV) part/sec 
(a) . .. . ...... . ......... ... . ... . . .. .... . .. . . . .... . .. ... ... . . .. . . 
(b) ..... .. . . .. .. . . ... . . .. . ..... .. .. . ....... . .................. . 
(c) .. ............. .... ....................................... .. 

EXTRACTED BEAM PROPERTIES: 
For ............ . . /loA of .... . .. . .. .... MeV /u . .. . ... . .... . . ions 
l:!.E/E ... . .. ... .. . .. . ...... .. % l:!.¢ . .. .. .. .. ... .. ........ . °rf 
(n = /3'Y( x . ... . .. .. .... 7fmm mrad z .. . . . .... .... 7rmm mrad 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed . .. .. ... . . . m2 Moveable ........... m2 

Target Stations: ......... No. Served At Same Time: .... . . . . . 
MAGNETIC SPECTROMETERS: . .. !).? !,.e . . .... . .. . .. . ..... .. . . . . . . . 
OTHER FACILITIES : .. ~~!). ::~ .. ~??? .":~. ~.":':'~. ?I?': ~?-.~~~. ?~ . ~ .. f.e.,: . 

fo r service basi s , mostly for t r eating patie n ts . The 
· ~-';;~~;';t ' ho-';;iy' 'ie~' 'is' $300 ' : ' As 'of"7 ig'i 'we' have·· ····· 
· t"';eated '56'66' pa'tlen't s ; ' CUrrent 'rate' is' ·366/,iear·:·· · · · 
· The ' equl [:ineni: ' arid' t" chnJ.ques· ilevel"cipeCl.' nere' ·f6r····· ·· 
REFERENCES/NOTES irrad i at ing pat i en t s have proved 

( ) 
convenien t for r ad i ation damage 

a 'stOliare,; ' orten' re1.3.t ed· Hi 'sate,nn "e's ' aha 'si:,,:ce' p"r'6lOe·s . 
(b) A ·foi.irth· beaml'ine' i"s 'unii"er ' construcHorl 'to' ·tac,n."Hate 

PLAN VIEW OF FACILITY, COMMENTS 
such studies . 

BEAM LINES 
A Large F,eld 
B Small Field 
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--== o 5 10 20ft 



ENTRY NO ••.•••. ~!l.l ...... . ... . .. ........ .. ..................... Date •••.••••••••••••••••••.•••••••••••••••••••••••••••••• 

Name of Machine .•. • . ~~.o.~.:::r: .~Y~!=!l!'.'?1::r~ra .. C.qq,(-:~9~;i~.I1 •.• •.•....•••.• •. .• •• .•••••••.••••• •• .•.••••••••••••••••.••••••••••.• 

Inltitution ••• ~9:r;;~hl!~.9.!!~!l.I!1:F!-'."! . :l!i.1.~~~. £?t!I~!i .• (~~"l ..............................................•........................ 
Addre.. . ..•. P!l!>~.~<j~~ .. 1.~l;3~ .. Q-M!.Q .·NHF.h ••• ~.~:r;!Dilny. ...••..••••••.•....•.•••••••.•.••••.••.•.••••••••.••.•••.••••••••••• 
Tel .. '-':~~ .• ~~~~ .. 1!~~~~9 ..... Telex .!l.~~.~.!?~.M .. ~ ........ Fax "t~.9 .. ?:4.I?1-•• ql;1~.~Q ...... EMAILrv.qQJ,t@."~~1'.·.GG,~fa-i4elid1.de 
In Charge: ................................................... Reported by: ... ~:. t4!,;i.e.x: ...................................... . 

HISTORY 
MILESTONE DATES: 

Design .... J~.~~.. ... .. . .... Model Testl l~~.Q . :- .. 1.!:!~? .. . .... . 
Construction . ~!!~? :-.. W~~..... Fi"t Beam .................. . 

DESIGN/CONSTRUCTION BY: 
in house .... ....... other ........... . ......... . . . .......... . 

COST: Accelerator ................... Facility .. ............. ... . 
FUNDED BY: .......... .. ..... ..... ..... ........ ......... ....... . 

STATUS 
STAFF: Machine 

Scientists ...................... Engineers ..................... . 
Technicians ... .. .... ..... ... ..... Students ........... .. ........ . 

Research (in house/external) 
Scientists .. . .... ... / .......... Enginee" .......... / . . .. .... . . 
Technicians ......... / ......... Students ......... / ........ . 

BUDGET: Machine ...... ... .... ... .. Funded by ................. . 
Research .................. Funded by ................. . 

TIME DISTRIBUTION : 
Basic Research (in house/external) .... ........ % / ........ .. .. % 
Applied Program (in house/external) ........... % / ........... % 
Maintenance ....... ....... .. % Development . . . . . . . . . . . . . . .. % 

MAIN PARAMETERS 
MACHINE TYPE: .... ~Y!1."trn):t.x:ql) . lIn~. ~~.(l1:1;19ll . .I:~!l9. ..... . .... . 
ION TYPES: .... P.... .... .. ... ENERGY: .40:-.~!?OP ........ MeV /u 
RING: Geometry F.<j~~~Fa.~~.~ .. f9~~ . . ~Yn·Circumference .W~ .. . m 

INJECTED BE~M CHARACTERISTICS H+ 
PARAMETERS: Injected Ions ... . .... .. ...... . 2 ...... .... .. 5 ... . 

Energy .... :4.Q ••.••••• MeV /u lons/ bunch. ?"'~ :. ;t.Q .... . 
EMITTANCE: h ... f.:~ . ... 1rmm mrad " ..... ~ ..... 1rmm mrad 

t::.E/E .............. % Bunch length .............. nsec 
TIMING: Bunch freq .. ......... MHz Filling Time ........... sec 
INJECTION METHOD: .... ~tr.:i,p.P.~!l.9 .~!lJfl~~pn ...... ... ..... . . 

MAGNET SYSTEM 
LATTICE: Focusing Type .... 1'1l.lFH·!!:t.flt:!. f:41) .c;1;~p!l ............. . . 

Focusing Order . Jt;lPf . . P.X: . Offt:! .......................... . 
Betatron Freq: Vh .. ~:~.~ . .......... Vv "'~".~~ ........ .. 
No. Short Straight Sections .. . -: . . . . . . Length. . . . . . . . .. m 
No. Long Straight Sections ... ?. .... Length . . . 4P .. . .. m 

BENDING MAGNETS: No .... ?~ ..... Length(ea). ~.'?~~ ... . m 
Field: max .... ;1; •• ~.~ . .............. ... . . ... .. ....... T 

QUADRUPOLES: No ...... ~I?....... Length(ea) 9:;l./.Q, ~7: .... m 
Gradient: max . .. 7."~""' " '''''''' '2' ........... T /m 

OTHER MAGNETS: .. ;t.~ .l'.~1<:t,4P.P.1,~1' .. ~P. :1)1]1 ........ .. .. .... .. . 

RF SYSTEM 
CAVITIES: No ........ ~...... Type. !;lY~~~F;i.c: .:re:-.'::I)~F.,!I)~ ... . 
RF FREQO ... ~~?:-.~ .. ~!.~. MHz HARMONIC f'fLfi~ .... ~ ....... .. 
VOLTS/CAV(max) .~:t . . W~ .. ~Y~Y .. C:Y~~.fl.~.· .. W:-............. MV 
POWER/CAV(max) .... . . !;i~.: .1,Q:-~ ........•.................. MW 

VACUUM SYSTEM 
VACUUM CHAMBER: Material .. :'~.~~~~~.~~. :,~.e:~~ ... . ... ... ... .. . 

Aperture ........ ... :t.~ ... ... X ........ I? .......... cm2 

PUMPS:(No.,Type,Speed) . liP .... ;t~.Q )/!> .. ~9ra!> .. .. ... .. .. .. ...... . 
.... ...... ... . ;I..~q ... . ~~99 .. ~~!;l. ;;.~~~~.,!~~~.n .... .. . . . . 

PRESSURE: ............ 10:-.1.1:1 .. :-... lo::H ................... Torr 

EXTRACTION SYSTEM 
TYPE: (a) ....... .. :t,trir!1 .• Q:r;Pll.r: .:f!ll'.QI)<;I{1S:.~ ...........•...•..... 

(b) ... . .. . ... )o!~ttJ . . ~l,tril .. ~J..p:.( . fill<:t;r;ijr;j;;i.QI) . :;Y.!ltePl .... .. 
(c) ...... .......................... ...... .................. . 

LENGTH OF SPILL: (a) ........... Q,Q;t .. -: .W .................. lee 
(b) ..................... ~ ... -:. ;tP.QP ..... .......... lec 
(c) .......... ...... ... .. .. ........... ......... . ... lee 

CHARACTERISTIC BEAMS 

(a) .... ~~.~ ....... ~~~~.~(t :~! ... ;;~~:':{P/.r ... 1.~~6~!~'> .. . 
(b) .......................................................... .. 
(c) ..... .. . .. . ....................... ......... ................ . 
(d) .......................................................... .. 

EXTRACTED BEAM PROPERTIES: 
Rep. Rate (pulse/lee) .... ... ...... ~ P.,;1 ........................ . 
<n = /3"Y< h 1I .• II ... mm mrad for .... "A of 2 5.0 (MeV /u p ... ionl 

" e .. .!1 ... mm mrad for .. . . "A of2:J.QQ MeV /u P ... ions 

FACILITIES FOR RESEARCH 
SHIELDED AREA: Fixed ........... m2 Moveable ........... m2 

Target Stations: . ........ No. Served At Same Time: .... .... . 
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COMMISSIONING OF THE RCNP RING CYCLOTRON 

1. Miura, T. Yamazaki, A. Shimizu, K. Hosono, T. Ita,hashi, T. Saito, A. Ando, K. Tamura, 
K. Hatanaka, M. Kibayashi, M. Uraki, H. Ogata, M. Kondo and H. Ikegami 

Research Center for Nuclear Physics, Osaka University, 
Mihogaoka 10-1, Ibaraki, Osaka. 567, Japan 

and 

J. Abe 
Quantum Equipment Division, Sumitomo Heavy Industries, Ltd., 

Soubiraki 5-2, Niihama, Ehime 792, Japan 

ABSTRACT 
The construction of the ring cyclotron was 

started in August 1987. On October 12th 1991 
the first beam was injected into the ring cyclotron. 
Many improvements were made for the initial trou
ble of operation. On December 20th the first ex
tracted beam of 300 MeV protons was obtained. 
Various test experiments were done with 300 MeV 
polarized proton beam for a high precision magnetic 
spectrograph and a neutron TOF facility. 

1. INTRODUCTION 
The Research Center for Nuclear Physics was 

funded in 1971, as a national user facility. A K=140 
AVF cyclotron 1) and precise experimental appara
tus were used during a decade by many researchers 
in Japan and abroad. After intensive design study 
of new facility, "RCNP Cyclotron Cascade Pro
ject,,2,3) was proposed in 1985, to extend the high 
precision studies into energy region above threshold 
energy of pion production. The main components 

Fig. 1. Photograph of the RCNP ring cyclotron. 
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of the new facility are a six separated spiral sector 
cyclotron (ring cyclotron) and beam circulation ring 
linked to high precision dual magnetic spectrograph, 
a neutron TOF facility with a 100 m neutron flight 
tunnel and a heavy ion secondary beam facility. 

Figure 1 shows the photograph of the ring cyclotron. 
On December 20th the first extracted beam of 300 
Me V protons was obtained. The chronology of con
struction and commissioning is shown in Table 1. 
Experimental study with the AVF cyclotron was 

continued during the construction and the commis
sioning. Now main effort for experimental study is 
made with new facility. 

In 1986 the proposal was accepted and the 
four years cyclotron construction contract was made 
with manufacturer in August 1987. Installation of 
the ring cyclotron was started in February 1990, im
mediately after finish of the Ring Cyclotron Hall. 

Aug. 1987 
Nov. 1987 

Feb. 1990 
Aug. 1990 
Apr. 1991 

Sept. 1991 

Oct. 1991 

Nov. 1991 

Dec. 1991 

Mar. 1992 

Apr. 1992 

May 1992 

Table 1 
Chronology of construction and commissioning 

The cyclotron construction contract was made. 
Readjustment of the land for the ring cyclotron 
building was started. 
Installation of the ring cyclotron was started. 
Utilities of the new facility was finished. 
Accumulation of the magnetic field data of the 
ring cyclotron during 4 months was performed. 
New beam injection line, beam buncher and 
beam pulser were tested. 
Vacuum leak-test of the ring cyclotron was finished. 
The first beam was injected into the ring cyclotron 
and successfully pass through the injection 
elements to beam stopper following the flat-topping cavity. 
Acceleration cavity voltage of 400 kV was achieved 
and proton beam accelerated up to 300 MeV. 
New signal amplifier was developed for the phase probe. 
Correction on the deflector position drive system was made. 
The first extracted beam of 300 MeV proton was 
transported to the beam dump of TOF facility and one 
of the high precision spectrograph. 
Acceleration cavity voltage of 510 kV was achieved 
for 400 MeV proton beam acceleration. Proton beam 
accelerated up to 400 MeV. Preliminary experimental 
studies were started with 300 MeV proton beams. 
Polarized proton beam was transported for the 
experimental study. Single turn extraction was achieved 
by using beam buncher and flat-topping cavity. 
A SOOp sec time resolution was obtained for the 
polarized proton beam of 300 MeV with a 1/4 pulsing 
of injection beam. 
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The new systems of the ring cyclotron had 
been tested and many improvements were made for 
the initial trouble of operation. Improvement of ca
pability on the high voltage vacuum feed-through of 
deflectors and the power supply of second magnetic 

inflection channel will be made by replacement in 
August. The magnet system, the RF system, the 
vacuum system, the beam diagnostic system and 
the computer control system are reported elsewhere 
in these proceedings. These systems work well now 
and efforts being continued to improve beam qual
ity, intensity and stability of the ring cyclotron. 

The ring cyclotron is energy quadrupler of the 
RCNP AVF cyclotron. Protons and alpha particles 

can be accelerated up to ·100 MeV. The K value for 
light-heavy ions acceleration is 400. Plan view of 
the ring cyclotron is shown in Fig. 2. Three sin
gle gap acceleration cavities are used in the ring 
cyclotron. Frequency range of the cavity is 30 ...... 52 
MHz and harmonic numbers of acceleration is 6, 10, 
12 and 18. An additional single gap cavity is used 
for flat-topping with 3rd harmonic of acceleration 
frequency to get good energy resolution and wide 
phase acceptance. The phase acceptance is 20 0 for 

A 1800 -single-dee acceleration cavity is used in 
the RCNP AVF cyclotron. The frequency range of 
the cavity is 5.5 ...... 19.5 MHz, and fundamental and 

Fig. 2. Plan view of the ring cyclotron. 
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3rd harmonic accelera tion modes are used. Figure 
3 shows relation bet ween or bital frequencies and ac
celeration frequencies in the AVF cyclotron and the 
ring cyclotron for various ions and energies. 

The phase acceptance of the ring cyclotron on 
the acceleration frequency of the AVF cyclotron is 

7° and -1°, since the ratio of acceleration frequency 
of the ring cyclotron to that of the AVF cyclotron 
is 3 and 5 for proton and alpha, respectively. The 
characteristics of the cyclotrons are given in Table 
2. 

400 R C N P -+--+-'-'.l.j--/--+---A~':--+-+-+-I 

>- 20
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Fig. 3. Orbital frequencies, acceleration frequen
cies (Fa& Fr) and harmonic n umbers of acceleration 
(Nh) in the RCNP AVF cyclotron and the RCNP 
ring cyclotron for various ions and energies. M is 

ratio of the acceleration frequency of the ring cy
clotron to the AVF cyclotron. 

Table 2 

Characteristics of cyclotrons 

Injector Ring 
Cyclotron Cyclotron 

No. of sector magnets 3 6 
Sector angle max 52° 22""27.5° 
Injection radius( cm) 200 
Extraction radius( cm) 100 404 
Magnet gap(cm) 20.7 min 6.0 
Max. Mag. field(kG) 19.5 17.5 
Proton max.(MeV) 84 400 
Alpha max.(MeV) 130 400 
3He max.(MeV) 160 510 
Weight of magnet(ton) 400 2100 
Main coil magnet(kW) 450 440 
No. of trim coils 16 36 
Trim coil power(k W) 265 350 
No. of cavities 1 3(Acc.) 

1(FT) 
RF frequency(MHz) 5.5""19.5 30",,52 

90",,155 
RF power(k W) 120 250x3 

45 

2. ACCELERATED BEAMS 
300 MeV polarized and un polarized proton 

beams are used for preliminary experiments with a 
high precision magnetic spectrograph and a neutron 
TOF facility. These beams are extracted with single 
turn extraction mode with flat-topping. The typical 
characteristics of the beam used for the experiments 
are shown in Table 3. 

400 MeV protons, 400 MeV alpha particles 
and 200 MeV deuterons can not be injected prop
erly now, depending insufficient performance of the 
deflector feed-through and the power supply of sec
ond magnetic inflection channel. 

Proton beam was accelerated up to 400 MeV 
using abnormal setting of the injection elements. 
However the proton beam can not be extracted. 
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Table 3 
Typical characteristics of the beam 

Injection beam 
Beam energy 

Energy spread 
Bunch length 
Rad. emit. 
Vert. emit. 

Beam on target 
Beam energy 
Energy spread 

Bunch length 
Rad. emit. 
Vert. emit. 
Un polarized proton 
Polarized proton 

53 MeV 
",100 keV 

20° (1000 ps) 
271"mm mrad 
271"mm mrad 

300 MeV 
300 keV 
10° (500 ps) 
0.671" mm mrad 
0.671" mm mrad 
20 nA 
5 nA 

3. MAGNETS OF THE RING 
The magnet of the six spiral sector ring cy

clotron was designed by using computer code 
FIGER and the results of model magnet study ofthe 

20 ,---~~~~~~~~~~~----~~ 

Proton 

A 

previous proposa1.4
) Figure 4 shows calculated field 

distribu tion with the code. The sector magnets are 
designed isochronous for 200 Me V proton accelera
tion without trim coil current. The measured mag
netic field distribution aTe quite satisfactory.S) Fig

ure 5 shows comparison between betatron frequen
cies calculated from the measured magnetic field 
and the designed one. Figure 6 shows measured 
beam phase on predicted trim coil currents and op
timized one for 300 Me V proton acceleration. 

4. VACUUM SYSTEM 
The vacuum chamber of the ring cyclotron 

consists of six magnet chambers, three acceleration 
cavity chambers, a flat-topping cavity chamber and 
two valley chambers as shown in Fig. 2. The gaps 
between these chambers are sealed by pneumatic ex
pansion seals. These seals are working quite well.6) 

The ring cyclotron is evacuated down to 1 x 10-7 

Torr by six diffusion pumps with double chevron 
baffles (2,500€/sec each eq.), three 16 inch cryop

umps (6,500€/sec each) with gate value and six 20 
inch cryopumps (10,000€/sec each). 

20~----------------------------~ 

kG 

10 

17.5kG Alpha 400 MeV 
t-----

( 
c 
o 

P 400MeV 
3He 510 MeV 

P 200 MeV 
c 
o 
u 
ru 
'
~ 

x 
W 

o _-~~-I-~~._~i~~~_>---I~._.~, 
2 3 4 m 

B 

Fig. 4. A: Designed field distribution for 400 MeV proton. 
B: Designed isochronous fields on hill center for various ions. 
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5. INJECTION AND EXTRACTION 
SYSTEM 

The maximum designed parameters of the in
jection and extraction system are shown in Table 4. 
The injection and extraction system 7) worked sat

isfactory as designed, for 300 MeV proton. How

ever, voltage-holding capability of deflector feed
through is not enough for 400 MeV proton acceler
ation. For acceleration of 400 Me V alpha particle, 

present 500A DC power supply of second magnetic 
inflection channel must be replaced by one of 700A. 

Table 4. Parameters for 400 MeV beam 

Proton 0' 

1.0~----------------------------~ Extraction MeV 400.8 401.2 1.0 1.2 1.4 

NUR 
1.6 

Injection 

Rev. frequency 
MIC1 ~B 

MeV 63.6 
MHz 8.421 
Gauss +1730 

Fig. 5. Comparison between betatron frequencies 

calculated from the measured field and the designed 
one. 
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Fig. 6. Measured beam phase on predicted trim coil currents 

and optimized isochronous field, for 300 Me V proton acceleration. 
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6. ACCELERATION SYSTEM 
The acceleration cavities, the flat-topping 

cavity and their RF power amplifiers were tested 
individually in 1990. The side walls of the cavity 
chamber can not withstand atmospheric pressure 
under evacuation, so these walls are supported by 
the magnet chambers. After full assembly of the 
ring ·cyclotron, full power test of the RF system and 
baking of the cavities were started.8) The variable 
frequency acceleration cavity is tuned with a pair 
of rotatable plates. The resonant current on the ro
tatable plates flow through current-carrying hinges 
of thin copper plate and finger contact. The every 
finger-contact was replaced by newly designed one 
after initial trouble. 

The RF power of the flat-topping cavity. leaks 
easily to outside, for asymmetric setting of the slid
ing shorts. RF shields of trim coil feed-through were 
set on the both side of the flat-topping cavity. 

Heterodyne method is used for the RF phase 
control system. Digital phase shifters, 0.03° /step, 
are working well on 455 kHz intermediate frequency. 
Stability of the acceleration voltage and phase will 
be improved in August. 

100 

nA 

7. AVF CYCLOTRON 
Improvement of the injection beam of the ring 

cyclotron is also very important. A new beam phase 
selector for axial injection mode was developed as 
shown in Fig. 7. Efficient phase selection was made 
down to about 7°. 

Upgrade of the injection beam characteristics, 
by using high intensity ion sources NEOMAFIOS 
and ECR ionizer, is expected in next year. 

o 

Ep = 65 MeV 

0L..' __ ..... ~cm E1nj =13 keV 

o 

Bo = 11.5kG 
A 

Vdee=60 kV 

o 

Fig. 7. Beam phase selector for axial injection mode 
of the AVF cyclotron. 

Integral 
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Fig. 8. Turn pattern measured by a main probe. 
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8. BEAM DIAGNOSTIC SYSTEM 
The commissioning of the ring cyclotron is 

being made with various kind of beam diagnostic 
elements.9) Efforts to get good SIN ratio for weak 
beam down to InA are being made. A 30 Hz 5th 
order (30dB/Oct) low pass filter is used for beam 
current measurement. Attenuation of 30dB for 60 
Hz was achieved by using an integrated circuit of 
switched capacitor filter LTCI062. Figure 8 shows 
turn pattern measured by a main probe. 

For beam phase measurement, noise-free 
phase signal amplifier for acceleration frequency was 
used . 5/3 and 8/5 multiple of the acceleration fre
quency are used for phase measurement of proton 
and alpha, respectively. A crystal filter is used in 
IF amplifier of the phase signal amplifier to reduce 
noise. The output signals are averaged by a digital 
oscilloscope to reduce thermal noise. Relative phase 
between beams can be measured with this phase 
probe for beam current down to InA, as shown in 
Fig. 9. 

9. CONTROL SYSTEM 
The old control system of the AVF cyclotron 

is used without any modification. New computer 
control system of the ring cyclotron was used 
throughout commissioning of the ring cyclotron.10) 

The software of this control system performs almost 
sa tisfactory. 

Fig. 9. Relative beam phase for few nA beams. Up
per and lower correspond to pre-injection beam and 
pre-extraction beam, respectively. The IF phase sig
nals are averaged by digital oscilloscope. 20° /div. 
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NEW DEVELOPMENT AT THE JINR HEAVY ION CYCLOTRON FACILITY 

G.Gulbekyan, Yu.Oganessian, I.Kolesov, B.Gikal, A.Morduev, 
O.Borisov, A.Ivanenko, V.Kutner, V.Bekhterev 

Flerov Laboratory of Nuclear Reactions, 
Joint Institute for Nuclear Research, 
Dubna, Moscow reg., 141980, Russia 

ABSTRACT 

The Heavy Ion Cyclotron Facility of the Flerov Lab
oratory of Nuclear Reactions is designed for the acceler
ation of ions from H to U with the energies ranging from 
20 up to 100 MeV Inucleon.?) The facility consists of 2 
compact cyclotrons i.e. U-400 and U-400M, the age of 
the first one is about 14 years. The U-400M cyclotron 
can be used as a post-accelerator or as the one with 
independent PIG or ECR ion sources. Its construction 
was started in 1989. In May 1991 we got the first in
ternal beam of 4He1 with the energy of 30 MeV In and 
the intensity of 1014ppS on the U-400M with the PIG ion 
source. At present we have got internal beams of light 
ions up to Ne and the energies up to 53 MeV In. In 1992 
we are going to realize the extraction system, the beam 
lines and the beam commissioning for the first experi
ment. We are planning to use the U-400 as an injector 
in 1993. 

1. INTRODUCTION 

The lay-out of the JINR U-400-U-400M Heavy Ion 
Cyclotron Facility is presented in Fig. 1. Table 1 presents 
the characteristics of the U-400 injector-cyclotron oper
ating since 1978. At present the cyclotron is used for 
the purposes of nuclear physics and applied researches, 
for the production of nuclear filters, for radiation study 
of materials. The cyclotron is equipped with 12 beam 
channels. 

Every month we have about 20 changes of the type 
of ion used. The tuning time is 4 hrs. Annually the 
cyclotron is operated for about 5000 hrs. 

At present the beam is extracted by the charge ex
change on the graphite foil with the charge exchange 
ratio ~ from 2 to 5. In 1992 there will be realized 
the electrostatic extraction of a low-energy beam with 
the energy ranging from 0.5 to 2.8 MeV In for the injec
tion into the U-400M cyclotron. The line for the beam 
transportation from the U-400 to the U-400M is basically 
ready. Fig.2 presents the dependence of the U-400 beam 
intensity on the ion mass. 

Magnet weight 
K-factor 

Table 1. 

Pole diameter 
Gap in the valley 
Gap on the hill 
A verage magnetic field 
Number of sectors 
Spiral angle 
N umber of dees 
RF range 
RF harmonics 
Voltage on the dees 
~ range 
Ion energies 
Source 
Beam extraction 

Vacuum 
Power input 

2100 t 
625 
4m 
30 cm 
7cm 
1.93...;-.2.14 T 
4 
o 
2 
5.6...;-.12 MHz 
2, 4, 6 
80...;-.100 kV 
0.2...;-.0.028 
22...;-.0.4 MeV In 
PIG 
-via charge ex
change(1978) 
-by electrostatic 
deflector( 1992) 
7 x 1O-7torr 
1MW 

The U-400M compact cyclotron is built basing on 
the magnet of the classical cyclotron of ions U-300 which 
worked at the laboratory from 1959 to 1989. The charac
teristics of the U-400.M cyclotron are presented in Table 
2. 

Fig.3 presents a scheme of the U-400 beam injection 
into the U-400M cyclotron. The movable stripping foil is 
installed on the equilibrium radius. 

The internal beam parameters of the U-400M + PIG 
are presented in Table 3. 

The goal for 1992 is to obtain maximum intensities 
on the extracted beams of 22Ne6+ and 1805+ for the 
purposes of the first experiments. 
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Fig.2. The dependence of the U-400 external beam 
intensities on the ion masses and energies. 

2. MAGNETIC FIELD OF THE U-400M CY
CLOTRON 

The magnetic core cross section was increased by 
10% and the excitation of the magnet was increased to 
1.16 x 106 A. The isochronous shape of the average mag
netic field is determined by the thickness of the sectors 

Table 2. 

Magnet weight 
Pole diameter 
Gap in the valley 
Gap on the hill 
Average magnetic field 
N umber of sectors 
Spiral angle 
Number of dees 
Frequency range 
RF harmonics 
Voltage on the dees 
~ range 
Ion energies 
Sourc:e 

Beam extraction 

Power input 

U2DD 

2300 t 
4m 
50 em 
10 em 
1.5...;-1.93 T 
4 
40° 
4 
11.5...;-24.5 MHz 
2,3,4, 
130...;-200 kV 
0.5...;-0.1 
100...;-6 MeV In 
PIG (1991) 
ECR (1994) 
-via charge ex
change(1992) 
-by magnetic 
deflectors( 1992) 
1MW 
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Fig.3. The scheme of the injection into the U-400M. 

Table 3. Status for June 1992 

Ion Energy(MeV In) Intensity(pps) 

4He l+ 30 1014 
12C3+ 30 2 x 1013 
14N3+ 26 2 x 1013 
14NH 40 2 x 1012 
1603+ 15 2 x 1013 
160H 30 3 x 1012 
1605+ 48 2 x 1012 

2ONe2+ 6 5 x 1013 

2oNe4+ 20 5 x 1012 
2ONe5+ 30 3 x 1012 
2oNe6+ 46 1012 
40 Ar4+ 6 2 x 1013 
40 Ar5+ 10 1013 

Sector 

Medioni plane 
-- --- -- - ---........,-;: - -- - ---

Pole 

Fig.4. The lay-out of the U-400M magnetic gaps with 
sectors. 

which grows over the radius with the machining of the 
sector thickness performed from the pole side to decrease 
the influence of the machining depth step and to increase 
the flutter. (Fig.4). At the 1.5 T level of the average 
magnetic field in the center of the cyclotron the machin
ing of the sector thicknesses ensures the isochronous ra
dial growth of the magnetic field for ions with the energy 
of 100 MeV In. 

At the increase of the average magnetic field caused 
by the increase of the value of current in the main coil 
the radial growth of the magnetic field decreases at the 
rate of 0.26 f. In this case the isochronous radial de
pendence of the average magnetic field is preserved with 
the accuracy of up to 0.01 T.Fig.5. Thus, the change of 
the magnetic field level in the cyclotron center from 1.5 
T to 1.95 T ensures the isochronous acceleration of ions 
with ~ from 0.5 to 0.1 with the energy ranging from 100 
to 6 MeV Inucleon with the minimum correction by the 
correcting coils (Fig.6). 

In 1990 a full scale survey of the U-400M magnetic 
field was carried out. The measuring system moves in 
the polar coordinates. There are 14 InSb Hall probes on 
the block and 384 (0.9375 ) azimuthal and 8 (2 em) radial 
steps for each Hall probe. We use usually as the radial 
coordinate the equilibrium orbit coordinate in the sector 
center, since the correcting shims and the trim coils are 
situated on the sector. 

Fig.7 !resents the flutter radial dependencies for 
ions with A =0.5 (100 MeV In) and ~ =0:2 (22 MeV In). 

3. CORRECTING COILS 

The U-400M correcting coils are used for the fine 
correction of the average magnetic field and of the radial 
gradients (10), for the correction of the median plane (3) 
and of the first harmonic(3). Hermetic blocks made of 
an aluminium alloy with 16 sector-type correcting coils 
are located on the surface of the sectors from the side of 
the median plane. The block has an autonomous vacuum 
pumping system. The block height is 28 mm. Multiturn 
coils are used. Each coil numbers from 20 to 30 turns. 
The cross section of the flat copper conductor is 6-;.-10 
mm2. The input current is reaching 30 A, i.e. the num
ber of the ampere-turns in each coil is 400 .:- 600 at the 
current density of 3 A/mm2 . The conductor has a min-
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2.1 

eral and an epoxy insulation. The coils in each block are 
positioned consecutively over the radius one by one and 
in two layers. The upper layer is shifted versus the lower 
one to decrease the probability of dead zones apparition. 
The total dissipated power in the block is reaching 1 kW. 
The coils are glued and pressed to the internal surface of 
the aluminium blocks. All the coils of the same block use 
the same cooling circuit mounted over the block perime
ter. The total power input ofthe correcting coils is 8 kW. 
The outputs are of a compact design. Fig.8 presents the 
form-factor for 8 correcting coils. 

Fig.9 presents the effective magnetic field distinction 
from the isochronous one depending on the radius for 
ions with ~ = 0.5 and of the energy of 100 MeV In before 
and after the correction. 

Fig.10 demonstrates the radial dependence of the 
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axial oscillation frequency on the radius for the same ions 
and Fig.ll shows the radial dependencies of the radial 
oscillations frequency. Fig.12 presents the phase motion 
of these ions with the radius. 

4. RF SYSTEM 

The choice of a 4-dee system has been pre
determined by the necessity to ensure the acceleration 
rate in the central region, the optimization of the phase 
motion through the increase of the orbits separation be
fore the deflector. The U-400M acceleration system con
sists of 4 quarter-wave radial type coaxial resonators with 
the dee voltage of 200 kV. A dee with the angular length 
of 400 and the height of 100 mm is positioned in the val
ley and is installed in the machine by the radial move
ment of the resonance tank. The resonance tank of 1.34 
m diameter and 3.5 m length and the stem of 0.68 m di
ameter form the induction part of the resonator with the 
wave impedance of 40 Ohm. Fig.13 presents a scheme of 
the U-400M resonator. 

The dee has an aluminium frame. The reducing 
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pipe is made of copper-plated stainless steel by the ex
plosion technology in Byelorussia. The resonance tank 
and the stem are made of copper-plated stainless steel 
by the diffusion technology with the subsequent machin
ing in Russia. The cooling circuits are welded to the 
stainless steel from the outside at a step of 10-:-20 cm. 
Chromium-plated stainless steel rails are mounted inside 
the tank. A short-circuiting plate installed on a carriage 
moves by them. The accuracy of mounting is 0.1 mm 
which corresponds to the values ranging from 0.4 to 1 
kHz. The short-circuiting plate is actuated by the rod 
through the back flange by means of a screw located un
der the tank outside. A short-circuited rotational fine
tuning loop with the area of 400 cm2 is mounted on the 
short-circuiting plate and moves together with it. The 
loop ensures the 80-:-120 kHz range of fine frequency tun
ing. Sliding contacts are made of balls with the diameter 
of 20 mm and of hard oxy copper with a thermal quarz 
insulation and with the slamping force of 2.5 kg. The 
lay-out of the assembly operated for 1 year already on 
the U-400M with the current density up to 30 A/ball is 
presented in Fig.14. 

This design is being operated on the CI-I00 im
planter for 4 years already with the current density of up 
to 300 A/ball. The reducing pipe homes a rotation con
necting loop with the area of 300 cm2 which is connected 
with the 60 Ohm feeder through a ret unable compensa
tion capacitor. Fig.15 presents the dependence of the 
resonator quality on frequency. Fig.16 presents the de
pendence of the voltage distribution over the dee radius 
for different frequencies, 

For the case of radio frequencies at a voltage reach
ing 200 kV and for the second harmonic the effective 
accelerating voltage is only 750 kV per turn. Four RF 
generators with the power of 20 kW are situated in a 
separate room and provide the dees with the voltage of 
140-100 kV in the frequency range of 11.5-:-24.5 MHz. 
The start-up of the machine was performed by these 
generators. In 1992 the power of the generators will be 
increased to 80 kW and the dee voltage - to 200 kV. 
The voltage phase free drift on the dees is about 20° per 
hour because of a low current density and big gaps. The 
electron system ensures the phase control with the accu-
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racy of 10 as well as the amplitude stabilization with the 
accuracy of 10-3 and is presently in the operating adjust
ment stage. The machine was started-up under strong 
multipacturing especially during the optimization of the 
feeder connection with the load caused by high quality, 
the presence of Si02 coming from the construction work 
and from the copper machining and by a low-level RF 
leak against the background of the generator start-up. 
At present the phenomenon of the resonance discharge 
is very seldom met. 

5, THE U-400M VACUUM SYSTEM 

The dismountable vacuum chamber of the U-400M 
consists of the cyclotron poles with octagonal aluminium 
alloy washers tightened around it. Racks are mounted 
at the corners of the polygon and the ladder-shaped seal 
for rectangular flanges and resonators are mounted along 
the perimeter. The pumping is performed by 6 diffusion 
pumps with LN2 screens at the rate of 24000 l/sec. The 
volume of the vacuum chamber is 35 m 3 . The surface 
area is 375 m 2 . The pressure in the chamber 3 x 1O- 7torr. 
The vacuum load is about 4 x 1O-3 torr.l/sec. When 
a PIG-type internal source is used the process vacuum 
is 1O- 6torr and the loss of the light ion beam is 50%. 
Fig.17 presents the radial distribution of the 12C3+ beam 
intensity. 
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6. BEAM EXTRACTION SYSTEMS 

The dees are installed in all the 4 valleys of the U-
400M cyclotron. The gap in the sectors is 44 mm. Three 
electrostatic deflectors may be placed in the dees, but in 
this case the electric field intensity up to 140 kV Icm is to 
be used. On the other hand the energy separation of the 
orbits of the ions with i =0.5 (100 MeV In) makes 2.7 
mm at the radial oscillation frequency of Vr =1.15. At 
the controlled amplitude and coherent oscillation phase 
the separation of orbits will be up to 10 mm. Fig.18 
presents the radial oscillation of the beam with i =0.5 
around the equilibrium orbit. 

For ions with the energy of 22 Me V In (i = 0.2) 
just the energy separation of orbits will make 9 mm. 
Fig.19 presents the transformation of phase portraits at 
the sector entrance during the last turns of the beam 
with the energy of 100 MeV In, RF phase width of 11° 
and the coherent oscillation amplitude of 20 mm. The 
beam emittance at the deflector entrance will be about 20 
mm,mrad at the energy spread of 5 x 10-3 . The beam 
extraction will be carried out by 4 magnetic deflectors 
with the 2 mm thickness of the magnetic septum. The 
lay-out of the extraction system is presented in Fig.20, 

Deflectors I and III are purely current ones without 
iron and the channels II and IV are of iron. The magnetic 
channels characteristics are presented in Table 4. The 
radial and axial envelope of the beam with the energy of 
100 MeV In (i = 0.5) is shown in Fig,21. 

The cross section of the first magnetic channel is 
presented in Fig.22. 

The magnetic field distribution at the input current 
of 2500 A and the current density of up to 50 A/mm2 

are shown in Fig.23. 
The second magnetic channel is placed into the dee 

and is equipped with the "wings" to compensate the dis
sipated field (Fig.24). 

U400M 
beor? extroction 

Fig.20. Lay-out of the U-400M beam outputs. 
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Fig.26. Distribution of the 2-nd channel magnetic field. 

The cross section of the 3-d magnetic channel 
(Fig.25) and the magnetic field distribution are presented 
in Fig.26. 

The beam extraction will be carried out in 1992. 

7. BEAM EXTRACTION FROM THE U-400M 
BY THE CHARGE EXCHANGE 

Beam extraction by the charge exchange on a thin 
graphite foil is the only one used on the FLNR U-200 
and U-400 cyclotrons. This most convenient and flexible 
method allows to extract the beams with the RF phase 
range up to 40 0 without the emittance collimation by 
the deflectors apertures. The charge exchange ratio ~ 
on the U-200 and U-400 cyclotrons is from 2 to 5. The 
radial beam drift based on the strong first harmonic of 
the magnetic field. The harmonic appears on the sector
valley boundary after the charge exchange is used. The 
separation of orbits is from 10 to 30 cm. On the U-
400M cyclotron the characteristic range for the charge 
exchange ratio ~ is from 1.1 to 2 and it appears impos-
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Table 4. 

Channel No dB (T) 
j = 0.5 j = 0.2 

1 -0.060 -0.12 
2 -0.045 -0.06 
3 -0.100 -0.15 
4 0.0 0.0 

U-400M 200 

! 
; 

u 

G (T/cm) 
j = 0.5 j = 0.2 
0 0 
0.03 0.04 
0.05 0.07 
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Fig.27. Simulation of the motion of ions with the charge 
exchange ratios from 1.3 to 2 without changing the foil 
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sible to use the first harmonic of the magnetic field in the 
sector-valley region. The ion motion has been simulated. 
It is well seen from Fig.27 that there is a possibility of 
extracting the beam within the charge exchange ratio 
range of 1.3-2. 

Ions in the range from 1.4 to 2 can leave freely 
the cyclotron vacuum chamber. The possibility of fo
cussing the trajectories into one point at the transporta
tion channel entrance due to the weak radial and az
imuthal motion of the foil has been studied. Fig.28. 

The calculated envelope function of the beam with 
the emittance of 1071" mm-mrad when using two focussing 
channels is shown in Fig.29. 

The beam extraction by the charge exchange will 
be used on the U-400M in the direction which is op
posite to the deflectors output and will be used for 
the production of secondary beams of exotic nuclei on 
a thick target. The energies of ions extracted by the 
charge exchange are from 30 MeV In e2C3 -+ 12C6 ) to 
60 MeV In e4N5 -+14N7). The dispersion over charges 
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until medium mass ions (Ar, Ca, Fe, Ni) is insignificant. 
The life-time of foils is about 1 week at the beam inten
sity of 6 x 1012pps. The beam extraction by the charge 
exchange will be performed in 1992. 

The U-400M cyclotron can be used together with its 
own ion source as a post-accelerator after the U-400 and 
with independent PIG (1991) or ECR (1994) sources. 
The estimated beam intensities of the cyclotron complex 
for different energies are presented in Fig.30. 

8. TRANSPORTATION CHANNELS 

The lay-out of the U-400M cyclotron beams is pre
sented in Fig.31. In 1992 it will be built of the elements 
manufactured in Romania, Russia and Estonia. 

9. CONTROL SYSTEM 

The control system is being developed on the basis 
of the CAMAC electronics and the IBM PC computers, 
connected into a local net. At present subsystems of 
control are built for the U-400M cyclotron itself. 

10. CONCLUSION 

The creation of the U-400M with a PIG-source will 
allow to start the experiments with fragmentation reac
tions and secondary beam generation reactions as early 
as in the beginning of 1993. Afterwards, new ion sources 
for the U-400M-U-400 and ECR will be eventually used. 
The U-400M is also the basic injector for the two-cooler 
project K4-K10 (Fig.l). 
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Finland 

ABSTRACT 

Installation of the K130 cyclotron and its ECR ion 
source was completed during 1990-91. The first plasma 
in the ECR was produced in May 1991. The first experi
ment using the ECR beam was carried out in September 
1991 when 50 keV 40 Ar5+ was used to bombard a Cu 
sample for a material-physics experiment. The beam was 
injected for the first time into the cyclotron in December 
1991. The first beam was extracted on January 28,1992. 
The beam was 6.0 MeV lu 4He1+. During the spring 1992 
also a heavy-ion beam of 40 Ar10+ was successfully accel
erated. The construction of the experimental hall was 
completed in June 1992. 

1. BACKGROUND 

The earlier history of the Jyviiskyla cyclotron pro
ject can be found in the proceedings of the Berlin-89 
cyclotron conference. 1) 

The K130 cyclotron project was started in Septem
ber 1986 with the appropriation of about 7 million USD 
in the Finnish state budget for the years 1987-91. The 
funding included the K130 cyclotron, the ECR ion source 
and the injection line. Funding for the building was se
cured only afterward, which resulted in unnecessary de
lay. No beam-transport system nor any experimental 
equipment were included in the initial funding decision. 
They will be funded through the annual budgets of the 
University in 1992-96. 

In order to keep costs and own man power to a min
imum, commercial manufacturers were used as much as 
possible. The main parts of the K130 cyclotron were 
manufactured and delivered by the Swedish company 
Scanditronix AB. Scanditronix also delivered the vac
uum chamber, extraction and RF systems and most of 
the power supplies. The Department of Physics was re
sponsible for the rest of the facility, including the control 
system, installation and testing. The ECR ion source 
and injection line were also built locally. 

Figure 1 shows a general view of the cyclotron in 
its bunker, the injection line and the ECR ion source. 

The main parameters of the K130 cyclotron are given in 
Table 1. 

UNIVERSITY OF JY VASKYLA 

A cce!era!ol I. fJbO! 3 !Or; re 

JYFl 

Fig. 1. Three-dimensional sketch of the K130 cy
clotron with the ECR ion source and injection 
line. 

2. MAGNET AND RF 

The K130 cyclotron has three 580 spiral sectors, 15 
circular correction coils and four sets of harmonic coils. 
The bending limit of the magnet is 130 MeV and the 
focusing limit is about 90 MeV. The magnet was com
puter designed by the Department of Physics and built 
without a model magnet. 2) 

The magnet was assembled by Scanditronix in Up
psala, Sweden, in January 1989. The pole configura
tion and shimming were confirmed during the spring 
1989. The liners with the circular trim coils were in
stalled in August-September 1989. The field mapping of 
the magnet was completed by Scanditronix in October 
1989. Analysis of field-mapping data showed unaccept
ably large measuring errors. Therefore some fields were 
remapped in April 1990. 

The RF system is of the resonator type and com
prises two identical 780 dees, with associated dee stems 
and power amplifiers located on opposite sides of the 
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cyclotron magnet. Both systems are driven by a com
mon frequency synthesizer. The maximum dee voltage 
is 50 kV. The dees and dummy dees can be seen in Fig. 2. 

Table 1. Parameters of the K130 Cyclotron 

MAGNET 
pole diameter 
pole gap, max. 

mm. 
number of sectors 
spiral angle 
weight 
trimming coils, circular 

harmonic 
conductor 

power, main coils 
trim coils 

field at 400 000 At, hill 
valley 
average 

extraction radius 
bending limit 
focusing limit 

ACCELERATION SYSTEM 
number of dees 
dee angle 
beam aperture 
RF frequency 
harmonic number 
max. dee voltage 

VACUUM 
2 cryo pumps 
operating pressure 

ION SOURCE + INJECTION 
external ECR 
axial + spiral inflector 

EXTRACTION 

2.4 m 
0.33 m 

0.174 m 
3 

max. 58 degr. 
308 tons 
15 
4 sets 

hollow Cu 
150 kW 
35 kW 

2.1 T 
1.3 T 

1.76 T 
0.95 m 
130 MeV 
90 MeV 

2 
78 degr. 

3.0 cm 
10- 21 MHz 
1, 2, 3 

50 kV 

each 5000 1/s 
10-7 mbar 

dc electrostatic + EMC + 2 passive channels 
PARTICLE ENERGIES 

protons 
other ions 

6-90 
(0.2 - 1.0) x 130 q2 / A 

MeV 
MeV 

The RF power supplies, driven amplifiers and the 
control system are located in the power supply room. 
The entire RF system is remotely operated either from 
the panels in the power supply room or from the control 
system. 

Each of the two RF cavities consists of a quarter
wavelength stem capacitively loaded by the dee at the 
high-voltage end. The stems enter the vacuum chamber 
via ceramic vacuum feedthroughs. Outside the chamber, 
each cavity consists of a horizontal coaxial stem with 
a movable grounding plate that provides coarse tuning 
within the 10-21 MHz range. Each system is fine tuned 

by a motor-driven capacitor facing the dee. The interdee 
phase can be set at any value (normally 1800 or 00 de
grees). 

Fig. 2. Accelerator chamber of the K130 cy
clotron. The extractor is in front . The phase 
probes and the central region were not installed 
in this photo. 

The power amplifiers and the cavities for the two RF 
systems were completed and assembled in the autumn of 
1989. The first RF tests were started in December 1989. 
The full power RF tests were successfully carried out in 
February-March 1990. 

After the final factory acceptance tests in Sweden in 
April 1990, the cyclotron magnet was disassembled and 
packed for transportation. It arrived in Jyviiskyla by 
rail in May 1990. The yoke with coils was reassembled 
in June 1990. The RF system arrived in Jyviiskyla in 
June 1990. 

The mounting of the cyclotron components and the 
cabling of its electronics were accomplished largely dur
ing 1990, but work on the smaller details continued 
through 1991. 

3. VACUUM 

The vacuum chamber is made of stainless steel and 
sealed against the poles with Viton O-rings. The acceler
ator chamber is pumped with two cryo pumps (5000 lis 
each) . The specified vacuum in the accelerator chamber 
was 10-5 Pa (10- 7 mbar) . The volume below the lin
ers containing the pole, correction and harmonic coils is 
pumped by a small Roots pump. Outgassing from mild 
steel and epoxy is thereby excluded from the main vac
uum. All feedthroughs for the correction coils are also 
kept outside the main vacuum. There are two types of 
safety valves between the high vacuum and the liner vac
uum. Two of them work on gravity and six use thin foils 
with punctuation needles on both sides of the foil. 

The vacuum chamber arrived from a subcontractor 
to the Scanditronix factory in August 1989. The first 
high-vacuum tests were carried out in November 1989. 
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A vacuum level of 10-4 Pa (10-6 mbar) was obtained 
with one cryo pump. However, the specified vacuum 
level could not be achieved until June 1990. 

The vacuum chamber and liners were scheduled to 
be in Jyvaskylii. in the middle of June, but delivery was 
delayed by three weeks due to a fire on the train in Swe
den. After difficulties with obtaining Viton O-rings of 
good quality, the vacuum chamber was pumped down 
for the first time in Jyvaskylii. in the middle of Septem
ber 1990 using the same interim pumping system as in 
Uppsala. 

The final vacuum tests were postponed until Jan
uary 1991 when both cryo pumps were installed. A vac
uum level of 1 x 10-5 Pa (1 x 10-7 mbar) was obtained 
after about 100 h of pumping. After a short venting 
with nitrogen, a vacuum level of 10-4 Pa (10- 6 mbar) 
could be pumped in two hours. The ultimate vacuum of 
3 x 10-6 Pa (3 x 10-8 mbar) was achieved after three 
months of continuous pumping later in 1991. This vac
uum level is regarded as satisfactory. The last serious ob
stacle to fulfilling Scanditronix's specifications was thus 
removed. 

The Scanditronix delivery was formally accepted on 
May 23, 1991 when the cyclotron group celebrated its 
first anniversary at the new laboratory. 

4. EXTRACTION SYSTEM 

An extraction system was manufactured by Scan
ditronix according to our calculations. The system con
sists of one electrostatic deflector (40°, 50 k V), one elec
tromagnetic channel (EMC, 28°), two passive magnetic 
focusing channels, and one internal horizontal steering 
magnet for small directional corrections at the beam exit 
port. There is also a current probe between the deflec
tor exit and the EMC entrance. The whole extraction 
system is placed on sliding arms so that it can be re
moved quickly from the cyclotron and transported to the 
shielded service area outside the cyclotron vault. 

5. DIAN OS TICS 

In addition to the current probe in extraction, the 
K130 cyclotron uses one main radial current probe. This 
probe covers the whole acceleration range from the min
imum radius of 14 cm. It can be brought completely 
outside the vacuum chamber and isolated with a valve. 
The main probe was constructed in our workshop. 

In order to measure the phase history of particles 
during the acceleration, a phase-probe system was con
structed in collaboration with Tampere Technical Uni
versity. It consists of ten pairs of capacitive pickup plates 
mounted above and below the median plane of the cy
clot ron on radial supports. The pickup plates are multi
plexed to a heterodyne system which makes use of a mix
ing technique across the 10 to 21 MHz band. With this 
technique, two fixed high-frequency signals are derived 
and fed to a phase-detecting circuit. Using compensa
tion of RF disturbances, the system is able to determine 

the phase even at low beam currents. To achieve a good 
signal-to-noise ratio, the second harmonic is used. The 
phase-measuring system is controlled by the control sys
tem of the accelerator. 

The phase-measuring system was completed in April 
1992, and it has proved to be a very useful tool in cy
clotron tuning. 

6. ECR ION SOURCE 

So far the only ion source for the K130 cyclotron is 
an ECR ion source. It was built in our workshop and it 
is similar to the RT-ECRIS at MSU3) with some mod
ifications and improvements. It is a vertical ion source 
with an iron yoke. One 6.4 GHz microwave transmitter 
with a power divider is used for two stages. The axial 
magnetic field is produced by nine circular coils using 
four power supplies. The radial magnetic field is created 
by strong NdFeB (Neo) permanent magnets. 

A more detailed description of the Jyvaskylii. ECR 
ion source can be found in reference 3. 

Figure 3 shows a photo of the ECR ion source sur
rounded by a high-voltage fence. Table 2 gives the es
sential parameters of the Jyvaskylii. ECR ion source. 

Fig. 3. Photo of the ECR ion source inside the 
HV protection fence. 

Two ECR sources were made during 1987-91. The 
first one was for the Uppsala accelerator facility, where 
it has delivered heavy-ion beams to the Gustaf Werner 
cyclotron since November 1990. 

The installation of the ECR ion source was com
pleted in the winter 1990-91, but the testing could not 
be started before the water cooling system was ready in 
April 1991. The first plasma was produced in May 1991. 
The development of ion beams had to be halted for July 
and August 1991 when rock was being blasted behind 
the wall on the construction site of the experimental hall. 
The first beams (Ar5+ and Ar7+) were delivered for an 
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experiment in solid-state physics in mid-September 1991. 
Since September 1991 the ECR ion source has been used 
continuously, either to inject ion beams to the cyclotron 
or for solid-state physics. The remaining time has been 
used for developing new beams. As an example Fig. 4 
shows a typical charge-state distribution of argon ions. 

Table 2. Parameters of the ECR ion source 

MAIN STAGE 
Lenght (adjustable) 
Diameter 

AXIAL MAGNETIC FIELD 
9 circular coils 

40-50 cm 
14 cm 

R=14.3 cm, 6R=12.5 cm, 6z=4.0 cm 
3 double pancakes 
Conductor 0.64 x 0.64 cm2 

Power consumption 
Maximum B on axis 
Mirror ratio range 

HEXAPOLE MAGNETIC FIELD 
Neo (Br =1.15 T) 

Inner diameter 
Pole width 
Pole hight 
Pole length 

Max. field in plasma chamber 
Hexapole bar center 
Hexapole gap center 

MICROWAVE 
Frequency 
Power, max. 

HIGH VOLTAGE 
Main 
Extraction 

VACUUM SYSTEM 
2 turbo molecular pumps 

Injection chamber 
Extraction chamber 

Basic vacuum level 

7. INJECTION LINE 

35 kW 
0.38 T 

1.2 - 2.2 

15.2 cm 
5.1 cm 
3.8 cm 

76.5 cm 

0.34 T 
0.27 T 

6.4 GHz 
3.3 kW 

30 kV /10 rnA 
-15 kV /20 rnA 

330 lis 
500 lis 

10-8 mbar 

The first focusing element in the injection line after 
the ECR source is a 40 cm long solenoid. It forms a waist 
at the object point of the double-focusing 90° analyzing 
magnet; its analyzing power is about 1/100 in mass with 
slits 1.0 cm wide. The analyzing magnet can be rotated 
around its vertical axis in order to send the beam either 
to the cyclotron or to solid-state experiments. 

The horizontal transfer line consists of four evenly 
spaced 40 cm solenoids and a matching unit of four 
quadrupoles. A second 90° dipole bends the beam up
ward to the cyclotron axis, through which the beam is 
focused by two solenoids. The last yokeless solenoid is 
inside the cyclotron pole piece. Four small xy magnets 

are placed along the injection line. All magnets for the 
injection line were in place before the end of 1990. 

e~A 

60 r-

9+ 

10+ 
11 +11 

8+ 

7+ 

6+ 

Argon 

5+ 
4+ 3+ 2+ 

I 
0.766 q 1m 0.049 

Fig. 4. Charge-state distribution of argon ex
tracted at 10 kV. Microwave input power: 1st 
stage 16 W, 2nd stage 62 W. 

Diagnostic equipment consisting of slits, Faraday 
cups and TV monitors was designed in our laboratory 
and produced partly by local subcontractors, partly in 
our workshop. 

TV pictures are digitized using the same frame
grabber technique as at MSU. 5) It gives a two
dimensional current-density picture instead of the more 
limited x and y projections. When ordinary phosphors, 
e.g. Ab03:Cr, are used in low-energy heavy-ion beams, 
they get rapidly damaged; in typical cases they last only 
a few seconds. After testing different phosphors, it was 
found that pure KBr is highly resistive to the ion beams 
and gives a strong light for many hours in the beam. The 
TV technique, in conjunction with slits and pepperpot 
plates, is also used to measure the emittance of the ECR 
lOn source. 

A buncher is placed into the last section of the in
jection line. We built it together with Tampere Techni
cal University, which was responsible for the high-power 
sawtooth generator and related electronics. The genera
tor contains electronics for phase and amplitude controls 
and measurement, a 2x300 W power amplifier, a high
impedance matching unit for the buncher grids and two 
dummy loads. The buncher is remotely controlled by the 
control system of the K130 cyclotron. The control sys
tem is also used to compute and lock the phases in the 
buncher. The buncher was installed in May 1992, but its 
testing is not yet completed. 

The vacuum pumping in the injection line is done 
by turbomolecular and ion pumps which can produce an 
operating pressure of 5 x 10-6 Pa (5 x 10-8 mbar). 
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8. SPIRAL INFLECTOR 

The shapes of the spiral inflectors for the h = 1 
and h = 2 modes of operation were determined from 
analytical formulae. RELAX3D6) was used to calculate 
the electric field for the ion-tracking program. The elec
trodes of the spirals were machined in our workshop by 
a numerically controlled milling machine. 

The spiral deflector is lowered through the hole in 
the upper yoke by a lifting mechanism. When lowered, 
the position of the inflector is fixed in the hole of the 
central region without any mechanical adjustments. Fig
ure 5 shows the central region with short aluminum arms 
where the dummy dees can be mounted. 

Fig. 5. Photo of the central region . 

9. CONTROL SYSTEM 

The control system of the Jyviiskyla accelerator fa
cility has been previously described in the proceedings 
of the Berlin-Btl cyclotron conference.7) 

The control system is based on ALCONT II hard
ware from the Finnish company Ahlstrom Automation 
Ltd (recently sold to the Honeywell Co.). It is a com
mercial industrial control system based on distributed 
microcomputers. This system is widely used in process 
industry (mainly paper and pulp) in Finland. The selec
tion of this particular control system was based on eco
nomic and manpower considerations. Only two manyears 
were needed for programming. 

The system has two display units with touch
sensitive 19" screens in the main control room and one 
in the ECR room. 

All software development and system configuring is 
done with standard 386-based PCs. The PCs are also 
used for system software loading, backup copying and 
diagnostics. The ability to load and update application 
software on-line to the running system has proved to be 
extremely useful in this kind of application. 

The control system hardware was installed in 1990. 
The final cabling and device connections were made 
mainly during 1991 parallel with the software develop
ment and testing. 

10. THE FIRST BEAMS 

When the lifting mechanism for the spiral inflector 
was completed by the workshop in October 1991, every
thing was ready for the first injected beam in the K130 
cyclotron. Then it was decided to improve the water 
cooling system of the laboratory, which had suffered from 
many malfunctions and flaws during the first few months 
of operation. The one-week break promised lasted five 
weeks in practice. 

The first beam was injected into the K130 cyclotron 
in December 1991 and detected in the main probe in 
its innermost position. That time there was not enough 
radiation shielding toward the construction site of the 
adjacent experimental hall . Further acceleration was 
therefore not permitted. In the middle of January 1992 
this restriction was removed. On January 28, 1992 the 
6.0 MeV lu 4Hel+ beam was extracted from the K130 
cyclotron for the first time. The extracted current was 
120 nA. After a few hours of tuning the extracted cur
rent had increased to 330 nA, which gave an extraction 
efficiency of 55% from a 600 nA internal beam. The 
transmission through the inflector was 7% from a DC 
beam, which is only slightly below the theoretical maxi
mum (limited by phase acceptance in the central region) . 

Beam development has been continued during the 
spring 1992. In most cases, the 4Hel+ beam has been 
used for testing. Also a 40 Ar10+ beam at 6.0 MeV lu has 
been successfully accelerated. In all tests the h = 2 mode 
of operation was used. In June 1992 a spiral inflector for 
the h = 1 mode of operation was available, and during 
the last days of June of 1992, a 70 MeV proton beam 
was accelerated up to the full radius. 

The first physics experiment using the K130 cy
clotron was carried out in June 1992. Positron emit
ters were then produced with a 55 MeV a-beam in a 
provisional chamber installed a few meters beyond the 
cyclotron exit port. 

11. LABORATORY BUILDING 

The new cyclotron required a new laboratory build
ing. It was built in two phases on a beautiful lake-shore 
site about two kilometers from the old laboratory. The 
first phase was started in June 1989 and only included 
the cyclotron bunker and areas for the ECR ion source, 
power supplies and the cooling and ventilation systems. 
It was completed, together with the adjacent workshop 
and library building, in December 1990. Unfortunately 
the subcontractor responsible for the water cooling sys
tem was badly behind the schedule, so that all cyclotron 
tests had to be postponed until April 1991. 

The accelerator group moved to the new laboratory 
in February 1991. More than 50 staff members are still 
waiting for new premises for the Department of Physics, 
which are expected to be ready in 1994. The quality of 
life at the site was further upgraded by the opening of a 
new beautiful bridge connecting the old and new campus 
areas in summer 1991. 
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Fig. 6. Lay-out of the laboratory. 

The new campus has turned out to be a popular 
tourist attraction. About 1200 visitors came to see the 
new accelerator and laboratory in 1991, and about 1800 
in the first half of 1992. 

The construction of the second phase of the build
ing, which houses the experimental hall, was completed 
in June 1992. Concrete blocks for radiation shielding in 
the experimental hall were provided and installed by the 
construction company. The magnets for the beam lines 
and the new gas-filled recoil spectrometer were delivered 
by the Danish company Danfysik A/S in June 1992. The 
vacuum pumps and other vacuum components for the 
beam lines were also delivered. Therefore it will be pos
sible to complete the first beam lines and experimental 
setups in the fall of 1992. The first experiments using 
the new facility could be run before the end of 1992. 

Figure 6 shows the general layout of the new labo
ratory. 
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EXPERIENCE WITH THE HIGH CURRENT OPERATION OF THE PSI CYCLOTRON FACILITY 

Th. Stammbach, 
Paul Scherrer Institute, 

CH-5232 Villigen, Switzerland 

ABSTRACT 

The PSI two stage accelerator facility is at present be
ing upgraded to higher beam intensities. In view of the 
spallation neutron source under construction, beam currents 
of about 1.5 rnA at an energy of 590 MeV are anticipated. 
The status of the upgrading program is summarized and op
erational experience with increased beam intensities is re
ported. At the 72MeV injection energy the design goal 
could be reached. Making use of strong bunching a sta
ble beam of 1.5 rnA could be extracted from the 'Injector2' 
cyclotron. The behaviour of strongly bunched beams and the 
effect of space charge forces are discussed. In the partially 
upgraded 590 MeV Ring cyclotron and at the reconstructed 
target station and beam dump area, the beam intensity could 
be increased to 0.5 rnA, at present limited by the available 
RF-power. Beam loss, beam quality and possible limits are 
discussed. 

1. INTRODUCTION 

The cyclotron facility at PSI (Paul Scherrer Institute) 
is one of the three existing meson factories in the world. 
A high current proton beam at an energy of 590 MeV is 
used for the production of intense secondary beams of pi
ons and muons. The main accelerator is a separated sector 
'Ring cyclotron' specially designed for the acceleration of 
high intensity beams with a 72 MeV cyclotron as injector. 
Until 1985 the facility was operated with beam intensities 
up to 200 fJA using the Philips cyclotron as injector and is 
now stepwise being upgraded to increase the available beam 
currents at 590 Me V from the previous level to an expected 
1.5 rnA. The goal of this upgrade is to provide more intense 
meson beams for the next generation of precise experiments 
in medium energy particle physics, especially rare decays, 
and to produce enough beam power for a spallation neutron 
source (SINQ) presently under construction at PSI. Several 
important steps of this upgrade program could be realized in 
the preceding years: 

- 1985: upgrade of the first of the two meson production 
targets by reconstruction according to design criteria 
adapted to beam currents of 1.5 rnA, to higher beam 
losses, and hence elevated levels of radiation and acti
vation, 

- 1985: start of beam production with Injector 2, a new 
dedicated injector cyclotron for 72 Me V protons built 

by PSI and especially designed for high beam intensi
ties, 

- 1990: commissioning of a new 500kW 50 MHz
amplifier designed by PSI as an essential step towards 
an upgraded RF system capable to deliver the necessary 
RF power to the Ring cyclotron and installation of the 
first of four units at the Ring cyclotron, 

- 1990/91: reconstruction of the second meson produc
tion target station, upgrade of the beam dump area and 
preparation work for the connection of the future spal
lation neutron source, again according to design criteria 
adapted to the anticipated beam intensities. 

Details of the upgrading program have been given in 
earlier publications. 1-3) This publication reports on the 
present status of the upgrade and on initial operational expe
rience with increased beam intensities from Injector2 and in 
the Ring cyclotron. An 18 month shutdown for the recon
struction work in the beam dump area and for installations in 
view of the upgrade of RF systems in the Ring cyclotron was 
used to demonstrate the high current capability of Injector 2 
and to investigate the behaviour of the beam. Making usc 
of a highly bunched beam the design goal could be reached 
and a stable beam of 1.5 rnA was extracted. In the partially 
upgraded Ring cyclotron a beam of 500JlA could be accel
erated. Separate contributions to this conference deal with 
investigations on strongly bunched beams in the Injector 2 
cyclotron combining simulations and beam tests4 ) and with 
the status of the upgrade of the RF systems to the demand 
of the high intensity beams.5 ) 

. The problems and limits with the high intensity op
eratIOn of the cyclotrons at PSI have been summarized in 
several papers by W.Joho and U.Schryber. 6 ,7,lj They con
cluded that the key point is the RF-system and an acceler
ator design that allows high accelerating voltage and well 
separated turns. The RF-system has to not only deliver the 
necessary power to the beam, but also to fulfil high stan
dards in stability under extreme beam loading conditions. 
The effect of space charge forces have been investigated by 
S.Adam.8 ) The beam current is expected to be an impor
tant parameter that affects the setting of components and 
can have dramatic influence on the beam quality. This then 
interferes with the goal to keep beam losses at extraction 
around 0.1 %, i.e. 99.9% extraction efficiency, to keep the 
activation of components at acceptable levels and to protect 
them from damage. 
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2. INJECTOR 2 

2.1. Design criteria 

The new injector cyclotron is built by PSI and is de
scribed in detail in ref.9. Its main features are a large orbit 
radius and good turn separation to allow extraction virtu
ally free of beam loss. This is realized with large sepa
rated magnets leaving space for large accelerating structures 
with a high energy gain. The consequence is operation at a 
high harmonic number (h=lO). The ion source is external 
and mounted in the dome of an 870keV Cockcroft- Walton 
preinjectorlO ) which is normally operated with an 8 to 10 mA 
proton beam. The beam is injected axially with two vertical 
90° bends. 

The final energy of 72 MeV is reached after about 100 
revolutions. The turns remain well separated and the tum 
separation at extraction is still as large as 20 mm. Extrac
tion losses can therefore be kept very low, and restricted to 
particles travelling far away from the equilibrium orbit as a 
result of coupling effects, aberrations or space charge forces. 
1\\10 flattop resonators operating at the third harmonic of the 
main accelerating RF are installed to reduce the effect of 
phase width and field errors on the energy spread of the 
beam. 

2.2. Commissioning to beam currents above 1 rnA 

Since commissioning of the Injector 2 cyclotron in 1985 
several attempts to extract beam currents above 1mA were 
undertaken. In all cases a degradation of the beam with in
creasing beam current was observed. The following cases 
were investigated: 

- Injection of an unbunched beam with 8 to 10 mA beam 
current. Above 0.8 mA the phase width of the beam 
exceeded the acceptance of the cyclotron of ± 20 deg. 

- Injection of a weakly bunched beam. This resulted in 
a reduced phase width but introduced additional energy 
dispersion into the centre region that could not be prop
erly matched to the corresponding equilibrium orbit. 

- Use of a more intense beam from the ion source. A 
beam current of up to 16 mA could be transported and 
injected into the cyclotron, but the handling in the in
jection beam line was very difficult and the gain from 
the correspondingly reduced phase width was cancelled 
by drastically increased beam losses at extraction, prob
ably due to a degradation of beam quality introduced 
by space charge forces in the injection beam line. 

- Pulsed beams. Extraction in a 1 out of 3 pulsed mode 
was expected to be a fair test of space charge effects, 
since the charge in the individual bunches remains un
changed, while problems related to high beam power, as 
operation of RF systems close to power limits, stability 
of RF systems and excessive beam loss at collimators 
and in the extraction system could be avoided. 

- The highest beam currents could be extracted making 
use of strongly bunched beams, improved collimation 

in the centre region and with a special effort to match 
the vertical dispersion at the injection into the cyclotron. 

The result of these experiments is summarized in fig. 1. 
Two probes that scan the beam over several turns before 
extraction were used to get a quick estimate of the beam 
quality at this point. The width of the beam averaged over 
the last turns before extraction for well optimized cases is 
plotted as a function of the beam current. In all cases the 
width of the beam increases steadily with increasing beam 
current. Several facts make the average width of the beam 
depend upon beam intensity. Since the beam intensity is 
adjusted by the position of a phase defining collimator on 
the first orbit, the phase space volume occupied by the beam 
grows at low intensities first radially, and then in phase. 
Finally, at higher beam currents space charge forces add to 
the energy dispersion in the beam. 
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Fig. 1. Average width of the beam on the last turns 
before extraction from Injcctor2 as a function of the 
beam current. It shows the degradation of the beam 
quality observed in several experiments to accelerate 
elevated beam currents. Best results were found mak
ing use of strongly bunched beams (1990/91). Beams 
with widths below 10 mm can be accelerated in the 
590 MeV Ring cyclotron without excessive losses. 

2.3. Longitudinal space charge forces 

Theoretical investigations on the effect of space charge 
forces in the PSI cyclotron have been performed by S. Adam 
and W.Joho. 8 ,6,7) Their results are summarized in fig. 2. In 
an isochronous cyclotron the longitudinal space charge ef
fects dominate. They manifest themselves threefold, in a tilt 
or rotation of the bunch in phase and radius, in a deforma
tion of the bunch, and a vortex motion of Lhe parLicles,u-13) 
Leading particles gain additional energy and drift adiabati
cally to the corresponding equilibrium orbit with larger ra
dius, thus producing the tilt. The forces that generate the tilt, 
however, are not linear with the phase of individual parti
cles in the bunch, but depend on the shape of the distribution 
function and lead to the typical 'butchers hook' deformation 
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of the bunch as shown in fig.2a. Due to the coupling of ra
dial and longitudinal motion, finally, the radial deplacement 
of the particles and radial space charge forces introduce a 
longitudinal motion as well. This generates the vortex mo
tion or in extreme cases the spiraling of the bunch as shown 
in fig.2b. 

The tilt of the bunch in phase against radius can be 
compensated by detuning of the phase between the flattop 
and the accelerating resonators. A change of 1 degree in 
the flattop phase produces an energy variation of .034% per 
degree phase width in the beam. An example of this com
pensating effect is given in fig. 3 for the case of a 1 rnA beam 
extracted from Injector 2. 

In order to observe the deformation of the bunch in 
phase and radius a system to measure the time structure 
of the beam with high radial resolution has been installed 
on the last tum in the Injector 2 cyclotron. The predicted 
deformation of the bunch in phase and radius and its vortex 
motion is barely observed in the measured time structure. An 
example is given in fig.4a, but in most cases the resolution 
of the measuring system is not sufficient and the structure 
disappears in the general degradation of the beam. This is 
particularly the case with strongly bunched beams in which 
the phase width of the beam is reduced to just a few degrees. 
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Fig.2 Calculated deformation of the bunches under 
the influence of longitudinal space charge forces taken 
from ref.8. The left side (a) shows the tilt of the bunch 
in energy vs. phase on the last turns of Injector 2 at a 
beam current of 1 rnA within 30 deg at injection. The 
phase width is reduced by phase compression during 
acceleration. The effect of stronger space charge forces 
result in a vortex motion as shown on the right side 
(b) for the case of a 3 MeV beam with a current of 
1.5 rnA within 20 deg coasting over eight revolutions, 
every second turn is shown. 
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Fig.3. Dependence of the average beam width at ex
traction from Injector2 on beam intensity and flattop 
phase. It demonstrates that an enegy spread builds up. 
It is introduced by longitudinal space charge forces and 
is proportional to the beam current. This effect can 
be partially compensated by adjustment of the flattop 
phase. 

2.4. Strongly bunched beams 

Investigations on the properties and behaviour of 
strongly bunched beams in the injection beamline and on 
the first few orbits of the Injector 2 cyclotron are presented 
in detail in a separate contribution to this conference.4) The 
results can be summarized as follows. With beam currents 
of several mA at the injection energy of 870keV, the de
bunching effect of space charge forces can not be neglected. 
The action of these forces, however, can be very favorable if 
the beam current is adjusted such that the debunching from 
the space charge forces compensates the energy modulation 
introduced by the buncher. A prerequisite for the compen
sation is a beam transport with minimal dispersion. Because 
Injector2 works with axial injection, the debunching would 
otherwise result in a distortion of the beam in the vertical 
phase space. The beam is expected to be bunched into about 
14 degrees phase width with a bunching factor around 3. In 
addititon the calculation showed that the beam enters over a 
phase range of about 40 degrees on the same radius into the 
cyclotron and that the phase acceptance is extended to late 
particles too far out in phase. To remove these phase tails 
from the beam an additional cleaning collimator was added 
in the calculations and installed in the cyclotron a quarter 
of a tum behind the phase defining collimator. According 
to the calculations 43% of the incoming dc beam would be 
accepted on the first orbit, but 8% would have to be cut 
off in the cleaning collimator and 35% would be accelerated 
within a phase range of ± 20 degrees and within 4 mm ra
dial spread, which would be a perfect beam for a cyclotron 
equipped with a flattop system. Space charge effects in the 
cyclotron could not be taken into account in these calcula
tions. Table 1 gives selected results from the calculations. 
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The data show the improvement of the beam quality by the 
cleaning collimator. This allows to accept more beam by 
repositioning of the phase defining collimator. 

Table 1: Calculated effect of the buncher and the cleaning 
collimator on the beam injected into the Injector 2 for the 

case of a lOrnA dc beam. 

buncher voltage OkV 4kV 7kV 
without cleaning collimator 
average width 5mm Ilmm 13mm 
phase range 42deg 52deg 38deg 
acceptable beam l.OmA l.9mA 1.1 rnA 

with cleaning collimator 
average width 4mm 4mm 4mm 
phase range 42deg 44deg 36deg 
acceptable beam 1.1 rnA 2.0mA 3.5mA 

It was difficult to predict how such a beam would be 
affected by the longitudinal space charge forces in the cy
clotron. Since the vortex motion in the plane defined by 
phase and radius increases with the third power of the in
verse phase width, the limit of the "spiraling instability" 
predicted by S.Adam8) would certainly be crossed. Experi
ments with such a beam in the cyclotron gave good results 
and did not show the drastic increase of the energy spread ex
pected from space charge simulations. Several observations 
give evidence of a "soliton-like", well compacted beam in 
radius and phase, and with no visible structure or filamen
tation within the resolution of the available beam diagnostic 
systems. 

2.5. Observations with the 1.5 rnA beam 

As seen in fig. 1, injection of a strongly bunched beam 
gave the best beam quality at the extraction energy of 
72MeV. After tuning to minimize beam losses measured 
by ionization monitors and on collimators in the extraction 
system, the current could be raised to more than 1.5 rnA. The 
extraction rate was around 99.9%, the measured beam losses 
1.3 J-lA. The beam was stable and could be kept at this level 
over days. Some of the results are given in fig.4c, fig. 5 and 
in table 4. The orbits are slightly off centre by a coherent be
tatron oscillation of 2 mm to improve tum separation at the 
electrostatic and electromagnetic deflectors. Beam collima
tion in the centre region was important as predicted from the 
buncher and centre region calculations. 4) With a dc beam 
current of 8.0 rnA in the injection beam line, 3.0 rnA were 
accepted into the first orbit, but only half of it could be used 
for acceleration. 600 J-lA were cut away in the vertical slit, 
800 J-lA in the cleaning collimator and 100 J-lA in the slit on 
the fourth tum. The percentage of the beam cut off by the 
cleaning collimator agrees well with the 25% predicted.4) 

The fact that the beam is improved by cutting with the ver
tical slit, however, was not expected. It gives evidence that 
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Fig.4. Improvement in the longitudinal phase space of 
the beam on the last turn before extraction from Injec
tor 2: a) a 300 /LA beam in 1989 before optimization 
of bunching, b) typical production run at 360 /LA us
ing a strongly bunched beam with proper dispersion 
matching and with a cleaning collimator added 90 deg 
behind the phase defining collimator, c) the 1.5 rnA 
beam extracted in 1991. Shown are the intensity dis
tribution (1%. 10% •.... 90%) projected onto the plane 
defined by radius and phase as well as the radial and 
longitudinal profiles. The measurement is made with 
a time of flight analysis of protons scattered from a 
thin carbon fibre as a function of its radial position. 
The dashed lines in the phase profile show the raw 
data before application of a correction for pileup in 
the photomultiplier at elevated beam intensity. 
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vertical distortion from the debunching described above ei
ther makes beam quality worse or is used to improve the 
phase cut. 

The phase width of the beam remains uncertain. The 
time structure measurement (fig. 4), based on a time of flight 
analysis of protons scattered from a thin carbon fibre (30 pm) 
in function of the radial position of the fibre, gave a phase 
width of 16 deg (full width for 96% of the beam) at 1.5 rnA. 
This is in accordance with the width of 11 deg expected for 
a bunching factor of 3 for a perfectly cut square distribution, 
if the phase compression by a factor of 2 is accounted for. 
On the other hand, the buncher calculations predict a phase 
width of only a few degrees which is supported by the results 
of several experiments described below. The small phase 
width demonstrates in any case that the bunching and the 
phase cut were indeed very effective. It was, however, a 
surprise that the influence of longitudinal space charge forces 
did obviously not destroy the beam. As shown in fig. 1, the 
radial width of the beam did only moderately increase with 
beam current and as seen in fig.4c and in fig. 5 the phase 
space volume remained compact. The phase width and the 
radial width of the beam were observed to grow roughly by 
the same amount and in parallel and it seems that the vortex 
motion in the plane defined by radius and phase keeps the 
beam together and leads to a compact 

3300 3320 3340 3360 3380 3400 3420 3440 
radius (mm) 

Fig. 5. Beam profile of the last seven turns in the Injec
tor 2 cyclotron measured at a beam current of 1.5 rnA. 
In order to see space charge induced broadening of the 
beam such measurements must be made at full beam 
current. Only a probe equipped with a thin Carbon 
wire (about 50 microns diameter) can withstand the 
high power density of this beam. The profiles are also 
shown in a logarithmic scale to give information on 
beam losses to be expected from beam tails or from 
the halo of particles extending into the valleys between 
the orbits. 
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Fig. 6. The same measurement as in fig. 5 for the case 
of 1.3 rnA extracted with the flattop resonators turned 
off. Despite space charge forces and the fact that ac
celeration is no longer independent on phase, the turns 
remain separated and compact. 

ball of charges growing with increasing beam current, a situ
ation already predicted in early publications on space charge 
effects in cyclotrons. 12) Recently, several experiments with 
the flattop resonators turned off also gave surprising results 
which support this interpretation. A beam of up to 1.3 rnA 
could be extracted in this mode with still well separated, 
compact turns (fig.6) while a phase width above 10 deg 
should result in a complete overlap of the turns. Similar 
inconsistencies are observed if the magnetic field setting is 
varied or if the flattop resonators are used to introduce a 
phase dependent acceleration. Further investigations are nec
essary to understand the combined effects of vortex motion 
and phase compression on the beam during acceleration. 

3. RING CYCLOTRON 

3.1. The Upgrade program in the Ring cyclotron 

The 590 MeV Ring cyclotron was designed two decades 
ago by PSI (formerly SIN) according to identical design cri
teria as later copied for Injector 2: a large structure with 
separated magnets and hence operation in a high harmonic 
number (h=6). This gives enough room for injection and 
extraction elements and for four powerful acceleration cavi
ties with a high energy gain of about 2 MeV/tum. The Ring 
cyclotron is also equipped with a flattop cavity operated at 
the third harmonic of the accelerating voltage. The tum sep
aration at extraction is 4.5 mm for a well centered beam, but 
it is generally expanded to about 8 mm by off - centre injec
tion, in order to achieve full extraction. The original design 
goal was a beam current of 100 to 300 pA, but the first 
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Table 2: RF power requirements in the Ring cyclotron 

proton current (rnA) 0.25 1.5 
beam power (kW) 150 900 

50 MHz RF systems 
cavity voltage (kV) 520 730 
beam power per cavity (kW) 37 220 
dissipation per cavity (kW) 150 300 
total power (kW) 187 520 

150 MHz flattop system 
beam power deposited (kW) 15 90 
dissipation in cavity (kW) 50 100 
dynamic range (kW) 50 - 35 100 - 10 

years of routine operation showed that up to 200 pA beam 
losses were still extremely low. After installation of the 
flattop cavity, an extraction rate of better than 99.98% could 
be reported. In a pulsed mode, where two out of three pulses 
were suppressed, beam losses could be held below the given 
limits up to beam currents of 250 pA. Based on this, one 
could expect that in an unpulsed mode it would be possible to 
extract beam currents up to 750 pA. The intensity, however, 
was limited by the power that could be deposited in the beam 
dump and by the power available from the RF systems. 

The requirements on the RF systems given by 1.5 rnA 
beam intensity in the Ring cyclotron are summarized in ta
ble 2 taken from ref.3. A new 50 MHz power amplifier 
based on the Siemens Tetrode RS2074 had to be developed 
by PSI. It delivered a maximum of 850 kW into a resistive 
load and up to 400kW into the cavity (300kW to the walls 
and l00kW to the beam). Routine operation is restricted to 
lower power levels due to problems with the coupling loop 
(overheating and deposit of sputtered material on ceramic 
insulators) at increased voltage levels. With one of the RF 
systems equipped with the new amplifier stage, the power is 
sufficient for the acceleration of beam currents up to 500 pA. 
As seen from table 2, a special challenge comes from the 
decelerating flattop system which was equipped with a new, 
more powerful 150 MHz amplifier in January 1992. It has 
to operate at decreasing power with increasing beam inten
sity, under stringent specifications in phase and amplitude 
stability. In order to reduce effects from beam loading, the 
flattop cavity has to be artificially loaded. Even if the power 
dissipation in the loaded cavity is doubled an extreme dy
namic range of 100 to 10 results, if the beam intensity is 
raised to 1.5 rnA. Operational experience and details of the 
upgrade program on the RF systems are given in a separate 
contribution to this conference. 5) 

In the years 1992/94 the remaining three 50 MHz RF 
systems will be equipped with the new amplifier stage. With 
all RF systems upgraded, the acceleration voltage can be in
creased and the energy gain be raised from 2.0 to 2.8 MeV 
per tum. This improves the extraction in two ways. It en
hances the tum separation and it diminishes the number of 
turns which reduces the effect of longitudinal space charge 

forces. The upgrade program for the Ring cyclotron also in
cludes the replacement of all the injection and extraction ele
ments. The new generation will be equipped with improved 
local shielding and it will be adapted for easier handling at 
the higher activation levels to be expected. 

3.2. Upgrade of the beam facilities 

As with the Ring cyclotron, the original beam facilities 
were designed for beam currents of up to 200 pA and had 
to be replaced. The first of the two meson production target 
stations was rebuilt in 1985. The reconstruction of the sec
ond meson production target station, of the beam dump area 
and the preparation work for the connection of the future 
spallation neutron source were a major task accomplished in 
an 18 month shutdown in the years 1990/1991. A special 
challenge was the dismantling of the old target and beam 
dump, which had served for 15 years at beam currents of 
100 to 200 pA with a total charge of 6.6Ah deposited. 500 t 
of activated material with a total activity of 1015 Bq had to be 
removed About two thirds of this material could be reused 
and the rest was enclosed in concrete boxes and reinstalled 
as shielding. Local dose rates were as high as 400 Sv/h and 
the contamination levels were locally a factor 104 above tol
erance level. Nevertheless incorporation could be avoided 
and the highest personal dose was about 20 mSv. The total 
dose received by 200 persons was 470mSv. 

The new beam dump and meson production target sta
tion are designed for a beam intensity of up to 2 rnA. At 
the anticipated intensity of 1.5 rnA, a beam power of almost 
900kW has to be handled. The beam loss and power balance 
for this case is summarized in table 3. The design accounts 
for the fact that one third of the power escapes as radia
tion of secondary particles and has to be absorbed in water 
cooled shielding. Therefore the structure is strictly separated 
into an inner part optimized to handle the thermal problems 
and an outer mechanical part that is protected from heat and 
radiation. The inner part is a closed shell of heavy radia
tion shields around the collimators and the beam dump, all 
water cooled and generally made out of copper. All sensi
tive mechanical parts such as vacuum chambers, the seals 
and the support structures are outside of this shielding and 
hence protected against heat induced deformations. To en
sure easy handling at the activation levels to be expected, all 
parts are vertically mounted and removable by crane. Their 
supports are self centering pins without additional fastening, 
vacuum seals are all metal inflatable elements that do not 
require any clamping and all the power-, cooling- and sig
nal connections are brought up through the shielding to an 
accessible platform 2.5 m above the beamline. 

3.3. Operational experience with a beam of 500 pA 

Operation of the facility after the extended reconstruc
tion work could be resumed in June 1991. The beam inten
sity through the Ring cyclotron and onto the rebuilt pion 
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Table 3: Beam loss and power balance in the upgraded 
target station and beam dump 

beam loss 

incoming beam (1.5 rnA, 590 MeV) 

pion production target (e12, lOgr/cm2) 18% 
particle radiation from target 

primary beam in shaping collimators 22 % 
neutron radiation from shaping colI. 

primary beam into beam dump 60% 
neutron radiation from beam dump 

power 

885kW 

45kW 
140kW 

145kW 
50kW 

380kW 
125kW 

production target could be continuously increased and a sta
ble beam of 500 J-lA at 590 MeV was finally reached in De
cember 1991. New protection systems against beam loss and 
against deviation from full beam transmission were installed 
and tested. Initially these systems were the source of a large 
number of false alarms and interruptions in the beam produc
tion. The handling of the beam is supported by beam loss 
monitors (simple air filled ionization chambers) distributed 
all along the beam line and in the Ring cyclotron and by 
computer controlled on-line centering of the beam in the 
transport system. 

The beam losses, as measured on collimators of the ex
tractor and in the beam loss monitor system, were around 
.1 % at an extracted beam current of 500 J-lA, but in further 
production runs in 1992, the losses could be reduced to about 
.01 % at an extracted beam current of 400 J-lA (see fig. 7). 
Data on the beam quality are summarized in table4 in com
parison to values of the beam from Injector 2. Horizontal and 
vertical emittance areas could be deduced from the width of 
profiles in the beam transport system. The dispersive reso
lution, however, was not sufficient to accurately separate the 
effects of energy spread from the horizontal emittance. The 
phase width of the 590 Me V beam could not be measured, 
but was calculated from the result of the time structure mea
surement in Injector2 and the known phase compression in 
the Ring cyclotron. The question of space charge limits is 
still open. At a beam current of 500 J-lA, the beam quality 
seems to deteriorate and beam losses do increase with in
creasing beam intensity, but higher beam currents or better 
diagnostics would be needed to clearly attribute these effects 
to space charge forces. It is expected, however, that at the 
full beam intensity of 1.5 rnA, the space charge forces will 
manifest themselves very strongly and that the voltage on the 
cavities has to be increased as indicated in table 2 to reduce 
their effect Observed intensity limits from the operation at 
reduced voltage (e.g. with only three cavities in operation, 
case b in fig. 7) scale well with the prediction, but the data 
are too uncertain to allow a positive statement on the limit 
imposed by space charge forces. 

With increasing beam intensity, a detailed analysis of 
the beam becomes more and more difficult. While beam 
diagnostic should be done at the full beam current, the use 
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Fig.7. Beam loss in the Ring cyclotron in correlation 
to the beam current for a normal production run (a) and 
for reduced acceleration voltage (b). It demonstrates 
that beam loss can be kept below 0.1 %, if the accel
eration voltage is sufficiently high. The beam loss is 
measured in an air filled ionization chamber. The data 
are taken by a logging program that reads all cyclotron 
parameters every 15 minutes and stores them on disc 
for later analysis. 

Table 4: Quality of the beams in the PSI facility 

energy beam em itt. area (20") energy 
spread 

(%) 

phase 
width 
(deg) 

current horiz. 
(MeV) (rnA) (mm mr) 
Cockcroft - Walton preinjector: 

0.87 8.0 8. 7r 

Injector 2: 
72 

vert. 
(mmmr) 

dc 

< 12. 
< 16. 

< 10. 

of most of the probes is restricted to low intensities where 
the properties of the beam are substantially different. Beam 
profile monitors that can be operated at full current, pro
duce beam spill that exceeds the protection levels. A beam 
probe that can withstand the full beam is planned, but not 
yet installed. Under these conditions, new diagnostic meth
ods have to be employed. Two examples are given in fig. 7 
and 8. The first is statistical information from a data logging 
program that reads all cyclotron parameters every 15 minutes 
and stores the data on disc for later analysis. Apart from er
ror detection, it can be used to find correlations between 
values and parameters of interest. The second example is 
a result from a two parameter scan that can be used under 
operational conditions. This scanning program changes two 
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Fig. 8. An example of the complicated structure of 
the low level beam losses of interest in high current 
operation, here the beam loss in the Ring cyclotron 
as a function of the magnetic field setting and of the 
phase between flattop and accelerating voltage. Shown 
is the output of an automatic scanning routine, that 
has been developed to support accelerator tuning under 
running conditions at high beam currents. It starts from 
the actual value and automatically avoids the marked 
region (v) where interlock situations are encountered. 

50 

parameters in a specified range, but automatically restricts 
the range to parameter values where beam loss does not 
exceed given limits. The value that is recorded in the scan 
can be any passive parameter related to beam quality. Details 
on this program are presented in a separate contribution to 
this conference.14) 

The setup for a beam with high current and minimal 
losses proceeds in steps. At first all parameters are adjusted 
to optimize the beam quality based on measurable proper
ties, partially at low beam intensity. In general, when the 
beam current is increased also the RF amplifiers have to be 
adjusted in order to deliver the necessary power with good 
stability. In a final fine-tuning the beam losses as measured 
in collimators and in the ionization chambers are minimized. 
This last step is always based on experience, takes plenty of 
time (days or even weeks) and does not follow strict recipes. 
Particles far out in phase space follow other tracks than the 
main beam, they can have different source points (e.g. colli
mators) and their phase space coordinates often show strong 
coupling between horizontal, vertical and longitudinal planes 
(e.g. aberrations, space charge effects). Once optimized, 
the beam is very stable and needs little adjustment. Beam 
losses at extraction do not depend strongly upon magnetic 
field tuning, but are sensitive to certain parameters in the 

injector cyclotron like instabilities in the buncher phase, set
ting of trimcoils in the centre region, ion source parameters 
and beam position in collimators. 
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THE COMMISSIONING OF PSI INJECTOR 2 

FOR HIGH INTENSITY, HIGH QUALITY BEAMS 

J. Stetson, 
National Superconducting Cyclotron Laboratory, 

East Lansing, MI 48823, USA 

and 

S. Adam, M. Humbel, W. Joho, Th. Stammbach, 
Paul Scherrer Institute (PSI), 

5232 Villigen, Switzerland 

ABSTRACT 

Since 1984 injector 2 is producing beams of 72 Me V 
protons for injection into the 590 Me V ring cyclotron 
of PSI. The RF-system of this ring is not yet able to 
accelerate beams above 0.6 rnA, but the injector 2 has 
been commissioned to produce beams with intensities of 
up to 1.5 rnA. Theoretical investigations done in parallel 
with beam experiments have helped to increase maxi
mum extracted beam intensities and, to simultaneously 
improve beam quality at these higher currents. Simula
tions of bunching effects under space charge conditions 
predicted a high intensity kernel in the injected beam 
with minimal energy spread. Studies of the phase selec
tion mechanism in the cyclotron center aimed at select
ing this beam part for acceleration. As a result of these 
studies, an additional phase cutting collimator was in
stalled, the buncher voltage was increased and its phase 
was stabilized. 

1. LAYOUT 

The following discussion principally concerns the 
PSI 72 Me V injector 2 and associated 870 ke V proton 
injection beam line. 

The acceleration process begins with protons ex
tracted at 60 kV from a multi-cusp type ion source. This 
first beam is focused into the 810 keY acceleration tube of 
the Cockroft Walton DC accelerator. The 870 keY beam 
line, located on a level of 3 meters above the cyclotron 
midplane, leads the protons towards the cyclotron center. 
Two 90 degree bending magnets guide the beam verti
cally down and back horizontally into the midplane of 
injector 2. An Alvarez-type buncher is located near the 
end of the horizontal section, shortly before the down
ward bend. Injection, acceleration and phase selection of 
the 870 ke V beam in the center region is shown in fig. l. 

Acceleration in the cyclotron is done by two 50 Mhz 
delta-shaped (two-gap) resonators with a voltage per gap 
that rises radially from 12.) to 250 k V. Flattopping over 
about ±20 RF degrees is achieved by two third-harmonic 
(one gap) cavities beginning on the fifth orbit. Extrac-

tion at a radius of 3 meters occurs after ~102 turns. The 
limits of extracted beam current are set in an absolute 
sense by the losses allowable in the extraction system (a 
total of about 3 pA) and by the goal of having beam of 
sufficient quality for transmission and acceleration in the 
590 MeV ring cyclotron. 
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Fig. 1. Midplane section of the center region 
of injector 2. The beam starts in the center, bend
ing from the vertical into the horizontal plane. Af
ter the 135° bend in the tip of the first sector mag
net, the beam crosses a pair of acceleration gaps. 
Acceleration or deceleration depends on phase and 
produces a fan-out of the particles after sector mag
net 2. The initial phase (and intensity) selection is 
made with collimators KIPl, KIP2(1,2). The ad
ditional collimator RIL2 (3) improves the phase se
lection. 

2. MOTIVATION 

Various upgrade programs underway at PSI will re
quire beam intensities of 1 to l.5 rnA at 590 MeV. 1)2) 

In the first years of operation 870 ke V DC beams of 8 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

36



to 10 rnA were used in the center region of injector 2 
to get intensities of 0.8 to 1 rnA extracted. With ftat
topping extending over 10% of the RF phase, a corre
sponding fraction of the DC beam was expected to be 
usable for acceleration. However, while 1 rnA extraction 
was achieved by 1985, beams above 0.5 rnA were not of 
a quality good enough for the 590 MeV ring. 

Improving the beam quality at high currents be
came the primary goal, with the two possible approaches 
being an increase of the DC beam current or use of a 
buncher. As bad beam quality could be partially due 
to the wide phase acceptance needed to produce high 
intensity beams, these two methods to enhance the lo
cal current density were tried early on in the attempt to 
improve extracted beam quality. Increasing ion source 
output current above 10 rnA was found not to be pos
sible without worsening beam quality in the center re
gion. This, in turn, ruined phase selection and therefore 
canceled any advantages of a potentially narrower half
maximum phase width. Initial experience with bunch
ing showed minimal or negative results. This inspired 
an extensive model- and experimental- based examina
tion of bunching under space-charge conditions and of 
the phase selection mechanism acting on the resulting 
bunched beam. 

3. BUNCHING MODEL RESULTS 

Two different levels of buncher modeling were used. 
One was a simple linear model which assumes no space 
charge forces; only the momentum variation from the 
buncher acts on longitudinal motion. A more realis
tic model written by Rick Baartman3) was used to treat 
the "one-dimensional" space charge case. In this model, 
energy variations and the resulting longitudinal motion 
of particles in a beam line are simulated by calculating 
space charge forces as a function of average beam diame
ter, beam tube diameter and of the longitudinal density 
distribution. 

Figure 2 shows the simulated effect of a buncher in 
a diagram plotting momentum deviation vs. phase for 
four different cases: with and without space charge forces 
and for 4 kV and 7 kV amplitudes on the double gap 
buncher. The intensity distribution can be derived from 
dot spacing, which corresponds to an initial phase sepa
ration of 3.6 degrees at the buncher (1 % of DC beam). 
In all of the cases shown, the limit to acceptance is not 
due to the restricted phase width of the acceptance win
dow, but to the small acceptance in momentum spread 
of about ±0.15%, imposed by the requirement for high 
beam quality at extraction. 

In the 4 k V, "mild" bunching case of the simple lin
ear model, the phase x momentum spread window can 
accept only 10% of the initial DC beam, the same frac
tion as can be accepted without bunching. With space
charge effects, momentum spread is reduced, allowing 
16% of the DC beam into the window. 

Assuming a buncher at 7 kV, the situation is dra
matically different. Without space-charge, acceptance 

is minimal, due to the large momentum spread. How
ever, with space-charge effects included, the model shows 
that the resultant momentum damping allows 25% ac
ceptance into the same window. This quite different 
behaviour in the space-charge case is due to the fact 
that over a ±6 degree range, space-charge momentum 
"braking" results in a virtually mono-energetic beam of 
high intensity. We call this situation "space-charge-limit 
bunching" (SCL bunching). 
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Fig. 2. Momentum variation vs. phase at 
time focus for a linear buncher model ( above) and 
a buncher model with longitudinal space-charge 
forces (below). For both models, two cases, for 
voltages of 4 kV and 7 kV, are drawn. The ef
fect of space-charge forces is to produce a highly 
monoenergetic kernel of intense beam. 

As a first step in examining the applicability of a 
SCL bunched beam in injector 2, plots such as those in 
fig. 3 were generated by a simple phase selection model 
which adds the momentum spread from the buncher sim
ulation to the energy gain of the beam in the first accel
eration cavity and follows the drift for a distance equal 
to that from the acceleration gaps to KIP2, the main 
phase selecting collimator. In fig. 3a, the case of "mildly" 
bunched beam, one sees the energy vs. phase relation at 
the location of KIP2 as a slightly distorted cosine peak, 
3 degrees phase-delayed. In the case of SCL bunched 
beam, as shown in fig. 3b, the cosine becomes extremely 
distorted. The sharp rise in the momentum of trail
ing particles compensates for the fall-off in the resonator 
voltage! The phase width over which the SCL bunched 
beam has near-zero momentum spread is effectively dou
bled. The results of this simple model stimulated a more 
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detailed examination of the phase selection mechanism. 
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Fig. 3. Particle energy as a function of phase 
at KIP2 (after half a turn). Energy values re
sult from adding 870 ke V to the buncher simulation 
results (including longitudinal space charge forces) 
and to the phase-dependent energy gain of the first 
accelerating cavity. 

4. INJECTOR MODEL RESULTS 

Injector 2 beam dynamics are modelled by a simula
tion called MATADOR. (MAtrix Techniques for Acceler
ation studies and Display of ORbits).4) In this program 
the positions in radius and phase of up to several hun
dred particles are calculated during acceleration process. 
To speed up the simulation, transfer matrices are used 
to calculate the change of particle positions from one az
imuth to the next, stepping over large sections of a turn 
in one operation. Beam simulations with MATADOR 
initially used a uniform-density, mono-energetic column 
of particles, using the centerline of resonator 1 as the 
starting point for particle tracking. In order to investi
gate the implications ofSCL bunched beam, MATADOR 
was modified to allow input of beams with correlations 
between radial position, momentum, and phase, as well 
as non-uniform intensity distributions. Additionally, ra
dial cutting of beams by collimators was entered into the 
simulation. Including the dispersive effects of the 135° 
bend in the tip of sector magnet 1, phase and momentum 
information from the buncher model was used to gener
ate a more realistic sample input beginning at the first 
acceleration gap of resonator 1. 

Important results from simulations for SCL bunch
ing are given in fig. 4. Figure 4a shows a "snapshot" of 
the beam (from above) at the azimuth ofKIP2 (8=135°) 
on the first orbit. If KIP2 is placed at the radial location 
indicated by the horizontal broken line, the beam at 8 
= 235° (at the second gap of Resonator 3) is as shown 
in fig.4b (faint and solid lines). Notice the asymmetri
cal nature of the initial phase cut. The phase tails of 
this beam, when tracked to full radius will spread over 
such a large phase space volume that clean extraction 
becomes impossible. However, if a second cut is made 
using the new collimator RIL2, the simulation shows a 
well-defined pattern at extraction with a net acceptance 
of about 35% of the DC beam. 

The effect that KIP2 only makes a clean cut for the 
leading phase edge and generates long tails for the lag-

ging phases, occurs for DC beams and "mildly" bunched 
beams as well. Based on these results, a second phase 
cutting collimator was installed in injector 2. A quick 
solution was to mount a collimator block on an already
installed radial probe mechanism, labelled RIL2 in fig. 1. 

Located at an azimuth of 250° it was near enough 
to a 90° betatron phase advance downstream from KIP2 
to have the desired effects. Plenty of cooling power is 
required for RIL2; the simulations predict that for op
timal phase selection the intensity cut away by RIL2 is 
approximately 1/3 of the extracted beam intensity. 

. .:." KIP2 edge 
400 ..... / .........•.... 

::~ .~~.. ~ .. 

390 .. :·,,-.,·:..../~-~--ri-~-~--ri -~~-'i-~-~--ri -
-30 0 30 60 90 

450 R [mml %S-~ 
- -- --- - - - - - -:::~ ... , ..•... - - - - - - - --- - - - - - ---- - - - -RIL2 edge ...... . 

440 

430+--,-~-.---,---~---.,r--'··-."· i i 

-30 o E ~ ~ 

particle phase at collimator location [degl 

Fig. 4. Phasespace cutting by the radial col
limators KIP2 and RIL2 for a SCL bunched 
beam. The radial and phase distribution of a 
simulated beam before (faint lines) and after (solid 
lines) being cut by KIP2 (135°) and by the new 
collimator RIL2 (235°). 

5. RESULTS AND CONFIRMATION OF 
PREDICTIONS 

Most of the beam measurements made to compare 
the simulations to the real beam behaviour showed a 
good agreement between measurements and simulations. 
The agreement was even better than could be expected 
taking into account the substantial simplifications used 
in the models. A critical point of the setup that had 
been predicted by the MATADOR runs was the radial 
focusing of the 870 ke V beam in the first resonator and 
at the collimator KIP2. The beam optical behaviour of 
the 870 ke V beamline was therefore analyzed in detail 
to establish the proper settings of optical elements. In 
this analysis the need to set the optics in a vertically dis
persionless mode was detected. It can not be simulated 
by the one-dimensional buncher model, but is intuitively 
clear that if leading and lagging parts of a SCL bunched 
beam are bent onto different vertical positions the "brak
ing" force is no longer acting in the longitudinal direc
tion. 
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Fig. 5. Average radial beam width at ex
traction vs. beam intensity. The "wavefronts" 
progressing downwards and to the right indicate the 
best beam settings that could be achieved in terms 
of the high intensity and small beam width. The 
dashed curve (marked 1:3) represents equivalent in
tensities of beams where only one out of three pulses 
is accelerated. The critical value of 10 mm for the 
beam width marks the beam quality required for 
acceleration in the 590 MeV ring cyclotron. 

An excellent overall test of the validity of these in
vestigations is shown in fig. 5. Each line gives the cor
relation between the smallest beam width and the ex
tracted beam intensity defined by a series of best beam 
setups in a particular period. The progress from 1988 to 
1989 can mainly be assigned to the usage of the buncher 
with settings based upon simulations, but without the 
new collimator RIL2. The installation of RIL2 brought 
along the big progress from 1989 to 1990, where for the 
first time a beam of 1 rnA was produced with sufficient 
quality for the ring cyclotron. Stabilizing the buncher 
phase, as well as the RF voltage and phase at high cur
rents, gave another substantial improvement and enabled 
the extraction of 1.5 rnA in 1991, again using a strongly 
bunched beam. 

A direct measurement of a SCL beam, compared to 
an unbunched beam at the same high intensity is shown 
in fig. 6. Time structure information is obtained from 
counting protons elastically scattered on a thin carbon 
fibre placed in the beam. Several of these measurements 
taken for different radial positions of the fibre are com
bined to give a "top view" and a phase profile of the beam 
at extraction. The beam obtained with SCL bunching re
ally shows a very narrow phase width beam of extremely 
high local current density. 
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Fig. 6. Measured phase width of two dif
ferent beams at extraction. Comparing the 
results of the radial and time structure measure
ments for an unbunched beam to the results for a 
SCL bunched beam show the high intensity narrow 
phase beam obtained with bunching. In both cases, 
the extracted intensity is 0.9 rnA. 

6. CONCLUSIONS 

All of the above results support the conclusion that 
"space-charge-limit bunching" (SCL bunching) is in fact 
occurring in a manner substantially as discussed above 
and is a useful approach to increasing intensity without 
decreasing beam quality. Proper dispersion matching in 
the injection line and careful phase selection are neces
sary conditions for applying this technique. It is quite 
surprising that a such simple bunching model can give 
such good results. A full 6 dimensional simulation of 
this phenomenon may yield further useful predictions. 
The survival of such an intense beam, approaching 60 
rnA DC equivalent, through injector 2, challenges previ
ous notions and simulations of space-charge effects under 
such conditions and warrants further investigation. 
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AGOR : RECENT ACHIEVEMENTS 

H.W.Schreuder "(for the AGOR staff) 
Institut de Physique Nucleaire, 91406 Orsay, France t 

ABSTRACT 

The AGOR cyclotron, in construction since 1987, 
is now in the phase of field mapping and final assem
bly. The first results of the field mapping campaign 
are available. The construction of the RF resonators is 
nearly completed and the extraction channels will soon 
be ready for mounting in the machine. All subsystems 
are controlled by their dedicated section of the control 
system, the software for the central control consoles is 
being written. 

1. INTRODUCTION 

The major design parameters of the AGOR cy
clotron, allowing acceleration of protons as well as heavy 
ions, have been presented previously.l,2) Here, only the 
most salient design features will be briefly recalled. The 
two superconducting main coils produce the required 
level and gradient of the main field, without requiring 
polarity reversal. The main cryostat is designed to have 
a nearly unobstructed median plane, allowing radial in
sertion of the extraction channels. The RF resonators 
have no insulator and can therefore reach the frequency 
of 62 MHz, required for the acceleration of 200 MeV 
protons. The absence of an insulator implies that the 
resonators are placed in the machine vacuum. Beam 
extraction is done with an electrostatic deflector, fol
lowed by a room-temperature and a superconducting 
electromagnetic channel. A channel with superconduct
ing quadrupoles provides focussing in the final traversal 
of the magnet yoke. A recent picture of the machine is 
shown in fig. 1. 

2. MAGNET AND CORRECTION COILS. 

The magnet is constructed as a circular yoke consist
ing of 6 rings, in which upper and lower pole plugs are 

·pennanent address: Kernfysisch Versneller Instituut, Zernike
laan 25,9747 AA Groningen, Netherlands. 
tWork jointly supported by the Institut de Physique Nucl'eaire et 
de Physique des Particules (IN2P3), France and by the Stichting 
voor FUndamenteel Onderzoek der Materie (FOM), Netherlands 

Figure 1. The AGOR cyclotron at the start of the field 
mapping campaign. 
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inserted vertically. On the top and the bottom of the 
yoke lift mechanisms are permanently mounted. They 
are equipped with three motor-driven spindles for insert
ing and removing the poles from the yoke. The top pole 
can then directly be taken by the overhead cranes, the 
bottom pole lowers onto a rail-guided carriage, allowing 
sideways movement away from the yoke. When mounted, 
the position of the poles with respect to the yoke is de
fined by means of precision pins. Their coaxiality has 
been verified to be reproducible within approximately 
0.01 mm after a significant number of removals and in
sertions. In the assembly hall, a motorized 'pole rotator' 
is used to select the proper up/down orientation of the 
poles for assembly operations. 

The IS correction coils are wound on the upper parts 
of the hill sectors and are made of water-cooled cop
per conductors, insulated with epoxy impregnated glass 
cloth. Figure 2 shows the lower pole, mounted in the 
yoke, equipped with correction coils. The radial arm 
of the field mapper is also shown. The power supplies 
for the correction coils have been installed and complete 
system tests have been performed in 1990. 

Figure 2. The lower pole with correction coils and field 
mapper. 

3. MAIN COILS AND CRYOGENICS 

The assembly of the main coils in their cryostat 
at the manufacturer Ansaldo (Genova, Italy) was com
pleted in October 1991. Cooldown of the coils required 4 
weeks, in agreement with expectations. The cooling rate 
was controlled for limiting the temperature difference be
tween the warmest and the coldest coil to a maximum of 
40 K in order to reduce stress in the coil impregnation 
due to shrinkage. 

Factory acceptance tests were done in the first week 
of December when the heat input and the coplanarity 
and coaxiality of the two coil pairs were determined. The 
measured heat losses at 4 K and 80 K were 18 Wand 70 
W respectively and should be compared to the specified 

values of 12 Wand 190 W . The coil position measure
ments were done with the coils at So% of their maximum 
currents. In the absence of the magnet yoke, this excita
tion produces the maximum design value for the attrac
tive force between the coils of 4.S MN. The coplanarity 
and the coaxiality were found to be better than 0.1 mm 
each. Although the heat loss at 4 K is higher than speci
fied, the cryostat and croils were provisionally accepted, 
after agreement had been obtained on improvements. 

The system was finally delivered at the Orsay con
struction site on February 14, 1992, approximately 18 
months later than the date foreseen in the contract. 

Leak testing, assembly in the magnet yoke, ca
bling and cooldown proceeded without major difficulties, 
thanks to the dexterity of the assembly crew. Figure 3 
shows the cryostat in the lower half ofthe magnet. Clear
ance between cryostat and yoke does not exceed S mm 
in any direction. The coils reached their operating tem
perature on May 12. 

Figure 3. The cryostat, placed in the lower half of the 
yoke. 

The liquid helium plant, centered around a TCFSO 
machine by Sulzer, has passed its final acceptance tests 
in 1991. Its nominal capacity is 600 W at 80 K, SO W 
at 4 K while maintaining a helium liquefaction rate of 
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15 l/h. The installation is controlled through a PLC in 
which all standard operating procedures are programmed 
so that human intervention is not required for day-to-day 
operation of the cryostat and coils. 

More details on the low-temperature tests on the 
coils are presented elsewhere in this Conference.3 ) 

4. FIELD MAPPING 

The field mapping operations will be performed in 
a number of sequential phases. In the first phase, the 
median plane field is mapped at 4 different field levels 
in order to determine the shimming required to optimize 
the currents in the correction coils. In a second phase, 
after completion ofthe shimming operations, the median 
plane field will be mapped for 25 sets of currents in the 
two main coils of the cyclotron. In this phase the field 
maps of the correction coils will also be taken. At the 
end of this phase the field produced by the extraction 
channel EMC-l will be mapped, with special attention to 
its stray field in the region of circulating beam. Finally, 
in a third phase, the field along the injection axis will be 
mapped. 

The design of the mapper for the median plane field 
has been inspired by the radial mapper used for measur
ing the field of the MSU K1200 cyclotron,4) and uses a 
radially moving search coil on a rotating arm. The height 
of the radial arm is only 16 mm, allowing field maps to 
be taken with the RF electrodes in place (of which only 
the central region noses have to be dismounted). This 
feature is important for the future transfer to the KVI: 
it will not be necessary to remove the resonators from 
the poles for allowing verification field maps to be taken 
after reassembly of the magnet. 

The data acquisition software provides on-line error 
checking of the data in each radial series using polyno
mial functions in a sliding 5 cm interval around each 
measuring point. Tests using calculated field maps indi
cated that single errors of 2 mT can easily be detected 
and this is confirmed by experience gained with mea
sured data. A suite of off-line data analysis routines has 
been readied well in advance. It allows spectral analysis, 
the production of contour plots, creation of difference 
maps, centering analysis etc. 

As an example, figA represents a spectral analysis 
of one of the first maps, taken at a central field of 2.2 T, 
at a radius of 0.8 m. Although erroneous data have not 

been corrected, the noise level is less than 1 mT. 
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Figure 5 shows the first harmonic amplitude as a 
function of radius derived from the same uncorrected 
data. The large peak at 1.2 m radius is caused by an 
as yet uncorrected centering error of the main coils of 
approximately 0.5 mm. 

5. RF SYSTEM 

The electrical design of the RF resonator system 
for the AGOR cyclotron and the building blocks for the 
stabilization of amplitude and phase have been described 
at a previous conference. 5) Since then, the mechanical 
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design of the resonators and the RF liners - which are 
also vacuum lids covering the magnet poles - has been 
completed and their construction is now nearly complete. 
Figure 6 shows one of the vacuum lids (or RF liners) 
after final cleaning at the factory. The design required 
machining of electron-beam welds. This has resulted in 
a number of vacuum leaks that have been difficult to 
repair. The lids are fixed to the hill sectors by means 
of 13 BeCu bolts per sector, each, of course, having a 
vacuum cover. The picture also shows dust covers on 
the apertures for the phase probes. Near the centre the 
mounting holes for the three centring probes6 ) are visible. 

Fig.6. AGOR vacuum lid and RF liner. 

The accelerating electrodes have been completed 
and have been fixed to the central conductors of the coax
ial resonators. Figure 7 shows an interior view of one half 
electrode with its supporting frame and the mounting 
flange for a cryopump.7) 

The outer conductors and the positioning mecha
nisms for the short circuits have all been delivered on 
site. The drive mechanism for short-circuit positioning 
has been tested for reproducibility and position resolu
tion. The results, better than 0.01 mm in both cases, 
were significantly better than the 0.04 mm specified con
tractually. 

The three RF power amplifiers have been accepted 
after extensive tests at nominal power output. The regu
lation electronics for the three resonators have been built, 
as well as for the buncher in the injection beam line. 
Complete system tests have been performed on all regu
lation systems, using one of the power amplifiers and a 
test resonator. The measured amplitude stability was 1.2 
10-4 and the phase was stable within 0.2 deg. The tests 
of the sliding RF contacts were satisfactory: the tem
perature rise at nominal current and at 60 MHz agreed 
with calculations as well as with extrapolations based on 

measurements at lower frequencies. 

Fig. 7. Interior view of acceleration electrode. 

6. EXTRACTION 

6.1. Overview 

Beam extraction in the AGaR cyclotron is done 
via three deflectors and a focussing channel, shown in 
overview in figure 8. Beam deflection is achieved with an 
electrostatic deflector, an electromagnetic channel with 
water-cooled copper coils and an electromagnetic chan
nel with superconducting coils. The two electromagnetic 
channels are provided with gradient coils for focussing . 
The quadrupole channel provides focussing and beam 
steering facilities before the beam enters the external 
beam line. All deflectors are inserted in the machine 
through radial apertures in the magnet yoke in the me
dian plane. The machine vacuum is sealed with elas
tomer seals on one of the three large flanges in the me
dian plane section of the cryostat . 
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Fig.S. Midplane section of AGOR, showing loca
tion of the extraction channels. 

When the channel is in place, a large fraction of the 
aperture in the yoke is closed with a wedge-shaped block 
of iron, in order to limit the reduction in yoke reluctance 
associated with the large radial hole. The blocks are 
moved into and from the magnet using a chariot on a set 
of rails. The same equipment is used for removing and 
inserting the channel. 

6.2. Electrostatic Deflector 

The electrostatic deflector* has two hinges, allowing 
adaptation of its shape to the variations of orbit scallop
ing with magnet excitation. The radial positions of the 
entrance, the exit and the two hinges can be adjusted 
through motor driven positioning mechanisms. Read 
back of the actual positions is done by means of poten
tiometers attached to the driven object itself, in vacuum. 
Similarly, hermetically sealed limit switches are attached 
to the moving parts in the machine vacuum. The field 
strength does not exceed 105 kV /cm over a 7 mm gap. 
Although these values are rather conservative, tests have 
been made to ascertain voltage holding capabilities. The 
high voltage feed-through , equipped with an internal 
damping resistor, was successfully tested in a set-up in a 
0.4 T magnet. The same set-up was used to test the high 
voltage insulators. Finally, a short section, including a 
hinge, of the channel in its final transverse geometry was 
successfully tried, including hinge movement under full 
voltage. The channel is is construction at the lPN, Orsay 
and will be completed in September. 

*the collaboration of R.Dubois (CERN) in the design is gratefully 
acknowledged 

6.3. First Electromagnetic Channel EMC-l 

The electromagnetic extraction channel EM C-12) 

has four water-cooled copper coil sets. Two of the coils 
are used to produce the deflecting field of up to 0.2 T and 
the focussing gradient of 13 T /m, the other two coils are 
used for long range and short range compensation of the 
stray field in the region of circulating beam. An optimi
sation code is used to calculate the currents in the two 
sets of correction coils in order to minimize the stray field 
at the radius of Vr - 1. Figure 9 shows an example of the 
median plane field obtained in this way. The field inside 
the channel as well as the stray field in the region of the 
circulating beam will be mapped. 
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Fig.9. The radial field profile produced by EMC-l. 

Since the available space is very limited, the avail
able cross~sections for copper and for the hole for pas~ 
sage of the coolant are small. The smallest conductor 
has a size of 4 X 3 mm with a central hole of 2 mm diam
eter. The resulting current densities in the conductors 
are rather high: up to 144 A/mm2 and the total power 
dissipation in the channel is 100 k W. Careful calcula
tions have therefore been made on the cooling circuits, 
numbering 18 and mounted in parallel on single inlet and 
outlet manifolds, in order to have correct predictions for 
the water flow and the required water inlet pressure. The 
necessary flow can be obtained with a pressure drop of 
22 Bar, produced by an additional high~pressure pump. 
The water velocity is in the range 8~11 m/s. The risk 
of cavitation occurring at these velocities was studied 
theoretically and experimentally8) using the cavitation 
coefficient S as a parameter. This coefficient is given 
by the expression S = 2(P - p.)/v2 X T in which P de
notes the local pressure, p. the saturation pressure of the 
vapour, v the velocity of the flow and r the density of the 
fluid. Measurements, using a microphone to detect the 
noise of cavitation, have shown that cavitation occurs for 
S < 8. It was therefore decided to adjust the pressure 
drop in each of the hydraulic circuits by means of inserts 
at the outlet, raising the water pressure inside the chan
nel. The resulting safety margin in the parameter S is 
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at least a factor 2 for all circuits. The channel has been 
completed and is illustrated in fig.l0 and fig. 11, showing 
the complexity and the density of conductors and water 
tubes. 

Fig.IO. EMC-I: Overview of the completed chan
nel. 

Because of the high power dissipation, the time 
available for reacting to a sudden loss of coolant is limited 
to approximately 0.5 s. Apart from standard securities 
such as flow switches, pressure surveillance and thermal 
switches in the water outlets, two additional interlocks 
have been introduced. An analog temperature measure
ment using thermistors provides a continuous surveil
lance of the water outlet temperature, and creates an 
interlock signal when a predetermined limit is exceeded. 
In addition, the power supplies have an internal interlock 
based on measurement of the load resistance. 

Fig.II. EMC-l: Detail of conductor lay-out at 
the channel exit. 

6.4. Second Electromagnetic Channel EMC-2 

The design of AGOR's second electromagnetic chan
nel EMC-2 has been described at a previous confer
ence,9,lO} and a detailed description of its construction is 
presented elsewhere in this Conference. 11 } The channel 
is built in two hinged sections, having identical conduc
tor geometries. The optical axis are circular arcs with 

lengths of 17.5 degrees and having slightly different radii. 
The beam aperture is 16 x 12 mm. There are three coils: 
the first produces a field drop of up to 0.4 T, the second 
produces a focussing gradient of up to 22 Tim and the 
third produces a compensatory field at the location of 
the circulating beam. Positioning of the channel is done 
by three motor driven rods located at the entrance, at 
the swivel joint and at the exit of the channel. Inside the 
channel bore, a shielding tube intercepts beam particles 
that would otherwise be lost on the 4 K winding man
drel of the coils. This tube is cooled with gaseous helium 
to a temperature of approximately 10 K, at least 10 W 
of beam power can be dissipated without the supercon
ducting coils going normal. The channel is surrounded 
by a thermal shield, nominally at a temperature of 80 K. 
The channel is situated in the machine vacuum so that 
no superinsulation could not used. The thermal losses 
are estimated to be 3 W at 4 K and 10 W at 80 K, 
apart from possible beam loss. The superconductor is 
NbTi in copper and is used at up to 40% of the critical 
current. The coil mandrels and the super conducting coils 
are nearing completion at the Low-Temperature group at 
the University of Twente (Netherlands), assembly with 
the support structure and the positioning mechanisms 
as well as cryogenic and vacuum tests will be done by 
Leybold (Netherlands), who are expected to deliver the 
channel at the Orsay site in September 1992. 

6.5. Focussing Channel 

The focussing channel12} is the final element of the 
AGOR extraction system. It consists of two focussing 
elements equipped with superconducting coils, located 
in the tangential hole in the magnet yoke for passage 
of the extracted beam. Their maximum gradient is 36 
T 1m over an effective length of 0.20 m. The conductor 
configuration is shown in fig.12, which also shows the 
soft iron tube shielding the extracted beams from the 
magnetic field, which reaches 0.22 T at the maximum 
central field of 4.05 T. 

Fig.12. Cross-section of the focussing channel at 
the location of the first active element. F and G 
are gradient coils, D indicates dipole coils 
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The first lens has an additional dipole coil for hori
zontal beam steering. In both lenses, 2.5 mrad of vertical 
steering can be obtained by disequilibrating the currents 
in the upper and lower coils. Beam profiling harps at 
the entrance and exit provide positioning and steering 
information. 

7. PROJECT STATUS 

Important delays in the construction of two ma
jor subsystems, the superconducting coils and cryostat 
and the RF resonators, have retarded the initial project 
schedule by approximately one year. However, field map
ping is now foreseen to be completed in September and 
assembly of the RF resonators on the magnet poles will 
then start. Next on the main line of our planning are 
vacuum installation and tests and RF measurements and 
tests. We hope to be able to start beam tests at Orsay 
in June 1993. In the mean time, the K160 cyclotron, in 
regular operation at the KVI since 1972, has been decom
missioned on January 24 and is being dismantled. The 
beamlines and the experimental equipment have been 
taken away and the shielding in the experimental hall 
is being rearranged and reinforced. Installation of the 
AGOR beam lines, described elsewhere in this Confer
ence,13) and experimental set-ups will start this fall. Dis
assembly of AGOR will start on completion of the beam 
tests in Orsay, in mid-1993. The interleaving of this op
eration with transport to Groningen and reassembly is 
intricate, since we do not have a large area for interme
diate storage. In any case, the parts last to be disas
sembled will be the first to be required on the assembly 
site. This is painfully true for the overhead cranes. The 
entire operation of moving the cyclotron is scheduled to 
be completed in 16 months. 
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THOUGHTS ON DECOMMISSIONING THE CERN SYNCHRO CYCLOTRON 

Glen Spinney 

European Organization for Nuclear Research, 
1211 Geneva, 23, Switzerland 

ABSTRACT 

Solutions proposed on the decommissioning of the 
CERN Synchro-Cyclotron and thoughts on the construction 
of future accelerators which in use will become radio-active 
and which eventually will need to be dismantled to enable 
their disposal according to the prevailing safety 
requirements. 

1. GENERAL 

After 33 years of loyal and active service the 600 
MeV CERN Synchrocyclotron (S.C.) was closed down at 
the end of 1991. Discussions took place concerning the 
decommissioning and initially it was hoped to start towards 
the end of 1991 or early 1992, but due to financial 
restraints it has only been possible to remove the beam 
lines, including the trolleys upon which they have been 
built, from the neutron side of the machine. However, in 
carrying out this work, one of the principal radioactive hot
spots, the electro-mechanical channel has been removed 

2. DESCRIPTION 

The S.C. machine consists of a conventional 2500 
tonnes magnet assembly encompassing a large stainless 
steel vacuum tank welded to the pole pieces of the magnet. 
Inside the vacuum tank are the beam control, measurement 
and beam extraction units: kim coil, regenerator, magnetic 
channel, electromagnetic channel probe target, diagnostic 
targets, internal targets, small dees and the accelerating 
elcctrode (dee) of the RF system. 

External to the vacuum chamber is the vacuum 
pumping system, the ion source and beam limiter 
mechanisms. Running on rails between the S.C., and the 
neutron room were three beam lines (the 125 MeV, 70 
MeV and muon) and the electromagnetic channel. It is 
these latter which have been removed. 

3. CONSIDER A nONS 

The S.C. was not constructed to be readily 
dismantled the vacuum ,tank being welded to the magnet 
pole pieces and there are also several highly radioactive 
areas which need special consideration. 

It was essential that a decommissioning programme 
be prepared and in doing so several problems that had not 
been considered during the construction and exploitation of 

the S.C. were encountered, to which solutions must be 
found. The disposal of radioactive waste also needed 
careful attention. 

The two main problems are the induced radiation 
and/or contamination of major parts of the installation and 
the need to physically seperate the vacuum tank from the 
magnet assembly. A subsidiary problem is that all the large 
steel blocks forming the magnet yoke are tack welded 
together as well as being bolted. 

3.1 Induced radiation 

The possibilities for the disposal of radioactive items 
are governed by the level of the induced activity. At CERN 
anything below 2 Bq/g is considered non active, between 2 
and 40 Bq/g slightly active, between 40 and 400 Bq/g 
active and over 400 Bq/g highly active. Non-active in this 
context means that a single piece shall nowhere exceed 
2Bq/g and is the limit accepted by the Swiss Authorities for 
the unrestricted release of scrap. Slightly active items 
would normally be stored locally until they decay to less 
than 2Bq/g or be reused. Recently, an alternative 
possibility, available in France and Germany, is the 
controlled melting of slightly active steel scrap of less than 
74 Bq/g allowing its conversion into shielding blocks at a 
cost of 4-5 SF/kg. Ref. 1. 

Both active and highly active items may be reused in 
controlled radioactive areas or reduced to a convenient size 
and placed in concrete containers acceptable to the 
appropriate Swiss Authorities before they can be 
considered for disposal at the radioactive waste depository 
in Switzerland. 

The problem of induced radioactivity is created by 
the presence of long lived radionuclides. The majority of 
which have half-lives of several years. It has been 
estimated that one would have to wait until the year 2079 
before the specific activity falls below 2 Bq/g. The dose 
rates inside the vacuum tank and in other areas preclude 
their dismantling other than by remote procedures. 

3.2 Vacuum tank removal 

The second problem is the removal of the vacuum 
chamber, welded to the pole pieces. Should one remove 
this weld it would still not be possible to withdraw the 
vacuum chamber in one piece, as the highly active pole 
pieces protrude inside the vacuum tank. It is therefore 
necessary to cut up the vacuum chamber in sufficiently 
small pieces to facilitate their removal and at the same 
time be small enough to be accepted in the concrete 
radioactive waste disposal containers. It is a process which 
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will have to be carried our remotely and as some of the 
walls of the vacuum chamber are 60 mm thick 
investigations have been carried out on suitable cutting 
techniques. Methods investigated have been flame cutting, 
oxy-arc cutting, arc water jet, arc saw cutting, plasma arc 
cutting, laser cutting and abrasive water jet cutting. 

3.2.1 Flame cutting 

A burning process consisting of a torch assembly 
using a mixture of oxygen and usually acetylene gas. The 
workpiece is preheated by the acetylene flame and when 
the oxygen is turned on, the metal is burnt away. Cutting 
ferrous metals presents no specific problem but for non
ferrous metals such as stainless steel, a special technique is 
necessary. When cutting stainless steel, refractory oxides, 
with melting points higher than the torch temperature, are 
formed. However, iron or iron/aluminium in a flowing 
mixture can be introduced at the torch nozzle to increase 
the flame temperature enough to melt the refractory oxides 
and permit the cutting of the stainless steel. The cutting 
speed is high, even for thick metals, and the torch has a 
long life; a disadvantage is that the distance from the 
nozzle to the workpiece is relatively precise. 

3.2.2 Oxy-arc cutting 

This process uses a hollow rod electrode and an 
oxygen jet supply. After touching the workpiece, an 
electric arc is established, the material melts and the kinetic 
energy of the oxygen jet removes the melted material. It is 
a simple and cheap process which suffers from the fact that 
the electrode has to be changed rather frequently. 

3.2.3 Arc saw cutting 

This is a circular toothless metallic blade which can 
be used to cut any conducting material without touching 
the workpiece. The blade rotates at between 300 and 1800 
revolutions per minute facilitating the cooling of the blade 
and the removal of the molten material. The cutting action 
is obtained by means of an electric arc between the rotating 
blade and the material being cut. Thick sections can be cut 
at high speed but as the blade is normally of the order of 1 
meter in diameter, it is extremely heavy and cumbersome 
and very expensive. 

3.2.4 Arc water jet 

This consists of a consumable electrode surrounded 
by a water jet. The electrode touches the workpiece and 
melts the material and the water jet removes the molten 
material. It is a relatively cheap and efficient method and 
can handle large thicknesses but suffers from the fact that 
the electrodes have to be changed regularly and provision 
has to be made for water recuperation, which could 
possibly be radio-active. 

3.2.5 Plasma arc cutting 

A gas, which is introduced into an electric arc and is 
constricted by a thermal and magnetic pinch, produces a 
plasma at approximately 8000°C. The material melts and 
the kinetic energy of the gas removes the molten metal. It is 
possible to cut thin sections at high speed but will not 
handle thick sections. 

3.2.6 Plasma arc saw 

This process is being developed by the German 
Government. Several plasma torches are fixed on the 
periphery of a rotating disc and are oriented in slightly 
different directions. The blade is rotated at low speed 
permitting the cutting of very thick metal up to 300 mm. 
Ref. 2. 

3.2.7 Laser cutting 

Lasers have been used, especially underwater, to cut 
extremely thick sections (at least, 1 meter) but they are too 
bulky and expensive. 

3.2.8 Abrasive water jet 

A small diameter high velocity water jet and a 
stream of solid abrasives are introduced into a specially 
shaped abrasive jet nozzle from seperate entries. Part of the 
water jet momentum is transferred to the abrasives, whose 
velocity increases rapidly. This equipment can be used to 
cut both metal and concrete but is is extremely expensive 
and the water/abrasive mixture has to be recuperated. It 
also has a short nozzle life. 

3.2.9 Recommendation 

After careful consideration, it has been 
recommended that flame cutting will be used to cut up the 
CERN vacuum tank and special equipment will need to be 
designed to retain the torch at an optimum distance from 
the workpiece. 

3.3 

Other problems, not without their own importance, 
are the lack of up-to-date drawings concerning the 
mechanical assembly of the machine and the fact that 
equipment used to assemble the S.C. after its reconstruction 
about 15 years ago, has been destroyed in the interim 
period. This includes a moving overhead crane in the S.C. 
building which was dismantled some years ago to facilitate 
handling in the machine vault - one crane still remains but 
two are essential for removal of the heavy and cumbersome 
elements. The grinding away of the yoke element welds 
will be time consuming and dirty work in a radio-active 
envirorunent. 
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4. REFLECTIONS 

Finding solutions for these problems at the 
decommissioning stage tends to be rather more difficult 
than if, at the design stage, more thought had gone into 
some of what are typical pit falls. 

A safety series published by the International 
Atomic Energy Agency lays down guide lines concerning 
all aspects of the decommissioning procedure. Ref. 3. 

Every installation one day reaches the end of its 
useful life and its ultimate fate is either demolition or 
leaving it to decay (in the radioactive sense). the 
responsibility rests with the owner for its demolition but 
more and more Local Authorities and Central Government 
are insisting that appropriate provision for an orderly and 
controlled demolition be included in the initial design 
before allowing planning consent. This particularly applies 
to electrical power station construction but one can imagine 
that before long it will become the routine for all similar 
installations. 

In most cases what is needed for efficient 
demolition is the preservation of adequate information of 
the original design and its subsequent history. It is also 
adviseable, even at the design stage to involve a reputable 
company (or in-house service if available) versed in 
industrial demolition and decommissioning . .!! is absolutely 
essential that the decommissioning operation be planned in 
outline in advance so that it can be integrated in a way 
which optimises both safety and costs. Although such a 
programme could well enhance its selling possibilities in a 
commercial organisation, it must be remembered that 
deconstruction is hardly ever the simple reverse of 
construction. 

Not only are complete records of the construction 
require, supplemented by copious photographs taken 
during the construction and afterwards, covering every 
detail required, but also full listings of the isotopic 
composition of all materials used in the radioactive zones 
are necessary. All these records must be in a permanent 
form, since they may remain unused for often 30 years , but 
they must also be correctly archived and catalogued. 

As the timing for the decommissioning cannot be 
determined at the design stage, it is necessary to think in 
terms of durable building construction, reliable ventilation, 
heating, protection systems etc ... even if more expensive at 
the outset, as after the installation has been shut down, the 
period between thi~ time and decommissioning could be of 
the order of several tens of years and maintenance must be 
reduced to a minimum over such a long period. 

In the case of shielding, there is a clear case for 
trying to maximise the amount of mobile shielding used 
around a machine. One reason is that it gives more 
flexibility for modifications to machine or beam line 
layouts during the normal operation of the machine and 
secondly at the decommissioning stage, it facilitates the 
removal of the maximum amount of shielding, without the 
use of pneumatic hammers, and in doing so reduces the 
amount of exposure time for personnel in radioactive 
zones. Consideration should be given to the provision of 

shielding on the outside of a building, allowing more 
internal space. Care, however, should be taken to ensure 
that the seismic design requirements are achieved. 

Prestressed concrete is often impossible to 
distinguish, visually, from ordinary reinforced concrete. It 
is not unusal to stress up horizontal beams in two seperate 
stages. The first degree of prestress is applied to the tensile 
side of the beam to enable it to carry part of its load. As the 
construction proceeds and the load on the beam increases, 
the pre-stress is correspondingly increased. Accidents have 
occured during demolition whereby beams have suddenly 
and unexpectedly failed upwards, to the great danger of the 
demolition workers. A much more common accident is the 
unexpected effect of attempting to cut up a pre-stressed 
concrete beam believing it to be ordinary concrete . It is 
thus absolutely necessary that permanent records be kept of 
this type of construction. 

5. CONCLUSION 

5.1 Decommissioning a radioactive apparatus should 
start at the design stage. 

5.2 Special attention should be taken in the initial 
design to try to facilitate the ease by which such 
a construction can be dismantled. 

5.3 Adequate permanent records should be kept up 
to date concerning all aspects of the construction, 
including the building. 
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PERSPECTIVES OF THE U-250 CYCLOTRON 

A.I. Muminov 
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ABSTRACT 

Design features of the basic elements of the U-250 
multipurpose isochronous cyclotron ~ magnetic struc
ture, ion source, vacuum and RF systems, beam extrac
tion and beam transport systems ~ are described. 

Possibilities for further sophistication of cyclotron 
design and those for further extension of mass over 
charge state ratio range of accelerated ions along with 
increasing their attainable energies using new type ion 
sources have been analysed. 

1. INTRODUCTION 

Modern cyclotrons, first of all isochronous ones, en
able beams of accelerated ions to be obtained in a wide 
range of atomic masses and energies. In constructing 
the multipurpose U-250 cyclotron the most optimal ap
proaches have been used which stemmed from experience 
gained at the Laboratory of Nuclear Reactions of JINR 
in designing, manufacturing and heavy ion accelerating 
on the U-200 and U-400 cyclotrons. 

Designing and manufacturing of the U-250 cyclotron 
is carried out at the NIIEFA. The isochronous cyclotron 
U-250 is intended for accelerating ions with A/ Z = 2 -;- 6 
to the energy over Coulomb barrier and those with 
A/ Z ::; 10 to energies 1 to 2 Me V / amu. Maximum attain
able energy of accelerated ions will comprise 204 Z2 / A. 
Beam energies and intensities for the U-250 are presented 
in Table 1. This cyclotron is planned to be installed at 
the Institute of Nuclear Physics in Tashkent (Republic of 
Uzbekistan). Given below is a description of the U-250 
design features and a review of the scope of the applied 
and fundamental research planned. 

2. DESIGN FEATURES OF THE U-250 

The main problems related to the development of 
heavy ion cyclotrons are: necessity of controlled field ~ 
frequency variation in a wide range, utilization of ac
celeration modes based on integer harmonics keeping 
acceleration conditions and orbit centering satisfied for 
all the set of ion species; obtaining and maintaining of 

operational vacuum in the particle acceleration zone. 
Configuration of the accelerator has been chosen to 

be typical for cyclotrons developed at the NIIEFA: H
shaped electromagnet, vacuum chamber between poles is 
to be constituent part of the magnetic structure; double 
.6. shaped resonance system with panel frequency tuning, 
axial introduction of the internal ion source. 

The main parameters of the U-250 are given in Table 
2, the lay-out of the cyclotron facility equipment is shown 
in Fig. 1. 

3. MAGNETIC STRUCTURE 

Magnetic structure of the cyclotron involves H
shaped electromagnet, two 100 mm thick pole disks 
which are parts of the vacuum chamber lids, four pairs of 
pole sectors, two main magnetizing coils and correcting 
windings. 

Electromagnet consisting of upper and lower gird
ers, two uprights and two conical cores made of armco
type steel, girders and uprights being of welded structure 
made of 30 mm thick sheets, and core's disks and sectors 
being made of forged pieces. 

The heaviest bulk unit of the electromagnet weighs 
not more than 30 tonnes. Sectors providing magnetic 
field azimuthal variation have straight edges and angular 
extension of 45°. 

With two main magnetizing coils of 170 turns each 
the current is 900 A, cooling water consumption flux is 
60 litres/min. Seven groups of correcting coils positioned 
in the valleys are intended for correction azimuthal mag
netic field lower harmonics and regulation of the radial 
field profile for obtaining isochronic dependence. 

4. VACUUM 

Vacuum chamber of dismountable structure con
sists of two soldered hexagonal covers and six uprights 
between the latters. Side walls of the chamber made 
of non-ferric steel have holes for joining resonance sys
tem, vacuum pumps, three diagnostic probes and beam 
extraction system. Internal surface of the chamber at 
points where piston rods and resonance system dees are 
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mounted are plated with copper sheets with water cool
ing tubes soldered to them. 

Total volume of the chamber and both resonance 
systems amounts to 8.5 m3 , total released gas flux in
volving properties of used construction materials being 
estimated to be 5 . 10-4 m3 Pa/sec. (It does not include 
the ion source gas flux.) 

Taking into account heavy ion charge exchange cross 
section in the residual gas, operational pressure in accel
eration area is estimated to be in the (5 -;- 10) . 10-5 Pa 
limits depending on the type of ions accelerated. 

Calculation of spatial pressure distribution was car
ried out under the assumption that incoming gas flux 
from the source of light ions comprised 3 cm3 /min with 
that for heavy ions 0.3 cm3 /min, pumping out rate for all 
the system being assumed to be 12 m3/sec. Under these 
assumptions acceleration of light ions will occur practi
cally without losses and those for 8-fold charged state 
argon and krypton will amount up to 35% and 60%, 
respectively. The above pumping out rate can be pro
vided by commercial diffusion oil pumps. Two pumps of 
5 m3 /sec pumping speed connected directly to the vac
uum chamber and two pumps of 1 m3 /sec pumping speed 
connected to resonance system. Two additional "getter" 
pumps of 2 m3 /sec pumping speed can be installed on 
the vacuum chamber by design in order to pump out 
active gas. 

It should be noted that the small gaps of the elec
tromagnet and the use of internal source with gas release 
can cause serious difficulties in obtaining proper vacuum. 

5. ACCELERATION AND RF SYSTEM 

Acceleration of a given set of ion species on the U-
250 requires controlled variation of the accelerating fre
quency within 8 to 19 MHz range. In the cyclotron an 
acceleration system has been designed which involves two 
identical resonance systems with 42° angular extension 
dees positioned in diametrically opposite valleys. Each 
resonance system consists of the resonator tank, dee rod 
frequency tuning panel operating automatically, adjust
ing device and an automatically frequency tuning trim
mer. The whole resonance system is mounted on a mov
able cart on rails providing convenience for dismounting, 
repairing and assembling. 

Resonator tank has 1.5 x 1.2 m rectangular cross 
section and length of 2 m. It is made of bimetal steel
copper that simplifies the construction and reduces gas 
releasing surface area. Stiffening hollow ribs are soldered 
to the external sides of the tank's wall which serve at 
the same time as channels for cooling water. The hole in 
the side wall of the tank covered with removable copper 
bars is intended for panel mounting followed by joining 
vacuum pump. 

One end of the dee rod of rectangular cross section is 
attached to the movable flank of adjusting device placed 
at the rear wall of resonator tank, the other end being 
attached to the dee. 

Possibility of dee tuning relative to both dee rods 
and (together with dee rod) resonance system tank is 
provided. 

Frequency variation is accomplished by changing the 
gap between dee rod and movable panels. Each panel 
consists of three parts attached to the tank and linked 
with each other with flexible copper contacts. Each link 
consists of stiffened soldered carcas and cooled copper 
cladding. The estimated RF losses at dee voltage am
plitude of 75 kV and frequency of 19 MHz amount to 
73 kW, maximum linear current density on contacts not 
exceeding 60 A/ cm. 

Autonomically excited RF generator is assembled 
by conventional configuration: commercial frequency 
synthesizer-aperiodic amplifier of 40 W, power-amplifier 
with distributed parameters of 2.5 kW power on each of 
the two tracts and 2 final cascades with maximum power 
of 100 kW each. 

Final stage of the generator is located closely to 
the resonator tank; RF power supply is accomplished by 
means of conductive connection mode. 

6. ION SOURCE 

In order to obtain a set of ion species required two 
types of ion sources are assumed to be used. For acceler
ation of H, D and helium ions an ordinary conventional 
source with (pening) discharge will be used and for in
jection of heavy ions a compact multicharge-state ion 
source will be installed which is similar to that devel
oped at the LNR of JINR with arc discharge and open 
magnetic trap. 

For centering initial orbits and attaining required 
ion beam intensities puller will be able to be shifted on 
the pulling out dee and on the ion source tip. Shifting will 
be accomplished remotely without damaging vacuum. 

Note that today's progress in generation of multi
charged ions based on RF heating, ECR, laser sputter
ing of the working agent allows hope for obtaining highly 
charged ions and arranging external injection of particles 
into the U-250. 

7. BEAM EXTRACTION SYSTEM 

Beam extraction from the U-250 cyclotron will be 
mainly accomplished by their stripping on the carbon 
foils. This method is the most effective for relatively 
ligh t ions (extraction coefficient is close to 100%) since 
it enables one to decrease considerably induced activity 
level inside the accelerator thus essentially improving its 
operation reliability and maintenance conditions. Along 
with stripping, the method of electrostatic deflector and 
passive magnetic channel are presumed in those modes 
of heavy ion acceleration when stripping method can
not provide high extraction efficiency and quality of the 
extracted beam. 
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Fig. 1. Lay-out of the cyclotron facilities: 1 - probes; 2 - main magnet; 3 - vacuum chamber; 4 - deflector; 5 - chamber pumps; 
6 - resonance system; 7 - final cascade of the RF generator; 8 - ion source; 9 - correcting magnet; 10 - electromagnetic lenses; 
11 - diagnostic system; 12 - beam port pumps; 13 - chamber for isotope production; 14 - bending magnet; 15 - chamber for 
basic research; 16 - chamber for applied researches. 

Table 1. Beam parameters of the U-250 Table 2. The main parameters of the U-250. 

Type of Ener- Total Beam Extrac- 1. Magnetic structure 
IOns gy, energy, current, tion effi- Diameter of the main magnet 

Mev Mev /-LA ciency, % nucl 

Protons p 
(under ac-
celeration 
of 2H1+) 41.5 41.5 800 100 

yoke, cm 270 
pole, cm 250 

average field strength, T 1.9 
gaps between poles 

between hills, mm 26-46 
Deutrons d 
(under ac-
celeration 
of 2D1+ 12.5 25 500 100 
Deutrons d 
(under ac-
celeration 
of DH1+ 22.5 45 500 100 
4He1+ 12.5 50 500 100 
3He1+ 22.5 68 500 100 
12C3+ 12.5 152 50-70 100 

between valleys, mm 150 
Power: 

main coil, kW 165 
additional coil, k W 35 

Weight (steel), tons 385 
Weight (aluminium coil), tons 5.4 

2. RF system 
Number of dees 2 
Dee angular extension, 0 42 

14N3+ 9.4 132 70-100 80 Beam-limiting aperture, cm 2.5 
1604+ 12.5 203 50-60 100 Frequency range, MHz 8-19 
2°Ne5+ 12.5 254 10-20 60 Operation harmonics 1,2,3,4 
4°Ar7+ 6.2 248 5-10 50 
40 Ar8+ 8.2 328 1-2 60-65 
48Ca8+ 5.7 340 1 40 
56Fe6+ 2.3 131 10 30 
58Ni6+ 2.2 127 10 30 

Dee voltage, kV 75 
RF power, kW 150 

3. Cyclotron 
Total dimensions, m 7xlOx4 

84Kr8+ l.9 155 4-6 25 Total weight, tons 420 
Total power, k W 800 
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8. BEAM TRANSPORT SYSTEM 

The lay-out of the main technological areas of the 
cyclotron facility is shown in Fig. 1. The beam of ac
celerated ions is ejected into beam port through a 130 
mm aperture and focused by a pair of quadrupole lenses 
and enters either the target chamber M1 or the tuning 
magnet. After the magnet the beam is transported to ex
perimental chambers M2, M3. Conventional quadrupole 
lenses are used as focusing elements in the beam line. 
For extracted beam tuning standard type magnets are 
utilized. 

Beam tuning and transporting system enables one 
without noticeable losses in intensity to have accelerated 
ion beam currents at the target site up to several hundred 
microamperes, angular divergence and energy spread not 
exeeding 0.3 and 1%, respectively. Beam parameter con
trol is carried out by beam profile transducer. 

In a working state vacuum (up to 10-4 Pa) in the 
beam port is provided by vacuum pumps with polyfe
nilethyr for oil-free pumping out. 

The main chamber (Ml) and chambers M2 and 
M3 (for fundamental research in nuclear physics and re
search in applied nuclear physics, respectively) are heav
ily shielded to provide radiation protection of the per
sonnel when experiments are carried out with light ions 
at beam current values up to 800 itA. The experimental 
areas have been laid out in such a way that there is al
ways possibility to carry out maintenance, check-up and 
adjusting operations at any experimental site. 

Isotope production on an external beam consider
ably simplifies a number of problems related to target 
cooling in the main chamber. 

At present works on production isotopes, such as 
131 I and 57Co, for example, are carried out at INP using 
the research reactor and the U-lSO cyclotron. 

With the U-2S0 accelerator put into operation it be
comes possible to produce short-lived 1231. 1231 has con
siderable advantages: it gives less patient radioactivity 
dose and provides better contrastivity of the radiograms. 

Preliminary estimates suggest that using the U-2S0 
cyclotron facilities such large amount of 1231 can be ob
tained which is enough for medical examination of sev
eral thousand patients yearly. 1231 is also applicable for 
examining kidneys, thyroid glands, for diagnosing cancer 
at its initial stage, for examining risk (suspected) groups. 
Using the same facilities 201TI isotope which nowadays 
is succesfully applied for early diagnostics of infarcts and 
for other medical purposes can also be produced. 

Besides isotope production, the U-2S0 accelerator 
facilities allow us to carry out neutron activation analy
sis, study the effect of neutron irradiation on materials, 
simulate radiation produced defects in solids used in nu
clear power plants, monitor new technological processes 
in electronic industry, conduct research in metallurgy, 
etc. 

In addition to applied research listed above, the very 
same facilities open new vistas for developing research in 

nuclear physics in the following lines: 
Nuclear structure studies using in-beam nuclear 

spectroscopy methods. Accelerated heavy ions are a 
unique means for populating highly excited high spin 
states of nuclei - residual reaction products - which, as 
a rule, lie far away from ,8-stability line. 

The determination of spin-parities of nuclear excited 
states, their maximum energies and spin values along 
with transition probabilities can elucidate behaviour of 
the nucleus at high rotation rates which attained in 
heavy ion induced reactions, in particular, the changes 
of its shape, moment of inertia and other parameters 
caused by the response of nuclear matter to the extreme 
external perturbation exerted by heavy projectile. 

Nuclear reaction mechanism studies. The distinctive 
feature of heavy ion induced reaction is its new mech
anism called deep inelastic process. It is intermediate 
between reaction proceeding through compound nucleus 
stage and that of direct interaction. Deep inelastic pro
cesses are specified by the formation of binuclear sys
tems, by intensive kinetic energy dissipation over differ
ent degrees of freedom. Multinucleon transfer reaction 
is of similar nature. Nuclear reaction time delay stud
ies along with those of reaction product angular distri
butions can yield detailed information on the reaction 
mechanism and the behaviour of nuclear matter in such 
strong perturbations. 

Studies of atomic phenomena in heavy ion colli
sions. Time-dependent Coulomb field of colliding ions 
causes an essential shift of atomic levels and restruc
turing of electronic configurations from states in iso
lated atoms to those of molecular orbitals. Dynamical 
Coulomb field induced restructuring of electrons is ac
companied by mutual inner shells ionization of colliding 
ions, the ionization probability being dependent on the 
combination of atomic numbers and on the energy of 
collision. The determination of ionization probabilities 
gives information on the average field value at any mo
ment, the latter quantity being significant for studies of 
ions collision dynamics. Results of this kind of experi
ment are widely used in studying reaction time delays, 
ion interaction with matter, activation analysis, etc. 

As mentioned above, the project can be subjected 
to further upgrading in respect to expanding the range of 
atomic masses of accelerated ions and attainable energies 
of acceleration ion using new types of ion sources. 

But solving these problems requires great techni
cal and intellectual efforts and proper high expenditures. 
The way out of the situation could be found in collab
oration - pulling efforts of all groups interested in the 
project. 
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M. BAJARD and the GANIL Group 

GANIL - B.P. 5027 - F-14021 Caen Cedex 

ABSTRACT 

Following the OAE (augmentation of energy) 
modification[l) and the installation of the SME(2) (medium 
energy facility) the accelerator has been operating for three 
years with the new ECR source (CAPRICE lIB at 10 GHz). 
Results obtained with new beams, metallic beams and the 
first tests with the new injector(3) system using an ECR 
source installed on a 100 kV platform are given. 

1. INTRODUCTION 

The GANIL (Grand Accelerateur National d'Ions 
Lourds) has been operating at Caen since 1983. This 
national facility is widely opened to the International 
Nuclear Physics Community. 

The accelerating system provides the physicists with 
ion beams from carbon (Emax = 100 MeV/u) up to 
uranium (£max = 25 MeV/u) . The intensity varies from 
1.5 x 1012 pps for carbon to 1 x 109 pps for uranium (see 
below). 

2. STATISTICS OF OPERATION 

The OAE increased the energy of the ion beam as well 
as its intensity. A new ECR source called ECR3 has been 
operating since 1989. 

4026 5050 4751 4829 4526 4765 2670 5680 5531 hours 

1983 1984 1985 1986 1987 1988 1989 1990 1991 

failure maintenance and new be&mI 

Figure 1 

Figure 1 shows how the total running time (41 828 
hours) has been shared for 9 years between physics, 
industrial applications, machine and new beam studies, 
initial settings and beam tunings, failures and maintenance 
during operation, and retuning. 

Out of a total time of 41828 hours, 28614 hours were 
available (24284 were effectively used on target and 4 330 
hours for machine studies and new beam developments), 
2169 hours were used for beam retunings and 2467 hours in 
equipment failures. 

The operation efficiency during experiments has grown 
regularly up to 90%. 

The number of metallic ions to be tuned has increased, 
during the last three years. Fifty experiments have been 
performed at high energy in 1991. Fig 2 and 3 show the 
experimental caves time sharing. 
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3. BEAM CHARACTERISTICS 

Table 1 shows the ion beams and their characteristics 
accelerated up to June, 1992. They were produced with the 
ECR3 source (10 GHz), except tantalum which was 
produced with the ECR4 source (14.5 GHz). 

All ion beams from SSCI are available for the SME 
with energy ranging from 4 to 13 MeV/nucleon. 

Beam intensities shown are those adjusted on target 
according to the experiment requirements. 

The power of the ion beam at the output of the SSC2 
is, for the time being, deliberately limited to 400 Watts, to 
ensure the safety of the equipment. 

Other beam energies have been obtained by decreasing 
the velocity after the SSC2. 

Exotic ion beams of 140 at 70 MeV/u and 12N at 
65 MeV/u were produced by fragmentation of the primary 
ion beam in front of the high energy spectrometer. 

Light ion beams (p, d, a) as well as exotic ion beams 
can be produced at various energies for detector calibration 
purpose. 

Other ion beams have been tuned without changing the 
magnetic field up to the stripper. 

Pencil beams with a diameter less than 0.5 mm on 
target are available. 

Parallel ion beams for channelling are also available, 
with a diameter of 3 mm and a divergence smaller than 0.1 
mrad. 

The time structure of the beam[4) can be reduced by 
tuning SSC2 as a rebuncher. The method consists in 
increasing the magnetic field over the last 50 turns, with 
one or two trim-coils. 

Mass of elements can be measured with a high level of 
resolution, using the GANIL cyclotron SSC2 as an 
Accelerator-Mass Spectrometer System[51. 

ION/M Charge state RF Maximum Maximum intensity on Beam characteristics 
target (6) (measured) (measured) 

before and Frequency energy pps x lOll enA ±f>W/W Bunch timing Intensity 
after (MeV per half height half height 

stripping (MHz) nucleon) (10. 3) ns enA 

C 12 3/6 13.45 96.3 20.5 2000 0.30 . 173 
N 14 3/7 13.45 95 18.75 2100 
0 16 4/8 13.45 95 15.6 2000 

(5)0 17 4/8 12.75 84 9.8 1250 
(1)0 18 4/8 12.2 76 16.4 2100 0.64 0.2 6 

Ne 20 3/1 0 9.893 48 21. 87 3500 0.32 
(4)Mg 24 7/12 13.45 95 I. 88 360 

(l)Ar 36 10/18 13.45 95 2.8 800 0.3 10 
Ar 40 7/17 II. 77 70 3.67 1000 0.79 0.5 340 
Ca 40 6/19 10.1347 50.4 I 300 

(2)Ca 48 8/19 II 60.3 2.78 800 0.3 360 
Ni 58 10/26 11.651 68.5 1.92 800 < I 180 

(5)Ni 64 10/26 II. 061 61 0.72 300 
(4)Zn 64 11/29 12.42 79 0.2 100 < 0.8 10 
(3)Kr 84 14/33 II 60 2.8 1500 0.59 0.6 900 
(I)Kr 86 14/34 I I 60 1.10 600 
(4)Nb 93 14/33 8.075 3 I 0.53 280 1.8 250 

(4)Ag 107 18/38 8.71 36.4 0.2 120 

(4)Ag 109 18/38 8.55 35 0.2 120 1.5 80 

(5)Te 125 17/38 7.55 27 0.03 16 

(2)Xe 129 18/44 9.52 44 1.09 800 0.90 0.2 18 

(2)Xe 132 18/45 9.649 45.4 0.61 440 0.6 

(4)Gd 155 19/47 8.672 36.1 0.05 40 0.5 

(4)Gd 157 19/47 8.562 35.1 0.03 25 0.5 

(4)TaI8I a 24/55 8.66 36 0.34 300 

(4)Pb 208 23/56 7.82 29 0.049 45 0.61 < 1.9 30 
(4)U 238 24/58 7.13 24 0.01 10 0.32 1 5 

(I) ennched 99% ; (2) ennched 70% ; (3) ennched 90% ; (4) natural; (5) ennched 50% ; (6) for light IOn beams. the mtenslty IS 

voluntarily reduced according to the radiation level 

Table 1 
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238U24/58+ was accelerated in October 1991 for the 
first time for experiments. The beam characteristics are 
presente db 1 eow: 
ECR3 source (CAPRICE liB) Material U02 

Gas: neon 
Intensity before analysis in axial 2.6 eJ.lA U24+ 
injection 
SSCI output energy 3.72 MeV/u 
Char~e state in SSC2 58+ 
Carbon stripper 100 Ilwcm2 

SSC2 output intensity 1 x 109 pps 
Half bunch length less than I ns 

4. MEDIUM-ENERGY BEAM FACILITY (SME) 

An unused charge state of the beam stripped between 
SSCI and SSC2 can be sent into a new experiment room 
dedicated to atomic and solid state physics. 

In 1991 approximately 1500 hours of beam have been 
delivered consisting of : 
14N6+, 1607+, 1608+, 24Mg11+, 20Ne9+, 36Ar17+, 
40Ar14+, 40Ca18+, 48Ca 18+, 58-64Ni 25 +, 64Z n 27+, 
84-86Kr32+, 93Nb31+, 107A g 36+, 129-132Xe 42 +, 
155Gd45+,181Ta55+,208Pb53+, 238U55+. 
energy range: 3.5 to 13.5 MeV/u 
emittance: Hhr.mm.mrad in both planes 
number of experiments: 50 
for example: intensity of 208Pb53+ was 2.4 10 10 pps at 
4.4 MeV/u. 

5_ MACHINE AND TECHNICAL STUDIES 

The topics recently investigated were : 
- charge distribution after stripping in order to increase 

the intensity of Ar 16+, Ar17+, Ar18+ as a function of the 
carbon foil thickness, 

- beam transmission through vacuum, 
- longitudinal emittance measurements at the ouput of 

SSCI or SSC2, 
- reduction of the time structure of the beam, 
- supervision of the temperature and voltage 

measurements of the RF cavities, 
- supervision of the programmable logic sequencer 

controlling the vacuum between the SSC2 and the 
experimental areas, 

- operation logs and statistics viewing. This 
application read the INGRES database by means of the 
graphic query language (GQL) to feed an EXCEL 
application, 

- acceleration of light ions at high intensity. 
Two tests have been carried out with a 20Ne6+ beam 

which was produced by the ECR4 source installed on a 100 
kV platform, driven into the new axial injection and 
accelerated by the COl cyclotron. 

Results are presented here after: 

- Source analysis 
. 65 to 95% of the analysed beam was concentrated, 

depending on the platform voltage, within a transverse 
emittance of 60 x.mm.mrad which corresponds to the 
admittance of the COl injection system. 

- Beam intensity 
Iniected into COl Extracted from CO I 

20Ne6 36 eJ.lA(3.75 lO13pps) 24 eJ.lA(2.5 1013 pps) 
+ 

NB : 60 to 70% of the extracted beam 15 WIthin the acceptance 
of the sse!. 

In June 1992 this beam was accelerated by SSCI and 
ejected at maximum energy. The power of this beam 
accelerated by SSC2 would exceed by 5 times the 
maximum value permitted by the safety of the equipment. 

6. NEW BEAM DEVELOPMENTS 

They are essentially related to ions produced from solid 
materials. The ECR source is operated both by a sputtering 
and by an electrically heated oven methods. The second one 
allows us to obtain stable intensity of Zn, Nb, Mg, Cr, Ca, 
Ag, Pb ions. Now the Lu ion production is under 
development. 

7. OPERATION WITH THE NEW INJECTOR 

The new injector of the GANIL facility(6) (new ECR 
source operating at 14.5 GHz installed on a 100 kV 
platform, new axial injection and modified CO I cyclotron) 
is now running for the operation. 

The 181Ta24/57+ was accelerated at the energy of 36 
MeV/nucleon. The availability of the beam for experiments 
was 100% . 

ECR4 source (14.5 GHz) Material tantalum 
I 8 I Ta24+ Gas: oxygen 

Intensity after analysis in axial 8eJ.lA 
injection (60 x x 607r mm.mrad) 
COl output intensity 5 ellA 
SSCI input intensity 2.2eJ.lA 

(40 x x 407r mm.mrad) 
~W and-= ± 5% 
W 

SSCI outQut intensity 1. 8 eJ.lA (24+ ) 
Carbon foil 180 llg/cm2 

SSC2 output intensity for the 0.3 eJ.lA (55+) 
users 

8. REJUVENATION OF THE COMPUTER CONTROL 
SYSTEM[7] 

Rejuvenation of the control system of GANIL is under 
way to fulfil the increasing requirements of the accelerator 
operation which aims at providing the physicists with a 
wider range of ion beams under flexible and reliable 
conditions. The distributed architecture adopted exhibits 
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three functional levels federated by an Ethernet local area 
network (LAN) : 

- The Host Level provides a general purpose and 
powerful environment for software developments, off-line 
calculations, database management, and simulation. It relies 
on a V AX6000-41 0 computer, linked to video terminals, 
and workstations VS4000 for colour graphics displays. 
Connection to other facilities of the GANIL and to remote 
laboratories via wide area networks (WAN) are available. 

- The Realtime Control Level is devoted to human 
interface for accelerator controls. Man-machine interaction 
is accomplished via operator consoles, supervision systems, 
and graphic field terminals. This level is based on a Il Vax 
3800 cluster, workstations VS4000 and Xterminals to 
benefit from the enhanced graphic capabilities. 

- The Equipment Level performs low level controls. It 
makes use of -Front end controllers: CAMAC controllers 
(K.3968 from KINETIC SYSTEMS) and VME controllers 
(VME300 from AEON) to run applications under the 
V AXELN O.S. - Programmable logic controllers (PCL) : 
S5-135U from SIEMENS, and PB400 from APRIL. 
CAMAC and VME front end controllers, as well as the 
SIEMENS PLC are directly linked to the controls Ethernet. 

To achieve productive and dependable software, VMS 
for V AX processors and V AXELN for real time controls are 
chosen. ADA (as major programming language), Fortran 
and C are adopted. Assembly language is relinquished. In 
addition to the VMS environment and LAN softwares, 
important packages are used: - The INGRES RDBMS from 
ASKJINGRES which complies with the SQL standard and 
encompasses the W4GL 4th generation language for NON
realtime database management (realtime database being 
hosted in the IlVAX3800 and fragmented into dedicated live 
database to be down loaded into the front end controllers), -
the IMAGIN family from SFERCA for PLC supervision, -
Xwindow and MOTIF. 

spectromet.er 

C02 
q : charge s.atc 
0: buncher 
II B : rebuncher 
B: stripper 
MA : periodic beam stop 

BCR3 
101 ) 

q-n 

(0=1,2.3) 

D : beam ch~r to stop periodically the beam from experimental areas 

8AL 

Gy 

q or 
SP : bunch suppressor to select one O£ several RF bunches (1110 max) 
II : energy degrader to slow down the beam, change the final 
charge state and produce secondary beams 

q+m slowed 

down 
M : Intensity modulator (ratio up to 1(0) when the beam is time 
shared between two experiments 
DP: pulsed dipole to establish the beam In 0.5 sec 
llBD : Intensity reduction grid to reduce Intensity by 5 or 25 while conserving 
emittance 
BAL : beam sweeping from 4 Hz to 7 Hz 
LD : energy spread limitation 
LB : emittance limitation (down to 0.05 71.mm.mrad In both plans H and V) 
fJ; : time structure measurement 
5MB : medium energy beam facility with two beam lines In room Dl at SSel 
energy 

A specific software layer was designed to match the 
accelerator environment and to support its controls. This so 
called GANICIEL layer is quite transparent to the users and 
is built upon the industry softwares. It makes widely use of 
the client-server model and takes into consideration the 
distributed architecture. 

Main effort is, by the time being, mainly devoted to 
coding the GANICIEL and user software. The future control 
system is planned to be operational by spring 1993. 

9. SISSI PROJECT[8] 

The aim of this project is to increase the transmission 
of the secondary beams by a factor of 50 with respect to the 
present set-up; the main component is a pair of high 
magnetic field solenoids (11 T) providing a large angular 
acceptance (80 mrad). Both the SPEG and LISEIII 
spectrometers should take advantage of this improvement 
(better mass resolution). It should be completed in 1993. 

10. CONCLUSION 

After three years of operation with high energies and 
high intensities the demand is still strong both for light and 
heavy ions like C, N, 0 ... Ta, PB, U. The demand is 
increasing for metallic ions Mg, Ni, Nb, Ag, Te, Lu, Gd, 
Ta, Pb, U. 

The new high intensity injector system is operating 
since June 1992. The completion of the high resolution 4 
7r detector for light charged particles and nuclei detection 
INDRA[9] is scheduled for the end of 1992. 

Medium-energy beams, diverted after the stripper have 
been permanently available (1500 hours a year) for non
nuclear physics since December 1989. 

A study group is now investigating the spallation 
production of secondary beams by heavy ions. 
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ABSTRACT 

A design and construction of a 75 - 80 MeV H - ion 
cyclotron with intensity of 100jiA is in progress in Peters
burg Nuclear Physics Institute. The cyclotron is to be 
used both for medical purposes (radio pharmaceuticals 
production) and for the investigations in nuclear physics, 
solid state physics, etc. To decrease the expenditures the 
iron yoke of the 1 Gev synchrocyclotron magnet model is 
utilized for a cyclotron magnet system. The accelerator 
itself is installed in the building of the operated synchro
cyclotron and uses the existing electric power and water 
cooling systems. We assume the design of the cyclotron 
main systems to be completed this year, the building 
reconstruction has been finished, magnet assembly is in 
progress now. 

1. INTRODUCTION 

In Petersburg Nuclear Physics Institute up to now 
is in operation synchrocyclotron that accelerates protons 
up to 1 Ge V at beam intensity 1 jiA. 1

) The accelerator 
is applied for studies in physics of elementary particles, 
nuclear physics as well as for proton therapy and ra
dioisotope production for medicine, etc. For increasing 
radioisotope production, for organization of the ocular 
melonome irradiation facility as well as for extending the 
traditional studies of short-lived isotopes it was decided 
to build a 75 - 80 Mev H - ion accelerator with beam 
current 100 jiA. 

2. GENERAL DESCRIPTION 

To minimize the expenditures while designing the 
cyclotron an attempt was made to use at most the ex
isting synchrocyclotron infrastructure, i.e. the building, 
the bridge crane for 30 tones, the electric power , wa
ter cooling, ventilation systems, etc. The iron yoke of 
the existing synchrocyclotron magnet model is used for 
a magnet system. Such an approach provides saving of 

'The D.V.Efremov Scientific Research Institute of Electrophysical 
Apparatus (St.Petersburg, Russia) 

the resources at the cost of the restriction in the variety 
of design solutions. 

Tab. 1 and Fig. 1 show the main cyclotron parame
ters and the plain view of its arrangement is given in Fig. 
2. Probably,the energy of75-80M eV is nearly the maxi
mum possible one for an H -isochronouse cyclotron with 
the magnet pole diameter of 2m. The 75-80M e V energy 
and the possibility to regulate it are necessary for isotope 
production using some reactions unattainable at lower 
energies. The H - ions acceleration enables to perform 
smooth energy regulation of the extracted beam. The 
intensity of 100 jiA is necessary for isotope production 
and is limited both with an ion source and the chamber 
activation. 

The vertical focusing at the final radii has been 
achieved due to 60° spirals. Another way, e.g. the flat
ter enlargement at a given average field, would lead to a 
hill field growth and H - ion losses in the result of H
dissociation in magnetic field. 

The chamber has an unusual design . The mag
net pole tips and the harmonic coils are located outside 
the vacuum chamber. The chamber from stainless steel 
having relatively thin lids and being large in size is me
chanically attached to a pole tips that provides relative 
rigidity under the action of atmospheric pressure. 

3. MAGNET AND MAGNETIC FIELD STRUC
TURE 

The cyclotron magnet was designed in such a way 
that the iron of the existing synchrocyclotron model to be 
used for it. Design of the magnet was done with the aid 
of the 2D magnetic field code POISSON. Magnet of the 
model was completely reconstructed. The new 2m diam
eter poles were manufactured, the side yoke height was 
made 500mm lower, the support plates for the lower and 
upper yoke bars were introduced, the holes were drilled 
to inject the beam vertically, newly insulated coils were 
manufactured. To have an access inside the chamber the 
upper magnet bar with a pole and the chamber lid can 
be lifted on 450 mm using four hydraulic jacks. 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

58



Fig. 1. General view of cyclotron. 1 - Electromagnet, 2 - Hydraulic jack, 3 - Vacuum chamber, 4 - External injection system, 
5 - Axial injection deflector, 6 - Resonance system (dee), 7 - Final cascade of RF generator, 8 - RF power input, 9 - Vacuum 
pump, 10 - Tuning condenser, 11 - Trimmer of automatic frequency tuning, 12 - RF probe, 13 - Diagnostics probe, 14 - Septum 
protection foil, 15 - Extraction system deflector, 16 - Magnetic channel, 17 - Stripping device, 18 - Cryopanel. 

The magnetic field structure was chosen to be a 4-
sector one the maximum flatter value of 0.04 and the 
maximum spiral of 60°. Under such conditions and at 
1.352 T field in the center the H - losses make 3 - 5% 
due to dissociation. Azimuth variation of the magnetic 
field that is the hill and valley gaps, the flatter and spiral 
were simulated using the magnet model before its recon
struction at 1 : 1.3 scale. The magnetic field isochronism 
and flatter is planned to be corrected using a set of sector 
ring iron shims while making magnetic measurements. 
To regulate the first harmonic the valley coils were in
stalled. They are subdivided into four groups along the 
radius. 

4. ACCELERATING SYSTEM 

The cyclotron accelerating system is composed of 
two identical 1/4- wave dee subsystems excited at a 
fixed frequency of 41.2 MHz (second harmonic of ion 
revolution). Two 60° dees are conductivily coupled in 
the center and together with the resonance tanks form a 
uniform 1/2- wave system with a maximum voltage in 
the center and 17% voltage drop at the final radius. At 
60 k V the accelerating system provides 200 ke V energy 
gain per turn. The dee plates thickness is 15mm, the dee 
aperture is 30 mm, the gap between a dee and a ground 
plaque is 33 mm. 

The excitation generator has a common pre
amplifier of power up to 15 kW. The output of this 
pre-amplifier via two fidder lines is switched onto two fi-

nal cascades 40 kW each placed in the chamber vicinity. 
Each of the resonance subsystems is inductively coupled 
via loop with the output cascade anodes, thus forming 
their resonance anode contours. The power supply rec
tifier is of 10kV and 160kW. The automatic amplitude, 
frequency and phase control systems are envisaged. 

5. CHAMBER AND VACUUM SYSTEM 

The chamber frame of hexagonal shape is welded of 
nonmagnetic steel. The chamber walls are of duralumin. 
The two of them that face the side yoke are undetach
able. The chamber lid is welded of a bimetal sheet, i.e. 
nonmagnetic steel and copper. The copper lid surfaces 
serve as ground plaques for the resonance system. The 
steel lid sheets have the channels to let the cooling wa
ter through. The application of bimetal sheets enable 
approximately by 3 times to decrease the out gassing 
surface and to diminish the load on vacuum pumping 
means. 

Due to the large recharge cross-sections on the resid
ual gas molecules at H - ions acceleration a high oil-free 
vacuum is required. The maximum load on the pump
ing means originates from an inner source and gas des
orption from the surface. The estimations show that to 
reach 10- 7 Torr for air and 10-6 Torr for hydrogen it 
is necessary to provide the following pumping speeds: 
with an internal source 100 m 3 /s(H2 ), 25 m 3 /s(H20), 
10 m3 /s(C0 2andN2 ) and 5 m 3 /s (hydrocarbon). The 
necessary pumping speed of hydrogen drops abruptly 
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MAGNET Pole diameter 
Valley gap (max.) 
Hill (min.) 

2.05m 
386mm 
146mm 
4 
60° 
1.352 T 
0.04 

N umber of sectors 
Spiral angle (max.) 
Field in center 
Flatter (max.) 
Extraction radius 
Ampere-turns 
Power 

0.85 - 0.90 m 
3.4 * 105 

Weight 
RF SYSTEM Frequency 

Voltage 
Harmonic 
RF Power 

120 kWA 
250 tones 
41.2 MHZ 
60 kV 
2 
2 * 40 kV A 

VACUUM Pressure 1O-7(N2), 10-6 Torr(H2) 

2 * 10 m3 /s Turbomolecular pumps 
Evaporation getter pumps 
Cryopanels, two, N2 

2 * 60 m 3 /s(H2 ) 

S = 0.3m2 

H- SOURCES Internal Ehlers Pig 
External: 
surface plasma, pulsed 
surface plasma, stationary 
multi pole source 
voltage 20 kV 

EXTRACTION Energy 
Method 

45 - 80 MeV 
Stripping 

Tab. 1. Gatchina cyclotron parameters. 

down to 10 m3 / s for an external source. Based on 
the above estimations the vacuum system was composed 
of two turbomolecular pumps TMNG -10000 with the 
pumping speed of 100001/s each, two evaporation getter 
pumps N DM A - 20 with 600001/ s(H2 ) pumping speed 
each and of 0.3 m2 cryopanels. The estimations show 
that the beam losses due to the residual gas make 10% 
at an internal source and 5% at the external injection. 

6. SOURCES AND INJECTION 

The cyclotron design envisages the application of in
ternal and external sources. An internal source (Penning 
type with a filament thermal cathode, an anode and a 
cathode reflector) is considered to be a source for the 
accelerator operation at initial stage. 

An external source has a number of advantages. Pri
marily, there is no gas leakage into chamber and there 
is a decrease of H - ion losses. Several types of exter
nal sources have been considered. The most well devel
oped in Russia source is a surface-plasma one designed 
in Novosibirsk and applied at Moscow Meson Factory.2) 
The source operates in a pulse mode with a single pulse 
duration of 1 ms, duty factor of 10 and a pulse current 
up to 10mA. But, the pulsed mode of its operation does 
not correspond to the continuous mode of cyclotron op
eration. A version of a surface plasma source with con-

tinuous operation is under consideration. 
To inject H - ions into the cyclotron an axial injec

tion channel has been designed. This channel happens 
to be a universal one for various types of sources. and 
is composed of two magnetic lenses, a focusing solenoid 
and two quadruples. The transition from one type of a 
source to another one is done by changing the switching 
mode of the channel optic elements. A type of channel 
with a SmCo5 DC magnet is under study. An electro
static mirror and a spiral deflector are considered to be 
a deflector. A testing stand is now built to experiment 
with an axial injection system. 

7. BEAM EXTRACTION 

The main means of extraction is the H - stripping 
on a thin carbon foil. The stripping probe with a mag
azine of 4 foils moves along the radius from 750 mm 
to 900 mm and over 30° angle along azimuth providing 
beam energy variation from 45 MeV to 80 MeV. In case 
of a necessity to extract H - ions (e.g. for injection into 
a storage, etc.) there is a place envisaged for a system 
of H - ions extraction using a processional or regener
ation mechanism of beam injection into an electrostatic 
or high frequency deflector with a septum protection by 
means a recharged foil, as it was proposed in T RIU M F 
cyclotron.3 ) However, this system at present is on paper 
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and, thus, is a system of the second order. 

Fig. 2. Scheme of cyclotron arrangement. 1 - Hall 
of synchrocyclotron, 2 - Synchrocyclotron, 3 - Ex
perimental hall, 4 - Cyclotron hall, 5 - Additional 
shielding, 6 - Wall separating the cyclotron hall, 7 -
Cyclotron, 8 - Opening for crane passage closed by 
a wheeled block, 9 - Crane cargo opening, 10 - Cy
clotron hall entrance, 12 - Shielding doors, 13 - Con
trol hall, 14 - Laboratories, 15 - Shielding wall from 
iron block. 

8. RADIATION ASPECTS AND SHIELDING 

The aspects of induced activity are of great impor
tance during a cyclotron design. To reduce an induced 
activity and to catch an HO particles beam formed dur
ing H - ions decomposition all the chamber elements 
are shielded along the perimeter with graphite screens 
made of 50 * 50 mm bars. The screens are attached to 
easily detachable aluminum panels fixed to the cham
ber. The screen application reduces the dose power by 
2 times when the chamber walls are made of Al and by 
5 times when they are of S S. The estimations show 
that at 10% (10 ttA) beam losses the dose power of ,
irradiation of an induced radioactivity in one hour af
ter switching off the accelerator at 1 m distance will not 
exceed 0.1 rad/hr after a long time operation. At the 
maintenance time the screens are taken out of the cham
ber to reduce additionally the personnel irradiation. To 
protect against an HO particles beam all the chamber 
mechanisms are located, if possible, outside the median 
plane. The magnet coils insulation provides a 10 year 
operation and the rubber vacuum gaskets are meant for 
one year service approximately. 

The biological shielding against the irradiation of an 
active cyclotron is solved by installing it in the experi
mental hall of the existing synchrocyclotron. The 4 m 
thick walls are made of heavy concrete. For the protec
tion of the personnel assembling the cyclotron against 
the secondary particles beam of the synchrocyclotron a 
1.2m thick and 4.8m high protective wall has been built. 
H protects personnel against meson beams (but not full 
proton beam) extracted into another area of the hall. 
The aspects of shielding of personnel that works in the 
synchrocyclotron hall will be considered and solved later 
on during the new accelerator commissioning by means 
of local shielding and beam traps. 

9. PRESENT STATUS 

The main cyclotron systems design is planned to be 
finished this year. The cyclotron magnet has been al
most finished and the manufacturing of its spiral sectors 
is coming to an end. The shielding wall and the base
ment construction has been accomplished and the mag
net assembly started. An automated system for magnet 
measurements based on the Hall probes is finished to be 
built. 

A high frequency system is being simulated on mod
els 1: 2 and 1: 1, the 41.2 MHz 15kW generator was 
put into operation and the design of 40 k W final cascades 
of the generator has been finished. 

The internal H - ion source design is now being 
checked at a stand, as well as, the evaporation getter 
pumps of N DM A - 20 type are under testing. A pulse 
external H - ion source and the power supply system 
have been manufactured. An axial injection model con
struction has been started. 

Provided the financing be substantial, the first cy
clotron beam could be generated in two years. 
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ABSTRACT 

Recent improvements to SARA are described. Three 
years operation with two ECR sources and their 
developments are presented. Differences between flux 
measurements of the 4 sectors of the second cyclotron show 
the need to uncouple the trim coils currents of the sectors. 

1 - INTRODUCTION 

S.A.R.A. (Systeme-Accelerateur Rh6ne-Alpes)I-2) is 
a two cyclotron accelerator designed to accelerate heavy ions 
up to 40 MeV/u up to calcium, the maximum energy 
decreasing to 10 MeV/u for xenon. The first cyclotron with 
a K of 84MeV, originally devoted to light ions was rebuilt 
in 1987 for heavy ions. After stripping the beam is injected 
into a separated sector cyclotron of K = 160 MeV. 

2 - OPERATION 

Table I presents the statistics of operation for the last 
two years. 96 beams have been delivered in 1990 and 130 in 
1991. Typical total setting up times for a new beam are four 
hours for one cyclotron and nine hours for the two 
machines. 

In 1991, the breakdown time increased sharply because 
of a field dependent vacuum leak on the lower pole Dl of the 
post-accelerator. Limitation of the magnetic field and 
injection of a sealing compound on the 0 ring allowed 
limited operation till the winter shutdown. A complete 
dismantling showed noticeable vertical movements of the 
yokes attributed to displacements of the concrete floor of the 
vault and a deep crack in the 0 ring. 

Precise levelling of the yokes has been achieved for 
the whole machine and optical markers have been added to 
critical points of the poles for precise control. 

Total On Develo- Break-
Year time Tuning target pment down 

hours 3632 438 2651 200 343 
1990 % 100 12 73 5,5 9,4 

hours 4352 392 2912 312 736 
1991 % 100 9 67 7 17 

Table 1 - Operation of SARA 

3 - AXIAL INJECTION LINE 

Since 1989, an axial injection line for two ECR 
sources equips SARA. This 18 m long line has an 11 m 

long section in which a periodic focusing is ensured by 13 
lattices of electrostatic lenses3). The rather low voltage (-8 
to -15 KV) on these electrodes and the good cryogenic 
vacuum (2.10-9 torr) were important factors in maintaining 
high reliability over the last three years. 

The overall transmission from the source to the center 
of the cyclotron is of the order of 75 %, the losses are due to 
some mismatching between the first 8 m straight section 
and the 3 m section leading to the yoke. The decentring of 
the central trajectory is attributed to the mechanical 
misalignement of the electrostatic lenses4). This causes 
oscillations of the trajectories that may subsequently cross 
regions of the lenses where aberrations are no longer 
negligible. 

The possibility of rapid commutation of the two 
sources is very useful for simultaneous development on the 
source not used in injection, for quick change in case of 
failure, and also for preparing one source before changing 
the accelerated beam. 

4 - ECR SOURCES 

SARA was one of the first cyclotrons equipped with 
ECR ion sources. MINIMAFIOS built by R. GELLER5) 
has been operating at SARA since 1983. In 1989, 
FERROMAFIOS was installed together with the new 
injection line. In 1991, it has been replaced by 
CAPRICE6). Table 2 and 3 show the ion yields of these 
sources. 

Charge 5 
state 6 7 8 9 10 11 12 13 14 15 Feed 

19F 7 0,3 SF6 

2~e 80 24 11 Ne 

27Al 3 2,5 6,3 9,3 Al203 

28Si 119 2,5 SiH4 
32S 21 10 20 7 SH2 

35Cl 23 11 1.1 0,3 CCl4 

4°Ar 20 22 13 10 2,5 Ar 

40Ca 8,5 10 12 15 2 0,6 Ca 

48Ti 10 8 1,8 Ti 

56Fe 5,5 2,4 2,6 Fe 

58Ni 2 3,2 4 0,8 NiO 

84Kr 8 5 4 1 Kr 

Table 2 - Intensities from MINIMAFIOS (electrical ~A) 
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Charge 
9 10 11 12 13 14 15 16 17 18 Feed state 

32S 15 7 SH2 

4°Ar 8 3.6 Ar 

40Ca 20 3 Ca 

63Cu 12 9 Cu 

80Se 1.6 1.3 1 SeH2 

84Kr 5.7 10 8.6 6.8 3.3 1.1 Kr 

86Kr 1.3 2.5 Kr 

Table 3 - Intensities from CAPRICE (electricaIIlA) 

Metallic ions 

MINIMAFIOS has been used for metallic ions with 
the insertion method. and a lot of long runs (two weeks) 
have been completed with calcium and aluminium. The 
sample (pure metal or oxide) is introduced close to the ECR 
surface and is driven by a stepping motor for precise control 
of its position and its advance rate. In our case. introduction 
4 mm off-axis gives better results. With this method. the 
position of the sample and its speed are strongly coupled 
with the currents in the confinement coils that define the 
ECR surface. and to the microware power. all these 
parameters modify the temperature of the sample and its 
vaporization rate. 

Some control is obtained by modifying heat 
exchanges with the supporting rod. Low vaporization 
temperature samples like calcium need to be supported on 
rather good heat conductors and refractory samples (AI203. 
NiO •... ) have to be held with smaller diameter supports. 

The pollution of the chamber by metal evaporated in 
excess is important. it reduces the efficiency of the source 
for subsequent runs and renders careful cleaning of the source 
indispensable. 

Metallic ion development has begun on CAPRICE. 
using a small oven similar to that of GANIL 7). First results 
on calcium at 800 0 C show the advantages over the insertion 
technique: ion yields are greater, the sample consumption is 
of the order of a few tenths mg per hour, the stability is 
good and the tuning is easier because the temperature of the 
sample is controlled independently of its position and of the 
magnetic confinement. Copper and nickel are currently under 
development. 

5 - INCREASING THE TIME BETWEEN BEAM 
BURSTS 

The radio frequency range of the first cyclotron is 10.5 
to 16.5 MHz and the harmonic numbers are 2 and 3. the 
second cyclotron runs at twice this frequency and the 
harmonic numbers are 4 and 6 respectively. Time separation 
between these bursts corresponds to the first acceleration 

frequency and lies in the range from 60 to 100 ns and this 
time is too short for precise time-of-flight measurements. 

I FIRST [Y[LOTRON I I SE[OND [Y[LOTRON I 
® ACCELERA TEO BUNCH 
o EMPTY PLACE 
® LOST BUNCH 

Figure 1 - Schematic view of the beam bursts with the 1 st 
cyclotron in harmonic 2 and the 2nd in harmonic 5 for Neon 
6+ at 30 MeV/u. 

When the first cyclotron is running in harmonic 
number 2, two beam bursts lie on the same tum, 1800 apart. 
The second cyclotron RF is twice that frequency, in 
harmonic 4, four possible places are available for 
acceleration on each tum, only two of which are occupied by 
bursts, each 1800 apart. By running the post-accelerator at 
different harmonic numbers, it is possible to extend time 
separation up to 300 ns. 

If the harmonic number becomes 5, it would be 
possible to accelerate five bursts, but just one of the two 
injected bursts is accelerated, the other falls just between 
two places and is lost (Fig. 1). So one burst remains per 
tum ; beam burst separation has doubled. In the same way, 
with the first cyclotron in harmonic 3, and the second in 
harmonic 5 or 7, according to the frequency, one burst out 
of three is kept, original separation is multiplied by three. 
In this way, time separation between bursts ranges from 160 
to 280 ns. 

6 - MAGNETIC FLUX MEASUREMENTS 

6.1 - Motivation and method 

The orbits in the second cyciotron are frequently off
centred at intermediate radii even when the early orbits are 
well centred. This would seem to indicate that the magnetic 
fields in the four sectors are unequal. Individual adjustement 
of the field of each sector was not sufficient and indicated 
that the shapes of the field maps were different. Moreover 
the influence of the injection magnets in the center region is 
not known precisely. Hence it was decided to undertake 
magnetic measurements of the four sectors with the machine 
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nearly completely assembled (without the resonators) to 
obtain more accurate information on their differences. 

The measurement of a field map point by point posed 
too many practical problems. A global method was more 
appropriate in our case, so we chose the measurement of 
variations of magnetic flux generated by the poles when a 
large coil, in the form of boomerang, moves by defined 
steps along the sector radius (Fig. 2). 

Figure 2 - Magnetic flux measurements. The coil is shown 
in two extreme positions on the pole of sector D2. 

Integrating the voltage of the coil gives the 
measurement of the flux variation between two positions. 

t2 

f Vcoil (t) dt = - L1<1>i, i+1 
q 

if the coil is moved from radial position i at time t I to i+ I 
at time t2. 

The coil was wound on a glass fiber epoxy material 
core form that was placed in a box of the same material 

The angle betwen the two straight parts of the 1600 
turn coil was a compromise chosen to cover no more 
than two trim coils from the center to outer radius (close to 
the trajectories). The coil was radially displaced in 60 mm 
radial steps between holes precisely drilled on templates 
previously centered on the magnetic structure, 23 holes 
defined 22 measurements. The radial extent of the coil is 
also close to 60 mm. Each step corresponds to a 
variation of 27 cm2 in the surface of the poles seen by the 
coil so a nearly constant flux variation had to be integrated 
for each field level, improving the precision of 
measurements. 

The displacement of the coil was manual; one person 
at each extremity slid it on a teflon plate between 2 radial 
positions. Precise positionning at the drilled holes was 
obtained by dowel pins with compensation for backlash. 
Each movement was made in a period slightly less than the 
20 s integration time, and these measurements of L1<1> were 
sandwiched between dummy measurements which were used 
to correct for drifts in the integrator and to detect eventual 
parasites. 

The apparatus used was a Metrolab PDI 5025 
integrating voltmeter connected to a PC for logging and 
sequencing of the operations. 

Measurements were made on each pole at 4 field levels 
and NMR probes in regions of "flat" magnetic field 
normalized the measurements and compensated drifts of the 
four sectors (Fig. 3). 
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4.20 

4.15;+4--.S--S--1r-0--1'2--1'4--1'S--1'S--2'0---1
22 

Coil Position i 

Figure 3 - Magnetic flux variation when the coil is moved 
from position i to i+ I, for sectors D2 and D4 at a nominal 
field of 1.0 T. 

It was difficult to maintain the coil at a constant 
temperature, but a rough stabilization of the cyclotron vault 
was installed, giving a variation of ± 0.4° C. Since the 
surface thermal exp~sion of glass fiber of the sUfPort is 
8.10-5 per degree, thIS led to an error of ± 3.10- on the 
flux. 

Tests of the measurements showed that after cycling 
the magnetic field and reinstalling the coil in a sector, a 
reproducibility of ± 3.10-4 was obtained; this figure is 
limited by mechanical problems. 

6.2 - The exploitation of the measurements 

The field maps of the sector D4. previously measured 
with Hall probes, were used as references to calculate the 
flux seen by the coil in each of its 23 positions. This 
calculation was done by summing the elementary fluxes at 
each point of the field map, no interpolations were used. 

Using the experimental measurements of the 
variations of flux of each sector with respect to those of D4 
we calculate a small correction for each of the coil 
positions. For instance, for the sector D2 

s: exp exp ( (I) vi = L1<1>. . 1 (D3) - L1<1>. . 1 D4) 
1, 1+ 1, 1+ 

where M~xP 1 is the variation in magnetic flux measured 
1,1+ 

when the coil is moved from position i to position i+l, 
defmed above. 
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Our first aim is to produce a field map which 
represents the sector D3. The first step is to use these values 
of Oi (of the order of 10-5 Weber) to estimate the effective 
magnetic flux in D2. 

Since no absolute measurements of flux were made we 
suppose that there is one point where the actual flux is equal 
to the flux calculated in our reference field map. We call this 
point p the pivot. 

<l>p = <l>~alc (2) 

We can consider that for positions p + j, j = 1, ... 
(23 - p), the flux through the coil i : 

calc i=j-1 
<l>p+j = <l> p+j + LOp+i 

i=O 

Whereas for positions p - j, j = 1, '" P - 1 

al i=j c c 
<l>p-j = <l>p_j -.L Op-i 

1=1 

(3) 

(4) 

30r-------------------~--------------__, 

20 
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Figure 4 - Differences between mean magnetic fields of 
sectors D2 and D4, at four levels. 

Thus to obtain the map for D2, all the points in the 
reference field map B(8,r) of the D4 sector which lie under 
the coil in position i must be corrected by a factor. 

F' _-.1L 
1 - <l>~alc 

1 

where <l>i is given by equation (3) or equation (4) (Fig. 4). 
D1 and D:3 are treated in the same way. 

Our final aim is to obtain three sectors identical to 
D4. Standard calculations of the trim coils, comparing these 
corrected maps to that of D4, determine the currents needed 
to obtain identical magnetic fields in the four magnets. The 
15 trim coils of the four sectors that are at presently serially 

fed will have to be decoupled. Further studies will indicate 
the number of individual coils to be fed separately or 
corrected either by an electronic shunt or by a power supply 
connected in parallel. 

7 - VACUUM SYSTEM 

7.1 - The automation of the vacuum system 

The automation of the vacuum system that began 
with the injection line has been completed. The pumps, 
valves and pressure gauges of the entire machine, from the 
ions sources to the target chambers, are interfaced to several 
industrial programmable controllers. These controllers are 
ideal for surveillance, and can also supervise a sequence of 
operations following a single command. They are connected 
to a P.C. by a serial bus (RS485). 

The application interface consists of 8 pages of 
synoptics which are colour graphics representing the 
geographic position and state of each element (Fig. 5). The 
operator interacts with the system uniquely with the mouse, 
by "clicking" on a virtual button. All commands and 
changes of state are logged on an on-line printer. 

Figure 5 - Partial view of the synoptic of the vacuum 
system. 

This system is proving to be reliable, flexible, and 
"user-friendly" . 

7.2 - Cryogenic pumping 

Pumping the 3.5 m3 vacuum chamber of the second 
cyclotron was ensured by 6 oil diffusion pumps with cold 
traps, 2 pumps being placed in each resonator, and one in 
the free sector. 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

65



Eight years experience showed that undetected failures 
in the cooling of the cold traps and troubles in the 
old control system led to important oil pollutions of 
the resonators. This reduced the maximum dee voltage 
and polluted the electrostatic inflectors, particularly at 
the extraction, that had to be frequently removed for 
cleaning. 

Six cryogenic pumps (Cn, CT 320) with a pumping 
speed of 3000 lis for air have replaced the oil 
diffusion pumps and are controlled by the automation 
system described above. RF voltages of 60 KV have been 
quickly obtained after cleaning the resonators.The large 
pumping speed for water vapor insures short pumping times 
after opening the chamber and quick resuming of the 
operation. 

8 - FUTURE DEVELOPMENT 

The project PIAFE4) of accelerating fission products 
coming from the I.L.L. high flux reactor requires the 
transport of singly charged radioactive ions, injection into 
an ECR source for multiple ionization to typical q/m of 
0.15 and acceleration by S.A.R.A. Extraction at a 
continuously variable radius in the second cyclotron could 
permit variation of energy from 4 to 10 Me V /u. 
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ABSTRACT 

The Isochronous Cyclotron JULIC was upgraded 
over the last years to serve as injection machine for the 
new Cooler Synchrotron COSY -Jiilich 1): A new RF 
system replaces the former self oscillating unit to 
achieve more power, better stability of frequency/phase 
and amplitude and easier operation. Mineral insulated 
trim coils with modified winding patterns replace the 
old set of coils, which suffered severely from radiation 
damage. Several especially adapted ion sources provide 
the H2+- and H--beams for the injection into COSY. 
The injector was extensively equipped with new 
instrumentation and computer control for compatibil
ity with the COSY control system. An entirely new 
transfer beamline between the injector and COSY -ring 
is finished and ready for use. The cyclotron is back in 
operation since February 1992. 
This paper gives a brief description of some modified 
subsystems, focuses on the commissioning procedure 
and reports first results. 

1. INTRODUCTION 

JULIC was originally conceived for the accelera
tion of light ions (p, d, 3H2+,a) in the energy range of 
22.5 to 45 Me V / A. After about 15 years of more or 
less continuous operation the machine was upgraded 
for the acceleration of light and medium heavy ions. 
So since 1987 a spectrum of additional ions was 
available. In September 1989 after more than 100000 h 
of operation the cyclotron was finally switched off as 
accelerator for experiments mainly in nuclear physics 
but also in life sciences, material investigation and 
others. - In order to serve as injector for COSY -Jiilich 
the cyclotron complex (ion sources, accelerator, beam 
lines, technical infrastructure) needed extensive techni
cal upgrading2l. Emphasis was given to the develop
ment of H2+-beams, which are needed for the injection 
into COSY with first priority, but also to H--beams as 
precursor for polarized particles. The optimization of 
beam parameters defines stability factors for magnetic 
field, RF amplitude and phase, which could only be 
achieved by new installations. To improve reliability, 
the trim coil system and parts of the technical infra
structure had to be rebuilt. The extensive upgrading of 

diagnostics equipment Sl , general instrumentation and 
computer control was necessary, to simplify operation 
and to provide the basis for compatibility with the 
COSY computer control system. An entirely new 
transfer beamline was built between cyclotron and the 
COSY ring. 

2. ION SOURCES 

Four ion sources will be available for the different 
particles to be accelerated in COSy3 l. The types of 
sources are mainly determined by the fact, that the 
injection into the cooler synchrotron is performed by 
stripping. First COSY beams will be delivered by a 
H2+ source, which can be easily replaced by a H-/D
source. The main reason for this negative ion source is 
to study the injection, acceleration and extraction of 
negative ions in the cyclotron, which is of major 
importance for the future use of polarized particles. A 
H -/D - polarized source provides the only possibility to 
inject such ions into the ring by stripping. 
The transmission through the source beam-line and 
the cyclotron can be remarkably increased by reducing 
the beam emittance much below the expected accept
ance of the cyclotron. Experimental results imply, that 
a source with low emittance « 35 'fro mm 0 mrad at 8.2 
keV) and medium high currents (> 100 /-LA) to avoid 
space charge effects would probably be the best choice. 
For injection into COSY H2+ beams of 80 MeV and 
currents above 10 /-LA are requested at the exit of the 
cyclotron. 
A well adapted H2+ source was developped with the 
additional condition to maintain the advantage of an 
ECR source without any wearout components (see 
Fig. 1). Since the emittance of ECR sources increase 
with the axial magnetic field in the extraction region, 
it is reasonable to use low microwave frequencies like 
2.45 GHz and lower the field in the extraction as much 
as possible. The best results have been achieved with a 
source consisting of a permanent magnetic multipole 
with zero axial magnetic field at the extraction and 
only one mirror coil at the opposite side as shown in 
Fig.1. By tuning the source parameters (solenoid field, 
microwave power, gas pressure and puller voltage) H2+ 
beams of about 100 /-LA with emittances in the range of 
25 to 40 'fro mm 0 mrad could be obtained. 
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The H-/D- source bought from IBA company was 
originally designed for extraction voltages of 25 to 
30 kV. When only 4.5 kV is applied, which is needed 
in our case, the large divergence of the low energy 
beam resulted in an incomplete matching between the 
source and the existing beam line. The situation could 
be remarkably improved by introducing two additional 
electrostatic electrodes behind the puller. 
The big superconducting 14 GHz ECR source, which 
had been developped for heavy ion acceleration with 
the cyclotron, was frequently used since shutdown of 
JULIC in 1989 for atomic physics experiments. In 
connection with COSY it is supposed to deliver heavy 
ion beams for medical applications in a somewhat later 
stage of operation. - The polarized ion source is 
realized in form of a collaboration of the universities of 
Bonn, Kaln and Erlangen. It is going to be assembled 
at its final location by the end of the year. 

3. TRIM COILS 

At JULIC the tuning of the isochronous field is 
performed by three pairs of trim coil arrangements 
(plates) mounted on the hill sectors of the pole tips 
inside the vacuum chamber. The new design was 
necessary because of severe radiation damage of the old 
units, where extensive use had been made of epoxy 
resin for insulation as well as for the mechanical fixing 
of the structure. The new coils were optimized in 
respect to radiation damage and from vacuum point of 
view. Mineral insulated cable material was used, made 
by Pyrotenax Ltd., Canada. The square shaped coaxial 
copper cable with an outer dimension of 6.35 mm and 
a MgO-powder insulation of 0.5 mm allows an effec
tive (indirect) cooling of the conductor. In total 9 coils 
of four windings each are combined with 5 water pipes 

for cooling. The coil/cooling channel configuration was 
inserted into a solid copper plate with precisely milled 
grooves and then soft-soldered at a time in a vacuum 
environment. 
Trim coils have to correct the variation of relativistic 
mass increase, saturation effects in the iron of the hill 
sectors and local field errors. Concentric sector coils are 
well suited to cover the first two items, but local field 
errors can only be corrected by adequate field differ
ences of subsequent coils. Accurate field measure
ments4) had to make the basis for the precalculation 
of trim coil current sets before the beam could be 
accelerated, but also for the interactive optimization 
during operation. Since JULIC has a 3-fold symmetry 
it is sufficient to do field mapping for a sector of 120· . 
Figure 2 shows one trim coil mounted on the hill 
sector together with the strongly simplified field 
mapping equipment. The hall probe of a high precision 

PLATE 

HILL SECTOR 
G apwidth 84 mm 

VALLEY SECTOR 

Gapwidtb. 240 mm 

Fig. 2. Trim coil with field mapping unit 

field measuring unit could be position ned by DC 
motors azimuthally over ± 60· from the center line of 
the hill sector and radially up to Rmax~1.6m. The 
integral field on an orbit has to be measured with an 
accuracy of 1·10 -3. Due to field gradients of up to 
0.25 T/cm in the hill-valley region, the precision for 
positioning the probe must be 0.1 mm or 0.005· . A PC 
based system was used to perform field mapping, i.e. 
to control the motion of the probe and to do the 
corresponding data acquisition. The main field was 
measured for H2+ ions of 80 MeV, which corresponds 
to a level of 0.65 T in the valley region. Then with the 
main field switched on the trim coil fields were sub
sequently measured with maximum positive as well as 
negative excitation, to improve accuracy. 
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4. RF SYSTEM 

A new system for rf power generation and control 
replaces the former self oscillating unit 1' 5). This 
modification was done in close cooperation with the 
industry in such a way, that a contract with 
HERFURTH GmbH, Hamburg, covered the new RF 
power generator and most of the low level subsystems 
like signal generation, frequency tuning, regulation and 
control, while the cyclotron group was responsible for 
all installations in the vacuum chamber like frequency 
tuning elements, coupling loops inclusive feedthrus, 
pick ups for phase, amplitude etc. 

Figure 4 is a simplified schematic of the system. 
Operation of the rf is controlled by a special dedicated 
micro-computer, which controles more than 20 tuning 
elements and monitors the proper operation of signal 
detection and conditioning, regulation loops etc. The 
frequency is generated in a synthesizer, which was 
selected for a very good short term stability. Power 
amplification is achieved in a two stage setup. Two 
solid state wideband amplifiers of 1 kW each in 
parallel serve as preamplifier for a power stage 
equipped with the SIEMENS tetrode RS 2058 CJ. The 
nominal output power is 100 kW in the frequency 
range of 20 to 30 MHz. 

The rf power is transfered to the cyclotron via a 6 
1/8" coax-line over a distance of about 21 m. After 
passing a tuned impedance transforming network, the 
power is coupled inductively into one accelerating 
sector. Multiple loop control was necessary for ampli
tude and phase regulation, to achieve the specified 
long and short term stability. The resonance frequency 
of the accelerating system is preset within the operat
ing range by motor driven panels in the dees. Simul-

DUMMY 
LOAD 

ADJUSTABLE AIR LINE 

ACCELERATING 

SECTOR 

DUMMY-
DEE DEE SHORTING PLATE 

Fig. 4. Simplified schematic of the rf system 

taneously also the adjustable coax line on top of the 
machine is pretuned. The coax line is terminated with 
two watercooled variable vacuum capacitors in parallel, 
which are the active elements of the resonance fre
quency fine tuning loop arranged around the resonator. 
Amplitude regulation is performed by two superposed 
control loops (Fig. 3). A fast inner loop stabilizes the 
amplification factor between power splitter 2 and 
directional coupler I, hence suppressing amplitude 
modulation contents introduced by the non ideal 
power amplifier. The amplitude setting is achieved by 
use of an overall regulation loop, which also defines 
long term stability. It is appearent, that for a long 
term stability of <1.10-4 the characteristics of demod
ulator 4 is of prime importance. - The regulation 
scheme is completed by an overall phase regulation 
loop. 

Figure 3 shows the situation in normal mode 
operation. Because of the influence of the multipactor 
effect, the switching on procedure requires a modified 
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Fig. 3. Circuit diagram of the rf-system (normal mode operation) 
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system configuration. In this case trip- and safety
circuits as well as part of the regulating loops are 
switched to an inactive state by the control computer. 
Amplification factors for signal conditioning etc. are 
adapted, to respond on the very low levels during start 
up. After presetting all tuning elements in the system, 
rf power of maximum only 1 Watt is applied to the 
resonator, to be safely free from multipactoring. When 
the resonator has been precisely tuned in closed loop 
mode to the operating frequency, then for start up a rf 
burst is generated. For approximately 10 f1s the 
maximum available rf power is applied to the system, 
in order to increase the voltage in the resonator with a 
slope of > 1kV / f1s, which is necessary to overcome the 
multipactor effect. After 500 f1s the system is switched 
to normal mode operation. 
As the improvement in stability of amplitude and 
frequency/phase had been a first order argument for 
the new rf system, these figures were checked carefully 
during the acceptance tests and the first time of 
operation with beam. Short term amplitude stability in 
normal operation, refered to the maximum accelerating 
voltage of Umax = 45 kV in our cyclotron was well 
below the specified figure of U/Umax < ± 1· 10 -4 for 
all settings of voltage and frequency in the tuning 
range. Phase stability refered to the output of the 
master oszillator proved to be !J. r.p < ± 0.3 0 

• 

Umax = 45 kV is needed in JULIC, which correspond 
to rf power of only 45 kW. But the above described 
switching on procedure is significantly simplified with 
the extra power of up to 100 kW. 

5. TRANSFER BEAMLINE 

The H2+ or H-/D- particles of about 40 MeV/A 
must be transfered from the cyclotron over a distance 
of about 100 m to the COSY ring, which is to be filled 
with protons by stripping injection 6). The transfer 
beamline was constructed by a department of the 
SIEMENS company7). All the 57 magnets of the 
beamline connected to 19 computer controlled power 
supplies are now running with the proper Bm-curves. 
The vacuum system is also fully accepted and provides 
a pressure of p < 1· 10 -7 mbar, dropping to p < 
1· 10-10 mbar near the COSY ring. The beamline was 
tested section by section with a H2+ beam of 76 MeV 
and intensities of about 4 /-LA. The first section, which 
matches the cyclotron beam with an emittance of 6 
Jr. mm· mrad to the subsequent FODO structures and 
achromatic sections, produced the designed beam waist 
at its end. Most of the magnets can be set to the 
calculated field levels within a tolerance of 2%. With
out the limitations by beam slits about 97% of the 
beam current can be transported to section 16. Even if 

the beam at the entrance of the beamline is misad
justed by ± 1 mrad in horizontal or vertical plane, 
losses do not exceed 10%. The local distribution of the 
full intensity beam is measured at 7 positions along the 
beamline by grids of 30 wires (wire diameter 0.1 mm, 
distance 1.5 mm). As the H2+ particles, hitting the 
wires, are stripped to protons, the shadow of the wires 
can be observed in the H2+ beam for detailed diag
nostics. The protons appear as bright lines on the 
scintillator screen with half the rigidity of the H2+ 
ions. - The acceptance tests for the last two beamline 
sections have to be done in September, when the 
COSY ring is ready to accept the first ions by 
stripping injection. 

6. CONCLUSION 

Because of severe interaction between the various 
tasks at the COSY injector complex, the modification 
took a relative long time. The cyclotron was back in 
operation with internal H2+ beam in November 1991 
and with extracted beam in February 1992. New 
instrumentation and especially the new computer 
control, which was available in a preliminary version 
only, caused a series of difficulties. As the beam was 
urgently needed for the commissioning and acceptance 
tests of the transfer beamline, debugging is not yet 
completely finished. - Up now H 2 + beams of up to 8.5 
/-LA could be extracted from the cyclotron. 

7. REFERENCES 

1) Maier, R., Pfister, U., "COSY-JUlich, a Synchro
tron and Storage Ring for Medium Energy 
Physics," This conference. 

2) Brautigam, W., Beuscher, H., Brings, R., Boge, 
H.G., Wucherer, P., "Upgrading JULIC as Injec
tor for COSY," EP AC, Rome, 1988, pp. 317-319. 

3) Beuscher, H., "Ion Sources at the Cooler Synchro
tron COSY," Rev. Sci. Instr. 63/1992, p. 2847. 

4) Wucherer, P., et al., "Measurement of the Mag
netic Field of the Cyclotron for H2+ Beam," IKP 
Annual Report 1991, pp. 259-261, JUI-2590. 

5) Brautigam, W., Brings, R., Rotert, N., "Commis
sioning of the new RF-System at the Cyclotron," 
IKP Annual Report 1991, pp. 256-258, Jiil-2590. 

6) Rogge, M., et al., "Stripping Injection of H2+ and 
H- into COSY," PAC 1989, Chicago, pp. 417-419. 

7) Anton, F., et al., "Beam Transfer and Matching 
between the Cyclotron JULIC and the Cooler 
Synchrotron COSY," EP AC, Berlin 1992. 

8) Kennepohl, K., Herschbach, M., Maeckelburg, D., 
Brautigam, W., "The new Phase Detection 
System of the COSY-Injector, II This conference. 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

70



CURRENT STATUS AND FUTURE PROJECT OF CYCLOTRON LABORATORY IN ALMA-ATA 

A.Arzumanov, V.Batischev, V. Berger , V.Gerasimov, M.Gorcovets 
Institute of Nuclear Physics, Kazakhstan Academy of Sciences 

Alma-Ata, 480082, Republic of Kazakhstan 

ABSTRACT 

The present paper describes the re
sults of improvements performed at the 
cyclotron facility in Alma-Ata during 
last years. Among them are increasing the 
efficiency of beam extraction system and 
opportunity of increasing time range be
tween two successive beam pulses by RF
beam pulser. Future plans on the K=600 
heavy ions separated sector cyclotron are 
also presented. 

1. INTRODUCTION 

The main trend of the Cyclotron la
boratory in the INP in Alma-Ata is the 
improvement of the accelerated particles 
beam parameters and isochronous cyclotron 
systems to meet the increasing demands of 
nuclear physics experiments and CQmmerci
al applications of the cyclotron1). Since 
commissiQning the isochronous cyclotron 
in 19722) the beam transport system, ion 
source, vacuum system were modernized and 
RF voltage was stabilized. The present 
paper describes further modernization of 
the beam extraction system including re
mote controllable electrostatic deflector 
located inside the dee. The installation 
of an additional external deflector for 
ion bunches selection is also considered. 

Another trend of the Cyclotron labo
ratory research was development of the 
project of accelerator installation the 
main part of which is the separated sec
tor cyclotron with K=600. Some results 
of the model magnet magnetic field mea
surements are presented. 

2. ADJUSTABLE DEFLECTOR 

The main feature of the Alma-Ata 
cyclotron is the accelerating system, 
consisting of two 180° dees. This system 
affords the large energy gain per turn 
thus decreasing influence of magnetiC 
field disturbances and enlarging the turn 
separation at extraction radius. At the 
same time the necessity of placing the 
deflector inside the dee complicates sub
stantially it's design. 

The high effective and reliable ex
traction system must meet the needs of 
necessary deflection and focusing of the 

beam and to be reliable under large heat 
load. At changing magnetic field in the 
wide range it is necessary also to take 
into account the changing of the shape of 
the orbit at extraction radius. For this 
reason a new electrostatic deflector with 
nonuniform electric field and with preci
se replacing of it's parts without swit
ching off high voltage potential was de
signed. This deflector located inside the 
dee is shown schematically in Fig. 1, the 
angular coordinates (15°, 55°, 125 0 ) of 
three movable parts of the deflector are 
depicted. 

Fig. 1. The beam extraction system: 
1-adjustable deflector, 2-additional 
deflector, 3-steering magnets, 
4-hydraulic cylinders. 
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The fine displacement of these parts of 
the deflector may be made in the range of 
~ 1 mm with accuracy of 0,1 rmn and be 
produced remotely from the main control 
panel with three pairs of hydraulic cy
linders. General view of the deflector is 
shown in Fig. 2. This device is very ef
fective in adjusting the acceptance of 
the deflector to the emittance of the 
internal beam. 

Fig. 2. General view of the 
adjustable deflector. 

3. THE SYSTEM FOR REDUCTION OF PARTICLE 
BUNCHES REPETITION RATES 

This system is designed for increa
sing the resolution of a neutron spectro
meter based on time-of-flight measure
ments by reducing the beam repetition ra
te. Using a selection slit, three succes
sive accelerated particles bunches of 
every four ones are stopped at a collima
tor after sweeping off by high-voltage RF 
deflector. Only the bunches which see a 
zero resulting electric field between the 
electrodes of the deflector are able to 
pass the selection slit. Usually as a 
bunch selector a deflector with flat 
electrodes and sinusoidally varying po
tent;al)difference between them is 
used ,4 • 

An effective sweeping off system 
assumes absence of beam losses, minimum 
deflecting voltage, reliable design, sim
ple tuning and easy running. To meet the
se needs a deflection system was develo
ped which is located in the fringing mag
netic field of the cyclotron immediately 
after the main deflector. Such a system 
gives substantial reduction of deflection 
potential in comparison with ordinary one 
located in nonuniform magnetic field free 
space. The deflection system is shown in 
Fig. 1. An additional deflector (pulser) 
is located inside the accelerator chamber 
and outside the dee (0.142°-162°), where 
the beam size is sufficiently small yet. 

The deflector is composed of a pair 
of plates 30 cm long and separated by 

3 cm, in cross section they have hyperbo
lic profile for increasing radial focu
sing of the beam. The results of the nu
merical calculations of the beam envelo
pes in the horizontal plane for different 
potentials at the deflector are shown in 
Fig. 3. The experimentally measured beam 
emittance and ion transit time in the de
flector have been taken into account. The 
minimum potential for 30 MeV protons 
burst separation is 15 kV. 

Scm 

OfOlDJOcm 
1 1 I I 

Fig. 3. Particles bursts sweeping 
off system and beam envelopes: 1-RF 
selector, 2-beamline, 3-c ollimat or, 
4,5,6-beams at potential difference 
of 0, 15 kV and 30 kV. 

The power-supply electrical circuit 
is analogous to those of 3,4) and is 
shown in Fig. 4. 

I----CYCLOTRON f\LS:;" DEFLECTION 
VOLTAGE 

o 

Fig. 4. Simplified scheme of particles 
bursts selection system. 

The final section is a resonant La circuit 
in which the selector is a capacitive ele
ment. In this circuit a sinusoidal voltage 
is excited. The frequency varies from 2-
4,5 MHz. The final amplifier stage con
sists of aJower tetrode run in class AB 
with a tot power of 0,8-1,0 kW. The re
sulting potential difference generated 
between the electrodes of the selector 
varies sinusoidally from zero to the peak 
value. This signal is phased with the par
ticles bunches, so that the interesting 
bunch passes through the deflector when 
the potential across the electrodes V is 
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zero and dV/dt is zero also. 

4. CYCLOTRON PROJECT WITH K=600 

In order to develop accelerator
assisted scientific research in the Re
public of Kazakhstan after 20 years of 
intensive use of 150-cm isochronous cyc
lotron in Alma-Ata it was decided to car
ry out preliminary accelerator science 
research on new K=600 cyclotron facility, 
for these research necessary financies 
were allowed. The facility consists of a 
separated sector cyclotron and injector 
cyclotron with K=100. The ion species and 
energy range are considered to be from 
200 MeV protons to very heavy ions with 
A 200 and energy as high as possible. Up 
to this time magnetic field mapping on 
the model magnet were carried out and 
orbit characteristics were investigated 
numerically and analitically. The schema
tic plan of the four sector cyclotron is 
shown in Fig. 5. The 1/20 scale model of 
the sector magnet is shown in Fig. 6. 

a 
I 

2 3M 
I I 

Fig. 5. Simplified scheme of separated 
sector cyclotron: 1-sector, f/ =500 t 

2-dee, 1.f2. =30 0
, 3-equilibrium orbit. 

Fig. 6. Model 
magnet. 

Magnetic field mapping was carried 
out at the full range of radii and ang
les for different levels of magnetic 
field density. Tipical azimuthal distri
bution of magnetic field is shown in Fig. 
7. 

B(T) 

\0 

~~-------------

10 20 30 If' 

Fig. 7. Azimuthal distribution of 
magnetic field in the median plane. 

The choice of general scheme of the main 
cyclotron, determination of injection and 
extraction radii at this stage were car
ried out at the simplifying assumption of 
sharp end fringing field. Accurate calcu
lations of equilibrium orbits, betatron 
frequences and isochronous magnetic fi
elds were performed using different com
puter programes. The frequency band of 
the RF system is from 6 to 29 MHz, the 
orbital frequency band is from 2 to 7,3 
~lliz. Detailed design of different ele
ments of the facility is now in progress 
but the future development of the project 
is not yet approved by the Kazakhstan 
government. 
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INITIAL OPERATION OF HIRFL 

B.W.Wei, F.Ye 
Institute of Modern Physics, Chinese Academy of Sciences P.O.Box 31, Lanzhou 730000, P.R.China 

ABSTRACT 

HIRFL consisting of a main accelerator K450 sepa
rated sector cyclotron (SSC) and an injector K69 sector 
focusing cyclotron (SFC) was commissioned on Decem
ber 12,1988. Since then, five kinds of ion species have 
been provided for testing of terminal equipments and 
experiments of nuclear physics, atomic physics, nuclear 
chemistry, material science and radiobiology. High qual
ity beams with transverse emittance less than 8" mm 
mrad, energy spread of about 0.3% and beam intensity 
ranging from lOll to 1012 pps were extracted. 

A 10 GHz ECR heavy ion source, CAPRICE with 
the 8m beam transfer line and the axial injection system 
from the bottom of injector SFC have got into operation 
t.his year and have achieved convenient performance. 

The initial three year operation and the present sta
tus of HIRFL are presented in this report. 

1. INTRODUCTION 

Table 1. The mile stone for construction 
of HIRFL 

NO".,1976 
1978 
197G-19811 

19811-1986 
1987 

1988 

D"c.12.1988 

1981 
I\la)-.17.1987 
1992 

sse 

Projl'd llPprond 
Ellrt h hrokpu 
Til('oreticlli stud~' 
I\Iodd tt'st 
Tecilllicai desip;u 
eoustruction 
ASS<'lllhiillp; 
I\IHp;ndic fidd 
ltl<'ll SUf('IlH'U t 
"\ 'HClllllll pUlIlping 

n f cou<iit.iouiup; 
B"HlIl t.uuing 
First beam 
('7ent 511 I\IcY/N) 

SFe 

Shut <lmn! for con\Trsioll 
First bl'altl 
( )pnH tiou of E en 
Ion sour('(' 

On December 12, 1988, the first beam of 12C8+ 50 
MeV IN was successfully extracted from the main accel
erator SSC coupled with the injector SFC. It had taken 
approximately 10 years since the construction of SSC 
started in 1978. Table 1 gives the mile stone for con
struction of HIRFL. 

The scheme and parameter of HIRFL and the 
commissioning result have been described in previous 
publications1- 2). Figure 1 recalls the general layout of 
HIRFL. 

During the year 1989, the trial operation of HJRFL 
only delivered 50 MeV IN 12C8+ beam. From 1990 to 
1991, another two kinds of ion species, 1808+ 50 MeV IN 
and 12C8+ 75 MeV IN have been provided for users ac
cording to the experimental requirement. After putting 
into operation of the ECR heavy ion source as an exter
nal ion source of SFC with the 8m beam transfer line and 
the axial injection system from the bottom of SFC, the 
ions of 2oNe8 + 25 MeVIN and 4oAr16+ 25 MeV/N have 
been accelerated. We are planning to get the designed 
top energy of HIRFL, 100 MeV IN 12C8+ in the autumn 
this year. Table 2 lists the accelerated beams and the 
operated parameters of HIRFL. 

Table 2. The accelerated beams and the operated 
parameters of HIRFL 

than 

z 

17e 4 
!'2e 4 
IGO Z; 

20 l\' (' 4 
-!"Ar 8 

!2e 6 
12e 6 
lfi() 8 

2(} Nt' 8 
"'JAr 16 

nF II 
(I\IH1) 

SFe 

6.26 
i.G3 

6.26 
13.;;4 3 
13.G4 3 

sse 

9.39 2 
11.29 2 

9.39 2 
13.:i4 4 
13 .. 54 4 

E 
(I\IeY/N) 

4.5 
G.G 
4.5 
2.3 
2.3 

GII.II 

i5.11 
511.11 
25.11 
2G.II 

I 
(l/A) 

5.11 
5.11 
:J.II 
1.11 
1.11 

11.4 

II.-! 
(U 

High quality beams with transverse emit.tance less 
871' mm mrad, energy spread of about 0.3% and 

beam intensity ranging from 1011 to 1012 pps have been 
obtained. Roughly say, half of the beam time was used 
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Rl on-line isotope separator 
R2 in-beam Y-ray measuring devices 
R3 heavy ion time-of-flight spectrometer 
R4 large area position sensitive ionization 

chamber 
R5 2.8m diameter cylindrical scattering 

chamber 
Ll fast chemical separation apparatus 
L2 heavy ion irradiation equipment 
L3 apparatus for Atomic Physics 

Fig.I. The gt'neral la~'ollt of HITIFL. TI1- Isotopt' Separator. TI2- In 
Beam Gamllla-ray l\I('asuriug D('yice, R3- Heay~' Ion Telescope. TI-!
Large Area Positiou Sensitiw Ioni7atio!l Chamber, TIS- H('ay~· Ion 
Scattering Chamber, L1- Fast Chemical Separation Apparatus. L2- Ir
rndia t.inn T('rminal. L3- Atomic Ph~'sics Terminal. 

for machine tuning and testings of the terminal equip
ments and the rest was used for experiments. The beam 
time used for experiments was about 3500 hrs from 1989 
to May of 1991. Among them, 70 percent was used for 
nuclear physics and nuclear chemistry and 30 percent 
was used for atomic physics, material science and radio 
biology. 

It has been not only used for the injector SFC as an 
external ion source but also for the atomic physics ex
periments. 

The improvement to CAPRTCE has been done re
cently by adding a conical iron ring to the end of the 
injection stage to make the first magnetic field mirror 
peak of the ECR stage more narrow. It could facilitate 
the plasma diffusion from the first stage to the second as 
the distance between the stages is smaller than before. 
As a result, the higher beam current more than 250/Ja 
both for 20N e4 + and 40 Ar8 + has been extracted from 
the CAPRICE ion source under the condition of extrac
tion voltage and plasma electrode hole being 15kV and 
6mm respectively3). The main parameters of CAPRICE 
is given in table 3. 

The initial three year operation and the present sta
tus of HIRFL are presented in this report. 

2. OPERATION STATUS 

2.1. ECR Ion Source 

The CAPRICE type ECR IOn source made in 
Grenoble has achieved convenient performance in IMP. 
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Table 3. Main paraIlleters of CAPRICE 

Microwave generator 
frequency 10 GHz 
output max. 2.5 kW 
power consumption 10 kW 
Magnetic field 
B max. 0.9 T 
B min 0.3 T 
power consumption 35 kW 
hexapole SmC05 
B at cavity wall 0.4 T 
Vacuum 10 torr 
first stage 10 torr 
second stage 10 torr 
Pumping speed 
first stage 50 lis 
second stage 450 lis 
Extractiong~o_rIl_e~rx 
electrode hole 6mm 
puller hole 16 mm 
gap 33 mm 

I 

____ -_-_-. _~-fl-~~-t-or------
I ES04 

~ ! ' : ES03 

o 
o ... . 

Fir;.2. TIl<' 1H'Hlll iransfpr liIlt> frolll ECR ion source 
t.o tite ("('ukr "f SFC 

2.2. SFC 

Figure 2 shows the beam transfer line from ECR 
ion source to the center of SFC. Two Glasser type lenses 
focus the beam from ECR ion source into waists at the 
diagnostics position. The other two match the beam 
to the 90° achromatic deflection section which consists 
of two 45° dipoles and three quadrupoles. This section 
also provides charge state selection with the charge state 
resolution of 1/20'which is only enough for ions up to Ta. 
4 quadrupole lenses are placed subsequently to match the 
phase spaces. At the entrance of yoke hole a buncher 
consisting of two parallel mesh plates forming a single 
gap and excited by an rf power supply with sawtooth 
shape voltage is placed, and then four solenoid lenses 
focus the beam to the spiral electrostatic inflector which 
is located at the center of SFC, The inflector bends the 
beam direction by 90° and brings the ion trajectories 
on to the median plane of SFC. Table 4 gives the main 
parameters of the spiral electrostatic inflect or. The 
steering magnets are 

Table 4. The Illain paraIlleters of the spiral 
electrostatic inflect or 

Electric radius (Re) 
Magnetic radius (Rm) 
k (Re/2Rm) 
Distance between electrodes 
Width of electrode 
Injection radius of SFC 
Extraction voltage of ECR 
lOn source max. 

6.0 em 
2.5 em 
1.2 
0.8 em 
2.0 em 
4.5 em 

20 kV 

arranged along the beam line for adjusting the optical 
axis. The preliminary results show that the beam trans
fer efficiency from ECR ion source to inflector is about 
60%, and the vacuum pressure is about 10-5 pa. in the 
beam line tube. 

After installing of the axial injection system, the 
magnetic field in the centre region of SFC should be re
measured. We decided to map all the required mag
netic field from the center of SFC to outmost radius for 
ten magnetic field levels up to 16 kG. The isochronous 
field accuracy obtained by directly exciting the main coil 
and coaxial coils is about 10- 3 which is good enough for 
guarantee the primary accelerating procedure and easy 
for isochronous optimization by using the center phase 
probes. 

Besides of remapping the magnetic field, some other 
improvements to SFC had been done. The Dee box was 
rebuilt to meet the axial injection system requirement, 
the main coil was rebuilt also as it had been used 30 years 
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and its power supply, the DC generator was replaced by 
a silicon rectifier set. In order to eliminate oil back
streaming and to improve the vacuum, we substituted 
two cryopumps combined with turbomolecular pumping 
units for original diffusion pumps. 5x 10- 5 pa pressure 
was obtained for the 15m3 vacuum chamber of SFC with 
an effective pumping speed of about 30000 1/s4

-
5

). 

2.3. SSC 

The operation of SSC is quite satisfactory. The 
beam emittance was measured by using three multi wire 
profilers located along the distribution beam line near 
the exit of SSC and the beam emittance less than 871" mm 
mrad was obtained. The energy spread was measured by 
using the 1117 Au target elastic scattering method and the 
energy spread better than 3 x 10-3 was obtained. 

Owing to large consumption of liquid nitrogen, the 
Balzers cryopump of RKP 800 with a combined pumping 
speed of about 14000 lis was replaced by the HIRFL 800 
cryopump without using liquid nitrogen. All of the he
lium compressor of HIRFL 800 cryopumps is installed on 
a non-radiation area outside the SSC hall. An expander 
is connected to a compressor with 60 m stainless steel 
tube which is easy to operate, monitor and maintain. 
The pumping speed of HIRFL 800 cryopump has been 
tested at a standard test dome to be 25000 and 27000 l/s 
for nitrogen and hydrogen respectively in the molecular 
flow region. The auxiliary pumping system consisting of 
four turbo-molecular pumps of type TPH 5000 manufac
tured by Pfeiffer has been suspended as the new pow
erful cryopump could put into operation at the pressure 
as high as 10 pa. By using the pumping system, after 
one hour pumping the pressure is reduced to about 10 
pa in the SSC vacuum chamber. Then four HIRFL 800 
cryopumps can be started. Within 6 hours cool down, 
the pressure of 10- 5 pa could be obtained6 -7). 

3. FUTURE PROGRAM 

A by-pass beam transfer line guiding the beam from 
SFC to the terminal equipments at the experimental hall 
directly is under constructing. It will be completed next 
year. By using the existing beam distribution line, from 
the slit position to R3, the heavy ion telescope terminal, 
a second emission beam line has been planned(Fig.1). 
The optical design has been completed and the technical 
design is now under progress. 
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UPGRADING THE SFC 

Ye Feng, Ma Zhongren, Yin Quanmin 
Zhu Xuezhen, Qia.o Qingwen, 

Guo Minyan, Wang Yifang 
Institute of Modern Physics, Academia Sinica, P.O. Box 31, Lanzhou, 730000, China 

ABSTRACT 

The ECR ion source,the beam line from ECR to 
SFC and the electrostatic infiector have been designed 
and installed to increase the ion species and the beam 
intensity. The working points are mainly located in the 
third harmonic accelerating region. The central region 
was studied carefully and the Dee, dummy Dee were re
built to match the external injection system. Other im
provements were made to improve the the SFC perfor
mance and the operation efficiency. The commissioning of 
the upgraded SFC is also described. 

1. INTRODUCTION 

The injector of HIRFL is a 1.7m sector focusing 
cyclotron (SFC k=69) converted from a 1.5m classical 
cyclotron.In May 1987 the C4+ and ()5+ beams were 
extracted from SFC using the internal PIG ion source. 
To increase the beam intensity and the ion species and 
improve the beam performances, an ECR external ion 
injection system was constructed and put into operation 
this year. Some other improvements were also finished 
to match the external injection system and to improve 
operation efficiency. The design, test and commissining 
of SFC are presented. 

2. ECR ION SOURCE AND BEAM LINE 

The ECR ion source named Caprice purchased from 
CENG Lab, and the beam line from the ECR ion source 
to the SFC have been installed. To meet the need for 
ions of heavier elements, some possible modifications at 
the first stage of the ECR ion source had been tried. As 
shown in Fig.l, component 15, a conical iron ring plays 
an important role in the formation of the first mirror 
peak. The position of the ring can be adjusted along 
the axis to meet the optimum for each ion species. But 
this movement can only change the position of the mirror 
peak not its shape. When we cut the ring shorter and 
made the cone sharper, the shape of the peak become 
narrow (Fig.2.). As a result, the distance between the 

two stages becomes smaller!). 

1. magnet 9. extractlon 
2. solenoids 10. gas tube 
3. ECR surface 11. microwave win®w 
4.5. entrance and exit of 12. plasma cavlty 

cool ing water 13. assembler of magnet 
6. wave guide 14. quartz tube 
7. entrance of workl ng gas 15. conlcal rin9 
8. T .M. p""p 

Fig.l. ECn ion sonrc('.Capric('. 

B 

WC"'2,1--__ -+_ 

Fig.2. Conical iron ring and th(' axial Ii"],\ ,\istrihutioll. 
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It facilitates the plasma diffusion from the first stage 
to the second one. Figure 3 shows the ion-spectra op
timized for .41"8+ with He as a mixing gas. It is worth 
notice that the benefit is based mainly on the improve
ment of charge state distribution in the plasma at the 
secon::! stage. This probably implies that by shortening 
the distance between the two stages the second stage can 
obtain more preliminary ionized plasma than the neutral 
working gas from the first stage. In table 1 the results 
with the new ring are given. For comparision, the results 
obtained with the original ring are also specified on the 
left top of each figure. It is very clear that a considerable 
increase in ion current with a factor of about 1.5 to 2 is 
gotten for Ne and Ar respectively. 

A;+ 220~A 

A;+ 65~A 

Fip;.3. Ar"+ 1011 spectrulll with He as amixillg; p;as. 

Table 1. Beam current with the modificated ring 

3 
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o Ne Ar Xc 
315/390 

206/205 IOO/155 
_ 25.-!/~ __ 108/183 il{)/220-- -------

56/105 
8.2/15 

- --- ----- -- ---------------- ----------- -----

22/25 

The beam is injected from the bottom of the cy
clotron SFC. The limited space of the basement brought 
a lot of trouble to the design and installation of the beam 
line from ECR to the SFC which is shown in Fig.4. The 
beam line was designed by using the TRANSPORT code. 
Only magnetic elements have been used. Two Glasser 
type lenses focus the beam to the vertical 90° achro
matic deflection section, which consists of two 45° dipoles 
and triple quatrupoles. This section also provides charge 
state selection with resolution Q / !::,. Q = 20. The four 

quatrupoles EQ06-EQ09 are placed subsequently used 
1.0 match the phase spaces. The ESOI-ES04 are used 
10 match the injection beam to the SFC acceptance. A 
~prial inflect or was adopted to bend and place the beam 
on orbit. 

Fig.-! DeHlll lille frOIll ECn iOll source to til!" illfkdor. 

At the entrance of yoke hole a buncher is placed for 
hunching of the DC beams from ECR ion source. The 
huncher consists of two parallel mesh plates forming a 
single accelerating gap, and it is excited by an RF power 
supply with sawtooth shape voltage. The sawtooth-like 
waveform voltage is obtained directly from the sine waves 
hy using a waveform converter, not from the combining 
RF sine waves with fundamental, second and third ha
monic frequencies 2 ) . 

3. DESIGN OF THE CENTRAL 
REGION AND THE INFLECTOR 

The main parameters of SFC are given in table 2. 
According to our condition we used CO to calculate the 
center region ofSFC, and used CENTOM and CENTER, 
writen by GANIL and RCNP respectively, to check the 
calculated data. Figure 5 shows the opration diagram 
of SFC for particles with diffirent charge to mass ratios. 
Because the extraction voltage is limited by the isolation 
cover of ECR ion source, the voltage value is lower than 
~O KV. So we chose the typical particle at point A to 
design our injection system. 
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Table 2. Main paraIlleters of SFC 

number of sector 3 
spiral angle 33° 
pole diameter 170 em 
extraction radius 75 em 
mean magnet field 1.6 T 
circular coil 12 pairs 
valley coil 4 x 3 pairs 
dee number 1 
dee angle 180° 
frequency range 6 - 18 MHz 
peak vol tage 100 KV 
RF power 200 KW 
vacuum 5 x 10- 5 Pa 

E(MeV/A) 
0.25 0.5 1.0 1.52.03.04.0 7.5 12 

ICQ 10 

/ 

/ 

f--- "oJ 

I 

/ I / 
I 

" -I 

Q , 

, , 

27 

4 
L1--------~------~-----L--~~IL(J~1~2~1,I~LL6~IR 

F(Mllz) 

Fir;.5 ()pnation diar;ram of SFC 

To meet the requirement of the installation and ad
justment of the inflector, and to calculate the ion tra
jectories, the electric field was calculated by numerical 
methods ( 3D code) and an electrolytic tank was used 
to measure the electric potential to check the calculated 
data. The design of the center region is shown in Fig.6. 

The inflector is one of the key devices in the axial in
jection scheme. A spiral electrostatic inflector has been 
adopted to bend the beam direction by 90° and bring 
the ion trajectories onto the median plane. Following 
t.he used generally design principles and the equations of 
motion for the central trajectories an unslanted inflector 
had been designed and fabricated 3 ). Its main parameters 
are listed in table 3. 

Dee 

lOts 

Fig.6 Dpsign of tlt(' (·(·nt(·[ I<'r;ion of SFC. 

Table 3. Main paraIlleters of the inflector 

ECR extraction voltage (max.) 
Electric radius 
(height of the inflector) 
Magnetic radius 
k 
,j 

Distance between electrodes 
Side width of the electrodes 
Dee voltage 
Injection radius 

20 KV 

6cm 
2.5 em 
1.2 
o 
0.8 cm 
2.0 cm 
60 KV 
4.5 cm 

4. STUDY OF CENTRAL TRAJECTORIES 

The equation of the charged particle motion in 
the certral region had been integrated analytically and 
the satisfactory results was obtained by using SCDD 
method. Firstly the displacement of the centres of ro
tation during the acceleration at third harmonic was ob
tained and the acceleration can be centred of the machine 
in several minimeters. Secondly the phase drift caused 
by the accelerated particles across the gap between Dee 
and dummy Dee can be controlled into ±5°. To give 
as large as possible space available for the center region 
and to improve the vertical electric focusing, the large 
gain in energy passage through a narrow gap at. the first 
time was chosen. To select an optimum initial phase and 
to match the optic requirement of the inflector, a pump 
magnet field introduced by the plug at the region of 10Cln 
has been adopted. The dependence of trajectories in the 
central region on the injection phase is shown in Fig.7. 
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Meanwhile to study the beam behaviour in the cy
clotron in detail, acceleration simulation was done. Fig
ure 8 shows the acceptance of SFC centre region. 
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5. MAGNET FIELD MAPPING AND 
OTHERIMPROVEMENT~ 

Because the new main coils took the place of the 
original one which was used for about 30 years and the 
external injection system has been adopted , the mag
net field must be mapped again. The measurement was 
performed in case that the vacuume chamber had been 
installed. All measurements had been done by using the 

same excitation procedure for the main coils. The field 
distributions along the radius were mapped at 10 field 
levels at the excitation current of 300,400, 50U, 600, 700, 
800, 900, 1000, 1100 and 1200 A. And at same field levels 
the contribution of the trim coils were measured. Espe
cially we made efforts for measuring the contribution of 
plug at some magenet field levels and tried to obtain 
the optimum value. The measurement accuracies is ±2 
Gauss. The deviation between the required isochronous 
field distribution along the radius of ..11'8+ - 2.345M d I-! 
and measured one is 5 x 10- 4 . We measured the three
dimensions field distribution at the center region from ° 
to 45 cm along radius and along axis by using 10 pieces of 
hall probe at field levels of 800 A. The magnet field distri
bution in the hole of yoke along axis had been measured 
at field levels of 300, 800 and 1100 A. The edge magnet 
field distribution along exraction direcion at some field 
levels also had been measured. 

At same time the Dee and dummy Dee was rebuilt 
to match the external injection system. The electrostatic 
deflector was replaced by new one to increase extraction 
efficiency. Two HIRFL-800 cryopumps took the place 
of two oil diffusion pumps. And the microcomputer
CAMAC system is used to control the SFC and the beam 
line. 

6. COMMISSIONING 

The commissioning was started in May. ..11·8+-
2.345M e1 I-! was accelerated at 3rd harmonic. ECR ion 
source worked stably. The transportation efficiency of 
beam line from ECR ion source to the inflect or is bet
ter than 60%. When the main magnet field of 50 Gauss 
was decreased and the angle of 2° of inflect or was tuned, 
the beam reached the extraction radius. The extraction 
efficiency of electrostatic deflector is better than 60%. 
Then "V c4+ was accelerated smoothly. These are just 
ini tial results. 
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ABSTRACT 

STATUS REPORT OF CYCLONE 

M. Loiselet, N.Postiau and G. Ryckewaert, 
Centre de Recherches du Cyclotron, 
Universite Catholique de Louvain, 

2, Chemin du Cyclotron, 
B 1348 Louvain-Ia-Neuve, Belgium 

Although the main effort of the cyclotron group 
during the last years was devoted to the production of 
radioactive ion beams, several other major 
developments have been undertaken. The 
experimental hall has been rearranged to accomodate 
a large neutron multidetector (DEMON) for the study 

of nuclear reaction mechanisms with heavy ions. A 
new beam transport line has been designed and built 
to bring the heavy ion beams to this experiment. To 
improve the possibilities for time-of-flight 
experiments, a beam chopper has been constructed. 
The neutrontherapy unit has been equipped with an 
in-house built multileaf variable collimator. 

[DUPE AA 
CYCLONE JO 

c 'i NEUTRONTHERAPY 

D 

I I I I I I 
o 5 m 

Figure 1. Layout of the Louvain-Ia-Neuve facility. 
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1. INTRODUCTION 

After 20 years of operation, CYCLONE still 
delivers beams, of a greater variety than ever, to a 
multidisciplinary users community. This is 
illustrated e.g. by the beam time allocation in 1991, 
given in Table 1. 

PHYSICS using 
light ions 
heavy ions 
radioactive ions 

1206 h 
1093 h 
544h 

HOURS 

2843 

ISOTOPE PRODUCTION 320 

PROTON- AND 
NEUTRONTHERAPY 767 

TECHNOLOGICAL APPLICATIONS 220 

MAINTENANCE AND 
BEAM DEVELOPMENT 1223 

Table 1: Beam time distribution in 1991. 
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During the last years, a large effort was devoted 
to improve and extend the acceleration of radioactive 
ion beams mainly for nuclear astrophysics 
experiments. I) In the following paragraphs other 
developments for the nuclear physics and medical 
users of the cyclotron are described. Figure 1 shows an 
actual layout of the facility at Louvain-Ia-Neuve. 

2. BEAM TRANSPORT TO "DEMON" 

The beam transport between the cyclotron exit 
and the target in the centre of DEMON, a large 
neutron multidetector, can be followed on Fig.I. Note 
that the centre of the sphere is situated 5 metres 
above ground, far from large volumes of solid 
material, to avoid rebounding neutrons. Part of the 
beam transport uses existing lines. One of the 
requirements for the design of the new section was 
that existing lines would not (or very little) have to 
be modified and that, as much as possible, existing 
beam line elements, recuperated from the former 
installation, would be used. The final choice uses a 
doubly focusing 90° bending magnet which can be 
tilted up around its incoming axis to an angle of 45 
degrees. When the beam reaches the height of 5 
metres, it is bent back in the horizontal plane by a 45° 

(cm)O.O~~HYHHHHHH~~~~++++++++++++++++++~~~~~~HHHH~~ 

v 
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R 
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Length (meters) 

Figure 2. Beam envelopes along the transport line between the cyclotron and DEMON. 
1, 3, 8, 11, 13, 17, 19 : horizontally focusing quadrupoles ; 
2,4, 10, 14, 16, 18,20 : vertically focusing quadrupoles ; 
6, 12, 15 : bending magnets; 21 : target. 
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magnet. Underneath this line, another experimental 
set-up is installed which can be connected to the rest 
of the beam transport system by lowering the 90° 
magnet to its horizontal position when DEMON is 
not used. Other goals set for the design of these new 
lines were: a) minimise dispersion at the target 
location. b) keep the spot size on target within a 6 mm 
diameter. c) assure 100 % transmission. d) minimize 
the cost of the 90° magnet (small gap, optics rather 
unsensitive to small deviations from nominal values 
of its characteristics). The beam envelopes for a 
monoenergetic beam obtained with the TRANSPORT 
code are shown in Fig. 2. Table 2 shows the effect of 
energy dispersion on the beam characteristics at the 
target. 

Beam ~E -0 ~E 

characteristics E - £=0.3% 

x/2 0,289 em 0,290 em 
8/2 6,191 mrad 6,261 mrad 
y/2 0,296 em 0,2% em 
q,/2 6,052 mrad 6,480mrad 
1/2 0,820 em 0,821 em 

Table 2 : Spot size on target in DEMON with 0 and 
0.3 % energy dispersion. 

3. EXTERNAL BEAM CHOPPER 

Several experiments using time-of-flight 
methods request longer times between beam pulses 
than the cyclotron normally provides. Since single 
turn extraction is not practicable with CYCLONE,2) it 
was decided to build an external chopper to be placed 
in the main beamline between the cyclotron and the 
switching magnet. The beam chopper consists of two 
pairs of electrodes of respectively 60 cm and 28 cm 
length. The gap between electrodes is adjustable but 
nominally set to 35 mm. The first set is tuned around 1 
MHz at a variable subharmonic of the cyclotron 
frequency. The second one works at the third 
harmonic. This way, the time between pulses is fixed 
in the range of 500 ± 50 ns. Peak voltage on the 
electrodes is 30 kV. Figure 3 shows a view of the 
electrode system and Fig.4 shows the block diagram. 

Fig. 3. View of the beam chopper. 

PHASE 

Fig. 4. Block diagramme of the chopper electronics : 
1 : phase modulator; 2 : delay line; 3 : programmable 
frequency divider; 4: filter; 5 : amplitude modulator; 
6 : power amplifier ; 7 : amplitude regulation ; 
8 : phase discriminator. 
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4. MULTILEAF VARIABLE COLLIMATOR FOR 
NEUTRONTHERAPY 

For more than ten years, a fixed collimator with 
variable inserts of various sizes has been used to 
define the irradiated field at the level of the 
patient. In order to be able to generate in all cases an 
optimally defined neutron field, a multileaf 
collimator, of SCANDITRONIX design was 
constructed and put into operation in 1992. The main 
part consists of two sets (left and right) of 22 leaves of 
92 centimeters long. Each leaf can be positioned 
independently. A maximum field of 30*30 cm at the 
patient can be obtained. The leaves, made of soft iron 
with borated polyester disks imbedded, have been 
optimized to minimize the neutron leakage flux. 
Figure 5 shows a section through the new collimator. 

6 

B 

9 

10 
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14 
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I 

Figure 5. Section view of the multileaf neutron 
collimator. 
1 : 65 MeV Protons (15 J,LA) ; 2 : Alumina; 3 : 
Collimator; 4 : Beryllium target; 5 : Filter; 6 : Light 
source; 7 : Iron-precollimator ; 8 : Transmission 
chamber; 9 : Filter; 10 : Borated paraffin; 11 : Slide; 
12 : Motor + potentiometer; 13 : Iron leaf; 14 : Borated 
polyester. 
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PERFORMANCE OF THE K1200 CYCLOTRON AT MSU 

P. Miller, T. Antaya, F. Marti, D. Poe, B. Sherrill, J. Stetson, J. Winger
NSCL, Michigan State University,E. Lansing, 

MI 48824 U.S.A. 

and 

J. Nolen 
Physics Divison, Argonne National Lab., Argonne, 

Illinois 60439 U.S.A. 

ABSTRACT 

The current performance of the K1200 cyclotron, 
the primary accelerator in the National Superconducting 
Cyclotron Laboratory, is reported and results of devel
opment projects are summarized. 

1. RELIABILITY 

The initial reliability of the cyclotron system, as ev
idenced by statistics of equipment breakdown, was not 
acceptable. Breakdowns occurred in many different sys
tems. Improvements of deflectors, rf power supply and 
rf voltage holding are outlined below. Efforts to improve 
reliability of the overall facility were successful and are 
continuing. 

Running statistics are shown in Figures 1 and 2. 
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Fig. 1. K1200 operating time distribution. 

Displayed in Fig. 1 is the distribution of the total 
time in each 3 month period among the following cat
egories: operation (total of research, development and 

*This work is supported in part by the National Science Founda
tion under Grant No. PHY-8913815 . 

overhead), breakdown, maintenance and scheduled down 
time. In Figure 2 the reliability ratio, operation time 

90 

80 

40 
1989 

Phase 2 

construction 

1990 1991 1992 
Quarter. 1989-1992 

Fig. 2. Reliability, measured as the ratio of oper
ating time to time scheduled for oper"ation. 

divided by operation plus breakdown time, is plotted for 
the same period, 1989 to the present . From February to 
September 1990 the K1200 was shut down for construc
tion of the A1200 fragment separator and completion of 
the Phase 2 beam lines. 

1.1. Deflectors 

The voltage that electrostatic deflector El will sus
tain with beam present has increased from 45 kV on 7 
mm gap in 19881) to 60 kV on 6 mm gap at present. 
The second deflector, E2 , being shorter and having no 
hinges, operates reliably up to 80 kV (6 mm). Advances 
in voltage holding performance have resulted from the 
following developments2) : 

• ceramic glass/ metal vacuum feed through with in
ternal cable and current limiting resistor 

• suppression of electron emission current by an insu
lating coating on the cathode 
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• ceramic glass insulator material and terminations 
which resist arcing breakdown 

• conditioning procedures that avoid large dark cur
rents and sparks, which are detrimental to elec
trodes 

• stainless steel anode plates, which seem to remain 
cleaner and smoother than tungsten or molybdenum 
plates during operation 

In anticipation of increased beam current, a water 
cooled section of El with copper anodes has been in
stalled. Performance with low beam power «5 W) has 
been similar to the standard deflector. 

1.2. Rf transmitter anode power supplies 

The anode power supply consists of a power dis
tribution section, with crowbar unit and controls, and a 
separate power transformer and rectifier. Due to its high 
reliability the 400 kW transformer and rectifier from the 
K500 cyclotron has been used for approximately 95% of 
the operating time of the K1200 in 1991 and the first 
half of 1992. 

The large (1200 kW) transformer is required to run 
beam energies above a threshold that depends on the 
charge/mass of the ion and is in the range 80 to 140 
MeV /u. The 1200 kW subsystem has experienced fail
ures in the transformer, filter choke and rectifiers. The 
major cause of these failures has been transient current 
and voltage swings associated with triggering the crow
bar circuit. The large magnetic forces resulting from the 
short circuit current during a crowbar event exceeded the 
capabilities of the windings in the original transformers 
and the filter choke. The transformer, choke and rectifier 
have been redesigned and new units ordered. Besides be
ing more rugged, the new rectifier and choke will be more 
accessible for maintenance, as they are not immersed in 
oil. The modifications will be finished in summer 1992. 

1.3. Reduced dee voltage 

The dee voltage in the K1200 is set for each beam 
in such a way that the design ray follows the same path 
through the cyclotron central region for all beams. The 
voltage requirements thus depend on the charge to mass 
ratio and the final velocity. The central region was de
signed originally for a maximum dee voltage of 200 k V. 
The cyclotron was operated with this central region until 
March 1991. During this period we discovered that the 
resonators would spark across the dee stem support in
sulators on the atmosphere side when the voltage at the 
insulator reached 80 k V. Due to the variation of the volt
age at the insulator with frequency, this effect restricted 
the range of charge/mass for energies between 30 and 
100 MeV/nucleon. Therefore, a new central region was 
designed and installed which allows a dee voltage reduc
tion of 20%. This change has eliminated the problem at 
the cost of a small increase in phase slip. The absolute 

value of sin(¢) remains less than 0.50. The required in
put power to the rf amplifiers at maximum energy (200 
MeV /u) is reduced to 920 kW by this modification. 

2. IMPROVEMENTS IN HIGH ENERGY BEAM 
LINE TUNING 

A systematic program to improve beam line tun
ing was begun and partially implemented in 1991 with 
goals of reducing tuning time, increasing reproducibility, 
and improving the beam on target. Tuning is compli
cated by the use of inherently large emittance secondary 
beams and the desire to make clean, low cross section 
measurements at very forward angles. 

Key to this effort is the use of TRANSPORT code 
predictions for each set-up. Initial attempts to do so gave 
poor correspondence between predicted and measured 
beam envelopes. All beam transport lines were phys
ically measured, dimensioned in the CAD layout draw
ings, and the TRANSPORT input decks altered to reflect 
the corrected distances. Inter-element distances and ef
fective lengths of the super- conducting quad doublets 
were revised to reflect the dimensions of the magnets in 
their cold state. Current calibrations were checked and 
higher resolution DACs were fitted to quads and bend
ing magnets. With these changes, correspondence was 
improved significantly and is now of sufficient quality to 
allow reasonably accurate pre-run estimates of the actual 
beam envelope and magnet settings. 

Development and testing of a complete set of pre
dicted values for beam line magnets on each of the five 
vaults was begun and partially completed. Beams are 
assumed to be of three general types: primary (x and y 
emittance of 3 7r mm-mr),3) medium acceptance (30 7r 

mm-mr) and high acceptance (x=.50 7r mm-mr, y=80 7r 

mm-mr). 
Operational experience has been important in de

termining the choice of optical conditions to be fitted by 
TRANSPORT. Primary beam experiments with the 47l" 
array in the N2 vault indicated that the 5 cm dipole gaps 
impose significant restrictions on desireable optical solu
tions. When predictions gave a vertical beam height of 
more than about 2 cm in this gap, runs using such predic
tions had substantially increased noise due to particles 
hitting the target frame (presumably from halo scatter
ing from the pole faces) as compared to optical solutions 
giving a smaller beam height in the dipole. 

Additionally it was noted that while the spot size 
and shape at the object point for the beam transport 
system remains relatively constant for different beams 
and energies, the primary beam emittance, hence diver
gence, could vary by a factor of 2 or more. 

These two considerations, together with desire to 
transmit high-emittance secondary beams with maxi
mum efficiency, led to abandoning the technique of point
to-point transfer of the beam from the A 1200 to target 
with multiple foci, in favor of no intermediate imaging 
and reduced divergences until the final spot on target. 
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Rules for generating beam line optics have been devel
oped. This program has already resulted in performance 
improvements that meet its three general goals. 

3. ENERGY RANGE 

The maximum energy per nucleon of ions from the 
K1200 cyclotron was envisioned to vary with mass num
ber as shown by the curve in Fig. 3. The points plotted 
on the graph show examples of beams obtained. The 
energy goal for mass 208 has been exceeded (mass 238); 
that for mass 129 has been reached. Progress toward the 
goals for lighter ions can be seen from the graph. 
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Fig. 3. Mass number vs. beam energy: actual 
performance (solid points) and goal (open circles). 

4. ENERGY AND ION VARIABILITY 

For schedule planning purposes the time allowed for 
changing beams is 8 hours. Many experiments are sched
uled to run 2 or 3 different beams (ion-energy combina
tions). In the year Jan.-Dec. 1991 a total of 72 beams 
were produced by the K1200 for experiments and devel
opment. There were 134 beam changes made in the year, 
i.e. an average of 1 change every 2.1 days, during the 
6877 hr. that the cyclotron was scheduled for operation. 
In this same period 31 nuclear science experiments were 
performed. Not included in the energy change figures 
are so-called cocktail beams which have become increas
ingly in demand for calibration of detector energy re
sponse. For example, the following series of ions, all with 
charge/mass approximately 0.2, were run in a 6 hour pe
riod: 129Xe26+,84Kr17+, 65Cu13+,55Mnll+, 50Cr10+, and 
15N3+. The frequency was shifted by the small amount 
corresponding to the difference in charge/mass to select 
the ion to be accelerated, but all magnet currents re
mained constant. 

Table 1 contains examples of energies and intensities 
obtained for some respresentative ions produced by the 
ECR ion sources and accelerated.4) Molecular beams 
are a useful option. Compared to atomic ions in the 
K1200, molecular ions containing hydrogen and helium 

allow lower energy helium and deuterium beams than 
otherwise available, and they allow acceleration of pro
tons. In addition, the (H- He)+ ion has been used to 
excite and study forces produced by electron wake dis
tributions in a target. 

Table 2 lists a few secondary beams produced in 
the A1200 separator and used for physics experiments. 
Primary beam intensity is in the range 10-50 pnA. 

Table 1. Examples of beams extracted from the K1200. 
Ion E/A Intensity Source 

[MeV/uJ [part. nAJ feed 
llB:l+ 25 15 solid 
51 Vl3+ 50 1 " 
58Ni 15+ 70 2.4 " 
92Mo25+ 70 0.024 " 
238U39+ 25 0.0004 " 
6Li2+ 90 25 oven 
4OCall+ 55 3.2 " 
12C6+ 155 0.1 gas 
1806+ 80 53 " 
2°Ne9+ 125 0.27 " 
20N e1O+ 140 0.008 " 
28Si8+ 50 5 " 
78Kr22+ 75 0.30 " 
129Xe31+ 65 0.0005 " 
Molecular ions: 
(D-H)+ 70 25 gas 
(H-He)+ 35 6 " 
(D-He)+ 26 1.5 " 

Table 2. Examples of radioactive beams. 
Ion E/A Intensity accept. primary beam 

p/s/pnA mode 
llLi 64 50 high 1~0, 80 MeV /u 

35 20 " " 
2°Mg 65 0.35 high 36 Ar, 80 MeV /u 
4°Cl 55 200000 med. 40 Ar, 80 MeV /u 

5. TIME STRUCTURE 

The cyclotron central region accepts injected beam 
in a time interval of 40 degrees. 5) The time distribution 
of the beam is cut by the loss of beam on the deflector 
septum and possibly by other contraints placed by the 
extraction process. The time structure of the external 
beam has several peaks distributed over a portion of the 
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acceptance interval (see Fig. 4a). 
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Fig. 4. (a) Time of flight spectrum obtained from a 
solid state detector in the focal plane of the A1200 sep
arator detecting the primary beam, 60 MeV lu 24 Mg 
7+. The stop signal for the time converter is derived 
from the dee voltage. The rf period is 61.7 ns, and 1 
ns corresponds to 40.8 channels. The base width of 
the distribution is 3.1 ns (18 degrees). (b) As above 
except phase slits are inserted into the beam. The pri
mary peak centered at channel 2085 has a full width 
at half maximum of 0.44 ns (2.6 degrees). The beam 
intensity is reduced X 0.25 by the phase slits. 

The phase slit system narrows this time distribution. 
It is similar to the one used in the KSOO cyclotron6)7) . 

Two independently movable pins are inserted into the 
beam at a radius near 7 inches. The time spectrum in 
Fig. 4b is an example of the results. The performance of 
the phase slits is being studied and the operator interface 
is being developed for routine beam diagnostic use.8 ) 

6. BEAM DIAGNOSTICS 

A probe shaft with a thin scintillator mounted on 
the tip and viewed by a miniature TV camera 10 cm 
from the scintillator is used to display the internal beam 
spot as a function of position in the median plane. 9) This 
probe enables the operator to directly see effects of pa
rameter adjustments on the radial and axial betatron 
oscillations. It is therefore useful for detecting and cor
recting centering errors, especially with beams which are 
sensitive to centering because they remain near a reso
nance for a long time during acceleration. 

A computer program is used to automatically center 
the beam. This program controls the TV probe drive, a 
frame grabber to digitize the picture of the beam spot 
and the centering coil power supplies. It measures the 
horizontal size of the beam spot as a function of radius 
and determines the betatron oscillation amplitude. Re
peating this for different centering coil currents, it finds 
settings that minimize this amplitude. The search takes 
approximately IS minutes. 

A second hill probe was built in access port AS, and 
is presently used to measure current. 

7. CONCLUSIONS 

The K1200 cyclotron with the ECR ion source has 
met the energy goals for Xe and heavier ions. Improve
ments to the deflectors and the rf system are being made 
to increase the energy for light ions. The reliability has 
remained consistently good in the past year. A great 
variety of ions and energies is available and transitions 
between different beams occur rapidly. The laboratory 
produces many secondary beams by projectile fragmen
tation. 
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ABSTRACT 

The Milan superconducting cyclotron has been 
transferred and assembled in Catania. The status of the main 
components and the results of the tests performed 
along the radial injection line are here presented . 

1. INTRODUCTION 

The superconducting cyclotron, which will be com
missioned at L.N.S., was moved to Catania after the first 
cool-down and the preliminary magnetic measurements 
done in Milan. 1 ,2) Now the assembling of the cryostat and 
of the other main components of the machine, which are 
here described, is completed, Fig. 1. 

To save time between the next campaign of mag
netic measurement and the tests of RF and acceleration, 
the cyclotron cryostat was assembled together with the 
RF liner . The final magnetic measurements will be car
ried out by a new field mapping system able to fit the 
small gap of the liner. At the beginning, the beam ac
celerated by the Tandem will be radially injected in the 
median plane of the Cyclotron, where it will be stripped 
by a carbon foil placed near the center. Tests on the 
beam transfer line, charge state distributions measure
ments before and after the cyclotron stripper, and on the 
bunching system were done and are here presented. In 
Fig. 2 the lay-out of the LNS facility is shown, including 
the accelerator rooms, the Tandem-Cyclotron coupling 
line and the experimental rooms. 

2. CRYOSTAT AND CRYOGENIC PLANT 

At the end of 1990 the assembling of the cryostat 
started in Catania. We took 16 months to assemble the 
cryostat with the final vacuum chamber complete of all 
the radial penetrations for the injection and extraction 
lines, the electrostatic deflectors, the magnetic channels 
and the current probe. In May 1992 the cryostat was 
put in the magnetic yoke in its final position. In the first 
magnetic measurements done in Milan a first harmonic 
contribution due to the inner vacuum chamber of the 
cryostat was detected; now in order to reduce this effect, 

the center position of the vacuum chamber with respect 
to the center of the pole has been measured with great 
accuracy. The positi9n of the center has been extracted 
by Fourier analysis of the values of the distance between 
the vacuum chamber and the pole center. After some 
trials the centre of the vacuum chamber was nominally 
placed at 0.01 mm from the centre of the poles. Because 
of unknown possible errors and due to the difficulties to 

Fig. 1. View of the Cyclotron assembled with 
the cryostat inside and the upper and lower RF 
cavities installed. 
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Fig. 2. Layout of the LNS facility. 

measure the positions of the poles, covered by the 
liner, and of the vacuum chamber, we can not rely com
pletely on this result. The final check on the exact po
sition of the cryostat will be possible by magnetic mea
surements. The cryostat has been vacuum tested before 
the installation inside the magnet yoke. Two small leak
ages lower than 10- 5mbad/sec have been detected, one 
inside the injection channel, the second inside the chan
nel of a compensation bar. The two leaks have also been 
measured after the assembling of the cryostat in its fi
nal position and no variation has been monitored. We 
decided that it is not necessary to attempt to perform 
any repair because of the acceptable low values of the 
leakages and of their stability. 

All the equipments needed for the refrigeration of 
the cryostat have been installed and separately tested. 
At present we are carrying out the connection of the 
cryogenic transfer lines and the tests on the measurement 
and control systems. The cryogenic circuit is based on 
a Helial refrigerator delivering 180 W or 53 Ilh of LHe 
at 4.3 K without LN precooling and about 100 l/h with 
precooling. The refrigerator is equipped with an internal 
purifier to avoid the treatment of the recovered helium 
and the risk of valve clogging. Two ejectors, one on the 
warm line coming from the current leads, the other into 
the cold box on the cold line from the cryostat, make 
the operating pressure of the cryostat indipendent of the 
compressor low pressure. During the normal operation 
the refrigerator supplies a 1000 1. reservoir from which 
the LHe is transferred to the cryostat; a regulating valve 

on the transfer line keeps the level constant and inde
pendent of the production and consumption fluctuations. 
The LN, required for the cooling of the 80° K shields 
(~10 l/h) is drawn in turn from two 10.0001. tanks and 
arrives at the cryostat via a multilayer insulated transfer 
line and phase separator. During the warm up of the 
cryostat the gaseus helium is recovered in a 20 m3 bal
loon and compressed to 220 bar in large high pressure 
cilinders (1700 1) by a 50 m3 /h compressor. The storage 
capacity is ~3000 std m 3 of He. 

3. RF SYSTEM 

The cavity resonators and the trimming capacitors 
are already mounted in their permanent positions 
and the connession to the ancillary equipment and to 
the electronics are in progress. The transmission 
coaxial lines connecting the RF amplifiers to the cou
pier· capacitors have been installed too. The trimming 
and coupling capacitors, the lower and upper stubs of the 
resonant cavities have also been vacuum tested. During 
the assembling of the cryostat a lot of work has been 
done to complete the lower and upper partf of the RF 
liner. The liner, sealed to the cryostat inner wall consti
tutes the vacuum chamber of the accelerator. 

The copper liner presents a large surface exposed 
to vacuum in the acceleration chamber and therefore 
an efficient cleaning procedure of this part is of vital 
importance on the vacuum conditions of the machine. 
The liner was first degreased (locally) with acetone for a 
rough removing of the oils used in the machining. After-
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wards the liner was ultrasonic cleaned (fully immersed) 
in a hot alkaline detergent solution to remove fats; a hot 
acid detergent solution was then used to deoxidize cop
per. Thereafter the liner was dried with ethanol after a 
long rinsing (about 1 hour) with room temperature dem
ineralized water. The liner is now completely installed 
in the magnet. 

4. EXTRACTION 

The construction of the magnetic channels and their 
actuators is completed and they have been already in
stalled in the cyclotron. The construction of the two 
electrostatic deflectors, Fig. 3. is underway and they 
will be ready for testing and installation by the end of 
September. The deflectors have been designed with a gap 
of 8 mm. This will limit the maximum sustainable field 
to around 100 kV Icm, whereas the peak design value 
was 140 kV Icm. After the beam size measurement in 
the extraction region, we shall evaluate the possibility of 
turning to a 6 mm gap, which has proved to work sat
isfactory up to 135 k V I cm on the deflector prototype. 
A test bench with a 1 Tesla magnetic field has been in
stalled at LNS for further deflector development. 

Int~ma/ Vacuum 
Chambtlr 

Tantalum 

[MfI~lor 

Septum '&IJf.~~~~~§~ :::~~3r)8::.J::===~~~ BmmGapli ;:;; 

q 30cm 

Fig. 3. Design of the electrostatic deflector 

5. MAGNETIC MEASUREMENT SYSTEM 

The description of the new field mapping system 
and its test were published elsewhere, 3 ) therefore herein 
we will mention only its general concepts and features. 
Due to the small gap accessible in the median plane of 
the cyclotron and the great number of field maps to be 
measured the search coil technique was chosen as a basis 
of the system. It provides both small vertical size and 
high speed properties. The system is made up of a coil 
put on a motorized cart together with an optical encoder 
sensing the actual probe position by means of a stripped 
tape fixed to a guiding carbon-fiber bar. The 1800 mm 
long bar is settled on the motorized axis which ensure 
an azimuthal positioning accuracy of 10-3 deg. The cart 

controller triggers by means of encoder pulses a digital 
integrator (PDl5025-Metrolab), which sums up the fre
quency of an ADC and stores the result each time a pre
programmed number of trigger signals is counted. When 
calibrated this system gives the field variation from a 
reference point. The absolute value of the field is read 
by the NMR probe placed on the symmetry axis of the 
cyclotron. Another NMR probe is placed in one of the 
RF holes to allow an on-place calibration of the coil. 
The misalignment of the coil plane with respect to the 
symmetry plane of the cyclotron of .8 deg leads to a sys
tematic error of the order of 10-4 . For this reason the 
possibility of calibration inside the cyclotron is impor
tant. The whole system is controlled via G PIB bus by a 
PC386. The PC performs data aquisition, on line calcu
lations of average field and harmonics with appropriate 
graphs. The computer analyzes on line the measure
ment performance and in case of a failure cased by an 
overrange error or an encoder counter error repeats au
tomatically erroneous azimuthal step. 

The main problem encountered during the tests of 
the system was a nonlinearity of the integrator drift as 
well as a noise generated probably by the digitization 
process. It is very difficult to get rid of the last error 
since it depends not only on a trigger number and tem
perature but a part of it seems to be clearly casual. Thus 
the system parameters (coil sensitivity, cart velocity, in
tegrator amplifier gain) was chosen to diminish a casual 
error. For the best balanced gain value (G= 10) and high 
coil sensitivity (0.13 m 2 ) the cart velocity is limited by 
the highest field gradient expected (15 Tim) to 0.2 m/s. 
To reduce the measurement time and the probability of 
the casual drift error, the cart starts with the maximal 
velocity (0.5 m/s) and it automatically moderates only 
in the region where the gradient is high. This property 
ensures the measurement accuracy within 10-4 for an 
individual measurement point and better then 3 x 10- G 

for average field and harmonic amplitudes. 
The system will be tested inside the cyclotron the 

next weeks and the magnetic field measurements are 
planned to begin this summer. 

6. COMPUTER CONTROL 

The establishment of accepted general rules for the lower 
levels of the control system and the importance of 
the operator interface in the management of the experi
ment have stimulated a lot of work in the design of new 
approaches to man machine interaction tools. The con
sole has been redesigned as an Ethernet segment with a 
distributed software running on the computers connected 
to it. The most relevant challenge has been the devel
opment of GlULIA,4) a dedicated package running on 
top of X-Windows on VMS Based worksations. GrULLA 
isa modular, object oriented code which provides a set 
of tools for the management of a plant or of an exper
iment. The operator is driven, through windows based 
dialog paths, to the handling of all parameters of con
cern. There is the possibility to work with predefined 
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tools or with run time user defined tools. Alarm han
dling, logging monitor capabilities and the management 
of a database for the different parameters are included. 
The experience gained using GIULIA during the final 
assembling of the machine has shown that the package 
fits all the requirements arised during the first cool-down 
and excitation operations. 

7. BEAM LINE TESTS 

The coupling beam line between the Tandem and 
the Cyclotron has been tested. The lay-out of the line 
is shown in Fig. 2, where the diagnostic elements, the 
Faraday cups (FC), are represented too. Each Faraday 
cup is accompanied by a Beam Profile Monitor 5 ) The 
aims of these tests are: 

• to verify the agreement of the experimental setting 
with the theoretical values; 

• to estimate the transfer efficiency of the line; 

• to evaluate the intensity of the charge state to be 
injected into the Cyclotron; 

• to evaluate the stripping efficiency for the charge 
state to be accelerated in the Cyclotron after strip
ping. 
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Fig. 4. Charge states distribution after the second 
solid stripper. 

The beam line tests were performed with 160 and 
1271, employing a N2 gas stripper at the Tandem H.V. 
terminal. They proved that the theoretical setting of the 
quadrupoles agrees with the experimental one within a 
few %. A 160 2+ beam, accelerated with VTandern=10 
MV, was transported until the Rebuncher position (Fig. 
2), where a double waist is created, and the transfer effi
ciency resulted to be ~ 1 00% for an intensity in the order 
of 120-140 enA. The most interesting feature of these 

tests is the easiness of the setting procedure. At 14 MV, 
injecting a current of 600 nA in the Tandem and extract
ing a current More extensive tests were done with 1271. 
of 5000 enA, the current of the 7+ charge state measured 
on the FC after the dipole Dl was ~560 enA. In order 
to simulate the Cyclotron stripper, a foil stripper system 
was installed in the coupling line in front of the dipole 
D2. In Fig. 4 the charge state distribution measured 
on the FC after the dipole D2 is shown. The intensity 
for each charge state is calculated with respect to the 
total current measured. The incoming beam was 17+, 
with energies 112 and 115.2 MeV respectively. The most 
probable charge state appears to be 25+. 

Considering the results obtained, the commissioning 
of the Cyclotron is feasible with the injection of a 12717+ 
beam; the acceleration of a 127128+ beam is planned. 

8. THE BUNCHING SYSTEM 

The coupling between the two accelerators requires 
that the beams coming from the Tandem have to be 
bunched at the same frequency of the C.S. radiofre
quency system, i.e. 15-48 MHz. The goal for the tempo
ral bunch length at the cyclotron stripper is ±1.5° RF, 
corresponding to .6.t= 170-560 psec., shorter than the ±3° 
RF necessary to reduce the energy spread at the extrac
tion and make feasible the single turn extraction. This 
task is accomplished by a so called Low Energy Buncher 
(L.E.B.), located just in front of the Tandem and by 
the Rebuncher, placed between the Tandem and the Cy
clotron, Fig. 2. In Table 1 the main parameters of the 
cavities of the bunching sytem are presented. A complete 
description of the pulsing system has been presented else
where.6) To test the first stage of bunching system an 
oxygen ion beam was used. The L.E.B. was driven at 
frequencies of 17.1, 24.7 and 33 MHz. To measure the 
length of the bunches delivered by the L.E.B. a p-channel 
plate has been used. The p-channel plate gives a timing 
signal for each ion that strikes a thin wire placed to cross 
the beam. The time between the p-channel plate signals 
and the R.F. generator signals has been measured by a 
Time Amplitude Converter and monitored on a multi
channel analyzer Fig. 5. 

T bl 1 M . a e : am parame ers 0 f tl b Ie unc t h· mg sys em 
Buncller Buncller Rebuncher 
Cavity 1 Cavity 2 

Frequency 15-48 MHz 30-96 MHz 60-192 MHz 
Peak volt. 1500 V 600 V 30 KV 
In. Diam. 66 mm 66 mm 60 nUll 
Out. Diam. 238 mm 238 mm 255 mm 
Cooling an au water 
Z .• h (KO) 45-180 70-180 280-380 
Q factor 560-2300 900-2300 3300-4400 
Ref!. power ~5% ~5% 
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Temporal lengths as short as 1.32-;-.1.6 nsec. 
FWHM, and efficiencies in the order of 55-;-.65%, have 
been recorded. The efficiencies here reported are the 
ratio between the number of event in the area of the 
peak and the total event recorded during the period of 
the R.F., corrected for background noise. The results 
are satisfactory and in good agreement with the theo
retical simulations. As foreseen by the calculations for 
heavyer ions like iodine we observed only small tempo
ral structures on a continuous beam because of the poor 
uniformity of the electric field in the gaps when the /3>' 
of the beam is short. To counterbalance this effect, it is 
planned to put grids on the electrodes. 
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Fig. 5. A typical time spectrum for 0"+ 

9. CONCLUSIONS 

The Superconducting Cyclotron was successfully 
moved from Milan to Catania without any damage. Af
ter a long time required to perform the welding of the 
radial penetrations in the cryostat and the assembling in 
the new site, we are now ready to restart the cool-down 
of the machine and to perform in the next months the 
final field mapping. 
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ABSTRACT 

Improvements to the injection and extraction systems 
of the separated-sector cyclotron are in progress. A flat-top 
acceleration system, making use of the existing dees, for 
the light-ion injector cyclotron, is being tested. A bi-direc
tional beam sweeping system for the isotope production 
targets has been designed and built. 

1. INTRODUCTION 

The 200 MeV separated-sector cyclotron1) and the 
8 MeV light ion injector cyclotron at the NAC have been 
in operation since the beginning of 1987. Beam time is al
located to physical sciences (49%), neutron therapy (14%), 
radiobiology and biophysics (8 %) and isotope production 
(26 %). An injector cyclotron for polarized and heavy ions 
is scheduled for completion in December 1993. The ECR 
and polarized ion sources are operational. A beamline and 
facilities for proton therapy are under construction and will 
be completed later this year. The K600 spectrometer has 
been commissioned. The final detector is now being 
constructed. A number of improvements to the existing 
facilities are discussed below. 

2. BEAM CENTERING IN THE SEPARATED
SECTOR CYCLOTRON 

To center a beam the change in the centering error for 
increments in the currents of each of the injection elements 
is measured at a given tum. By using linear combinations 
of these increments for any pair of injection elements, the 
centering error can be adjusted to the required value. With 
this procedure the centering error is typically reduced by a 
factor of six in a single step. 

Owing to the lower than expected dee voltage at in
jection in the 200 MeV separated-sector cyclotron, proton 
beams with energies above 120 MeV could not be centered 
with the injection system as it was originally designed. 
During beam centering studies it was noticed that when the 
injection system is set up for total transmission through the 
magnetic inflection channel, the centering error can be ad
justed to only an angular error on the third or fourth tum, 
depending on the injection energy. To center the beam at 
energies above 120 MeV, it is therefore only necessary to 
change the beam angle, on the third or fourth tum, with a 

short electrostatic injection channel (EIC). The available 
space in the cyclotron allows a maximum channel length of 
190 mm. The maximum angular error on the third tum is 
25 mrad. The maximum required field strength in the 
channel is 23.5 kV tcm. A cross-sectional view of the EIC 
is shown in Fig. 1. A grounded shield screens the first few 
orbits from the electrical field around the deflector. Fig
ure 2 shows the orbit pattern for 200 MeV protons at in
jection. On the first two turns the beam is not centered but 
from the third tum onward the centering error is only 
3 mm. In practice the beam is centered by first obtaining 
only an angular centering error at the EIC, through adjust
ment of the first few injection elements. The beam angle is 
then corrected by applying the calculated voltage for a 
properly centered beam to the channel. During operation 
the beam center is adjusted to give the maximum orbit 
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Fig. 1. A cross-sectional view of the EIC. 
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Fig. 2. Beam centering in the separated-sector cyclotron with 
an additional electrostatic inflection channel (EIC) at injection 
for 200 MeV protons. The EIC electrodes at the third turn are 
indicated. From the third turn onward the centering error is 
3 mm. 

separation at the first extraction element, for a given cen
tering error. It is now possible to work with a much 
smaller centering error at 200 Me V and still get the same 
orbit separation at extraction. 

At present the extraction system consists of an electro
static channel (EEC) and two septum magnets (SPM 1 and 
SPM2), as shown in Fig. 3. When the beam is centered and 
the EEC is used, the orbit separation at SPM1 is 12 mrn. 
Because Vx = 1.5 at extraction for 200 MeV protons, it is 
possible to obtain double the normal orbit separation of 
6 mrn at the septum magnet SPM 1, by making use of a 
centering error. Under these conditions the EEC cannot be 

/J\--S=MF=---,,*S,,-P-,M~1~1 ""'~ 
(, \ J 

/ 
~SM2 

~/ o 1,5 m 

Fig. 3. Layout of the separated-sector cyclotron showing the 

positions of the the new electrostatic channel (EIC) at injection 
and the magnetic channel (SM) at extraction. 

used because the outer orbit at the EEC swings in to pass 
SPM 1 on the inside due to radial focusing in sector magnet 
three. To improve the extraction efficiency for 200 MeV 
protons, a further septum magnet SM is required at the 
position shown in Fig. 3, in which the position of the EIC 
is also indicated. At the entrance of the new septum magnet 
the orbit separation is 24 mrn with a field strength of 
60 kV fcm in the EEC and with a centering error of 6 mrn. 
Due to the centering error the orbit separation at the EEC 
is 10 mrn. The new septum magnet which is presently 
being planned will be similar to SPM 1. 

3. A FLAT-TOP SYSTEM FOR SPCl 

The extraction efficiency of the separated-sector cy
clotron for a 66 MeV proton beam, which is used for iso
tope production and neutron therapy, decreases sharply for 
beam currents above 120 ~A. In order to increase the ex
traction efficiency for this beam and also for proton beams 
in the energy range 120 to 200 MeV, where the orbit sepa
ration is small, a flat-top acceleration system for the sepa
rated-sector cyclotron has been considered. Such a system 
is, however, at present too expensive. A flat-top system for 
SPC1 can be made more cheaply, especially if the existing 
resonators could be used for this purpose. It was thought 
that with such a system the energy spread in the beam ex
tracted from SPC 1 would be much lower and the beam 
could be bunched to shorter pulse lengths in the separated
sector cyclotron than before. The energy spread of beams 
in the separated-sector cyclotron will therefore be smaller 
and the extraction efficiency should improve. With shorter 
pulse lengths higher beam currents for a given beam loss in 
the separated-sector cyclotron will be available, and a 
larger percentage of the beam extracted from SPC1 could 
be injected into the separated-sector cyclotron. Longitudi
nal space charge forces in the separated-sector cyclotron, 
however, restrict the pulse lengths which can be used. 

The next resonance frequency, above the main reso
nance frequency, of the SPC 1 resonators does not occur at 
an harmonic of the main frequency. To adjust the second 
resonance frequency to coincide with an harmonic of the 
main frequency, two systems were considered. In the first 
case a loop, tuned to a frequency close to the desired har
monic frequency, is coupled inductively to a main resona
tor. In the second case an additional co-axial transmission 
line resonator, also tuned to a frequency close to the de
sired harmonic frequency, is coupled capacitively to a main 
resonator. 

A computer program was developed to calculate the 
characteristics of the SPC1 resonators. Because of the cal
culated high power dissipation at the third harmonic in 
both the loops and additional resonators, it was decided to 
design the flat-top system to operate at the fifth harmonic 
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Fig. 4. Calculated and measured main resonance frequencies 
of an SPCl resonator vs. the length of the co-axial section of 
the resonator. 

of the main frequency. The calculated and measured main 
resonance frequencies, as a function of the length of the co
axial section of the SPC1 resonators, are shown in Fig. 4. 
The measured and calculated second resonance frequencies 
of the resonator, as a function of the main frequency, are 
shown in Fig. 5. Calculations have shown that the current 
in the loop and the voltage across the loop capacitor will be 
too high. The optimum position for the loop is also occu
pied by existing cyclotron components. 

It was therefore decided to use the additional trans
mission line resonators with adjustable short-circuit plates 
to tune the main resonators to the fifth harmonic frequency. 
The additional resonators are coupled through series 
capacitors to the main resonators as shown in Fig. 6. The 
resonators are 1.2 m long and the diameters of the inner 
and outer conductors are 40 mm and 120 mm, respectively. 
The largest part of an additional resonator, including the 

140 r---------------------------------~ 
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Fig. 5. Calculated and measured second resonance frequen
cies of an SPCl resonator vs. the main resonance frequency. 
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Fig. 6. An additional transmission line resonator coupled 
capacitively to an SPCl main resonator to obtain a flat-top dee 
voltage. 

short-circuit plate and the coupling system to the amplifier, 
is at atmospheric pressure and does not require vacuum 
feedthroughs. The series capacitor and the short-circuit 
plate have to be adjusted to obtain the harmonic frequency. 

Calculations and measurements on the system have 
shown that the SPC1 main resonators can be tuned to the 
main and fifth harmonic frequencies over the main fre
quency range 10 MHz to 26 MHz. The maximum calcu
lated power dissipation of 380 W at 130 MHz, i.e. the 5th 
harmonic of 26 MHz, is small compared to the maximum 
power dissipation at the main frequency. The harmonic 
voltage on the anode of the main amplifier is less than 
1400 V, whereas the main voltage at the anode of the har
monic amplifier is 130 V. The tolerances on the amplitude 
and phase of the main dee voltage are 0.3% and 0.3°, re
spectively. For the harmonic voltage the corresponding 
tolerances are 7.5% and 1.5°, respectively. 

To determine the influence of a flat-top system in 
SPC1 on the beam quality, an orbit code OCEM was used. 
This program was modified to take the harmonic dee volt
age and its radial distribution into account. There is no no
ticeable change in the vertical focusing when the harmonic 
voltage is included in the calculation. With the flat-top 
system the beam separation increased from 1 mm to 8 mm 
at the extraction radius for a beam pulse length of 30°. 

The two systems have been operated simultaneously at 
a main frequency of 16.3 MHz and a flat-top frequency of 
81.5 MHz with beam. 
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Fig. 7. Beam current vs. collimator position (a) and diameter 
(b) of the PIG ion source in the light-ion injector cyclotron. 

4. OPTIMIZATION OF THE PIG ION SOURCE 

A PIG ion source is used in the central region of the 
light-ion irtiector cyclotron. To optimize the source for 
high beam intensities, experiments in which the diameter 
and position of the collimators for the electron beam have 
been varied, were carried out. Figure 7 shows the internal 
beam intensity vs. these two parameters. Another parame
ter which was varied is the thickness of the extraction slit. 
The beam intensity has been increased by a factor of 2 by 
the optimization of these three parameters. 

5. A BEAM SWEEPING SYSTEM 

Radioisotopes are produced with a 65 ~A proton 
beam of 66 MeV on a circular water-cooled target with a 
diameter of 18 mm. In order to limit the rise in the target 
temperature, a 450 Hz beam sweeper is used in the isotope 
production line. The sweeper consists of two 200 mm long 
dipole magnets, made from 0.3 mm thick laminations, 
mounted around the stainless steel beam pipe. Each magnet 
has two coils consisting of 640 turns each. The reactance of 

the two coils, which are connected in series, is 1261 ohm. 
The resistance is 2.7 ohm. To limit the voltage across the 
supply to the coils they are connected in series with a 
280 nF capacitor to form a series resonance circuit. Two 
400 W commercial audio power amplifiers are connected to 
the magnets through transformers to obtain a field strength 
of 6 mT. The currents through the coils of the two magnets 
are 90° out of phase, and can be varied independently to 
obtain circular or elliptical beam profiles with a maximum 
diameter of 10 mm. 

6. ACCELERATOR OPERATION 

Table 1 shows the beam statistics for the past three 
years of operation. More than 50% of the unscheduled in
terruptions for 1991 originated from the injector cyclotron 
and are mainly due to the ion source. 

Table 1. Distribution of scheduled time 

1989 1990 1991 
Scheduled time as % of 82.8% 85.1 % 86.4% 
calendar time 
Scheduled time 7251h 7453h 7567h 
(normalized to 100%) 100% 100% 100% 
Interruptions 4.3% 6.9% 3.9% 
Beam retuning after 2.5% 0.6% 0.8% 
power dip or failure 
Beam development 4.7% 3.6% 2.2% 
Energy change and 7.8% 6.3% 6.3% 
beam tuning 
Beam time 80.6% 82.5% 86.8% 
Average no of 8 hour 61.0 64.1 68.4 
shifts per month 
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HEAVY ION FACILITY IN ATOMKI 

S. Biri, J. Palinkas, A. Valek 
Institute of Nuclear Research of the Hungarian Academy of Sciences (ATOMKI) 

4001 Debrecen, Pf. 51., Hungary 

ABSTRACT 

A plan of a heavy ion facility based on ECR ion 
source, compact cyclotron and electrostatic acceleretor 
is presented. The project is partly funded and the devel
opment of the ECR ion source is in progress. 

1. INTRODUCTION 

Experimental atomic and nuclear physics research 
in ATOMKI are based on the particle accelerators of the 
institute. During the 38-years history of the institute 
the beam power of the accelerators was increased con
tinuously: 0.8 MV Cockroft-Walton generator (1962), 1 
MV Van de Graaff generator (1969), 5 MV Van de Graaff 
generator (1971), K=20 variable energy cyclotron (1985). 

The latest trend of accelerator based atomic and 
nuclear physics research is undoubtedly heavy ion col
lision physics. Our participation in front line research 
programmes requires the extension of our atomic and 
nuclear physics studies into this direction. 

To facilitate heavy ion collision research in atomic 
and nuclear physics a decision has been made to estab
lish a heavy ion physics facility, based on an electron 
cyclotron resonance (ECR) ion source. 

Beside an ECR ion source, which can be used alone 
(low energies up to 10 keY /amu), or can be coupled 
to an electrostatic accelerator (medium energies) or to 
the cyclotron (higher energies), one gets a special heavy 
ion facility not available in Central- and East-European 
countries, and it makes possible a variety of research pro
grams. The scheme of the planned facility can be seen 
in Fig.I. 

2. THE ECR ION SOURCE 

The basic element of the proposed facility is an 
ECR-type ion source. Although ECR ion sources are 
commercially available, because of the limited financial 
support we plan to manufacture it in ATOMKI, buying 
only the main units and using the experiences of other 
laboratories. 

After making a detailed survey on working and 
planned sources,l) we restricted our interest to room
temperature ECR-s. Examining the cost/power ratio, 
knowing the A/Q:S4 condition for the cyclotron and 
studying the world-wide trends in ECR developments, 
a 14 G Hz ECR source seems to be the optimum choice 
for us. 

For these type of ion sources one of the most criti
cal point is the structure of the magnetic field. In order 
to prepare the design, the measurement and the final 
formation of the magnetic field of the ECR source, pre
liminary model computations and instrumental develop
ments were carried out. 

1. Using a simple interactive PC computer code the 
axial magnetic field and the parameters of the coils, cre
ating this field, can be determined. In Fig.2 the result of 
such a calculation is given for a 2-stages, 14 GHz source. 
The calculation of the total magnetic field, which is a 
superposition of the magnetic field of a hexapole (radial) 
and the coils (axial), is also possible. 

2. To measure the magnetic field inside the coils 
and/or the hexapole, a PC-controlled Gauss-meter was 
developed. 2) With a small modification it can be used for 
measuring the magnetic field in the hole of the cyclotron 
yoke, as well. 

3. The results of magnetic field measurements can 
be transformed to any required text or graphics form, 
and axial, radial or azimuthal magnetic fields and two
dimensional field maps can be obtained. A Fourier
analyzis of the Br (phi) or Bphi (phi) field components is 
also possible (Fig.3). 

3. THE ELECTROSTATIC ACCELERATOR 

To cover the energy gap between extraction energy 
(5-10 ke V / amu) of the ECR source and energies after the 
acceleration by cyclotron (MeV /amu), a 500 kV electro
static accelerator was proposed (Fig. 1 ). Technical de
tails are being continuously worked out. According to 
our present concept the accelerator will be similar to the 
350 kV PIIECR facility of the Argonne National Lab
oratory .3) During the operation of the ECR source at 
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the cyclotron, a hollow-cathode type ion source will be 
used4) to produce single charged ions for the users. 

4. THE CYCLOTRON 

The existing MGC-20 cyclotron was designed to ac
celerate protons, deuterons, 3He2+ ions and alpha par
ticles in an energy range determined by the K value of 
5-20.5) Mainly the first harmonic mode of operation is 
used, but low energy alpha particle and deuterons beams 
are accelerated on the third harmonics of the revolution 
frequency. 

Because of the increasing interest in the heavy ion 
beams, which have a higher mass to charge ratio and 
they should be accelerated in the third harmonic mode 
of operation, an extensive study of that mode was carried 
out.6) At first the formation of the isochronous field, the 
radial stability of the beam and the orbit centring in the 
central region were investigated using the measured value 
of the magnetic field of the cyclotron, then with runs of 
3He+ and 4He+ ions the results of the calculations were 
experimentally tested. The conclusions of these study 
are the followings: the MGC-20 cyclotron is capable of 
accelerating heavier ions with a mass to charge ratio up 
to 4; the magnet yokes have suitable axial holes for injec
tion of a low energy beam from an external ion source; 
there is a serious beam loss during the acceleration at 
pressures of (0.8-1.2)10- 3 Pa due to the stripping on the 
residual gas atoms. 

To couple the ECR ion source to the cyclotron stud
ies begin in the near future to work out the method 
of injection, the beam transport system and to im
prove the vacuum system of the cyclotron. The external 
ion sources (ECR and duoplasmatron for protons and 
deuterons) could be roomed on the underground floor 
near to the cyclotron. 

5. PLANNED RESEARCH 

The research activity at the proposed heavy ion fa
cility will include investigations with a variety of ion 
beams at low and medium energies in atomic physics, 
solid state and plasma physics, while in the high energy 
range atomic physics, nuclear spectroscopy and applica
tions will be the main topics. 

Atomic physics. Atomic physics investigations 
with multiple charged heavy ions are performed with 
beams of high-power ion sources (ECR, IBIS) or with 
high-energy heavy ion accelerators; the range between 
them has not been covered. If after the ECR source an 
electrostatic or linear accelerator would be applied, a new 
experimental area would be opened, covering partly the 
gap between the energy of the ECR's «10 keY /amu) 
and high energy ion accelerators (>500 keY /amu). The 
most interesting fields to study are: charge exchange pro
cesses, molecular mechanism, direct ionization, ion-solid 
state interaction, quantum electrodynamical effects. 

Nuclear physics, nuclear spectroscopy. One 
of the most important direction of progress in nuclear 

physics is heavy ion physics. In large nuclear physics 
research centres heavy ion physics is the main field of 
research, and smaller laboratories in the neighbouring 
countries (Krakow, Warsaw, Prague, Bucharest, Kiev 
etc.) do significant efforts to establish heavy ion ac
celerators. Some proposed experiments with heavy ions 
are: determine new level parameters by (heavy ion,xn) 
reactions, study of the structure of high-spin levels 
(rotational bands, back-bending, yrast-levels), proton
neutron multiple high-spin states of the odd-odd nucleus, 
Coulomb excitation. 

Applications. Among the many industrial, medi
cal etc. applications we plan to deal with production of 
nuclear filters, investigation of the radiation damage in 
various materials, materials sciences. 

6. REALIZATION IN THE ATOMKI 

A design study has been made to reveal the possibil
ities of establishing the proposed facility in ATOMK1. 7

) 

In this study we worked out the specifications of the 
units (ECR source, injection into the cyclotron, elec
trostatic accelerator), finance, the necessary manpower, 
time schedule. 

The realization of the facility is suggested in two 
steps. First the ion source and the electrostatic accel
erator will be built in the rooms used formerly by the 
Cockroft-Walton generator and they will be applied for 
atomic physics investigations. In the second step the 
ECR source will be coupled to the cyclotron, and fur
ther on, it will be used alternately in the low and high 
energy ranges. 

At present the financial resources seem to cover only 
the development costs of the ECR ion source. This work 
starts in the very near future, and we continue our efforts 
to get the necessary funds for the injection system and 
the electrostatic accelerator, as well. 
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RECENT ACHIEVEMENTS AT THE RIKEN RING CYCLOTRON 

Yasushige Yano 
RIIffiN 

Wako-shi, Saitama 351-01, Japan 

ABSTRACT 

In April 1987 the K540 RIKEN ring cyclotron went 
into operation with the RILAC as an injector; another 
injector of a K70 A VF cyclotron was installed in April 
1989 to upgrade the acceleration performance for light ions. 

So far 210 MeV protons and twenty kinds of heavy 
ions ranging from deuteron through erbium with energies of 
7 - 135 MeV/nucleon have been delivered for a wide 
variety of experiments of nuclear physics, atomic physics, 
nuclear chemistry, material science and radiobiology. 

The current status of this accelerator complex is 
described with an emphasis on recent improvements and 
developments. 

1. GENERAL DESCRIPTION OF RIKEN 
ACCELERATOR RESEARCH FACILITY 

The fourteen-year project of constructing the RIKEN 
Accelerator Research Facility (RARF)l) was carried to 
completion in 1989 FY. This facility houses a main 
accelerator of a K540 ring cyclotron (RIKEN Ring 
Cyclotron, RRC) and its two types of injectors of a heavy
ion linac (RIKEN Heavy-Ion Linac, RILAC) and a K70 
AVF cyclotron. This accelerator system delivers various 
kinds of heavy-ion beams with a mass range from A=l to 
A=209. Maximum energies of protons and helium-3 
particles are 210 MeV and 185 MeV/nucleon, respectively. 
Energy range of heavy-ion beams extends from 7 
MeV/nucleon to 135 MeV/nucleon for light lions and to 
about 20 Me V /nucleon for very heavy ions. 

The milestones so far read as follows: the RILAC was 
completed in 1981, and subsequently construction of the 
RRC was started. In December 1986, the RRC coupled with 
the RILAC was commissioned. The routine operation of 
this accelerator complex began in April 1987. In 1987 -
1989, construction of the injector A VF cyclotron and its 
ECR ion source, fabrication of various experimental appara
tus, and extension of beam distribution lines were 
conducted. Due to this work beam services were sometimes 
interrupted. In July 1989 a 135 MeV/nucleon nitrogen beam 
was successfully extracted from the RRC in the A VF 
injection. This beam has the largest magnetic rigidity that 
the RRC is capable of providing. Owing to the installation 
of the A VF injector, the design goal of light-ion 
acceleration has been achieved. Since September 1989, 
experimental programs have been carried out by using both 
RILAC and AVF injected beams. In late 1990 an ECR ion 

source named NEOMAFIOS2), developed and manufac
tured by C.E.N.-G., France, was newly installed on a high 
voltage injector of the RILAC, being substituted for an old 
PIG ion source. Thanks to this installation, the RILAC 
performance has been greatly improved, and consequently 
the RRC performance for heavy-ion acceleration has been 
upgraded. 

Up to the present, the RRC has provided 210 MeV 
protons and twenty kinds of heavy-ion beams ranging from 
deuteron through erbium with energies of 7.0 - 135 
MeV/nucleon for experiments of nuclear physics, atomic 
physics, nuclear chemistry, material science and radio
biology. High quality beams with transverse emittances as 
small as 10 mmomrad, an energy spread of approximately 
0.1 % and a pulse width shorter than 300 psec have been 
used. 

1.1. Statistics of Operation 

Figure 1 summarizes the change in yearly operation 
hours of the RRC from 1987 to 1991. Since 1990 a routine 
machine-time schedule for the year has almost established, 
because there have been no interruptions due to construc
tion works. In these two years an extensive improvements 
have been made for the whole parts of the machine; this 
work was very effective in quick starting up, stable 
operation, and easy maintenance. Thereby hours for tuning 
and breakdown have been cut back so that total effective 
hours for users reached nearly 5000 hours in 1991. These 
hours have been dovoted to proceed nuclear (70 % in 
portion) and non-nuclear (30 % in portion) experiments. 
The A VF-injected beam time exceeded the RILAC-injected 
beam time in a ratio of 7 to 3. Regular long-term overhauls 
were carried out for 3 weeks in the winter and 6 weeks in 
the summer. 

2. RECENT IMPROVEMENTS AND OPERATION 
PERFORMANCE 

2.1. Ring Cyclotron, RRC 

The RRC consists of four straight-edge separate sector 
magnets and two rf dees. A sector angle of the magnet is 50 
degrees; a maximum magnetic field 16.7 kG. Isochronous 
fields are created by main coils and 26 pairs of trim coils 
mounted on the pole surfaces. A couple of delta-shaped rf 
resonators are placed at opposite sides to each other in the 
magnet valleys. Frequency range of 18 - 45 MHz is tuned 
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Fig.!. Statistics of the RRC operation from 1987 to 1991. 

coarsely by moving boxes housed inside the resonator, 
which is our original mechanism for changing a resonant rf 
frequency. An rf power is fed to the resonator through a 50 
ohm coaxial line by a final amplifier composed of a 300 kW 
max. tetrode (SIEMENS 2042SK). At present an rf voltage 
of 275 kV is generated by a 200 kW power between 10 cm 
dee gaps at 32.6 MHz, corresponding to 135 MeV/nucleon. 
An acceleration harmonic number of 5 is used for the A VF 
injection, while 9 - 11 for the RILAC injection. The RILAC 
works at the same frequency as the RRC, while the A VF at 
half of RRC frequency. The large vacuum chamber of 30 
m3 in volume is evacuated by means of fourteen cryopumps 
of l.2x 105 l/sec in total speed to maintain a pressure as 
good as 10-8 Torr. Mean injection and extraction radii are 
0.89 m and 3.56 m, respectively; thus a final velocity 
becomes four times an incident velocity. 

An off-centered acceleration technique to facilitate 
single turn extraction has been established. Such off
centering can be easily obtained by changing a beam 
inflection voltage at the injection, as illustrated in Fig. 2. It 
is noticed that each peak appearing in the pattern (c) 
contains overlapped three turns, resulting from vr == 1.3. 
The minimum point between the last two neighbouring 
peaks is carefully positioned at a 0.5-mm-thick copper 
septum of an electrostatic extraction deflector. This is done 
by adjusting an rf voltage slightly. In this way we can get 
nearly 100 % extraction efficiency and high beam quality, 
even for a top energy beam. Beam transmission efficiency 
over 70 % is obtained throughout the RRC. The major beam 

(a) 

(b) 

(c) 

3200 3400 mm 

Fig.2. Turn patterns in the extraction region taken with the 
radial differential probe for a 135 MeV/nucleon nitrogen 
beam. The last peak appearing at 3475 mm has passed 
through the electrostatic deflector. (a) a well-centered turn 
pattern with an average tum spacing of 5.7 mm which is 
nearly equal to the estimated value; (b) off-centering is 
driven only by a change of the inflector voltage at injec
tion; (c) the further voltage change followed by a fine 
adjust of the injection rf phase finally leads clear turn 
spacings of 15 mm on average. 

loss is considered to occur in the course of injection due to 
emittance mismatching or bad quality of an injected beam. 

An rf oscillator system has been improved to work 
stably at 18 MHz which is lowered from a nominal value of 
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20 MHz; thus the lowest beam energy of 7 MeV/nucleon 
has been available in the acceleration harmonics of 11. 

Trim-coil power supplies have potentiality to create an 
isochronous field for a 270 MeV proton beam, while 
according to calculations a vertical betatron frequency 
crosses the dangerous resonace v z= 0.5 at 212 MeV and 
decreases down to 0.2 at the final energy. In order to study 
the resonance-crossing phenomena, we tried to accelerate 
protons up to 270 Me V. In this trial, protons were 
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Fig. 3. Energy-Mass curve for the RRC; beams delivered for 
users are ploued. 

successfully accelerated up to the final energy inside the 
RRC, but some part of the beam was lost near the 
resonance-crossing radius, where abrupt vertical shift of 
central particles was observed. These phenomena will be 
investigated in further detail. 

Figure 3 shows plots of ions accelerated so far on an 
energy-mass space where the RARF accelerator complex 
can stably provide beams. The energy gap between 45 
~eV/~~cleon and 67 MeV/nucleon is due to an operational 
Instabihty of the RILAC rf system at frequencies of 39 
MHz-45 MHz. 

Beam intensities have been greatly upgraded: e.g. 
those of 135 MeV/nucleon light-ions and 95 MeV/nucleon 
4°Ar ions have reached 500 pnA and 50 pnA, respectively. 

SF lran.lllon magnel 

Mirror coil 

Profile monitor --r., Ir-

FigA. Schematic side view of the polarized ion source. 

2.2. Injector A VF Cyclotron 

The K70 A VF cyclotron has four spiral sectors and 
two rf dees with an angle of 85 degrees. Its mean extraction 
radius of 71.4 cm is four-fifth the mean injection radius of 
RRC. An rf frequency is tunable from 12 to 24 MHz, and a 
harmonic number of 2 is used for acceleration. A max
imum average field is 17.0 kG. This cyclotron accelerates 
ions having a mass-to-charge ratio smaller than 4.2 in 
energy range of 3.8 - 14.5 MeV/nucleon. 

The ECR ion source is placed on the floor above the 
cyclotron vault. The beam is injected axially into the AVF 
cyclotron through a spiral inflector. A beam buncher 
generating a sawtooth-like wave-form rf voltage in a single 
gap between a couple of mesh plates is placed 2 m upstream 
from the inflector. A beam transmission efficiency between 
~fore injection and after extraction is improved sig
mficantly by the use of this buncher which gives a phase 
compression of a factor of 5 - 6; it amounts up to 10 - 15 
%. Single turn extraction can be achieved by a carefull 
tuning, which is indispensable to obtain better beam trans
mission through the RRC. 

This ECR ion source is basically similar in structure to 
the LBL's3). It is of a two-stage configuration and 10 GHz 
microwaves are supplied to both stages. When metallic ions 
are produced, a ceramic rod made of their oxide is inserted 
radially onto a second-stage ECR plasma boundary. 
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We have studied several methods to upgrade the beam 
intensity of highly-charged ions. In this improvement works 
it was found that applying a negative voltage to an el
ectrode housed in a first-stage chamber as well as coating 
aluminum and magnesium oxide on a second-stage plasma 
chamber wall enhance the high-charge state performance.4-
5) By these means 35 ellA of 40Ar 12+ and 6 ef..LA of 
84Kr20+ have been obtained. which allows the RRC to 
deliver 110 MeV/nucleon 40Ar and 70 MeV/nucleon 84Kr 
beams with intensities of approximately 2pnA. Recently we 
have tested "plasma cathode method" by which 80 ef..LA of 
40 Arii + could be much stably obtained without any mixing 
gas.6) This method has a distinct advantage of very long 
lifetime and very small gass consumption. 

This ECR source is utilized by itself for atomic physics 
experiments as well. 

In May 1992 a polarized proton/deuteron ion source of 
an atomic beam type was assembled about 8 m directly 
above the A VF cyclotron center. This source modelled on 
that of TUNL 7). Figure.4 shows the schematic side view of 
the source which consists of a dissociator with a cooled 
nozzle (-30 K). a pair of sextupole magnets. a pair ~f ",:,eak 
and strong rf transition units and a 2.45 GHz ECR IOn~zer. 
In June the first acceleration test for 14 MeV polanzed 
deuterons were carried out by the A VF cyclotron. A pure 
vector polarization of 20 % with 30 enA was o~tain~d. 
which is basically limited to 67%(2/3). An effort IS bemg 
made to upgrade intensity and polarization. 

2.3. RILAC 

The RILAC consists of a Cockcroft-Walton injector 
and six acceleration tanks of the Wideroe type. An rf 
frequecy is variable for a coupled operation with the RRC. 
Its range covers 17 - 43 MHz. A maximum effective rf 
voltage remains constant at 16 MV in the frequency range 
up to 34 MHz. but it gradually decreases dow~ to 11 ~ at 
43 MHz. The RILAC is able to accelerate Ions haVIng a 
mass-to-charge ratio smaller than 24 in energy range of 0.7 
- 3.7 MeV/nucleon. 

At a fixed rf frequency. the RILAC beam energy can 
be lowered by switching off the last one or two acceleration 
tanks. Accordingly. an output beam energy of the RRC can 
be lowered below the nominal value obtained in the 
fundamental acceleration harmonics of 9; the acceleration 
harmonics of 10 and 11 are used for this purpose. 

The NEOMAFIOS is operated at 8 GHz and generates 
a mirror magnetic field by permanent magnets. It is 
compact and consumes less electric power than 2~ ~W. It 
is. therefore. suitable for use at the 500 kV Inject?r 
platform. There have been steady improvements III 

production of a wide variety of ions and high charge states. 
So far 8 kinds of gaseous ions. helium through xenon. and 
30 kinds of solid ions. magnesium through bismuth have 
been produced. The higher charge states obtained have 
roughly doubled the acceleration performance for heavy 

ions in comparison with the PIG ion source. This high
charge-state performance has also enabled us to inc~ease the 
RRC beam energies and intensities for heavy IOns. In 
addition. when we accelerate ions of mass-to-charge ratio 
less than 8.1 up to the RRC minimum energy of 7 
MeV/nucleon. no charge stripping is preferable owing to 
the high intensity for the high charge states. Here the RRC 
has the K-value of 460 MeV for such a low velocity beam. 
We applied this acceleration scheme to 7 Me V /nucleon 
58Ni8+ and 65Cu8+ • and 7.5 MeV/nucleon 40Af5+ beams; 
the intensities obtainable have been significantly increased 
by a factor of 5 as a result of no beam loss due to the 
stripping process. 

An additional beam buncher will be installed on the 
injection beam line. It will be operated in .a second-har
monic mode to an existing beam buncher. This two-buncher 
system will enhance a phase compression power so that ~e 
beam transmission efficiency through the RILAC IS 
expected to increase by a factor of 2. 

Although the NEOMAFIOS suits the use inside the 
high voltage terminal. its performance is much lowered as 
compared with the 10 GHz AVF ECR ion source. Thus. as 
the next project. we have decided to construct a new 
injector consisting of an over 10 G~ EC~ ion source .and 
RFQ linac in order to upgrade beam Intensity for heavy Ions 
by one or two order of magnitude. Here it is crucial for us 
to develop a frequency-tunable RFQ. The extreme case re
quired for the RFQ corresponds to the maximum ~nergy 90 
keV /nucleon of ions having a mass-to-charge ratIo of 5 at 
40 MHz. This project is scheduled to complete within two 
years. 
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STATUS REPORT ON THE GUSTAF WERNER CYCLOTRON IN UPPSALA 

S. Holm 
The Svedberg Laboratory, Box 533, S-75121 Uppsala, Sweden 

ABSTRACT 

The reconstructed Gustaf Werner synchrocyclotron has 
now been in operation with external beam since May 29, 
1987. Until May 1991 it was operating only in the 
isochronous mode accelerating protons to about 100 MeV 
and heavier ions to energies corresponding to 200 q2/A. The 
main use of the cyclotron has been for physics experiments, 
proton therapy of malignant melanoma in the eye and arterio
venous malformations (AVM ) in the brain, production of 
isotopes and injection into the CELSIUS ring. In May 31, 
1991 a proton beam of 180 MeV was extracted for the first 
time using frequency modulation but no beam stretching was 
used. In the beginning of October 1991 work was done to 
stretch the beam and the results showed that a duty cycle of 
more than 50 % can be obtained with full repetition rate. The 
performance of the cyclotron and the obtained results will be 
described. 

1. GENERAL CHARACTERISTICS 

The synchrocyclotron was shut down in 1977 for the 
present reconstruction from cylindrical poles to 3-fold sector 
geometry. The original ideas were to operate only with 
frequency modulation using broad band amplifiers. Model 
measurements, which were started in 1974, showed however 
that frequency modulation could be restricted to protons 
above 100 MeV and Helium-3 above 240 MeV. All other ions 
could be accelerated with fixed frequency. With the sector 
shape chosen the band-width is about 10 % for the highest 
energy protons, about 190 MeV. 

After installation of the new pole-gap geometry in 1979 
the field measurements were started in 1980. The fields were 
mapped over the useful range, 0.25 to 1.73 T. Vertical 
focussing is maintained with fields having gradients smaller 
than 0.2 Tim. The high effect tests of the highfrequency 
system were started in June 1984 and the field measuring 
programme finished in June 1985. In December 1985 high 
vacuum pumping started and in January 1986 high 
frequency tests of the rf system began. On November 6, 
1986 the first internal beam of 4He2+ was accelerated and on 
May 29, 1987 the 4He 2+ beam was extracted for the first 
time. About two months were used to optimize the extraction 
process using a 4He 2+ beam of 110 MeV accelerated on 
harmonic 2 and a proton beam of 72 MeV accelerated on 
harmonic 1. The measured optimum transmission through 
the electrostatic channel was found to be over 80 % in both 
modes of acceleration and the total extraction efficiency 
about 65 %. 

After installation of a pair of slits on the first and second 
turn on the harmonic 1 orbit at the centre of the cyclotron the 
transmission through the electrostatic deflector increased to 
nearly 100 % and the total extraction efficiency to over 80 
%. 

On November 6, 1987 nuclear physics experiments were 
started and the first eye melanoma treatments were made 
on April 11, 1989 and presently 20 patients have been 
treated for eye melanoma and 7 patients for AVM in the 
brain. 

For acceleration of heavy ions an internal ion source was 
used from the beginning. After installation of the ECR
source, the first alpha beam from the ECR-source was 
accelerated to the experimental hall on November 20, 1990 
and later on the same week a beam of 160 5+ was accelerated 
to the same experimental hall for testing of a detector 
system. 

The first extracted beam in the synchrocyclotron mode 
using regenerative extraction was obtained on May 31,1991, 
when a beam of 70 nA was extracted using a repetition rate of 
70 Hz. The beam was extracted during 7 Ilsec, which gives a 
peak current of 140 1lA. A special frequency program is used 
to stretch the beam to prolonge the extracted beam pulse. 
Calculations have shown that a duty cycle of 40 % can be 
obtained if the time derivative of the accelerating frequency 
is changed from 1.6 to 0.03 MHz/msec just before extraction. 
The beam is then spilled out during 1.3 msec out of a total 
accelerating time of 3.2 msec. It is also foreseen to increase 
the repetition rate to 300 Hz which will give an extracted 
beam of about 0.3 !lA. 

The first test with slow extraction started the second 
week of October 1991. The length of the stretched beam was 
successively increased by lowering the sweep rate at 
extraction from 0.03 to 0.012 MHz/msec. With a sweep 
length of 4.2 msec this corresponds to a duty cycle of 52 %. 

A problem which has appeared when using high rf-voltage 
is a vacuum leak to the intermediate vacuum system caused 
by expansion of the vacuum chamber. To prevent this leak to 
appear, conical pressure plates have been mounted during 
August 1991, in order to keep the oring seals under pressure 
even if the vacuum chamber expands. Tests made at the end 
of October 1991 with a dee-voltage of 50 kV and a frequency 
of 24 MHz showed that the leak no longer appears. The RF 
system is described in a separate paper. 

2. ION SOURCES AND BEAM INJECTION 

The cyclotron has initially been been equipped with an 
internal ion source of the cold cathode type. In the c.w. 
mode, due to the high voltage available, up to 50 kV, the 
source has a double-arc anode, which permits operation in 
both first and second harmonic mode without changing the 
the position of the source. Fig.1 shows the initial 
medianplane orbits in this case. 

In the FM case the highest voltage is 16 kV, which gives 
sufficient turn separation to clear a closed internal source. A 
separate geometry is used in this case. By using a special 
jigg it is possible to change the geometries without breaking 
the vacuum.Table 1 presents a summary of particles and 
energies tested so far and available on target. 

The external ion source of the ECR-type was buildt in 
collaboration with the Department of Physics of the 
University of Jyvaskyla in Finland and it is of the same type 
as the room temparature ECR source at NSCL, East Lancing, 
USA. The source is vertically mounted and has a plasma 
chamber of 14 cm diameter and a total length of 82 cm, 
surrounded by a sextupole of NdFeB permanent magnets 
giving 0.27 T at the edge of the plasma chamber. An axial 
field of maximum 0.52 T on the axis of the plasma chamber is 
obtained by 9 circular coils excited by four 250 A, 60 V and 
80 V magnet power supplies. To increase the flexibility in 
magnetic field variations, additional power supplies will be 
added to the coils. The original two-stage source has been 
rebuildt to a one-stage version with an axial injection of the 
6.4 GHz micro-wave power. The gas supply to the ion source 
is provided through a line connected to the main gas bottles 
and regulated by two stepmotor-driven needle valves. The 
gases are chosen from a manifold of small gas bottles placed 
close to the source. The ion source has been tested with the 
noble gases helium, neon, argon and xenon and with nitrogen 
and oxygen. An example of charge state distribution of argon 
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TABLE 1 

Ion Harm Energy(MeV) Current 
(max. extr) 

p+ 50,55,60,72, 
87,94,99,103 10~ 

2 41,45 10~A 

H2+ 100 50 ~ pulse 

d+ 2 40 1 ~A 

4He2+ 2 50,68,75,113, 
120,185 10e~A 
200 1 " 

12C4+ 2 155,260 200 enA 

12C5+ 2 380 100 enA 

14N5+ 2 340 100 enA 

14N6+ 2 480 60 enA 

160 4+ 3 120 400 enA 

160 5+ 2 300 100 enA 

160 6+ 2 355 60 enA 

p+ 180, FM 70 Hz 70 nA 

ions, analyzed in a 90° magnet, is shown in fig. 2. The mixing 
gas was in this case nitrogen. The data were obtained with 
a slit opening of 15 mm after the bending magnet. In the 
case of xenon and a slit opening of 3 mm, the resolution is 
very much improved with a clear isotope separation within 
the different charge states. 

The ECR source is located in a separate house close to 
the cyclotron hall and connected to the cyclotron through a 
25 m long beam line. A photo of the ECR source is shown at 
the end of this report. Fig.4 shows the lay-out of the 
injection beam line. The vertical part of the beam line 
contains solenoids and steering magnets and a 90° bending 
magnet. In the horizontal part of the beam line quadrupoles 
and electrostatic lenses are used for focussing and also 
special iron shieldings to minimize the steering effect of the 
stray field from the cyclotron magnet. The ion beam is 
deflected 90° down axially through the upper yoke of the 
cyclotron and finally focussed on a spiral inflector in the 
median plane using a combination of the field from Glaser 
lenses and the field in the vertical hole in the magnet yoke. 

The spiral inflector is constructed with a ratio of 2.6 
between the electric radius, which is the same as the height 
of the spiral, and the magnetic radius. The highest injection 
voltage is 20 kV for protons in the CW mode harmonic 1 
accerated to 100 Mev, and 12.5 kV for heavy ions 
accelerated to 50 MeV/nucleon. The central geometry for 
harmonic 2 and 3 is shown in Fig. 3. When changing from 
harmonic 2 and 3 to harmonic 1 the spiral inflector is turned 
55° and a prolonged tip of the dee is installed. In FM mode 
the highest injection voltage is 6.6 kV and a spiral inflector 
and a central region of smaller dimensions are used. To 
increase the intensity accepted by the cyclotron a special 
bunching system has been buildt. Recent tests have shown 
that the intensity can be increased by a factor of nearly 5 
by using this system. The control of the ECR source and the 
beam transport system to the cyclotron is made either 
locally or remotely from the cyclotron control room using a 
programmable logic controler and a PC system. 

A commercially manufactured source for polarized 
protons and deuterons is installed as shown in Fig. 4. It is 
specified to deliver beams with u~ to 20 keV energy with an 
emittance of 55 mm-mrad[MeVj11 and a figure of merit p21 > 
41 ~A for protons and p21 > 18 ~ for deuterons, where p is 
the polarization and I the intensity. 

3. BEAM EXTRACTION 

For extracting the beam two different methods are used: 

- In CW mode, when the accelerating voltage is suffici
ently high, precessional extraction is used. 

- In FM mode regenerative extraction is used. 

The main deflecting elements are an electrostatic 
deflector (ESC) and an electromagnetic channel (EMC). The 
beam enters first the deflector which has a carbon septum 
with a thickness of 0.5 mm. Here the beam gets a radial 
deflection by the electric field between the septum and the 
high voltage electrode, which causes rt to jump the 5 mm 
thick current septum of the EMC, which is placed 20 degrees 
from the exit of the ESC. In the EMC the field is reduced by 
up to 0.25 T. The increased orbit curvature inside the channel 
directs the beam through the fringe field of the magnet. 
Before leaving the magnet, the beam passes a radially 
focussing, passive channel and a radial steering magnet, 
which is used to align the beam along the axis of the beam 
transport system. 

When precessional extraction is used, a small first 
harmonic component of the field is used to displace the orbit 
centre of the beam as it passes the radial resonance Or = 1 
close to extraction. As Or decreases when the beam is 
accelerated into the fringe field, the beam starts to precess, 
which creates a turn separation of the orbits, propotional to 
the displacement of the orbit centre and the precession 
frequency. Due to the fall-off of the magnetic field, the whole 
procedure is accompanied by a slip of phase, which sets a 
lower limit to the dee voltage which can be used for this mode 
of extraction. Another important factor is the presence of the 
Walkinshaw resonance (Or = 20z ), a coupling resonance 
between the radial and the vertical motion, which can cause a 
vertical blow-up of the beam if it is too much off centre. 
Special harmonic coils are used to eliminate the unwanted 
first harmonic component in the field and to add the wanted 
one. 

When regenerative extraction is used the extraction point 
lies at a smaller radius where the phase shifts are unimpor
tant. Therefore this method is suitable in the FM mode where 
the energy gain approaches zero for some particles. Two 
more magnetic elements have then to be inserted before and 
after the EMC: a "peeler" (P) and a "regenerator" (R). The 
peeler gives a negative gradient of max 250 G/cm and the 
regenerator a positive gradient of max 300 G/cm. If certain 
conditions are fulfilled concerning the azimuthal width and 
the strength of the peeler and the regenerator gradients, the 
radial oscillation frequency, Or , is locked to 1 when the beam 
is accelerated into these field gradients. As the energy 
increases, the beam approaches an unstable fixpoint in the 
radial phase plane, becomes radially unstable and the turn 
separation starts to grow approximately exponentially, while 
the vertical motion is kept stable. The calculation shows that 
this type of extraction gives a smaller emittance but a 
somewhat increased energy spread. 

4. VACUUM SYSTEM 

The pumping system for high vacuum consists of two 
baffled diffusion pumps each giving with the baffles 9000 lis 
and for the intermediate vacuum, where the trimcoils are 
located, a diffusion pump of 700 lis. They are backed by a 
Roots-pump of 1000 m3/h. The pumping is fully automized by 
means of an industrial programmable controller of type 
Modicon 484. 
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5. DIAGNOSTIC SYSTEM 

The diagnostic system consists of two radially moving 
probes, placed at opposite sides of the cyclotron and are 
used to measure the beam intensity at different radii. One 
of them is located after the electrostatic deflector to allow 
measurements of the extraction efficiency and to control 
the transmission of the beam through the electromagnetic 
channel and the focussing channel to the external beam. 
Before and after the electromagnetic channel secondary 
emission foils are placed for alignment purposes. Four
sector probes are placed on the entrance to the focussing 
channel and at the beam exit. They are normally not hit by 
the beam, but used in the procedure of optimizing the 
setting of the deflecting elements. 

6. CONTROL SYSTEM 

The control system is based on the use of distributed 
microprocessors arranged at three levels, the lowest being 
integrated in the equipment and the middle taking care of 
whole subsystems such as magnets, rf-system, diagno
stics etc. The main computer is connected to the control 
console and takes care of setting and reading parameters 
via a database. The safety system is based on industrial 
programmable controllers. Via a special bus system the 
computer can read on-off status and registers in the 
controllers and also set special status bits. A separate 
computer system is used for the radiation protection and the 
interlock system. 

7. EXPERIMENTAL FACILITIES 

Fig. 5 shows a view of the entire experimental area which 
is used for experiments with the beam from the cyclotron. A 
specification of the beam lines to different experimental 
halls is given in table 2. Each beam line contains scanners 
or viewers to be used for beam diagnostics and Faraday 
cups which can be inserted at strategic positions for 
measuring the beam intensity. Heavy radiation shielding 
between the halls permits access to halls adjecent to beam 
holding areas. 

Beam line A 

The irradiation facilities in the Crypt consist of a system 
containing a viewer plate, which is moved into the position 
where the target will be placed and used for controlling and 
trimming the beam position and size. When this in done the 
target is moved into plaae for irradiation. A rabbit system is 
connected to the target mechanism, by means of which the 
irradiated target can be transported to a nearby placed hot 
cell. Special water tanks are placed on both sides of the 
target to moderate the neutron flux from the target. 

Beam line B 

Beam line B brings the beam by a 30 degree bend up 
to the level of the experimental halls: Blue Hall, Bio-Medical 
Hall and the Gamma Hall. The Marble Room is used as a 
switch-yard for the beam to different experiments such 
as (n,p) to study isovector multipole resonances with the 
spectrometer LISA. The pair spectrometer PACMAN, in 
which intermediate energy photons are produced in the 
target by the reaction 11 B(p, gamma) 12C, features large 
solid angle, wide momentum bite, excellent energy and 
angular resolution and efficient background rejection to 
enable measurements of cross sections of a few nb/sr. 

TABLE 2 

Beam line Area Activity 

A Crypt Irradiation facilities 

B Marble Room Neutron production 
Switchyard 

Blue Hall PACMAN, LISA 
spectrometers 

C Beam corridor: Beam transport to: 
Bio-medical experimental areas, 
Gamma hall, CELSIUS 

D Blue Hall Spectrometer physics 

E Beam Dump Irradiation Facility 

F Beam corridor Injection line for CELSIUS 

G,H Bio-Medical Bio-Medical Experiment., 
Hall 

I,K,L Gamma Hall Heavy Ion Experiments 

Y C-hall,lon- Injection of heavy ions and 
source room polarized particles 

Beam line C 

Beam line C is used for transporting the beam to the Bio
Medical areas, to the Gamma Hall and to the injection line for 
CELSIUS. 

Beam line D 

The beam line D is used for spectrometer physics with the 
renovated High Energy Spectrometer Magnet{HESM) 

Beam line E 

The beam line E takes care of remaining charged particles 
after the beam has passed through the neutron target. In 
addition to the beam dump, a facility for irradiation of 
materials 
is planned. 

Beam line F 

The beam line F starts in the beam corridor by a downward 
bend to a 0.74 m lower level. It is bent 90 degrees by means 
of three 30 degree magnets to enter the CELSIUS hall, 
leaving space for experimental equipment in the gamma hall. 

Beam lines G, H and I, K, L 

A switching magnet in the beam corridor is used to direct 
the beam to the beam lines G and H, which are used for radio
therapy with narrow and broad beams and to the beam lines I, 
K and L which are used for experiments with heavy ions. 

Beam line Y 

The beam line Y is from the external sources. Special iron 
hubs are used to screen off the stray magnetic field from the 
cyclotron magnet. 
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beam 

Fig. 1. Central region in the CW case with internal ion source. 
Double arc anode permits operation both with first and second 
harmonic. 

Fig. 3. Central region for harmonic 2 and 3 with external 
injection. 

Fig. 5. View of the accelerators and the experimental areas 
as described in table 2. 

i 
c 
~ 

~ 
u 
c 
a 

"C 
~ 
N 
>-

~ 
"" 

15 

10 

Ar 12+ , 

Analysis·magnet 1ield 

Fig. 2. Charge staie distribution of argon ions analyzed with 
a gO-degree magnet. 

Fig. 4. Lay-out of the external beam line 

Fig. 6. Photo of the ECR source 
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Commercially Available Compact Cyclotrons for Isotope Production 

V. Bechtold 
Kernforschungszentrum Karlsruhe GmbH, Hauptabteilung Zyklotron 

Postfach 3640, D-7500 Karlsruhe, Germany 

Abstract 
A variety of different compact cyclotrons are 

nowadays commercially available The energy ranges 
from a few MeV to 40 MeV, with beam currents up to 
500 microamperes. This overview will cover positive 
ion machines as well as negative ion machines. It will 
describe the main specifications, special features and 
the dominant apr 1 ications of these modern cyclotrons 
in research, hospitals and industry. 

1. Introduction 
Since the last decade the number of compact 

cyclotrons dedicated to applications has steadily 
increased from 22 in 1982 to 43 in 1992 (fig. 1). 

Number of compact 
machines 

50 

40 

30 

total 

H - -cyclotrons 

20 

10 

1982 1985 1990 

Fig. 1 : Compact cyclotrons for applications in 
medicine and engineering 

Year 

These cyclotrons are mostly used for the commercial 
production of radioisotopes for medical diagnosis like 
Thallium-201, Iodine-123, Indium-Ill, Gallium-68, 
Gallium-67, Rubidium-81 and Fluorine-18. Some in
stitutions are using these cyclotrons for the activa
tion of machine parts for wear studies and for appl ied 

research, but they are rarely used for basic nuclear 
research. 

2. Requirements for compact cyclotrons 
Modern compact cyclotrons for isotope product

ion should meet the following requirements: 

2.1 High beam current> 300}lA 
To ensure a high productivity in isotope produc

tion the available beam current should be at least 300 
llA Higher currents would be desirable but so far ap
propriate targets are difficult to construct. There are 
some developments under way e.g. improving the 
high-power-target design and enhancing the cooling 
efficiency but these new developments have not pro
ven to be reliable for routine use. 

In compact positive ion machines the extraction 
process limits the availbility of high external cur
rents. As a consequence most isotope productions 
were done with internal targets (restricted for met
allic targets only). This internal irradiations on the 
other hand are causing also a number of disadvan
tages: 

complex target transport via air-lock from and to 
cyclotron vacuum chamber, 
beam handling on target not adjustable, 
beam diagnostic difficult, 
activation of cyclotron components around the 
target is very high. 

The latter restricts the access to the machine for 
regular maintenance, due to exposure of high level of 
radiation to personnel. 

In contrary a negative ion cyclotron delivers very 
high external beam currents due to the injection of 
negative hydrogen ions from an external ion source 
and the 100 % extraction efficiency via double charge 
exchange in a thin carbon foil. This type of cyclotron 
however, is limited to proton and deuteron beams 
only. But almost all major radioisotopes for medical 
applications can be produced via (p,xn) reactions 
(table 1). The advantages of using a negative ion 
machine are: 
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external target located remotely from the 
cyclotron 
beam handling on target is very flexible 
on-line beam diagnostic during irradiation 
simultaneous extraction of two beams provides 
more flexibility in the production, splits high 
current beams on two targets hence reduces beam 
power on target surface. 
production of two (even different) isotopes at the 
same time 
acti vation of cyclotron components very low; 
access to the machine without high radiation 
levels within one hour after switching off the cy
clotron. 

Bombar-
Half-

Nuclear Reaction ding RadiOisotope 
life 

Energy 

Galllum-67 78.3 h Zn-68(p,2n)Ga-67 25 MeV 

Galllum-68 l.lh Ga-69 (p,2n)Ge-68 35 MeV 

Ge-68 -+ Ga-68 

Bromlne-77 57 h Kr-78(p,2 n)Rb-77 30 MeV 

Rb-77 -+Kr-77 -+Br-77 

Rubldlum-81 4.6 h Kr-82(p,2n)Rb-81 30 MeV 

Indlum-111 67.2 h Cd-112(p,2n)ln-111 22 MeV 

lodlne-123 13 2 h Xe-1 24(p,2 n)Cs-1 23 30 MeV 

Cs-123 -+Xe-123-+ 

1-123 

Thalllum-201 73.5 h TI-203(p,3 n)Pb-20 1 29 MeV 

Pb-201-+ TI-201 

Fluorlne-18 1.8 h 0-18(p,n)F-18 18 MeV 

Table 1: :.\iost common cyclotron produced radio
isotopes for medical diagnostic 

2.2 Energy 30 MeV 
:\iost of the machines used so far for routine pro

duction have energies between 24 Me V and 26 :vIe V 
(eg. CU-28, CS-30) which are too low. Fig 2 and Fig. 
3 show typical cross section for nuclear reactions in 
radioisotope production. It can be seen that 30 Me V 
proton energy is sufficently high for these reactions. 
For technical reasons some production processes (like 
in gas- or liquid targets) are using thin metal foils as 
entrance windows for the beam. While passing the 
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Fig. 2: Cross section for 1-123 via Xe-124(p,2n) 
taken from ref. 1 
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Fig, 3: Cross section for the nuclear reaction 
TI-203(p,3n) taken from ref. 2 

50 

metal foil the beam looses about 1 Me V, but 30 Me V 
initial beam energy is still sufficient to get maximum 
production yields, Much higher proton energy than 
40 Me V is also not advisable since it will not increase 
the productivity but only contributes to higher 
investement- and operational costs. 

2.3 Low power consumption 
Cyclotrons in the past used typically a few hund

red's of kilowatt electrical power while producing less 
than 10 kW of beam, This energy conversion effi-
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ciency (ratio of beam power to electrical power) was 
only a few (1-3) percent. Due to special magnet design 
(e .g. four sector compact design with small hill gap) 
modern compact machines could demonstrate an en
ergy conversion efficiency as high as 15 percent. The 
total electrical power required should not exceed 150 
kW. This keeps operational costs down and makes the 
radioisotope production more economical. 

2.4 Safe and easy operation 
For a routinely operated cyclotron in commercial 

isotope production the use of a fully integrated com
puter control system is absolutely necessary. It has to 
be user friendly and should allow the operator to con
trol and monitor every aspect of operation. However, 
during normal production runs it should not require 
any operator at all. The software should enable an au
tomatic start-up routine, a safety control for un
attended runs and a complete cyclotron trouble shoot
ing to provide an easy, safe and reliable operation. 

2.5 Maintenance 
The design of the machine has to be very simple 

and robust to make the operation reliable and to keep 
the down-time small. Taking into consideration the 
following subjects the maintenance should require as 
little time as possible. 

The upper half of the cyclotron magnet can be 
lifted with jacks sufficiently high for good access 
to the center of the machine . When opening the 
cyclotron all components are installed in such a 
way that there is no need to break any con
nections. This makes reassembling more save, 
fast and reliable. 

Activation of cyclotron components and vacuum 
chamber should be very low. This was feasible 
since beam losses are kept small due to the axial 
injection of negative ions from an external ion 
source, the differential pumping and the highly 
efficient extraction process via stripping. 

Generally, components are constructed for long 
life time and the material choosen is radiation 
resistent orland gets less activated. 

Components which require a regular service can 
be isolated by vacuum valves (e.g. ion source, 
filament, stripper foils) 

3. Manufacturers and their compact cyclotrons 
The following is a brief description in alphabetic 

order of the cyclotron manufacturers and their mod
ern compact machines. 

EBC031 was established in 1956 as a high tech 
company. Since 1989 in the cyclotron business 
based on an TRIUMF-EBCO technology transfer 
agreement. 

IBA 41 since 1986 established as a Societe Ano
nyme (SA) with key-experts from the cyclotron 
departmen t of the U ni versity Lou vain-Ia-N eu ve. 

NIIEFAS1 is the leading accelerator (cyclotrons 
and linacs) manufacturer in former USSR since 
1952. 

SCx61 more than 20 years world wide reputation 
as a cyclotron producer. 

SHI71 since 1974 producing cyclotrons for research 
and application in medicine and industry. 

Table 2 lists the main specifications of the 
available cylotrons. Two machines (MC 40 from SCX 
and 480 from SHI (Fig. 4)) are positive ion cyclotrons 
with the potential to provide a-particles in addition to 
hydrogen beams. The available external beam cur
rent for protons is limited to 100 IlA. 

Fig. 4: 480 from Sumitomo 
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In commercial isotope production these latter mach
ines are therefore mostly used for internal irradi
ations . 

3.1 Common features 
Some common features for these negative lOn 

machines are: 

compact magnet design 
fixed magnet field 
fixed frequency 
variable energy between 15 MeV and 30 MeV 
extraction via stripping 
simultaneous extraction of two beams at different 
currents and different energies 
external ion source (CUSP-type) 
high extracted beam intensities> 350 jlA 
low power consumption < 130 kW 
Vacuum provided by a combination of diffusion 
pumps and cryopumps 
Controlsystem with commercial PLC's 
D·-option 

3.2 The differences 
In all machines the rf-amplifier is installed very 

close to the cyclotron and the power is directly coup
led to the cavity. Only the TR 30 (Fig. 5) from EBCO 
uses a coaxial transmission line between the cavity 
and the power amplifier. 

CryOPUf'tlp Doe tunmg Stubs 

Jon Source TurbO Pump 

Access Pit 

Fig. 5: TR 30 from EBCO 

Boamhnel2 

Extractor .2 

Magnobc Coifs 

RF Trans01!:SSloo 
Connection 

~~~Hfa:~) 

The external ion source is either installed on top 
of the cyclotron (Cyclone 30, (Fig. 6) MC 32 NE, Fig. 
7)) or in a pit below the machine (TR 30, RIC 35, (Fig. 
8)). The TR 30 uses a negative ion source of the 

CUSP-type with a very high brightness (10 rnA dc H 
beam at 0.44 n mm-mrad). 

Fig. 6: Cyclone 30 from IBA 

The injection is done with a buncher in the 
Cyclone 30 and without bunching system in the TR 
30, RIC 35 and MC 32 NE. 

For the vacuum system of the main vacuum 
chamber the MC 32 NE uses only diffusion pumps, 
the RIC 35 and Cyclone 30 have installed diffusions 

Fig. 7: MC 32 NE from Scanditronix 
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Fig. 8: RIC-35 from NIIEF A 

pump and cryopumps whereas the TR 30 uses cryo
pumps only. 

The beam is generally extracted into two 
beamlines at 1800 except for RIC 35. In this machine 
there are two beams at 600 available. The Cyclone 30 
in addition provides in each opposite exit port a 
"selection magnet" integrated in the yoke which 
directs the beam into one of the two possible beam 
lines. 

The maximum beam energy for protons is 30 MeV 
in the TR 30, 32 MeV in Cyclone 30 and MC 32 NE 
and 35 MeV in the RIC 35. 

For completness it should be mentioned that the 
above listed manufactures are also offering small 
negative ion cyclotrons dedicated for PET isotope 
production. For these applications there is no need for 
high intensity, hence these machines are all equipped 
with an internal ion source which makes the 
cyclotron even more simple. The energy ranges from 
10 MeV to 18 MeV with beam intensities up to 100 
1lA. 

4. Conclusion 
A variety of compact cyclotrons for isotope pro

duction in medicine and industry is commercially 
available. The presented machines slightly differ in 
the use and arrangement of external components. 
The feasibility of providing a high-current, highly 
power-efficient and fully automated cyclotron for ra
dioisotope production could be shown by the manufac
tures. 
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T Grey-Morgan 
Cyclotron Isotopes Manufacturing, Amersham International pic, 

White Lion Road, Amersham, Buckinghamshire, HP7 9LL, England 

and 

RE Hubbard 
Medi + Physics Inc, 3350 North Ridge A venue, 

Arlington Heights, Illinois 60004, USA 

ABSTRACT 

Amersham International and Medi + Physics have been 
involved in the use of cyclotrons for licensed radio
pharmaceutical production for over a quarter of a century. 
Amersham was the first company to purchase a cyclotron 
for commercial radioisotope production and it is still 
operational after 27 years. The latest cyclotron was 
commissioned 2 years ago. A wealth of experience has 
been accumulated both on the practical aspects of cyclotron 
operation for the high current irradiation of targets and the 
associated support functions. This paper discusses the 
operation and scheduling of the cyclotrons for the many 
isotopes produced as well as our progress on machine 
reliability and operator dose reduction. 

1. INTRODUCTION 

Two years ago Amersham acquired the North American 
operation of Medi + Physics and now combined they operate 
eight cyclotrons at three sites, Amersham (UK), North 
Arlington Heights IL. and South Plainfield NJ. In total 
there are 150 people employed directly in the production of 
the radiopharmaceuticals. The cyclotrons operated are listed 
in Table 1. 

Name Installed Energy Target 
MeV 

Philips 1966 25 Internal 
CS22 1972 22 Internal/External 
MC40-1 1979 20 - 40 Internal/External 
MC40-2 1981 20 - 40 Internal/External 
CP42 1984 20 - 42 External 
PV70 1985 25 - 70 In ternal/Ex ternal 
MC40-3 1986 20 - 40 Internal 
Cyclone-30 1989 15 - 30 External 

Table 1. 

All of these machines were purchased from dedicated 
cyclotron manufacturers and then customized for intensive 
machine operation by the addition of targetry systems which 
differ for the various applications. 

A variety of different targets are irradiated. These 
include: 

Reaction 

203TI(p,3n)201Pb-00201TI 
112Cd(p,2n) 11 lIn 

Uses 

Myocardial scintigraphy (Heart) 
Monoclonal antibody studies 
and cistern/ventriculography 

1~e(p,2n)123I 1 
127I(p,5n)123Xe--.123I ~ Thyroid studies 
124Xe(p,2n)123 Cs-+123Xe--.123I J 
68Zn(p,2n)67Ga Tumour location 
82Kr(p,2n)81Rb-0081mKr Lung function studies 

To be successful in the commercial production of 
radiopharmaceuticals, it is important to be able to deliver the 
product to the customer reliably day after day, all year long. 
The products produced have half-lives in the range of 
4.8 hours (Kr) to 73 hours (Ga), and therefore it is not 
possible to stock these isotopes for more than a few days at 
most. To comply with the expiry date requirements of 
licensed radiopharmaceuticals the shorter lived isotopes are 
made to order on a daily basis, thus customer service levels 
are critically dependent on cyclotron reliability. To support 
this requirement there is a significant organizational 
challenge, in co-ordinating the demands of production, 
maintenance, development and best radiological practice. 

2. ISOTOPE IRRADIATION 

In order to maximize reliable isotope production 
sophisticated target systems are required. These systems are 
constrained by a number of parameters. These include the 
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method of positioning the target reproducibly, beam spot 
size on target, the requirement to dissipate several kilowatts 
of heat and the minimization of operator dose uptake and 
isotope usage. The magnitude of beam that can be used is 
target material dependent and requires a consistent high 
quality of target plating to ensure reproducible production 
rates. To control the usage of the enriched isotope the solid 
targets are normally electroplated. Current prices are 
$6.15/mg for 68Zn, $3.1O/mg for 203TI and $4.35/mg for 
112Cd1) making the recycling of unused material a necessity. 

Irradiation performance of targets internal to the 
cyclotron is complicated because the vapour pressure of the 
solid target is decreased by several orders of magnitude by 
having to operate in the cyclotron tank at a pressure of about 
5 microtorr. This means that short duration pulses of high 
intensity beam, due perhaps to ion source instability, can 
evaporate target material. The original cyclotron designers 
expertise in producing beams of low emittance further 
complicate the process giving high power densities (a few 
kilowatts/cm2) which have to be dissipated. The size of the 
target is limited by the physical constraints of the vacuum 
tank ports but is optimized by allowing the beam to hit the 
target at grazing incidence, paying particular attention to the 
water cooling of the target backing. It is necessary to 
ensure there is no air in the water and that turbulent flow 
conditions are maintained at all times to maximise heat 
transfer. Increased power dissipation can be achieved by 
rotating the target but this complicates the design of the 
target handling mechanism. The opportunity for beam 
diagnostics is limited on internal beam machines making 
production control more difficult. The beam size is 
particularly susceptible to machine parameters such as dee 
phase, harmonic coil and gradient coil settings. These 
parameters may be detuned purposely sacrificing ion 
source/machine efficiency for increases in isotope 
productivity. The design of internal targets are often unique 
to each commercial cyclotron model but isotope production 
remains target limited. 

On external beam machines the control over the 
irradiation is enhanced by the diagnostic techniques available 
in the beamlines such as slits and collimators, phosphor 
screens or flying wires used to determine the position of the 
beam. The beam shape can be optimized by steering and 
focusing magnets making it largely independent of tuning 
parameters internal to the cyclotron. Again the power 
dissipation requirements are satisfied by inclining the target, 
water cooling and occasionally rotation. Another significant 
advantage of external beam cyclotrons is that it is possible 
to irradiate the target at atmospheric pressure by passing the 
beam through a very thin titanium or Havar foil which is 
force cooled with a jet of inert gas2). External targets can 
dissipate between 50-100% more power than internal targets 
and thus isotope production is beam current limited. 

For both internal and external target types it is useful to 

monitor the proton/neutron ratio during irradiation as this 
can aid machine diagnostics and tuning. 

3. TARGET HANDLING 

A number of different target handling systems are 
installed at our facilities. The prime function of these 
systems is to place the target reproducibly for irradiation by 
remote control minimizing the dose uptake to the operator. 
Conveyor systems are used to move the target through the 
shielding walls of the cyclotron vault. After testing for 
vacuum and coolant integrity the targets are mounted in their 
irradiation position either by the use of through-the-wall 
manipulators, robots or by electromechanical methods. 
Programmable logic controllers are used for this repetitive 
operation which may be automated so that unattended target 
changes are possible. These handling systems have to be 
reliable with complete backup if a full production capability 
is to be maintained. This is particularly important when 
dealing with short half-life isotopes such as 201 Pb that require 
immediate processing. This may involve the use of battery 
operated recovery methods or emergency generator systems 
for critical circuitry. 

4. SCHEDULING 

Scheduling the cyclotrons is a compromise between 
machine maintenance and production requirements. The 
cyclotrons are able to run unattended 24 hours/day every 
day of the year. A variety of shift patterns are worked by 
the staff so that the appropriate people are available at the 
required time for operational duties eg maintenance, 
breakdown cover, chemical processing. When scheduling 
irradiations the usual starting parameter is the amount of 
activity that is required by the custome; base at a specific 
time. From this information it is possible to calculate when 
the activity must be generated allowing for chemical 
processing, dispensing, quality assurance, shipment and 
decay. As it is possible to produce several isotopes on each 
cyclotron a sophisticated software package has been 
developed to optimize the multi-isotope, multi-cyclotron 
utilization schedule. By iterative refinement and rapid 
feedback of actual yield rates dynamic scheduling is 
possible. A typical weekly irradiation schedule for one of 
our cyclotrons is shown in Fig 1. 

Of particular interest are the periods during the week 
when the cyclotron is available but not used for production 
(shaded areas in Fig 1.). This reflects a high degree of 
efficiency so that the correct amount of radioactivity is made 
at the correct time. The short periods (Monday evening, 
Friday evening) can be used for instrumentation/calibration 
checks outside the vault. The longer periods of available 
time (Saturday) reflect production capacity that can either be 
exploited for development, additional production or used to 
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Fig. 1. A typical weekly irradiation schedule 

create a longer maintenance period on one of the other 
machines. 

The production schedule sometimes requires that 
irradiation of short half-life isotopes ends before order 
acceptance stops that day eg the overnight iodine runs. It is 
vitally important that the yield information is fed-back into 
the scheduler to optimise the following night's production. 

S. MAINTENANCE 

In a multiple cyclotron operation, each machine becomes 
an integral part of an overall operating plan. Operations are 
scheduled in an eight part scenario that includes the 
requirements of production and maintenance on two 
continents. 

It is easy in this industry to operate the machines until 
they break down and then effect emergency repairs. This is 
a short-sighted approach which results in increased down 
time, increased operator dose and low reliability. A 
rigorous maintenance policy supported fully by senior 
management is required to achieve the reliability necessary 
to produce short-lived radiopharmaceuticals. 

w 
2: 
f
LL 
o 

PRODUCTION MAINTENANCE BREAKDOWNS AVAILABLE CDOLDOWN 
IIIIIIIIIIIIIII REACTIVE MODE ~ PREVENTATIVE MODE 

Fig. 2. Comparison of cyclotron utilization in 
breakdown and preventative modes 

I ... 

Over the last few years operations have moved gradually 
from the reactive to the pro-active mode. Accumulation of 
data during this period has enabled the step from breakdown 
maintenance to systematic preventative maintenance to be 
made. Recently it has been possible to take the next step to 
predictive maintenance. Figure 2. shows the utilization of 
the eight cyclotrons. It is clear that the reactive maintenance 
regime is significantly less productive requiring more 
unusable time as the radiation levels in the vault reduce to 
acceptable levels. 

In the move from breakdown maintenance to predictive 
maintenance, it has been possible to halve operator 
exposures whilst experiencing an eightfold increase in 
machine activation due to product volume increases. 
Additionally, the unplanned breakdown time has been 
reduced from an average of 8 percent to less than 2 percent. 

The Preventative Maintenance program relies on a 
sophisticated commercial software package3

). This software 
maintains a large data base of machine maintenance and 
breakdown information. Additionally, it maintains an 
inventory of all spare parts. This, coupled with a bar-code 
system of inventory management, ensures that adequate 
stocks of critical spares are maintained. As spares are used, 
the inventory is updated and at determined levels purchase 
orders are produced automatically. 

The powerful and flexible report writing facility of the 
software tracks the work orders and work completed 
including important task/dose information. It is possible to 
produce reports which indicate the maintenance by specific 
system allowing the determination of which systems are 
most liable to failure. This allows management to make 
informed decisions on where to invest funds for maximum 
benefit in reliability and safety. 
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6. DOSE CONTROL 

Regulatory control of radiation exposure is always an 
important issue in a production operation. Permissible dose 
levels are continuously being revised downwards. In the 
UK the Company limit is 15mSv/year, in the US it is 
25mSv/year (these limits will be reduced to lOmSv/year and 
15mSv/year respectively in 1994). A benefit of the 
Preventive Maintenance program is that adherence to these 
limitations is achieved without compromising production 
primarily because we are able to benefit from planned 
machine cooldowns. It has been possible to identify those 
areas generating the highest dose uptake prompting 
engineered improvements or modification of working 
practises. 

Figure 3. shows the total dose uptake by cyclotron 
operators at our UK and US facilities over the last 5 years. 
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Fig. 3. Cyclotron Group Dose Uptake 1987-1991 

Practical methods employed to reduce dose uptake 
include accurate in-vault and in-tank surveys to identify 
hotspots which may have dose rates of several hundred 
millisievertslhour. Using this information and historic data 
it is possible to predict accurately the dose uptake for 
particular procedures. Other methods include the use of 
remote controlled TV cameras in the vaults to aid fault 
diagnosis or monitor staff; laser pointers are used to indicate 
equipment requiring attention without needing to enter 
beyond the vault door area; video recordings and 
photographs are used to train new operators in routine 
procedures without any radiation exposure. Major rebuilds 
are also recorded so that the information can be shared with 
our other facilities. 

7. QUALITY 

Quality, in its broadest sense, is critical to the radio
pharmaceutical business; both in terms of the efficient 
utilisation of expensive capital equipment and the statutory 
requirements of Good Manufacturing Practise (GMP)4). 

In-process control is used at all stages of production. 

This starts with the definition of performance criteria for the 
cyclotrons and the adherence to calibrated standards. Each 
target is checked for weight and condition prior to 
acceptance for bombardment. During bombardment all 
cyclotron operating parameters are automatically checked to 
be within the acceptable range. The integrated beam 
current, length of run and prior yield values are used to 
calculate the predicted yield. This is then compared with 
the actual yield and fed back into the scheduling program 
and used as a performance measure for that machine. 
Isotopic abundance analysis of the product is used to check 
that the energy of the beam was correct during irradiation. 
For instance, on an internal 3J:YJ'1 target a radial position 
increase ofO.5mm will increase the beam energy sufficiently 
to cause a non-compliance with the pharmaceutical licence 
due to increased 2IDJ'1 content in the product. 

8. CONCLUSION 

Producers of licensed radiopharmaceuticals are subject 
to stringent controls both in terms of the regulatory 
compliance of the product and the legislation governing the 
radiation dose received by staff. Conformance with these 
requirements is essential for the long term viability of 
suppliers in this business. Operating cyclotrons is capital 
intensive, demanding the best possible use of the resources 
available. The initiatives outlined in this paper are part of 
an ongoing improvement programme which addresses these 
requirements thus ensuring reliable supplies of 
radiopharmaceuticals both now and in the future. This will 
benefit everyone in the supplier/customer chain. 
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ABSTRACT 

The construction of the J AERI AVF cyclotron was 
started in 1988. The first beam, 50 Me V 4He2+ ion, 
was extracted from the cyclotron in March, 1991! The 
performance of the cyclotron has been tested with several 
kinds of ions in a wide energy range. The present report 
outlines the cyclotron system and shows major results in 
the first year's operation. 

1. INTRODUCTION 

Takasaki Ion Accelerators for Advanced Radiation 
Applications (TIARA) including an AVF cyclotron have 
been constructed at the Takasaki Radiation Chemistry 
Research Establishment of the Japan Atomic Energy 
Research Institute (J AERI).1) The Advanced Radiation 
Technology (ART) project is intended to make effective 
use of the characteristics of ion beams and their interac
tions with matter for R&D on materials for space en
vironment and nuclear fusion reactors, and for research 
on biotechnology and new functional materials. 

The JAERI AVF cyclotron is of the model 930 of 
Sumitomo Heavy Industries, Ltd. (SHI), the same model 
as the CYCLONE (Universite Catholique de Louvain, 
Belgium), the IRE cyclotron (Institut National des Ra
dioelements, Belgium) and the NIRS-Chiba cyclotron 
(N ational Institute of Radiological Sciences, Japan). The 
latter three cyclotrons have movable panel type res
onators with a peak RF voltage of 50 kV. The movable
panel type one originally proposed was replaced by the 
coaxial type resonator in order to make allowance for 
generating a higher maximum dee voltage of 60 kV, 
which is required for accelerating 90 Me V protons. In 
order to meet technical requirements in the research plan 
of the ART project, we modified or improved the design 
of the accelerator system as follows; (1) The system is 
equipped with two external ion sources, an ECR source 

for generating heavy ions and a multicusp source for gen
erating light ions. 2) (2) The system is equipped with a 
beam chopping system3 ) for pulsed beam operation and 
beam scanning systems for uniform irradiation to the 
wide area of target samples. (3) A distributed computer 
control system is introduced for rapid and reliable control 
of operation parameters.4) (4) In order to reduce the ra
diation exposure of operators, the cyclotron is equipped 
with automatic changing systems for inflector and puller 
electrodes. A remote controlled conveying system makes 
a deflector remove from the cyclotron and guide to a 
cooling room. 

The construction of the cyclotron was started in 
1988. The field mapping for the main magnet was carried 
out from December, 1988 to March, 1989 and the perfor
mance of the RF system was tested from October, 1989 
to March, 1990 at the Niihama works of SHI. The cy
clotron was installed at JAERI, Takasaki, in July, 1990. 
The beam generation test has been started from March 
1991. The cyclotron has been used for experiments since 
January 1992. 

2. OUTLINE OF JAERI AVF CYCLOTRON 

Figure 1 shows a photograph of the cyclotron. A 
schematic drawing of the cyclotron is shown in Fig.2 and 
the major characteristics of the J AERI AVF cyclotron 
are shown in Table 1. 

The cyclotron is a 4-sectored variable-energy AVF 
machine with an extraction radius of 923 mm. The accel
eration electrodes consist of a couple of 86-degree dees, 
each connected with a resonant cavity. Beams of protons, 
deuterons and helium ions are available with maximum 
energies of 90,53 and 108 MeV, respectively. Heavy ion 
beams can be accelerated to an energy range of (2.5 x M) 
MeV to (1l0xZ2/M) MeV, where M is mass number and 
Z is charge state. Acceleration harmonic numbers of 1, 
2 and 3 are available. 
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Fig. 1. Photo of the JAERI AVF cyclotron. 

2.1. Magnet 

The cyclotron magnet consists of a H-type with a 
pole diameter of 2156 mm and four spiral sectors . Twelve 
pairs of circular trim coils are wound concentrically on 
the sectors. Four pairs of harmonic coils are placed in 
the central region for centering the off-centered beam. 
Another four pairs of harmonic coils are placed in the 
extraction region for fine adjustment of turn separation . 
The field mapping on the median plane in the cyclotron 
was done in polar coordinates of (r ,B) . A Hall probe was 
moved by 2 cm steps in rand 1.8 degree steps in B. 

The maximum field strength at the extraction ra
dius is 16.7 kG, which is high enough to produce the 
isochronous field for heavy ions with high energy. The 
strength of the first harmonic field was less than 4G 
within the extraction radius, which can be corrected by 
optimizing the harmonic coil field. 

Two pairs of the harmonic coils were excited at a 
maximum current with opposite polarity. The maximum 
first harmonic amplitudes at r=200 mm and r=860 mm 
at a base field of 850A are 17G and 27G, respectively. 
The isochronous field for light to heavy ions can be pro
duced accurately based on the measured field of main and 
trim coils . The isochronous field is reproducible within 
a precision of 4xlO-4 . 

2.2. RF System 

A maximum dee voltage of 60 k V was required to 
realize a constant orbit of harmonic 1 acceleration for 90 
Me V protons. The power loss on the stem in the mov
able panel type resonator makes it difficult to generate 
the dee voltage of 60 kV . The asymmetrical structure of 
the cavity results in partial increment of a current den
sity on the stem facing the tuning panel, causing thermal 

damage due to the local power loss. The final amplifier 
with large output power above 80 kW is required to gen
erate 60 kV for movable-panel type resonator. 

In consideration of the difficulty, the A/4 coax
ial type resonator with a movable shorting plate was 
adopted for JAERI AVF cyclotron. The coaxial type 
one has a higher Q-value because of the symmetrical cur
rent density distribution, allowing relatively low output 
power within 30 kW for the final amplifier . The res
onant frequency ranges from 10.6 to 22.0 MHz, and is 
finely tunable within a relative frequency !1f/f of 1.6 %. 
The maximum peak dee voltage of 60 kV at 21.14 MHz 
is generated within a stability of ±l x 10-3 . The details 
of the RF system are reported in a separate paper at this 
conference.5 ) 

2.3. Injection, Central Region, Extraction 

Low-energy beams from the ion sources, located in 
the basement, are axially injected into the median plane 
of the cyclotron upwards through the hole of the bot
tom yoke. Four Glazer lenses and a steerer are placed 
inside the hole. The injected beam is guided to the me
dian plane through a spiral inflector and a puller, which 
are prepared separately for each acceleration harmonic 
number from 1 to 3. The inflector is inserted downwards 
through the hole of the upper yoke. The layout of the 
central region is shown in Fig.3. Two movable phase 
defining slits are set inside the dee and the dummy 

(1) Yoke, (2) Main probe, (3) Dee, (4) Resonator, 
(5) Puller, (6) Dee voltage pickup, (7) Deflector 
probe, (8) Deflector, (9) Phase slit(II), (10) Mag
netic channel probe, (11) Magnetic channel, (12) 
Capacitive frequency tuner, (13) Phase slit(I), 
(14) Gradient corrector, (15) Inflector, (16) Phase 
probe 

Fig. 2. Schematic drawing of the A VF cyclotron. 
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Table 1. Characteristics of JAERI AVF cyclotron 

CYCLOTRON 
Number of sectors 
Sector gap 
Pole gap 
Pole diameter 
Spiral angle 
Extraction radius 
Max. average field 
Circular trimming coils 
Hannonic coils 
Magnet weight 
Bending limit 
Focusing limit 
Number of dees 
Dee angle 
Frequency 
Max. dee voltage 
Max. RF power 
Resonator 

Harmonic number 
Main vacuum pump 

Range ofM/Z 
(M:mass, Z:charge state) 

4 
166mm 

405mm 
2156 mm 

53 degrees 
923mm 
16.7 kG 

12 pairs 
8 pairs 

206 tons 
110 MeV 
95 MeV 

2 
86 degrees 

10.6 - 22 MHz 
60kV 
50kWx2 

movable short plate 
(mode ). 14) 

1,2,3 
Cryogenic 

(4000 Lis, 4 sets) 
1 - 6.5 

RANGE OF ACCELERATION ENERGY 
Light ions H+ 5 - 90 MeV 

Heavy ions 

D+ 5 - 53 MeV 

4He 2+ 10 - 108 MeV 

2.5 x M - 110xZ 2 /MMeV 

dee within the first turn. 
The beam extraction system consists of an electrostatic 
deflector and a magnetic channel and also of a gradient 
corrector to focus the beam horizontally. For the pur
pose of minimizing the deflector voltage to extract 90 
Me V protons, the maximum field of magnetic channel 
was improved from 3.5 kG to 4.3 kG by adding a chilling 
unit in the water cooling system. 

2.4. Beam Diagnostics 

A main radial probe, a deflector probe, a magnetic 
channel probe and a set of phase probes are placed inside 
of the acceleration chamber of the cyclotron for beam di
agnostics. The main probe is inserted through a hole of 
the side yoke and its stroke covers 1150 mm (r=40",1190 
mm). The main radial probe head provides three finger
like electrodes to measure the beam current differentially 
and integrally. The phase probes consist of ten pairs of 
rectangular pickup electrodes of copper to measure the 
relative phase of beams on different turns (r=236",893 
mm). The amount of field correction necessary for the 
outer 10 circular coils is calculated using the phase dif
ferences measured by this probe. 

A baffle slit system consisting offour leaves is placed 
just before the entrance of the inflector. Other baffle slit 
systems are placed at the entrance of the magnetic chan
nel and the gradien t corrector. Another baffle slit system 
is also placed at the extraction hole of the acceleration 
chamber. 

50mm 

Fig. 3. Schematic drawing of the central region 
of the cyclotron. (1) Infiector, (2) Puller, (3) Dee 
gap, (4) Phase slit(II), (5) Phase slit(I), (6) Beam 
trajectories (dee voltage 40,50 and 60kV) 

3. RESULTS OF FIRST YEAR'S OPERATION 

3.1. Extraction Current and Transmission 

The first beam, 50 Me V 4 He2+, was extracted from 
the cyclotron in March, 1991. The beam accelera
tion tests have been conducted for H+(10, 45, 70 and 
90 MeV), D+(10, 35 and 50 MeV), 4He2+(20, 50 and 
100 MeV), 4oAr8+(175 MeV), 4°Ar 13+(460 MeV} and 
84Kr20+ (520 Me V). The results of the beam acceleration 
test are summarized in Table 2. Protons and deuterons 
are generated by the multicusp ion source, and other ions 
by the ECR ion source. 

The 90 Me V protons were successfully extracted 
with a beam current of 10 j1.A. The stability of extracted 
beam for light ions is typically ±5%. The overall trans
mission from ion source analyzing magnet to cyclotron 
external beam is typically 4",5%. The extraction ef
ficiency is the intensity ratio of main probe at r=900 
mm to magnetic channel probe (just after deflector). 
The best transmission and extraction efficiency are 15% 
(4He2+ 50 MeV) and 89% (H+ 70 MeV), respectively! 
The phase slit I on the opposite side of the puller is ef
fective to optimize the extraction efficiency through the 
deflector. The transmission from cyclotron entrance to 
r=200 mm is about 20%. This is limited by mainly 
the RF phase acceptance and the efficiency of a beam 
buncher installed just at the entrance of the cyclotron. 
Measured bunching efficiency is about 2.5. The esti
mated transmission is 2.5x30/360 = 21% assuming that 
the phase acceptance is 30 degrees. 
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Table 2. Results of extracted intensity and transmission. 

Energy 
Har-

Frequency 
Ion 

(MeV) 
monic 

(MHz) 
No. 

H+ 10 2 14.97 
45 1 15.46 
70 1 18.92 

D+ 90 1 21.14 
10 2 10.63 
35 2 19.70 

4He2+ 50 1 11.76 
20 2 10.67 
50 2 16.77 

40AfB+ 100 1 11.81 
175 3 15.14 

4°Ar13+ 
460 2 16.24 

84Kr2°+ 520 2 11.98 

* Phase slit 1 is inserted. 
3.2. Correction of Isochronous Field by Phase 

Probe 

Deviation of magnetic field from the isochronous one 
can be corrected using the phase probe. The typical 
pickup signal induced by ion beams is shown in Fig.4. 
The signal voltage is adjusted by a variable attenuator 
and a 40 dB fast amplifier. The amount of correction 
to reduce the deviation for 10 outer circular coils is cal
culated by the least squares method. After corrections 
repeated a few times, the phase difference becomes neg
ligibly small. 

Fig. 4. Typical beam signals measured by the 
phase probe(CHIO) in case of 70 MeV protons. 

3.3. Emittance 

The phase space configuration of extracted beams 
can be measured by an emittance monitor at the exit 
of cyclotron. The horizontal and vertical emittance for 

Injection Extracted Extraction Overall 
Voltage Intensity Efficiency Transmission 

(kV) (ell A) (%) (%) 
3.10 10 54 3.8 
8.64 30 85* 4.0 

12.47 89* 4.0 
16.11 10 53* 2.0 
3.10 11 45 3.7 

11.00 41 71* 4.6 
9.53 21 64* 7.2 
3.40 5.7 55 11 
8.53 20 82* 15 

10.15 10 51 6.4 
10.06 3.0 60 5.7 
11.71 0.011 26 2.8 
-8.81 0.004 17 1.0 

40 Ar8+ 175 MeV are 14.0 1Tmm·mrad and 9.9 1Tmm·mrad, 
respectively. 
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20 MEV CYCLOTRON FOR ISOTOPE PRODUCTION. 

A.Glazov, Ju.Alenitskiy, S.Chesnova, A.Chesnov, V.Kochkin, D.Novikov, 
E .Samsonov, M.Semenov, A.Vasilenko, E.Zaplatin, N.Zaplatin 
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and 
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Institute of Nuclear Physics, 702132 Tashkent, Uzbekistan 

ABSTRACT 

The 20M e V fixed-energy proton cyclotron was 
constructed based on the conventional magnet with 
pole diameter 115cm, which is the standard equip
ment of physical laboratories in Russia. It is pro
posed to use an internal target for isotope produc
tion. A special two-element magnetic system to in
crease the size of the beam on the target in the 
axial and radial directions will be used. The cy
clotron was designed and constructed at the JINR 
(Dubna), but will be used at the INP (Tashkent) 

1. BASIS CHARACTERISTICS OF THE AC
CELERATOR 

The cyclotron is intended for acceleration of 
protons to fixed energy 20 MeV with current up to 
400{lA. The design and construction of the acceler
ator were started simultaneously at the beginning of 
1991, and from May 1992 commissioning period be
gan . The cyclotron was designed based on a conven
tional magnet with dimensions: 3 x 1.5m2 in plane 
and 2.12m high (weight 48T). The necessary mag
netic rigidity and focusing conditions are reached in 
the magnetic structure with fourfold symmetry and 
8.2cm gap in the hill of spiral shims. The maxi
mum working radius is 48cm, the maximum mag
netic field is 1.35T. This structure was chosen not 
only to solve the main problem, but to be a model 
for reconstruction of the cyclotron U -150 at INP, 
Tashkent.1 

The leading idea in designing the accelerator 
was to decrease the cost of the production and to 
simplify and make cheaper the exploitation. So we 
chosen a standard magnet, forming the magnetic 
field by iron shims, a self-excited single-tube oscil
lator to generate r f power, an internal ion source, 
an internal target for isotope production and a pas-

sive magnetic regenerative system to decrease the 
density of the beam on the target. 

PHASE(DEGREE) B(T) 
....... ~~_~~~_~~~_~..., 1 .360 

20 

, 0 

1.335 

- 10 

o 10 20 30 40 R(CM) 

Figure 1: Radial dependence ofthe isochronous field 
(Biso), measured average field (Bexp) and phase 
motion of the beam 

2. MAGNETIC SYSTEM 

An isochronous magnetic field of the cyclotron 
is formed with the help of four pairs of spiral and 
sector shims. For simplicity and precision in pro
duction, the edges of the spiral shims are arcs of 
circumference. The spiral angle varies from 10 to 
50 degrees. An increase of the magnetic field along 
the radius is produced by increasing the azimuthal 
length of spiral shims and the thickness of the sec
tor ones placed in valleys starting from the radius 
18cm. The radial dependence of the isochronous 
field, measured average field, and the phase motion 
of the beam are shown in Fig. 1. 

The focusing properties of the magnetic field 
are illustrated in Fig. 2. The values obtained for 
frequencies of free oscillations correspond to stabil
ity of the particle motion. The low harmonics of 
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the magnetic field amplitudes are quite small. In 
the central region (R < 30cm) the amplitude of 
the first harmonic is less then 0.3mT, on the radii 
30 - 45cm '" 0.7mT. To regulate their value, if nec
essary, in the central region (4cm ::; R ::; 14cm) and 
at the periphery (32cm ::; R ::; 46cm) there are four 
pairs of harmonic coils placed in the valleys. 

1.06 06 

OR OZ 

1.04 0.5 

1.02 0.4 

OR 
1.00 03 

0.98 0.2 

QZ 
0.96 0.1 

0.94 0.0 
0 10 20 30 40 R(CM) 50 

Figure 2: Frequencies of free oscillations 

3. ACCELERATION SYSTEM 

In a formed magnetic field the revolution fre
quency for protons is 20.2M H z. A conventional 
scheme with one 1800 dee and a quarter -wavelength 
resonant line on the revolution frequency was cho
sen for the acceleration. Dee aperture is 20mm . To 
increase the mean axial gap between the dee and the 
chamber the cooling tubes were soldered outside the 
aperture. The minimal gap is 22mm, the accelerat
ing voltage is 50k V. 

Dee and resonant line were made flat rectan
gular in plane like it is proposed for convertion 
of Tashkent cyclotron.1 The vertical distance "d" 
between inner and external electrode resonant line 
outside the magnet were chosen as compromise be
tween convenience for installation of vacuum pumps 
and r f power consumption . 

The calculation of parameters was made by con
ventional formula for the resonance line. The ex
pression for the wave impedance was taken from. 2 

The experimental value of the resonant frequency 
became 5% less than a calculated one. The r flosses 
are 12kW at the accelerating voltage 50kV. For 
generation r f power a triode oscillator with the se
lective feedback circuit is used. There is a possibil
ity of pulse work of the oscillator by means of a grid 
modulation. Initial coarse tuning of the resonator 
is made by changing the distance d in some limits. 
For fine automatic tuning two trimmer capacitors 
on both sides of the dee are used. 

Figure 3: Beam spread system 
regenerator, T-target 

DEE I 
I 
I 
I 
I 

P-peeler, R-

4. THE TARGET AND THE BEAM SPREAD 
SYSTEM 

For isotope production internal target with di
mension 2cm in the axial direction and 17 em in the 
azimuthal one will be used. The surface of the tar
get has an inclination 60 to the beam orbit. The 
internal water-cooled side was made with ribs to in
crease the possible power dissipation up to 10kW. 

The beam spread system must produce the ra
dial deflection of the beam by 1.5cm and the exten
sion of its axial dimension up to 1.5 - 2cm. For this 
purpose it was decided to use a passive regenerative 
system.3 It consists of two ferromagnetic elements: 
a peeler with the gradient -5T 1m and a regenera
tor with the gradient 2T 1m. The position of the 
elements in the accelerating chamber is shown on 
fig 3. The field disturbance on the working radii 
(35 - 45cm) is less then 0.5mT ( first harmonic). 

The results of computation of the beam behav
ior in the regenerating system are shown in fig 4. 
Approximately at 20 turns the turn separation in
creases from 0.1 to 1.5cm at the azimuth of the tar
get. In computation it is also seen that the ampli
tude of the axial oscillation increases by a factor of 
'" 2. 
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Figure 4: Turns separation in the regenerative sys
tem 

5. THE BEAM GENERATION AND DIAG
NOSTIC ELEMENTS 

For ion production an internal ion source of the 
Penning type with a hot cathode and an insulated 
anticathode is used. The extraction and selection of 
the beam on the first turn is realized by means of a 
puller, turned at the angle 16° to dee edge. 

There are three water-cooled probes to control 
the beam. One of them goes through the dee along 
the axis. When adjusting the accelerator, low cur
rent multielectrode targets on the probes can be in
stalled. The accelerating voltage is measured by 
means of capacitive probes. 

6. STATUS 

At present time the cyclotron was assembled at 
the test stand at the JINR (Dubna). Most systems 
and devices were tuned independently and ready to 
work. Two weeks ago we began the vacuum pump
ing of the accelerator and the struggle with leaks. 
Soon we plan to study the beam behavior in the 
central region. The full-scale experiments will be 
possible only in Tashkent where a proper radiation 
shielding is provided. 

7. REFERENCES 

1) Alenitskij Yu.G et al., "Convertion Project 
of the AS Uzbekistan Cyclotron", JINR, 
P9-91-82, Dubna, 1991 

2) Glazov A.A. et al.,"Study acceleration sys
tem of U-200T isocchronous cyclotron", 
JINR, P9-91-84, Dubna, 1991 

3) Dmitriewskij W.P. et al., "The choise of sys
tem for beam deflection on the inside tar
get of syclotron U-120", JINR, P9-91-480, 
Dubna, 1991 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

125



STATUS OF A COMPACT H- CYCLOTRON 

AT THE KURCHATOV INSTITUTE OF ATOMIC ENERGY 

C. D. BUl'beza, A. A. Vas:iliev, IN. I. Venileov,l P. Yu. Komis:s:arov, 
Yu • M. Kras:nileov, S. T. Latus:hlein, V. V. Leonov, V. P. Moryaleov, 
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Kurchatov Institute of Atomic Energy, Moscow, 1231132, Russia 

ABSTRACT 

A compact isochronous cyclot.ron MPC-10 
1) 

is currently being constructed at the Kur
chatov Institute. The main parameters and 
status of all systems: of MPC-10 are dis
cussed. 

1 • I NTRODUCTI ON 

The MPC-10 is: compact isochronous cyc
lotron intended for operating as: a compo
nent part of' a posi tron emi ssi on tomogr·a
phy research center and will be us:ed for 
Ptodlfliing~!5 ul trashor;:l-li ved l'adionuclides: 

C, N, 0, and F. The main parame-
ter's of the cyclotron are given in Table 1. 

Table 1 - Main cyclotron parameters 
1. Beam 

Type of ion - accelerated 
- extract.ed 

Maximum energy - guaranteed 
- expected 

Intensity 
Number of' ext.l'act ed beams 

2. Magnetic system 
Pole diameter 
Number of sectors 
Average field 
Coil power consumption 
Weight - iron 

- copper' 
3. RF system 

Number' of dees 
Dee angle 
Hal'monic mode 
Dee voltage 
Operating frequency 
Dissipated power 

4. Ion source 

C fixed) 

H-
H+ 

10 MeV 
12 MeV 
50 -,r.A. 

2 

eo cm 
3 

1. 55 T 
33 leW 

17.5 tons 
1.5 tons: 

2 
90 deg 

1 
40 leV 

23.5 MHz 
17 leW 

Type of source 
internal, Penning, 
Inser·tion 
Arc power 

of 
"Cold cathode", 

thermionic mode 
radial 
1 leW 

Gas flow 
5. External dimensions 

5 - 10 ccm 
2.5*2*1.5 m+m+m 

Cyclotron parameters selection are dic
tated by the requirement to provide the 
negative ions: acceleration and also by a 
compromise between the r'equirements: on 
magnetic and RF systems and the power of 
t .heir power supply s:ys:tems, taleing into 
account the requirements on vacuum and re
duction in weiht and dimensions. Accelera
ted ions: are extracted by s:tripping elec
trons: at 1mm thicle graphite stripper. 

The poss:ibility of accelerating D- ions 
is: als:o under inves:tigation. It is: sugges
ted that D- ions will accelerate till the 
energy value totals -6Mev at the s:econd 
accelerating voltage harmonic. 

2. MAGNETIC SYSTEM 

2) 
The cyclotron magne·t.ic s:ystem consis:ts: 

of a yolee, poles, exci t .ing coil and a 
s:t.ructure shaping an isochronous magnetic 
field CFig.1 and Fig. 2). 

Fig. 1. Magnet s:tructure and main coils:. 
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Fig. 2. Yoke and poles of MPC-10 
magnet.ic system. 

The magnet struct.ure geometry was found 
by applying a technique which combined 
experimental studies on a magnet mock-up 
made on a 1:4.57 scale and computer simu
lation according to a code computing 3-D 
magnetic fields in a uniform magnetization 
approximation. Gaps in the structure hill 
and valley are 80 and 126 mm respectively, 
a secto~ angleoincreases wi t .h the radius 
from 60 to 75. This provides the pos
sibility to form a magnetic field at the 
level of 1.55 T capable of acceler'ating 
both H- and D- ions with acceptable phase 
shifts, and also provides a flutter re
quired for vertical focusing. 

At present the most parts of magnetic 
system are produced. An automated magnet.ic 
field-measuring system intended for a fi
nal field shaping directly at the cyclo
t r on magnet is const.ructed t .oo. 

The power supply for a magnet main coil 
provides the c !;!~rent up to 400 A at the 
stability of 10 and at the voltage of 
100 V. The power supply is installed in 
the production area and tested for dummy 
load (F i g. 3) • 

Fig. 3. Magnet main coil power supply (on 
the left) and RF oscillator (on the 
r ight). 

3. RF SYSTEM 

A resonance circuit
2

) is a two-conductor 
quarter-wave line (p"" 100 Ohm) in a conunon 
rectangular chamber loaded with capacity 
of 90

0 
dees (C "" 140 pF) at its end. An 

operating frequency is 23.5 MHz. The com
l1~rcial transmi tt.er PKM-20 (power of up to 
25 kW) will be used as an RF oscillator. At 
present t .he oscillator is inst.alled in the 
production area and adjusted f 'or dummy lo 
ad (Fig. 3). Frequency tuning wi thin 1. 5MHz 
is provided which is achieved by changing 
the dee area. There are trilTUller capacitors 
for tuning (the tuning I' ange is 0.5 to 
0.6 MHz), an inductive loop and capaci tOI' 
for coupling to an RF oscillatOl', a faci
Ii ty for contTolling a dee position invol
ving TV monitoring of a shift of laser be 
am reflected by mirl'ol' fixed on a dee. 

The equi pment inc 1 udes al s 0 a mas t el-- os
cillator; facilities of resonator frequen
cy stabilization based on a phase detector
and transistor transformer wi t .h pulse mo
dulation for- trimmers drive contl' ol; a fa 
cility for accelerating voltage amplitude 
stabilization; synchronizel' for- pulsed mo 
dulation of RF voltage during while; in 
the process of tuning and t.r-aining, pl'ovi 
ding also the protection under breakdown. 

4. ION SOURCE 

An int.ernal ion source of PIG-type 
wi th cathode self - war'ming and radial 
insertion has been chosen for t .he MPC - cyc
lotron. The design of this source has been 
developed and optimized f-or intensity at 
the test bench. At present the wOI' k aimed 
ate increasing ion cur-r-ent. and t .he source 
lifeteime is beeing conducteed. 

The ion source, providing tehe possibili 
tey t .o change ion acceleration regimes 
(from H- to D- ) in the minimal teime-period 
wi t .hout violating tehe vacuum, is beeing 
developed. At tehe same time tehe reseal' ch 
work aimed ate tehe determinat.ion of centJ' al 
area opteimal geometry, which will make i t 
possible teo combine tehe above-ment.ioned 
acceleration regimes, is conduct.ed. 

5. VACUUM SYSTEM 

The cyclotron vacuum chamber
2

) consistes 
of a body and two covers, produced of ' 
steainless steel. The chamber is gasketed 
wi th rubber' seals in its gl' ooves. The cop 
per clad is fixed t .o the inner chamber 
surfase by diffuse welding and cooled by 
the water si r culating in the teubes sut ua
ted beteween the clad and tehe body. The 
chamber- is pumped hard by means of two 
diffuse pumps wi teh a pumping velocity over 
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h!dr~gen of~1041/s. The fine vacuum of 
8 10 torr was obtained after the elimina
tion of vacuum leaks during the chamber 
test (Fig.4). 

Fig. 4. Vacuum tests of the cyclotron 
chamber. 

6. BEAM DIAGN~-rIC 

The system of integral and differential 
probes. Faraday cups. luminescence screens 
with TV recording of an optical image of a 
cross-section is provided for man! t .oring 
t .he intensity and position of both inter
nal and extracted beam. An ionization de
tector of a beam cr-oss-section is provided 
for mani t .oring the beam intensi ty and size 
during tar-get irradiation. The accuracy ot' 
cur-rent measurement is ~1 0" at the inten
si t .y in excess of 1 rnA. a spatial resolu
tion in each coordinate is ~1 mm. 

7. CONTROL AUTOMATION AND CYCLOTRON PARA
METERS MONITORING 

Automatic Control System development is 
based on the component.s and experience 
gained when operating the control and ma
n! taring system intended for the cyclotron 
at t .he Kw'chat-ov Institute. IBM PC/AT is 
used for control. As a basic control and 
man! taring complex the equipment in a 
CAMAC standard is taken .Transmission-re
ception facilities of analogue and dis
crete data involving fiber-optics communi
cation lines are used to achieve connec
tions between CAMAC-units with objects. 
control and monitoring. Application of 
these data communication facilities simp
lifies cable mounting. provides electric 
isolation of control units from objects 
under control. enhance noise immunity. 
simplifies the composition of CAMAC 
equipment. 

The hard- and software are adjusted and 
tested while operating separate cyclotron 
functional systems. 
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ABSTRACT 

In order to demonstrate effective use of small cyclotron, 
we have developed a new compact cyclotron (BC221 I ) 
which enables neutron therapy and positron nuclear 
medicine. The energies available for proton and deuteron 
beams are 22 and 11 MeV respectively. Whereas maximum 
external current is obtainable 60mA. After a half life 
irradiation, sufficient activities of positron emitters are 
obtained. IIC:77.7 GBq. 13N:24.1 GBq. 150:42.6GBq. 
l8F:27.8 GBq. A basic experiment for neutron therapy was 
performed using the IOBe(p,n)IOBo reaction at Ep=22MeV. 
The obtained neutron flux was 7 .5x I 09 /cm2sec (fast 
neutrons) and 4.0x108 /cm2sec (thermal neutrons) on target. 
The neutron spectrum depicted maximum and mean energies 
of 21 and 11 Mev respectively. The absorbed dose was 0.14 
Gy/min at 125 cm from the target and not sufficient. The 
target is now under reconstruction to obtain the more refined 
neutron flux and spectrum. 

1. INTRODUCTION 

Recently many PET (positron emission tomography) 
centers have been established round the world. Such centers 
utilize small cyclotrons only for the synthesis of positron 
emitters, and substantial machine time of the cyclotron is 
left unused.From this view point , it is indeed very 
important to ensure the optimal utilization of unused time 
for the purposes of producing fast neutrons presently 
effectively used for various malignant conditions such as 
cancer of salivary gland, prostatic cancer and sarcoma of 
bone 1)-2). 

The present study focussed on the developing of a new 
compact cyclotron for neutron therapy and positron nuclear 
medicine and evaluate its basic characteristics for neutron 
therapy. 

2. MATERIALS AND METHOD 

2.1. Specifications of BC2211 

The specifications of BC2211 are shown in Table 1. The 
geometorical size is almost same as that of BC 1710 (p: 
17MeV, d: lOMeV) previously developed. The increase in 
energies of proton and deuteron was achieved by the increase 
of magnetic field. A diagram of cyclotron and beam transport 
for neutron therapy is shown in Fig. l. The details of Be 
target are also shown in Fig. 2. 

Table 1 (A). Main specification of BC22Il. 

ITEM . proton deuteron 
beam ehergy (MeV) 22 11 
beam current (~A) 60 60 

magnetic field (T) 1.6 
radio frequency (MHz) 49.0 
extraction radius (mm) 420 
magnet size 

<l>2150xI500 mm 

Table I(B) Radionuclide and yield (BC2211) 

Nuclides Chemical Irradiation Recoverd 
Porm Time Activity 

(T 1!2)(min) E.O.B. (GBq) 
IIC II CO2 20 77.7 

IICO 20 68.5 
IJN lJNOx in 10 24.1 

water 
DO 2 42.6 

150 CD 0 2 2 40.7 
CISO 2 21.5 
I~P2 110 27.8 

{from Ne) 
18p IMp- 110 40.7 

(from H2
180) 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

129



Fig. 1. A diagram of cyclotron and beam transport for neutron therapy. Fig.2. The details of Be target. 
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2.2. PET center of Nagoya university 

Our PET center is shown diagrammatically in Fig.3 . 
The room for neutron therapy is located next to the 
cyclotron room, whereas Be target exists in the wall. 

2.3.Meaurement of neutron flux and energy 
spectrum 

2.3.1.Measurement of neutron flux 

Neutrons were produced by bombarding Be target with the 
proton beam (Ep: 22MeV, external current: 20IlA) for a 
period of 1 hour. The direction and central axis distribution 
of neutron were measured using radioactivation method. The 
involved reactions were 27 AI(n,a)24Na, 58Ni(n,2n)57N, and 
197 Au(n,g)198 Au. One sample consisted of packed slices of 
Al x 2, Ni x 2 and Au x 1. Many samples were set in the 
room for neutron therapy as shown in Fig. 4. After the 
irradiation, activities of samples were measured with Ge 
detector and subsequently the activity was converted into the 
neutron flux. 

2.3.2.Measurement of neutron energy spectrum 

As already described neutrons were produced by 
bombarding Be target with the proton beam (Ep: 22Me V, 
external current: O.lIlA) for 5373 and 3671 sec. A simple 
collimator was used to direct the neutron beam and reduce 
the scatter. A collimator is shown in Fig.5. 

Fig. 5. The diagram of apparatus for the measurement of 
neutron energy spectrum. 

The neutron energy spectrum was measured by proton 
recoilling method using a organic liquid scintillator 
(NE213). The measurement was done for two times. Second 
measurement was done with shadow-bar to evaluate the 
scattered neutrons. Shadow-bar was made of paraffin and a 
mixture of Li2C03 • 

3. RESULTS 

3.1. Measurement of neutron flux 

Direction distribution of neutrons is shown in Fig. 6. 
Fast neutrons were measured by 27 AI(n,a)24Na (En >5 Mev) 
llild 58N i(n,2n)57Ni(En > 13 MeV) reactions. Fast neutrons 
showed a significant dirt',ction dependence. In particular high 
energy fast neutrons (En >13MeV) showed a sharp 
distribution. Thermal neutrons were measured by 
197 Au(n,g)198 Au reaction and their distribution did not reveal 
any direction dependence. The neutron flux was observed to 
be 7.5x109/cm2sec (fast neutrons En >5 MeV), 
3.5x 109/cm2 (fast neutrons En > 13 Me V )and 
4.0x108/cm2sec (thermal neutrons) on target. Fast neutrons 
decreased according to inverse square law on the central axis 
(Fig. 7). 

3.2. Measurement of neutron energy spectrum 

The energy spectrum of neutrons is shown in Fig. 8. 
The energy spectrum thus obtained by us resembled with 
one obtained by Lone et aP) further confirming the 
methodological precision and accuracy of measurement. The 
maximum and mean energy of neutrons were found to be 21 
and 11 Mev respectively. 

4. DISCUSSION 

The cyclotron currently used at our center is considered 
to be rather underutilized even though it is used for routine 
production of positron emitters for PET studies. In view of 
this the basic experiments related to neutron flux and energy 
measurements were performed to explore the feasibility of 
using neutron beams for therapy of malignant 
disorders.However, neutron flux and energy spectrum were 
not enough for the practice of neutron therapy. The 
calculated absorbed dose using the results of this study is 
about 0.14 Gy/min at 125 cm from the target (external 
current: 60 IlA). This absorbed dose is not sufficient and 
hence the target is now under reconstruction to obtain the 
more refined neutron flux and spectrum. After the target 
reconstruction a practical collimetor will be planned. 
Furthermore the low energy neutron shows a high RBE. 
Therefore the effect on normal tissue should be evaluated 
before clinical use. 
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ABSTRACT 

In the years 1984-1990, the National Superconduct
ing Cyclotron Laboratory constructed and tested a K100 
superconducting cyclotron to provide neutrons for cancer 
therapy; this cyclotron was installed in the Gershenson 
Radiation Oncology Center of Detroit's Harper Hospital 
in July 1990 and is now in routine use providing intense 
neutron beams for radiation therapy. In the process of 
starting up the cyclotron, a 1 in 5 pulsed operation mode 
was introduced to limit the beam current to levels re
quired by target power limits - this pulsed mode easily 
provides beam currents at the 10 microamp design level 
(corresponding to approximately 1 rad/ sec at the sys
tem isocenter and 2 minute treatment times). Moreover, 
radio frequency power used by the system is reduced to 
about one fourth of its unpulsed level, and cyclotron op
eration is exceedingly stable; this pulsed mode has there
fore been adopted as the standard operating mode for the 
cyclotron. In the pulsed mode, beam power during the 
pulse is comparable to the resistive power loss in the rf 
cavity, and interesting new accelerator physics phenom
ena show up in the instantaneous time dependance of the 
beam during the 2 millisecond "beam-on" pulses. 

1. INTRODUCTION 

The K100 superconducting cyclotron for neutron 
therapy has been described in a number of earlier pa
persl) including a report at the last Cyclotron Confer
ence.2) At the time of the report at the previous Con
ference, the cyclotron had just started up, and reliable 
measurements of beam current were not available. Op
eration was also severely handicapped by the absence 
of shielding which caused radiation protection trips to 
occur almost immediately. In following months shield
ing was installed around the cyclotron and beam current 
monitors were calibrated. 

In the first months of operation with this improved 
configuration, beam currents were low compared to the 
specification and changes in the ion source and in the cen
tral region were introduced to correct this difficulty. The 

most important changes were: 1) reducing the clearance 
between ion source and dee to 3 mm, 2) reprogramming 
the central region slit system to correspond to a dee volt
age of 33 kv rather than the 40 originally contemplated, 
and 3) changing the design of the cathode assembly in the 
ion source. With these changes, beam currents shifted 
from being too low to being too large - currents of 50 mi
croamps were common and Beryllium targets melted on 
two occasions (overcurrent interlocks were enforced by a 
computer control system which had a two second cycle 
time - too slow to fully protect the target - much faster 
hard wired interlocks have since been installed). Efforts 
to achieve a smoothly adjustable operating current by 
turning down the rf voltage or by turning down the ion 
source arc current were overly sensitive and/or unstable 
and a circuit for lowering beam current by operating in 
a pulsed rf mode was next introduced. This last change 
was strikingly successful in both its current control as
pect and in several unexpected other aspects - operation 
overall became extremely stable, rf power levels dropped 
to approximately one quarter of the unpulsed level, and 
tuning and other parameters were much less sensitive 
to thermal shifts. Given this ensemble of very helpful 
improvements, the pulsing circuit was adopted as a per
manent part of the cyclotron system and operation since 
that time has been extremely smooth and reliable. 

2. ACCELERATOR DESCRIPTION 

The neutron therapy cyclotron, as described at the 
previous conference,2) has the unusual feature of rotating 
on a full 360 degree vertical arc relative to a patient 
positioned at the center of this arc. If the patient is 
positioned to put the tumor at the center of this arc, 
the "isocenter" of the system, the neutron beam from 
every cyclotron orientation intersects the tumor whereas 
surrounding normal tissue is significantly exposed only 
when it is on the side of the patient facing the cyclotron 
and is therefore protected (when all treatment directions 
are summed) relative to the lethal doses administered at 
the tumor site. 

The rotation system for the cyclotron consists of 
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two large (4.27 m dia) steel rings which support the cy
clotron and an opposing counterweight; these rings are 
supported by, and turn, on four large roller assemblies as 
indicated schematically in Fig. 1 and photographically in 
Fig. 2, (with H. Blosser and W. Powers standing on the 
cyclotron). On July 9, 1990 the cyclotron and support 
ring system were taken by motor-truck to Detroit and 
installed in an already prepared room in the Gershenson 
Radiation Oncology Center of Harper Hospital. Figure 3 
is a photo showing the cyclotron as it was being lowered 
into the therapy room and Fig. 4 is a photo showing 
the cyclotron as it now appears to a patient entering the 
treatment room. 

Figure 1. Schematic view of the Harper Hospital neutron 
therapy system showing the cyclotron mounted between 
two large rings which move it on a veritcal arc about the 
patient. 

Figure 2. View ofthe Harper cyclotron and support ring 
system at NSCL with H. Blosser (left) and W. Powers. 

In routine operation, the cyclotron is filled with liq
uid helium early each morning and the magnet is ramped 
to its operating current . Filaments in the final stage tube 
of the rf amplifier are also turned on at this point and, 
like the magnet, are left on for the day. Ion source arc 

Figure 3. View of the K100 cyclotron being lowered 
through the roof of the Harper Hospital Oncology Cen
ter. 

current and rf drive are turned on and off at the begin
ning and end of each treatment, the pair of systems being 
used to provide turn-off redundancy. 

At present (June 1992) an accelerator technician or 
a physicist is usually present during a treatment run and 
also customarily starts up the machine at the beginning 
of each day. A typical treatment run consists of aligning 
the patient relative to markers established in the treat
ment planning sequence, checking and closing radiation 
areas, pre-setting the dose monitor system to turn off 
the cyclotron when the stipulated dose has been deliv
ered (or when the time interval allowed for the treat
ment has expired), and setting a keyed interlock which 
enables the cyclotron to turn on. The cyclotron beam is 
then brought on by pressing "ion source on" and "rf on" 
buttons in sequence (normally no other control action 
is required to activate the beam). When the stipulated 
dose has been delivered (or when the preset time has 
elapsed) the source and rf are turned off by a "treatment 
complete" interlock and cannot again be turned on until 
the dose control system is reset and the key control again 
activated to authorize further operation. 

Since normal cyclotron beam turn-on has been 
found to consist of simply pressing the "on" buttons for 
source and rf, modifications to the control system are in 
process to have the key switch on the therapy console au
tomatically initiate the "on" condition in the ion source 
and rf circuits; the therapy technician will then be in 
complete control of the treatment in the same fashion as 
is customary on X-ray units and the cyclotron technician 
or physicists will only be summoned in the event of diffi
culty. A major virtue of this operating mode (associated 
with the operating stability provided by the pulsed rf) is 
that a cyclotron operator is clearly not needed which is 
an important saving in operating costs. 
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Figure 4. The Harper Cyclotron as it appears to a pa
tient arriving for therapy. The large object above the pa
tient table is the neutron collimator consisting of 12,000 
adjustable 3 mm dia. Tungsten rods. 

3. BEAM CHARACTERISTICS WITH PULSED 
RF 

The first hint of unusual beam phenomena associ
ated with the rf pulsing mode came from magnet tuning 
curves, i.e. graphs of beam current vs. magnet current. 
Figure 5 shows two such curves, one with the main tar
get at a radius of 286 mm, the other with the target at 
298 mm. (The nominal full energy target radius is 305 
mm.) The 286 mm curve has the dominantly trapezoidal 
shape which one expects from such tuning curves, the flat 
top of the curve indicating the "phase window" available 
for deviations from isochronism with the given rf voltage 
and the linear edge indicating the "phase width" of the 
beam relative to the rf. (The curve provides the data 
to compute the phase of the beam relative to the rf at 
any magnetic field setting using the formalism of Garren 
and Smith.3») In contrast with the 286 mm curve, the 
298 mm results show strong "pathological features" , i.e . 
peaks, valleys, plateaus, etc. - structure which should 
not be possible if a single ion species is being accelerated 
in a normal cyclotron. 

A number of possible explanations of the strange 
298 mm pattern have been considered. One hypothe
sis for explaining the strange struture is that the beam 
consists of several Q/ A components, a situation which 
is easily possible at Q/ A = 1/2; radiation monitors, 
however, showed no change in neutron production per 
microcoulomb at various points on the 298 curve, indi
cating that the entire structure was dominantly due to 
deuterons, any other ion being at least x5 less effective 
than the deuteron in neutrons per microcoulomb. The 
relatively sudden appearance of the structure in a radius 
interval of only 12 mm is also quanitatively inconsistent 
with Q/ A groups seperating due to differences in phase 

203.70 203.75 203.60 203.65 203.90 
MAGNET CURRENT (AMPS) 

Figure 5. Plot of target current vs. magnet current 
with target at 286 millimeter for the x data and 298 
millimeters for the circle data. The dashed line is the 
expected 286 millimeter curve. 

slip. A number of other beam dynamics explanations 
have also been explored but no phenomena in reason
able correspondence with the Fig. 5 data has come up. 

Searching for other measureable aspects of the 
pulsed beam brought up the idea of looking at the time 
dependance of the beam on the target, which turned out 
to be quite surprising. Figure 6, for example, shows a 
pair of scope traces on a 2 milli-sec/ cm scale, the up
per trace giving the rf on a dee stem pickup loop and the 
lower giving the beam current on the target. The rf trace 
shows the programmed 2 milli-sec "on" , 8 milli-sec· "off" 
pattern of the pulsing, whereas the lower trace shows 
for each rf pulse the surprising pattern of a large target 
current component at the beginning of the rf pulse, fol
lowed by an interval of zero current, followed by a second, 
smaller target current pulse. The instantaneous current 
in the target pusles is quite large; the time average beam 
on this run was 12jia, indicating that the large peak is at 
about 170jia. Beam power in this time interval is then 
about 8 kw, a level of the same order as the nominal 25 
kw rf drive provided by the main power amplifier. 

The rf trace in Fig. 6 shows a considerable "droop" 
with time and the possibility that the beam was pass
ing first inside and then outside of some central region 
obstruction came to mind as a possible cause of the ob
served double peak structure. This hypothesis however 
had difficulty with another observed aspect of the phe
nomena, namely that very small changes in either the dee 
fine tuner or in the magnetic field would cause the time 
structure to shift relative to the rf pulse as indicated in 
Figs. 7 and 8. (The horizontal scale has been expanded 
in these Figs. relative to the scale for Fig. 6 to better 
show the pulse.) Changes in the magnet current of a few 
parts in 10,000 were sufficient to shift the pulses from 
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Figure 6. Dual beam scope trace from an rf pickup loop 
(top) and from the full energy target (bottom) showing 
three 2 millisecond 100 Herz pulses on a 2 ms/cm time 
scale. Time average beam 12J.la. 

the Fig. 6 pattern to that of Figs. 7 or 8 and it seems 
quite unlikely that the transverse phase space could be 
so sharp that such a time shift could happen due to the 
microscopic movement of the early turns caused by a 1 in 
10,000 magnetic field shift. Two other aspects of the ob
servations are difficult to reconcile with this hypothesis 
namely: 1) raising and lowering the rf voltage changed 
the amplitude of the pulses, but did not cause their time 
position to shift and 2) the sharp on/off/on structure 
shown in Figs. 7 and 8 never appears on a plunging tar
get at 200 mm radius, whereas it would be expected to 
show on this target in the same way if the phenomena is 
due to some aspect of the cyclotron's central region. 

Figure 7. Target current and dee volts on an expanded 
time scale (0.5 ms/cm) with the dee fine tuner shifted 
slightly relative to Fig. 6 and with the target trace on 
the upper scale. This setting reduced the beam current 
to 9.2J.la and changed the two target current peaks to 
approximately equal magnitude. 

Figure 8. Scope trace similar to Fig. 7 except a further 
adjustment of the dee fine tuner has moved the first tar
get current peak away from the origin and changed the 
time average beam current to 8.4J.la. 

Another conjecture as to the origin of the pulsing 
phenomena is that the beam is exciting an unusual rf 
mode which could actually be at a much higher fre
quency. (The beam pulse is quite narrow in time, as 
indicated by the edges of the 286 mm trapezoid in Fig. 6, 
and its Fourier components thus include strong harmon
ics well into the Ghz range.) A survey of possible higher 
modes was made in the computer using a transmission 
line representation of the cyclotron resonator. Several 
modes showed up in the computer search near harmon
ics of the main frequency and with waveforms such as 
push-pull-pull, etc. which would be expected to mainly 
disturb the beam at large radii. Noting these results, ac
tual modes in the cyclotron were checked experimentally 
by coupling a frequency synthesizer into the main rf drive 
line of the cyclotron (replacing the main power amplifier) 
and using a spectrum analyzer to observe the response in 
a dee stem pick up loop. Table I gives a partial presen
tation of the wealth of peaks found in this search, with 
"height" (of the line on the spectrum analyzer) as an 
indication of the coupling effectiveness and/or the "Q" 
of the particular mode. The right hand column of Table 
I shows an expanded search in the vicinity of the sec
ond, fourth, fifth, and ninth harmonics of the main rf 
drive frequency (210, 420, 525 and 945 Mhz). A rela
tively weak mode shows at 420 Mhz i.e. at the exact 
fourth harmonic frequency to within measurement error, 
and stronger modes occur nearby at 439 and 442 Mhz. 
Similarly near the fifth harmonic, several modes which 
the beam could excite are found near the harmonic fre
quency, and likewise for the ninth harmonic. 

These higher order modes if excited could deaceller
ate the beam by simply absorbing energy from the beam 
or could throw the beam off center in the case of push
pull-pull configurations or could disturb the axial motion 
in the circumstance of modes which are anti-symmetric 
relative to the median plane. Many of the higher or-
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Table 1. Harper cyclotron rf modes (exicted through 
coupler). "Height" on 10db/cm scale. "Fine Scan" near 
2,4,5, and 9th harmonics of 105 Mhz. 

Course Scan Fine Scan 
mode freq. height freq. height 

Mhz (cm) Mhz (cm) 
1 105 5.6 207.8 1.0 
2 146 3.6 227.1 1.1 
3 158 3.6 
4 177 2.6 420 1.1 
5 207 2.4 439.44 4.4 
6 219 3.0 442.11 4.6 
7 229 2.1 
8 240 3.9 508.75 3.1 
9 271 3.0 513.0 2.0 

10 355 3.6 525 2.0 
11 365 4.2 529 3.6 
12 386 4.6 542 4.2 
13 439 4.2 
14 453 3.5 941 2.0 
15 465 4.0 942 2.8 
16 482 5.7 943.06 2.0 

peaks above 3.5 only 944 1.6 
17 511 4.0 944.5 1.6 
18 536 4.8 945.0 2.0 
19 619 3.6 945.37 2.4 
20 923 3.7 946.8 1.1 
21 938 3.3 
22 943 4.0 

der modes have a voltage null near or at the center of 
the cyclotron and peak at the outer edges of the dee 
(like a half-wave open ended line); such modes would be 
preferentially excited by the large radius beam and be 
consistent with the pulsing phenomena not appearing on 
the 200 mm target. The sensitivity of the pulse pat
tern to small changes in the magnetic field and to fine 
tuning of the rf cavity are also plausibly consistent with 
this explanation, the shift with magnetic field shifting 
the beam rotation frequency slightly and possibly mov
ing the frequency across the response curve of a very high 
Q mode, and the shift with fine tuning possibly preferen
tially shifting the mode frequency of a higher order mode 
so that the mode sweeps through the beam rotation fre
quency. 

An experiment to directly observe a possible higher 
order mode was attempted with a null result, namely to 
introduce a special triggering circuit for the spectrum 
analyzer which would trigger the analyzer at any de
sired point in the beam pulse structure. If a higher or
der mode appeared in correlation with triggering at null 
points of the beam current, the higher mode hypothesis 
would have been strongly supported. The experiment, 

however, showed no such modes detectable above the 
background. This could mean that the dee stem pick 
up loop to which the analyzer was coupled was at a null 
current point of the desired mode, and a second search 
with a capacitive pick up probe near a dee would give a 
very different view of possible modes, but this is rather 
difficult to implement from the hardware aspect, the nec
essary changes leading to excessive interference with the 
ongoing medical program. It then seems likely to the au
thors that the interesting time structure of the Harper 
cyclotron beam is due to excitation of higher modes in 
the cavity by the beam, but experiments to fully confirm 
this hypothesis are not likely at the present time. 

4. SUMMARY 

The superconducting K100 medical cyclotron is in 
routine use for treatment of cancer patients and performs 
with superb stability and reliability. Control systems are 
being modified so that the cyclotron can be turned on 
and off with a key switch on the therapy console with 
no operator present at the cyclotron console. An inter
esting time dependence of the beam structure is perhaps 
due to excitation of higher order modes by the very in
tense beam which is circulating in the cyclotron during 
the pulses. This hypothesis has not been rigorously con
firmed. 
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THE TRIUMF 520 MeV CYCLOTRON: RECENT AND FUTURE DEVELOPMENTS 

Gerardo Dutto 
TRIUMF, 4004 Wesbrook Mall, Vancouver, 

British Columbia, V6T 2A3 

ABSTRACT 

The TRIUMF cyclotron is now routinely 
producing 150 J..LA protons at 500 MeV for meson 
production with a maximum available current of 200 J..LA 
and beam availability of 90%. A successful resonator 
upgrade program, the recent commissioning of a new 92 
MHz rf booster cavity and a new compact CUSP ion 
source will allow the current to be increased to 225 J..LA 
routinely and 300 J..LA maximum, once an upgrade of the 
high radiation target areas is completed. Furthermore, 
the 300 J..LA maximum H- internal current will allow, in 
parallel with 100- 200 J..L A for meson production, the 
simultaneous extraction of 50-100 J..LA for a radioactive 
beam facility and of 50-100 J..L A for isotope production at 
70-100 MeV. A proton therapy facility is also proposed. 
A new optically pumped H- polarized source will allow a 
highly stable and reproducible 5 J..L A beam at -75% 
polarization to be extracted. The feasibility of the 
extraction of an H- beam with electrostatic and magnetic 
channels has also been demonstrated. Problems and 
plans for the extraction of 150 J..LA H- for KAON will be 
discussed. 
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1. INTRODUCTION 

The TRIUMF cyclotron has now been operating 
since 1975. The design goal of 100 J..LA proton beam 
extracted at energies between 200 and 500 Me V was 
achieved at the end of 1977. It is only since 1984 
however, that the present level of high intensity beam 
production, based on routine extracted currents between 
140 J..LA and 200 J..LA, for a total yearly integrated charge of 
about 300 mAh, has been attained. Beam availability has 
been maintained, over these last years, above 85%, with 
> 90% achieved during 1991. A typical yearly schedule 
includes two shutdowns of six to eight weeks each, for 
maintenance and development; two periods of six to 
seven weeks of polarized beam before the shutdowns; and 
two periods of 12 to 13 weeks of high intensity beam after 
shutdowns. Typical simultaneously extracted beams 
during high intensity operation are: 140 J..LA at 500 MeV 
down BLlA, 40 to 50 J..LA at energies between 70 and 110 
Me V down BL2C and up to 10 J..L A down beam line 4A or 
1 to 100 nA down BL4B with variable energy between 180 
and 520 MeV (Fig. 1). 
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Fig 1. Layout of TRIUMF facility. 
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2. THE RESONATOR IMPROVEMENT PROGRAM 
FOR RELIABILITY AND BEAM STABILITY 

Although all systems have been improved and 
made more reliable over the last ten years, the system 
which originally caused greatest concern and therefore 
received greater attention was the rf cavity. Conceptually, 
the system is simple. It can be seen as made of two 1/4 
wavelength coaxial stubs face to face and flattened to fit 
in the 16m diameter, O.4m high, stainless steel vacuum 
chamber to form the two 180 0 dees of the accelerating 
structure.1 ) 

Cavity TAIJK 

Fig. 2. Schematic view of main resonator cavity. 

Mechanically, the system is made of eighty 
segments (Fig. 2), 10 upper and 10 lower segments in 
each quadrant. Mechanical tolerances for the 3m long 
cantilevered panels are very stringent: maximum deviation 
from the reference plane ± 0.5mm and tip vibrations 
below ± 25 J.L m for a rf voltage stability in the order of 
_10-4. The original resonator panels were composed 
essentially of water-cooled copper panels facing the rf 
cavity with non-cooled aluminum strong-backs facing the 
beam. Soon after initial operation, it was found that small 
vertical electrical asymmetries in the cavity will excite 
substantial TM 310 and TM 410 parasitic modes in the 
beam volume.2) Voltage differences, between upper and 
lower strong-backs, exceeding a few hundred volts resulted 
in multipactoring currents, transferring rf power to the 
non-cooled aluminum structures. Thermal deflections and 
serious panel distortions occurred, with structural rf 
damage. The problem has now been cured. Voltage 
probe and thermocouple diagnostics have been installed 

to allow monitoring, reduction and control of parasitic 
voltages and temperatures. 

To reduce parasitic amplitudes, hot arm to 
ground arm distances are adjusted at the tip of strategic 
segments with the intent of providing better electrical 
alignment and inducing additional perturbations of 
opposite sign to partially suppress in amplitude and phase 
the pre-existing perturbations. Reduction of stray voltages 
below multipactoring levels can normally be achieved over 
most of the volume. New type, more rigid, resonator 
segments with cooled copper surfaces on both sides of the 
aluminum strong-back have been constructed and installed 
in strategic positions (segments 4, 6, and 8) to bring tip 
alignment closer to the required tolerance and within 
tuning range. A factor of 2.5 improvement of the voltage 
stability was recently achieved with voltage stability better 
than 4 x 10-4. 

3. INTENSITY UPGRADE 

Plans toward upgrading the intensity of the 
TRIUMF cyclotron to 500RA extracted at 500 MeV, have 
been previously reported.) In brief, they are based on 
the optimization and installation of a high brightness, 
more stable H- Cusp source in the 300 kV terminal and 
on the addition, inside the existing vacuum chamber, of 
one or two fourth harmonic frequency Auxiliary 
Accelerating Cavities (AAC) to double or triple the 
energy gain per turn in the region between 400 and 500 
MeV.'l) Electromagnetic stripping of the accelerated R 
ions is significant (8%) in this region and can be reduced 
by reducing the number of turns i.e. flight time of the ions 
through this refion. Losses produced by residual gas in 
the 2-3 x 10- Torr environment of the cryogenically 
pumped chamber are of minor significance compared with 
electromagnetic stripping losses. 

The Cusp source which will be installed in the 
operational 300 kV terminal is a 10 cm diameter, 15 cm 
long copper cylinder volume source with its plasma 
contained by a system of SmCos permanent magnets 
distributed around the volume.S) Total extraction voltage 
across a well optimized system of electrodes is 25 keV. 
The normalized emittance of the beam is 0.12rrmm mrad 
for 1 rnA current from the source. This current is 
adequate for 500 J.LA extracted since a combination of 
fundamental plus second harmonic buncher in the 
injection line provides a cyclotron acceptance of~ 50% at 
these current levels. 

Beam bunching will introduce energy spread and 
emittance distortions causing beam halos which, if not 
skimmed in the centre region through slits, will cause 
vertical losses at higher energies. Ideally one would like 
to operate without bunching, and with higher injection 
intensity, up to -7 rnA, so that - 500 J.L A can be 
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transmitted say in a - 25 0 cyclotron phase acceptance. 
However, the normalized injected beam emittance for a 
7 rnA beam is higher, - 0.35 IT mm mrad in both directions, 
and the advantage of avoiding bunchers is therefore 
questionable, specifically in light of the non-trivial 
problem of dissipating several kW of beam power through 
the beam defining central region electrodes. 

4. AUXILIARY ACCELERATING CAVITY 

Schematically, the cavity is made of two 
trapezoidal structures, placed symmetrically above and 
below the mid-plane, vertically separated by a 64 mm 
horizontal gap (Fig. 3). Hot arms and ground arms define 
electric accelerating fields at the periphery of the 
structure. The cavity operates at the fourth harmonic 
(92.24 MHz) of the main rf frequency and is A /4 long 
radially, {3A /2 wide azimuthally so that orbiting ions can 
receive acceleration impulses both entering and exiting the 
cavity. The peak accelerating voltage rises sinusoidally 
with radius, covering the energy range from 370 to 520 
MeV. Operational voltages of 150-160 kV have been 
achieved with 50-60 kW of power up to routine high 
intensity beam current. When tested during beam 
production the cavity behaved well for an extensive period 
of time and the corresponding new extracted beam 
characteristics were acceptable to experimenters. Beam 
intensity from cavity off to cavity on increased by 4%, a 
substantial fraction of the -10% beam loss at high energy. 
The observed phase compression of the extracted beam 
(slightly less than a factor two) is shown in another paper 
to this conference; Ref. 6, Fig. 4. The same paper shows, 
Fig. 10, the longitudinal beam splitting phenomena which 
can be produced by using the cavity with opposite phase 
to locally reduce the total energy gain per turn to zero. 
Possible uses of this cavity are discussed in Ref. 6-7.) 
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Fig. 3. Schematic view of auxiliary accelerating cavity. 

The implementation of new levels of high 
intensity beam production on a continuous basis requires 
an upgrade of diagnostics and of the corresponding 
remote handling systems around the thin (1 cm C) and 
thick (10 cm Be) meson production targets. This has 
been delayed pending the decision for KAON, since in the 
latter case most beam would be extracted down BL2A and 
the present 200 J.L A limit in 1A would be adequate. 
Operation with AAC cavities will still be important, 
however, because of the reduction in tank activation for 
the remaining 500 Me V experimental program and the 
improvement of beam quality H- extraction from 4th 
harmonic fiattopping?) 

5. EXPERIMENTAL FACILITIES 

In the meson area, six secondary channels have 
been organized to collect pions and muons for 
experiments. On the M8 channel IT - are collected and 
transported to the medical cancer treatment area, where 
so far about 300 patients have been treated mostly for 
brain tumours or for deep-seated pelvic tumours. Results 
to date have been very encouraging. A clinical 
randomized trial is underway to establish through 
statistical analysis the effectiveness of the method. 
Results will be presented to this conference by Dr. 
George Goodman.8) 

Recent secondary lines include M15 for high 
quality, polarized surface muons, with two high gradient 
electrostatic separators with compensating magnets 
providing the capability of transverse spin directions. The 
second arm of M9 operates with a large solid angle. 
acceptance superconducting muon channel delivering an 
intensity of negative muons of - 5 x 105 at 40 MeV /e. 

A large angular spectrometer, called CHAOS, is 
being constructed for pion physics. This will detect pions 
within ± 8 0 of the horizontal plane, over an angular range 
approaching 360 0 

• Four concentric wire chambers and a 
ring of scintillators and Cerenkov counters will be used 
for trajectory measurement and particle identification. 
The purpose is to study low energy pion-pion and pion
nucleon scattering at Mll and M13. 

In the proton area on BL4B, a Medium 
Resolution Spectrometer (MRS, 1 MeV resolution) of the 
qqd type is being joined by a Second Arm Spectrometer 
(SASP), designed to have a much larger angular 
acceptance. Improved energy resolutions (250 keY) are 
envisaged. 

A facility of interest to this conference is the 
TISOL facility on BL4A. Here a thick target station is 
connected to an ECRsource producing a wide range of 
radioisotopic ion beams. A 90' mass analyzing magnet is 
followed by an electrostatic transport line bringing the low 
energy (20 ke V) radio-isotopes to an experimental area at 
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ground level. This installation is important since it is the 
prototype of the front end of the 10 Me V /n ISAC facility, 
being proposed for radioactive beam studies at 
TRIUMF.9) 

The polarized beam has recently been upgraded 
to satisfy the demands for several experiments including 
1f production from polarized neutrons on a proton target, 
charge symmetry breaking and parity violation. The new 
optically pumped H- polarized source has been upgraded 
with more powerful titanium sapphire lasers for optical 
pumping of Rubidium instead of Sodium vapour in the 
polarized cell. Intensities of 2 p, A with 78% polarization 
have been extracted at several energies from the 
cyclotron. It is believed that 5 p,A extracted with 78% 
polarization is within reach with further source 
optimization.1Q) For the experiments above, both source 
and cyclotron have to satisfy very stringent requirements: 
short pulse time structure « 500 ps), 10-3 polarization 
stability during spin reversal, < 10-4 (or better) intensity or 
energy variation between spin up and down and other 
challenging features. The optically pumped source is 
believed to be superior in this regard compared with 
atomic or Lamb-shift sources. 

The low energy beams of beam line 2C are used 
for isotope research and production. Recently a metallic 
rubidium target has been tested which can safely be 
operated at 50 to 100 p, A current without reduction in 
yield. Rubidium targets producing 2 Ci of 82 Sr have been 
realized. Two RaEers to this conference describe BL2C 
and its control. 1- 2) 

Finally, a proton therapy facility is being planned 
in the BL1B area. Two beam lines will be used: BL2C 
for eye melanoma with available proton energies between 
60 and 100 MeV, and the existing BLlB (180 to 520 
MeV) or a proposed BL2B (140 to 280 MeV) for brain 
tumours or other deep seated tumours and A VMs 
treatment. A scheme providing room for a gantry system 
and involving substantial building modifications is also 
being considered. A treatment facility plan has now been 
prepared by the B.C. Cancer Agency and has been 
submitted for funding. 

6. H- EXTRACTION FOR KAON 

The scheme for direct extraction of an H- beam (Fig. 4) 
has been reported previouslyY) A 11.5 MHz rf cavity 
(RFD) oscillating at 1/2 the fundamental rf frequency 
generates a radial coherent oscillation downstream of 
v r-3j2 at 428 MeV. In one of the minima of the 
precession pattern (see Fig. 6 in Ref. 6), where the radial 
beam density has been reduced by a factor of 5, a 1 mm 
wide stripping foil is used to extract about 10% of the 
internal circulating H- beam through an existing port into 
one of the existing beam lines. This will create a gap in 

the radial beam density at the location of the septum of 
the first electrostatic deflector. The other 90% of beam 
will then be extracted through the first and second 
electrostatic deflectors and through the five following 
magnetic channels. The first two channels, of moderate 
strength around 85 mTm, are iron free. The three 
channels downstream have iron cores. A separate iron 
free quadrupole and a gradient on channel five will 
provide vertical and radial beam focussing. The magnetic 
channels have to be designed so that the perturbations in 
the radial field gradient dBzldr in the region of the 
internal beam are kept below a maximum of 0.15 G/cm, 
on average over one turn. 

Fig. 4. H- extraction layout 
RFB - auxilialY accelerating cavity; RFD - rf deflector; DCDs -
electrostatic deflectors; MCHs - magnetic channels. 
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Fig 5. Radial K beam profile showing deflected 90% 
beam 6 m downstream magnetic channel 1. 
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A prototype of channel 1 was tested on the 
cyclotron with beam. Figure 5 shows the profile of the H
beam radially separated by 10 cm from the internal 
cyclotron beam, 6 m downstream the channel: no beam 
losses on the magnetic channel were observed. The cross
section of the iron core current compensated channel to 
be used for channel 3 is given in Fig. 6. The channel has 
been designed so that it will produce a field reduction of 
540 mT over a distance of 0.9 m with a useful aperture of 
3.8 cm high by 3.0 cm wide. Model measurements in a 
rather uniform 4 Tesla test magnet show good agreement 
between calculated and measured field inside and outside 
the channel. However, beam measurements with a 
prototype channel installed in the highly non-uniform field 
of the cyclotron are planned for verification. 

I I I I I 
10 20 30 40 50 

mm 

Fig. 6. Schematic section of magnetic channel 3. 

The DCD has been shown to hold 80 kV positive 
voltage at low extraction intensities. However, during 
recent tests, voltage holding became marginal at extracted 
currents of approximately 30 J.l-A, 25% duty cycle. The 
reason for this is attributed to a larger than expected 
vertical beam size at extraction caused, inter alia, by 
emittance growth in the region of the rf deflector. In 
addition, the beam was vertically misaligned, with respect 
to the median plane of the electrostatic channel, by 
approximately 1.5 cm, thereby occupying a channel region 
where electric field gradients start being significant. 
Finally, the larger vertical emittance and halo distortions 
caused problems with spills down beam line 1 where the 
30 J.l-A beam was being channelled. 

Obtaining and maintaining a high quality, stable 
beam at extraction is therefore essential at high intensity, 
even if the traditional requirement of separated turns is in 

our case not necessary because of the septum prestripper 
protection. Beam studies with simulations and 
measurements are being carried out to achieve the 
necessary quality and stability. It has been found that 
phase dependent vertical emittance stretching occurring at 
v z = 0.25 due to gradients in the RFD field, could result 
in 50% vertical emittance growth. The Auxiliary 
Accelerating Cavity (AAC) can be used to locally flattop 
the accelerating voltage during the precession so that all 
particles spend the same time between the start of the 
precession and extraction and phase dependence is 
cancelled.7) 
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THE KAON FACTORY AT TRIUMF 

M.K. Craddock 
Physics Department, University of British Columbia, Vancouver, B.C., V6T lZl 

and 
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., V6T 2A3 

ABSTRACT 

The TRIUMF KAON Factory is designed to pro
duce beams of kaons, antiprotons, other hadrons and 
neutrinos 100 times more intense, or cleaner, than are 
available now, for a broad range of particle and nu
clear physics experiments. This will require a 100 IlA 
beam of 30 GeV protons, to be produced by an in
terleaved sequence of two fast-cycling synchrotrons and 
three storage rings, with the existing TRIUMF H- cy
clotron as injector. An $1 I-million preconstruction study 
has enabled the overall design to be reviewed and pro
totypes of various components to be built and evaluated 
- fast-cycling dipole and quadrupole magnets, a dual
frequency magnet power supply, ceramic beam pipes 
with internal rf shields, an rf cavity (using perpendic
ular bias), an extraction kicker, an rf beam chopper, and 
production targets. Environmental, industrial and eco
nomic impact studies have also been completed and the 
cost estimates and schedule updated. The total cost of 
$708 million (Canadian) will be shared equally between 
Canada, British Columbia and international contribu
tors; the first two-thirds of this sum have already been 
approved and negotiations for the remainder are under 
way. 

1. INTRODUCTION 

The TRIUMF Kaon-Antiproton-Otherhadron-N eu
trino Factory is described in full in the original proposal1) 
and in the revised version2--4) issued in 1990. The ba
sic aim is to accelerate a 100 IlA beam of protons to 30 
GeV, roughly 100 times the intensity available now. This 
would provide correspondingly more intense - or pure 
- beams of secondary particles (kaons, pions, muons, 
antinucleons, hyperons and neutrinos) for particle and 
nuclear physics studies on the "precision frontier" , com
plementary to the "energy frontier". Major areas of in
vestigation would be 

• rare decay modes of kaons and hyperons 
• CP violation 
• meson and baryon spectroscopy 

• meson and baryon interactions 
• neutrino scattering and oscillations 
• quark structure of nuclei 
• properties of hypernuclei 
• K+ and Ii scattering from nuclei. 

The physics case for K factories is fully described 
in the proposals1,4) and in the proceedings of ten spe
cialized workshops sponsored by TRIUMF in Germany, 
Italy, Japan and Canada during 1988-89. The strong in
ternational interest was confirmed by the attendance of 
257 prospective users at a general workshop on "Science 
at the KAON Factory" held in Vancouver in July 1990 
to initiate experimental collaborations.5) 

From 1988 to 1990 the project was the subject of 
an $l1-million pre-construction Engineering Design and 
Impact Study funded jointly by the governments of Can
ada and British Columbia. This comprehensive study 
was designed to provide all the information needed for 
the governments to take a funding decision. The topics 
covered include: 

• review of the scientific justification 
• accelerator and experimental facilities designs 
• construction of prototype components 
• design of buildings and tunnels 
• review of cost estimates and schedule 
• study of Canadian industrial capability 
• environmental, legal and economic impact studies 
• international consultations on funding. 

This paper will review the results of these studies, 
and of the ongoing R&D, except for work on extracting 
H- ions intact from the TRIUMF cyclotron, which is 
discussed in detail by Dutto6) and by Laxdal et at.7) 

2. ACCELERATOR DESIGN 

The TRIUMF H- cyclotron, which routinely deliv
ers 150 IlA beams at 500 MeV, provides a ready-made 
and reliable injector. It would be followed by two fast
cycling synchrotrons, interleaved with 3 storage rings, as 
follows: 
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A Accumulator: accumulates cw 450 MeV beam from the 
cyclotron over 20 ms periods 

B Booster: 50 Hz synchrotron; accelerates beam to 
3 GeV; circumference 216 m 

C Collector: collects 5 Booster pulses and manipu-
lates longitudinal emittance 

D Driver: 10 Hz synchrotron; accelerates to 30 
GeV; circumference 1078 m 

E Extender: 30 GeV stretcher for slow extraction for 
coincidence experiments 

This arrangement allows the Band D rings to run 
continuous acceleration cycles without flat bottoms or 
flat tops, as shown in the energy-time plot (Fig. 1). The 
use of a Booster permits a smaller normalized emittance 
and hence reduces the aperture and cost of the Driver 
magnets for a given space-charge tune shift. The use of 
a Booster also simplifies the rf design by separating the 
requirements for large frequency swing and high voltage 
(33% and 750 kV respectively for the Booster, and 3% 
and 2550 kV for the Driver). These high rf voltages 
are associated with the high cycling rates; the use of an 
asymmetric magnet cycle with a rise 3 times longer than 
the fall in the Driver reduces the voltage required by one
third, and the number of cavities in proportion. In the 
Booster the saving is less because more voltage is needed 
for bucket creation. 

Figure 2 shows the proposed layout together with 
the tunnel cross sections. The Accumulator will be 
mounted above the Booster in the small tunnel and the 
Collector above the Driver in the main tunnel. The Ex
tender will be installed towards the outer wall of the 
tunnel, separated by ~4 m horizontally from the Driver. 
Similar lattices and tunes are used for the rings in each 
tunnel. This is a natural choice providing structural 
simplicity, similar magnet apertures and straightforward 
matching for beam transfer. 

Separated-function magnet lattices are used with 
the dispersion modulated so as to lower its mean value 
and keep transition above top energy in all rings. This 
avoids transition-crossing problems such as emittance 
mismatch and change of rf phase under high beam load
ing. Racetrack lattices have been adopted for the C, D 
and E rings, and are being studied for the smaller rings; 
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Fig. 1. Energy-time plot showing the progress of the 
beam through the five rings. 
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Fig. 2. Proposed layout of the accelerators and cross 
sections through the tunnels. 

but the reference designs for the latter are almost circu
lar, with superperiodicity 6 for the Booster and 3 for the 
Accumulator. 

Injection into the Accumulator is achieved by strip
ping the H- beam from the cyclotron, enabling many 
turns to be injected into the same area of phase space. 
The small emittance H- beam is in fact "painted' over 
the much larger three-dimensional acceptance of the Ac
cumulator to limit the space-charge tune shift. Painting 
also enables the optimum density profile to be obtained 
and the number of passages through the stripping foil to 
be limited. 

3. BEAM DYNAMICS 

In order to cut beam loss during slow extraction 
well below the usual 1%, racetrack lattices have been 
adopted for the C,D and E rings. These provide long 
straights with high (3 (100 m) at the septa and room 
for an additional pre-septum and for collimators down
stream. Tracking simulations, which include power sup
ply noise effects, suggest that the beam loss can be 
kept below 0.2%. The loss on the extraction elements 
amounts to 0.005%. The 1800 arcs contain 24 cells, and 
are second-order achromats, normally tuned to 5 x 271". 
The tune for the whole ring may be varied by ±1 in each 
plane independently. A half-integer resonance may be 
used for extraction, to simplify the collimation process. 
Such a racetrack lattice is also convenient for the Driver 
synchrotron, allowing either for the insertion of Siberian 
snakes, or for tuning for low depolarization without 
snakes, using high-periodicity arcs and spin-transparent 
straight sections. Quadrupole matching sections for the 
Siberian snake have now been designed with very smooth 
excitation cycles. 

Tracking studies show that the dynamic aperture of 
the lattice is as large as for the old circular design. Var
ious measures have been taken to speed up the tracking. 
The first has been to vectorize and streamline the DI
MAD code, resulting in six times faster operation. The 
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second has been to use differential and Lie algebra tech
niques to produce higher order maps directly. A new 
tracking code DIMFAST, able to transfer maps with DI
MAD, COSYoo and DALIE, is now in use.S) 

The Booster reference lattice has 24 FODO cells 
with 6 OBOBBOBO missing-magnet superperiods. An 
alternative 3-cell superperiod (OBBBBO), derived from 
that proposed for the Moscow kaon factor!G booster9) 
and providing larger dynamic aperture and dispersion
less straight sections, is under study .10) Such a lattice 
would require a larger circumference or, less favourably, a 
lower top energy for the Booster.ll) Wienands et al.12) 

use a similar structure for the Low Energy Booster of 
the SSC. For both machines the new code package has 
enabled sextupole resonance correction schemes to be de
termined . Simulation studies of collimator arrangements 
for the Booster have shown that 80% collection efficiences 
can be achieved with copper and 90% with tungsten. 

Longitudinal effects of importance include synchro
betatron resonances and coupled-bunch instabilities. Re
cent studies on these topics include the discovery of a 
rather tight tolerance (0 .1%) on the vertical asymmetry 
in accelerating gap voltage13) and the determination of 
stationary phase-space distributions in the presence of 
space charge. 14) A test stand has been set up for accu
rate measurement of the longitudinal impedance of com
ponents of the rings, using the TSD-calibration method . 

To synchronize each of the five pulse trains from 
the Booster to about 1 ns, for transfer to the Collector, 
a feedback scheme has been devised, based on hetero
dyning the Booster's revolution frequency with an ideal 
frequency.15) A scheme has also been devised for short
ening the base length of the extracted proton bunches 
from 3 ns to 0.5 ns, for better timing in experiments . 

4. MAGNETS AND POWER SUPPLIES 

A prototype Booster dipole magnet has been built 
and its field measured.16) The magnet is 3 m long with 
a pole gap of 10.7 cm and is designed to cycle at 50 
Hz between 0.27 T and 1.12 T with a field uniformity 
< ±2 x 10-4 over ±5 cm. The prototype is constructed 
from 26-gauge laminations of M17 (non-grain oriented) 
steel. The dc field surveys showed the field uniformity 
to be within specifications; ac surveys have also been 
made. A prototype quadrupole for the Booster has been 
built using indirectly cooled coils and its field measured. 
Initial reference designs have been made for the various 
other magnets needed, to establish dimensions, material 
requirements and costs. 

The test stand used previously to investigate the 
dual-frequency excitation of a NIN A synchrotron magnet 
has been reconfigured (Fig. 3) for testing the Booster 
dipole. l 7) Four NINA magnets are wired in parallel to 
act as the dc bypass choke and there are new capacitor 
banks and power supplies. Both dipole and quadrupole 
have been tested at full power in ac tests with dc bias. 

Fig. 3. Magnet test stand, showing the prototype Booster 
dipole (front), choke magnets (left) and capacitor bank 
(behind, righ t ). 

5. KICKERS AND CHOPPER 

A prototype kicker of the transmission-line type has 
been built for Booster extraction - the most challenging 
case - based on CERN PS designs. A pulse generator 
and pulse forming network were obtained on loan from 
CERN and successfully modified to increase the cycling 
rate from 1 Hz to 50 Hz . Sufficiently flat 40 kV pulses 
were obtained , 600 ns long and with 5% -95% rise and 
fall times better than 30 ns .1S) Simulations show that 
pre- and post-pulse kicks can be suppressed using ferrite 
saturating inductors, bringing the entire 1 % - 99% region 
within 30 ns. 19) 

A prototype has also been built of the 1 MHz chop
per20) (Fig. 4) required in the transfer line from the cy
clotron to create the 110 ns beam gap needed for kicker 
rise and fall. The stripline deflector plates must provide 
38 kV-m with rise and fall <35 ns. Energy storage and 
power saving are provided by a 150-m (O.5-Jls)-long coax
ial delay-line cable 10 cm in diameter . Initial tests of this 
novel concept have been promising, 11 kV pulses being 
produced with rise and fall times of 22 ns, meeting the 
specification . 

PROTOTYPE 1 MHz CHOPPER 

100 OHM STRIP LINE 

50 OH~1 COAXIAL CABLE. 
213 ns LONG. 

-v /2 REFLECTED 

U 

Fig. 4. Schematic diagram of rf beam chopper. 

-v 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

145



6. RADIO-FREQUENCY SYSTEMS 

Recent work has concentrated exclusively on the 
full-scale prototype booster cavity built at LAMPF us
ing perpendicularly-biased microwave ferrite. 21 ) Under 
dc bias at Los Alamos it produced relatively high volt
ages (over 100 kV), potentially reducing the number of 
cavities required and also the impedance presented to 
the beam and the likelihood of inducing coupled-bunch 
instabilities. The tuner has now been completely re
constructed at TRIUMF to permit ac operation, with 
stranded cable, a laminated yoke and improved cool
ing. The first high-power tests were successfully com
pleted in 1991, demonstrating 50 Hz operation over the 
full 46-61 MHz range with the required maximum gap 
voltage of 65 kV (Fig. 5) . This is believed to be the 
first full-scale demonstration of the superior capabilities 
of perpendicularly-biassed ferrite tuners . 

Work is now proceeding on feedback control of the 
cavity. The fast feedback loop and a bias tuning loop 
around the amplifier chain have been successfully closed 
under dc biased conditions. Design of the rf control loops 
for ac biasing is underway, based on measurements of the 
frequency response of the tuner. The ac magnetic field 
of the tuner has also been measured.22) 

A new initiative is the testing on this cavity of a 
varactor , a magnetron-like capacitative tuning device, in 
collaboration with INR and RTI , Moscow. 9) This would 
avoid the magnetic field and eddy current problems as
sociated with ferrite tuners . 

Fig. 5. High power operation of rf cavity using perpen
dicularly biassed ferrite. The top trace shows voltage at 
the accelerating gap (dashed lines indicate 65 kV), the 
lower trace the bias power supply current. 

7. BEAM PIPE AND VACUUM 

The high circulating beam current makes beam
induced multipactoring and ion desorption from the walls 
the most critical processes for the vacuum system. A 

hydrocarbon-free system is required with all metal ele
ments pre-baked to 300°C, and pumps spaced no more 
than 5 m apart, an arrangement that will ensure a vac
uum better than 10-8 Torr. An additional concern in 
the Extender ring, where the beam may be debunched, 
is the possibility of electron-proton oscillations; electro
static collector plates will be needed to suppress these. 

Ceramic chambers must be used within the fast
cycling magnets but must contain a conducting shield 
to provide a low impedance path for the image currents. 
Two shielding schemes are being considered and for each 
a 4-m-Iong prototype chamber is being constructed for 
the Booster dipoles. 23) That from RAL (UK), incor
porating a separate wire cage, as used in the ISIS syn
chrotron, has been delivered (Fig. 6) and has successfully 
undergone vacuum tests; bakeout at 100 C appears to be 
essential for a quick pumpdown. RAL has subsequently 
doubled the length of the pipe segments to 50 cm and 
simplified the supports for the cage. That from SAIC 
(San Diego) has longitudinal silver stripes laid down di
rectly in internal grooves in the pipe; three 1.3 m-Iong 
curved sections have now been completed and joined by 
glazing to form a single 3.9 m pipe. Recent vacuum tests 
achieved 2 x 10-9 Torr after 24 h bakeout at 100° C. 

Short sections of pipe have also been produced with 
the stripes specially configured to form beam position 
and higher-order moment monitors. Tests with the 500 
MeV cyclotron beam confirmed the expected position 
sensitivity, while lab tests have shown that quadrupole 
moments can be measured quite accurately.24) 

Fig. 6. Ceramic pipe and wire shield (RAL design). 

8. COMPUTER CONTROL SYSTEM 

The system architecture will be based on a general
purpose local area network, interconnecting the oper
ator consoles (workstations), the microprocessor-based 
equipment controllers, the database management sys
tem, and the software development facilities. Object
oriented techniques have been used to specify a logical 
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model of the entire control system organized in a hierar
chical structure. 

Two prototype development projects are under way 
to evaluate the design methodology. One project, to up
grade a PDP-ll based radio-isotope production control 
system on beam line 2C, has succeeded in replacing the 
PDP-ll hardware and software with less than 1 man
year of effort. New software now runs on VAX stations 
and employs a commercial graphical user-interface pack
age. A second project is under way to control an auxil
iary rf cavity in the cyclotron.25) 

9. EXPERIMENTAL AREAS AND TARGETS 

The slow extracted proton beam will be shared be
tween two lines each with two production targets. Each 
target will feed at least two forward K and p channels, 
and in some cases backward jJ channels. The six charged 
kaon channels will have maximum momenta of 0.55,0.8, 
1.5, 2.5,6 and 21 GeV /c. With solid angle and momen
tum acceptances ranging from 8 msr x 6% for the lowest 
momentum channel to 0.1 msr x 1% for the highest, the 
maximum fluxes range from 0.6 to 3.7 x 108 K+ /s and 
from 0.7 to 11 x 107 p/s. The 0.8 GeV design has been 
used for the new LESB3 channel at Brookhaven. Initial 
commissioning runs this summer have achieved fluxes of 
3 x 106 K+/jJC protons, with K+/7r+ ratios up to 5:1, 
an order of magnitude improvement over LESB1.26) 

A dedicated line and area is provided for polarized 
proton beams. The neutrino production target, fed by 
the fast extracted beam, is located in the main experi
mental hall for good crane access, but the neutrino ex
perimental area is in a separate building. Target devel
opment has included both modification of an existing ro
tating graphite target (driven and cooled by water) from 
graphite to tungsten, and the construction of a proto
type target rotated by a flexible cooling line. Successful 
tests have also been carried out on remote welding of 
aluminum flanges for high-radiation areas. 

10. IMPACT STUDIES 

The industrial capability study showed that nearly 
200 Canadian firms are capable of being key contrac
tors for high technology components worth $316 million. 
Over 85% of these components are accorded high priority 
in such areas as robotics, microelectronics and software. 

The environmental impact study identified various 
concerns: ground water changes or contamination, noise, 
effects on trees and wildlife, cooling tower vapour, en
ergy consumption, electromagnetic radiation from power 
lines, and public access to a nearby park. Following two 
public meetings, none of these wasjudged serious enough 
to require reconsideration of the project. 

The economic impact study assessed the total in
dustrial activity and employment that would be created 
during construction and operation. Even without count
ing the benefits from applications and spin-offs, it was 
concluded that nearly 80% of the project costs would 

eventually be recovered by the government in taxes and 
other revenues. 

11. INTERNATIONAL PARTICIPATION 

Funding for the project is being sought along the 
same lines as for HERA, where a number of countries 
have contributed accelerator components. To assess the 
prospects, a Canadian delegation visited several coun
tries during 1989 under the auspices of the Department 
of External Affairs. In the US the NSAC Long Range 
Planning Committee recommended $75 million (US) for 
KAON construction and an additional $30 million for 
experimental equipment. The construction money has 
been included in DOE budget planning and was con
firmed in the base budget recommended by the Schiffer 
subcommittee in April 1992. Germany, France and Italy 
have also promised support, proportional to the number 
of their potential users. Participation is also expected 
from Japan, where there is a large potential user commu
nity, a history of collaboration with TRIUMF, and strong 
support from the Nuclear and High Energy Physics Com
mittees and from the Science Council of Japan. A num
ber of other countries - Israel, PR China, South Korea, 
UK and Russia - will contribute manpower towards de
sign and construction and equipment for experiments. 
Altogether the delegation estimated that the total for
eign contribution to construction would be close to $200 
million. 

12. PRESENT STATUS OF THE PROJECT 

The reports of the various studies, amounting to 
about 2800 pages altogether, were formally submitted 
to the governments of Canada and British Columbia in 
May 1990. The cost of the project is of course of major 
interest to government. With a six-year construction pe
riod, the total cost was estimated to be $708 million in 
1989 Canadian dollars; the operating cost would $90 mil
lion per year. In September 1990 the province of British 
Columbia announced that it would increase its support 
from one-sixth to one-third of the total, or $236 million. 
In September 1991 the Government of Canada followed 
suit, offering a second $236 million. In October, how
ever, an election and change of government in B.C. de
layed progress while the new party settled into office. In 
May they renewed a pledge by the previous B.C. gov
ernment to contribute to the operating costs. Canada 
responded by appointing the previous provincial minis
ter and KAON champion, Stan Hagen, as leader of ne
gotiations with other countries to confirm their pledges 
towards the remaining one-third of capital costs. These 
are scheduled to begin in August and be complete within 
a few months, enabling construction to begin in 1993. 
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ABSTRACT 

The use of cyclotron beams for material research covers 
a wide range from analytical research to radiation damage, 
materials modification and to solid state physics. The 
application of particle beams in these different areas will be 
described, and examples for these applications will be given. 
Up to now very few facilities are equipped to fully supply 
all the needs material scientists have. The requirements for 
cyclotron facilities catering to material science, solid state 
physics and ion beam applications are given. 

1. INTRODUCTION 

The use of particle beams in material research is on a 
steady increase, as the response to a survey at cyclotron 
facilities indicates. This type of research can be classified 
into the following areas: 

-Analysis, used to determine material composition, 
impurities and depth-distributions of either unwanted 
impurities or of atoms, which have been introduced 
especially to change the properties of the original material. 

-Investigation of radiation damage to materials, with the 
aim to understand the mechanism of damage and thus 
hopefully provide a means to design materials with better 
radiation resistance. 

-Modification of materials by use of particle beams to fmd 
ways to create materials with new properties which could 
not be obtained by any other way, or to improve on already 
existing properties of the material under investigation. 

-Investigations in solid state physics providing information 
on internal properties of solids, or on internal defects and 
helping us to understand the solid state of materials better. 
This type of research is often referred to as "nuclear solid 
state physics".l) 

So far only a few facilities exist, which provide the 
necessary equipment for some of the investigations 
discussed. Generally the material research experiments are 
being done as a side line at facilities which have been built 
mainly for the use in nuclear physics, and we cyclotron 
builders need to become aware of the different requirements 

for the experimental equipment as well as for beam 
properties needed for material research. The only exception 
is Japan,!) where a facility is being built solely for the use 
in material research, with all the required ancillary 
equipment, to perform the full width of investigations 
described. 

In the following I want to descTI"be the different types of 
research with particle beams in material science in more 
detail, and give examples of work which is going on at 
different cyclotrons laboratories. 

2. MATERIAL ANALYSIS WITH PARTICLE BEAMS 

To analyze materials, and to determine amount and 
distribution of impurities, several different methods are being 
applied. A short description of these methods and of their 
applications will be given. 

2.1 Charged Particle Activation Analysis (CPAA) 

The method of charged particle activation analysis is 
based on the use of nuclear reactions to determine the 
presence of certain atoms in a materiaL It is therefore also 
often referred to as "nuclear reaction analysis" (NRA). This 
method is used primarily to determine low concentrations of 
impurities. This is especially important for the development 
of semiconductor devices, where the type and amount of 
impurities need to be monitored and controlled to 
concentrations down as low as possible. Other applications 
are metallurgy, biology and medicine, archeology and 
environmental technology. In general CPAA is rather 
complex and therefore not useful for routine applications. Its 
high sensitivity however makes this method very important 
for the development of procedures in the manufacturing of 
high purity materials. The sensitivity of this method reaches 
down to concentrations as low as 1 to 10 ng/g. A relatively 
recent account of this method has been given by Strijckmans 
etal.3

) The group in FZR Rossendorf near Dresden have 
used this method also and reached sensitivities as low as 
given above.4

) 
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2.1.1. Thin layer activation (TLA) 

A special case of CPAA is the method of thin layer 
activation. It was fIrst developed by Schatz et al S) and is 
now used as a research tool to help in the design of 
automotive parts and machine tools and to measure erosion 
and corrosion on pipes etc.. The method uses nuclear 
reactions of light and medium heavy ions to produce trace 
quantities of radioisotopes with well defined depth 
distributions near the surface of the parts, which one wants 
to monitor or improve. This way for instance the wear on 
motor parts can be observed in actual operating conditions 
by simply monitoring the activity in the motor oil with a 
simple radiation detector. This method is now in use in the 
automobile industry in Germany, the United States, Great 
Britain and Japan.6) Also at VEC in Calcutta TLA - studies 
for motor parts have been performed. 7) 

Originally the method of TLA was mainly used for metallic 
surfaces, where the particle beam could be directly applied 
to the surfaces to be studied. For nonmetallic, insulating or 
composite materials no nuclear reactions are available to use 
the direct beam on the material. In these applications the use 
oeBe has become the probe of choice, and developments at 
several laboratories are under way to produce 7Be via the 
ii(p,n)7Be reaction and simultaneously recoil implant the 
probe nucleus into the sample for TLA investigations. At 
NSCL in East Lansing8

)9) the production of 7Be via a 
spallation process and successive acceleration has been 
successfully demonstrated. KFK Karlsruhe1

0), in a 
cooperation with the Kurchatov Institute, is using the 
reaction mentioned above to produce the 7Be and recoil 
implant it into the sample. These two institutions also are 
developing a Be ion source with the aim to produce 
eventually an accelerated beam of 7Be ions. 

2.2 Neutron Radiography (NR) 

Neutron radiographyll) has long been a method of 
choice in material research, often applied in investigations of 
paintings etc .. 
In the past mostly reactors have been used. However there 
is now a proposal in Japanl2l to produce neutrons for 
radiography with an intense cyclotron beam. 

2.3 Rutherford Back Scattering ( RBS ) 

This is probably the oldest ion beam method. It is based 
on the elastic back scattering of ions from the surface or the 
bulk of a material and it was used around 1910 by 
Rutherford in the fIrst investigation of atomic structure. This 
method gives information about the different atoms in the 
material hit by the beam simultaneously, but often the peaks 
overlap with a continuum, due to signals from the bulk and 
the energy loss of the scattered particle in the material. This 

leads to an ambiguity which presents the main limitation to 
the use of this technique. Nevertheless this method is very 
useful in routine applications, especially when samples are 
compared relatively to each other. The typical sensitivity of 
RBS is about 0.1 atomic % with a depth resolution of 10 nm 
at a penetration of about 1 pm.l3

) 

2.4 Elastic Recoil Detection Analysis (ERDA) 

The ERDA-method is closely related to the RBS-method. 
Here one does look at the elastic recoil atOms coming from 
the sample instead of the beam particles scattered from the 
sample as in RBS. Due to the kinematics one preferably 
uses a heavy ion beam for ERDA, looking at all the lighter 
recoils coming from the sample, because the energy transfer 
to the recoiling ion is optimized this way. With ERDA one 
can measure simultaneously several different ions and their 
depth proftles, provided one determines the mass and energy 
of all the recoiling ions separately. In order to avoid nuclear 
reactions in the sample one tries to stay with the beam 
energy below the Coulomb barrier. This way the sample will 
not be activated at all and it can be handled after the ERDA 
analysis immediately. At VICKSI a high energy ERDA 
facility is being installed., using an 1291 beam of about 360 
Me V. In Fig. 1. a sketch of the experimental setup 

De\.ee:.cr
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Figure 1 Sketch of the experimental ERDA setup. 
The scattering chamber is mounted on a rotatable 
support, with two large-area detectors attached. 

is depicted. The detector telescope consists of a parallel plate 
avallange counter (PPAC), a proportional counter (PC) and 
an ionisation chamber (IC).The second detector is a low
pressure multiwire chamber (MWC). Tests have shown the 
great power of this method especially when combined with 
detectors and detection methods used for nuclear physics.14

) 
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At the TU Eindhoven Rijken eL aLIS) using high energy cr
particles, coincidence and pulse shape discrimination have 
also developed this method to obtain background free spectra 
and a depth resolution of 5 nm. In Brazil cia Silva et al.l6) 

have recently used ERDA for Hydrogen profiling in surfaces 
of metallic materials. 

2.5 Particle Induced X-ray Emission (PIXE) 

The PIXE-method is mostly used with a relatively low 
energy proton beam. Often this beam is transferred out of 
the vacuum of the accelerator and furthermore used in 
conjunction with a microbeam. The method is based on the 
use of a beam particle to kick an electron out of the inner 
shell of a sample atom, and then to look at the characteristic 
X-rays coming from the sample with an appropriate detectoL 
Practically all elements can be detected this way 
simultaneously. The absorption of the characteristic X -ray in 
the material surrounding the detector detennines the limit for 
the lighter elements, so that in general elements lighter than 
sodium ( Z = 11 ) can not be detected this way. The PIXE
method is in wide use at many places for all kinds of 
measurements pertaining to environment, health, biology, 
archeology and others. 

3. RADIATION DAMAGE STUDIES 

The studies of radiation damage in materials was one of 
the first applications of particle beams. Besides reactors, 
particle accelerators provided a means to determine the 
effect of radiation on materials used in the construction of 
equipment for a radiation environmenL The studies today 
include tests of structural materials, of semiconductor 
devices, used in satellites or high flying airplanes and of 
metals, metal alloys and of insulators. 

3.1 Radiation Effects in Metallic Materials 

3.1.1 Search for first wall materials for fusion reactors 

The investigation of materials which might be used in 
the first wall of a fusion reactor is of great interest and 
studied at many places. The simulation of the effect of 14 
MeV neutrons, produced in the tritium-<leuterium fusion 
reaction, on materials is needed to determine, if a specific 
material can be considered as first wall material At PSI I

7) 

a proton irradiation experimental area (PIREX) is set up 
especially to look at effects of protons on prospective 
materials. The proton beam in this area is degraded to 300 
Me V and it can be degraded further in steps of 2.3 MeV to 
an energy as low as desired. The Institute for Advanced 
Materials of the European Communities in ISPRA is 
investigating materials for the first wall under irradiation and 
mechanical streSS.I 8)19) Similar experiments are also 

performed at VEC in Calcutt.a2O) and at the HIRFL in 
Lanzhou. 21) At KfK Karlsruhe a recently installed universal 
testing machine at their fldual beam facilityfl allows to 

=------------===-============~~~-=====--
Figure 2 Scheme of the Karlsruhe dual beam facility. 

investigate various static and dynamic loadings in terms of 
stresses and strains like push-pull fatigue, creep or creep
fatigue during irradiation in a vacuum chambe~ ( Fig. 2). 

3.1.2 Radiation effects on permanent magnets and 
amorphous metallic alloys 

The effect of radiation on permanent IMoonets is looked into 
at NSCL in East Lansin,r) and at the cyclotron in 
JyvaskyUi...'A)2S) In both places a reduction of the magnetic 
field was observed. 

The investigation of amorphous metallic glasses was 
pioneered by K.1aumiinzer et a1. 26)Z7) and extended to 
higher energy beams by the group at GANIL lead by 
J ousseL 28) The original hope was to find a particular 
radiation resistant material. To the great surprise however a 
makroscopic growth of amorphous metals was observed 
under particle irradiation. The ClRIL group at GANlL has 
performed extensive studies of radiation effects on 
materiali9l over a wide range of energies available at the 
GANlL facility. 

3.2 Radiation Effects on Semiconductor Devices 

The effect of radiation on the performance and lifetime 
of semiconductor devices is of obvious importance for 
satellites and space probes. Accordingly experiments to 
simulate the radiation in space are done at many places, and 
test facilities to routinely check all devices are needed. One 
Single-Event-Upset (SEU) test facility is in operation at the 
tandem accelerator in Brookhaven,3D) and there are 
discussions about setting up a similar facility at VICKS!. At 
the Philips injector at PSI in ZUrich an interesting simulation 
was caried oufl): on the ESA Earth Resource Satellite 
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ERS-l an instrument had failed after five days of operation. 
Immediately before the failure a transient overcurrent had 
been measured. Using the data of the on-board telemetry 
record, one could deduct, that a proton induced latch-Up 
might have occured in a CMOS device. The tests at the 
OPTIS facility at PSI with a 60 MeV proton beam verified 
this conclusion beautifully. 

3.3 Radiation Effects on optical Glasses 

At INS Tokyo 32) the effect of proton irradiation on glasses 
was investigated, especially with the objective to determine 
the possibility to use these glasses for optical systems in a 
satellite. The transmission curves for optical glasses before 
and after 40 MeV proton irradiation are shown in Fig. 3. At 
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Figure 3 Transmission curves of optical glass before 
and after 40 MeV proton irradiation. 

1000 

shorter wavelength the transmission is reduced considerably 
at proton fluxes above 1OIocm-2

, but a significant recovery 
can be observed 20 days after the irradiation, indicating a 
self healing effect of the glasses. This might be similar to 
the production and bleaching out of "colour-centers" in alkali 
halides33

) which occurs especially at elevated temperatures. 
This effect is also important for glassfiber cables in a 
radiation environment as for instance accelerator tunnels. 

4. BASIC RESEARCH IN SOLIn STATE PHYSICS 
WITH PARTICLE BEAMS 

The use of particle beams in solid state physics and in 
applied physics becomes more and more common. At 
VICKSI presently more than half of the beam time is used 
for experiments in these fields, with increasing demand. The 
purpose of the condensed matter studies is to get a better 
understanding of local properties like the magnetic behaviour 
of isolated atoms in metals depending on lattice sites or the 

dynamics of implanted atoms in solids. With the ion beam 
one produces shortlived radioactive isotopes and uses their 
recoil momentum to implant them into solids. The 
experimental setup for recoil implantation is shown in 
Fig. 4. In the upper part of the figur the primary ion beam 
will pass through the sample, while in the arrangement 
shown in the lower part the passage of primary ions through 
the sample is avoided. In the solid the nuclear moment of 
the recoil nucleus will interact with either the internal or an 
externally applied magnetic field, or the electric field 
gradient of the solid at the respective lattice site. These 
interactions can be observed by nuclear methods like the 
"Perturbed Angular Distribution Method" (PAD) or "In 
Beam Mossbauer spectroscopy". In the following these 
methods shall be given as examples. 

ion beam 

target 
2"m 

sample 
2~m 

stopper 
20~m 

sample 

Figure 4 Experimental arrangements for recoil 
implantation_ 

4.1 Perturbed Angular Distribution 

The measurement of the perturbed angular distribution is 
based on the fact, that the "(-ray emission of the recoil 
implanted radioactive isotope is modified by the interaction 
between the nuclear moment of the probe nucleus and 
magnetic fields or electric fieldgradients present at its 
location in the sample. The spin of the probe nucleus makes 
a Larmor-precession, and this precession is observed as a 
modulation of the "(-ray intensity in time. The period of this 
modulation gives information about the field or field 
gradients, provided one knows the magnetic moment of the 
probe nucleus.34

) 
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4.2 In Beam MOssbauer Spectroscopy 

While the standard Mossbauer spectroscopy uses a long 
lived parent radioisotope, the in-beam method35) uses a 
particle beam to excite the Mossbauer isotope via Coulomb 
excitation to the Mossbauer level. A 57Fe target is 
bombarded with an ~ Ar beam at an energy well below the 
Coulomb barrier. This way any background from nuclear 
reactions is avoided. The Fe atoms are excited to the 14.3 
ke V Mossbauer level and simultaneously recoiled out of the 
target The angular distribution of the recoils peaks between 
20° and 70° with respect to the beam axis. So the probes can 
easily be implanted into the sample material avoiding that 
the beam strikes the sample. A sketch of an experimental 

PPAC 

., 

4<JAr beam 

., 

PPAC 

Figure 5 Sketch of the experimental setup for "in 
beam Mossbauer spectroscopy". PPAC stands for 
parallel plate ~yalanche counter. 

I 

setup for in-beam Mossbauer spectroscopy is shown in 
Fig. 5. 
The actual measurements are taken between the cyclotron 

beam pulses, contrary to on-line Mossbauer spectroscopy, 
where a macropulsing of the cyclotron is required. 

5. MATERIAL MODIFICATION WITH ION BEAMS 

5.1 High Energy Implantation 

While in the past implantation was performed at energies 
below about 500 keV, in recent years implantations at 
energies as high as several 100 MeV have been reported.3

6) 

Low energy implantations have been used extensively to 
improve the surface behaviour of materials, reducing wear, 
friction, oxidation and corrosion,37)38) or to produce 
radiation enhanced cohesion39

). Implantations at high 
energies can be used to produce burried layers of ions in a 
solid, to produce insulating layers for instance in silicon by 

implanting with oxygen or nitrogen or to introduce doping 
atoms into semiconductor wafers. The applications are 
manyfold, but, to my knowledge, so far only used in 
experimental studies and not yet in industrial applications. 
This is partly due to the fact that high energy accelerators 
are not so easily accessible as low energy implanters but 
also because the users and operators of high energy facilities 
have not made much of an effort to introduce industry to the 
possibilities of their facilities. 

5.2 Production of New Material Properties with Ion 
Beams 

5.2.1 MicrofLlters 

The production of microfIlters with ion beams 
developed by Spohr and Fischet"Olis since being pursued at 
many different laboratories. Besides GSI in Germany, Riken 
in Japan,41Jalso JAERI in Takasaki is producing these 
fiIters.4

Z) FZR Rossendorf"3)44) has also produced and 
marketed microfIlters used in the food and beverage 
industry. They used a 30 MeV chlorine beam from their 
tandem accelerator. A particularly interesting development is 
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E 
0 
l-

Cycfes 
Figure 6 Change in size of pores formed in a 
thermally responsive film when cycled between O°C 
and 60°C. 

reported by Tamada et al .. (5) They produced a foil, which 
depending on the temperature was swelling or deswelling. 
When micropores were introduced into this foil, using heavy 
ion beams, the pore diameter could be varied between about 
14 }I and 16 }I, depending on the temperature of the water 
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the foil was immersed in. Fig. 6 shows how the pore size 
varies with temperanrre cycling. This is the fIrst porous fIlm, 
where pore size can be controlled by such an environmental 
condition as temperanrre. The fIlter is expected to separate 
various substances by changing the ambient temperature. 

5.3 Influence of Radiation on High Tc Superconductor 
Properties 

Very soon after the discovery of the high T. 
superconducting ceramics the effect of radiation on the 
properties of these ceramics were studied. ~ . ~e 
properties of the high T. materials are affected by mtnnslC 
defects and the stnlcnrre-related anisotropy. The introduction 
of artificial defects by radiation can then be used to obtain 
a better understanding of the structural parameters and the 
related super- and normal-conducting propertjes of these 
materials. In general irradiation of high T. materials lowers 
the critical temperanrre T.. Therefore on fIrst sight it 
appears, that radiation is harmfull ~or these ~~s. 
However extensive studies4

7) using different proJecules 
have revealed, that the projectiles and the direction of the 
particle track with respect to the crystal axes can also have 
a positive effect on the superconducting properties. 

5.3.1 Enhancement of critical current density Jc 

High energy heavy ion irradiation using a 580 Me V 
116Snl6+ beam at the Holifield Facility in Oak Ridge has been 
shown to increase the critical current density 1. 
significantly.~8) Irradiations with protons or very light ions, 
which produce only point defects are not very effective in 
this respect Irradiations with 770 MeV l~e and 560 MeV 
1~ done at the Texas A & M Cyclotron4

9) and with 500 
Me V 1~ at VICKSIsO) produced columnar defects which 
acted as flux pinning centers, and increased the critical 
current to values of lOS Ncm2

• 

5.3.2 Radiation induced improvement of persistent 
field magnets using high Tc materials 

At the Institute for Beam Particle Dynamics and the Texas 
Center for Superconductivity in Houston R. Weinstein et al. 
have produced permanent magnets by trapping magnetic 
fields in high Tc superconductors.Sl) By irradiating the 
superconductors with protons at the Harvard Cyclotron, and 
with 3He-ions at the Indiana University Cyclotron facility 
they could increase the trapped fields by almost a factor of 
four2l(see Fig. 7). Again this effect is caused by flux 
pinning. Using heayier ions and higher energies the trapped 
fields should increase even more. Persistent magnets with 
fields of 1.4 T have been produced and it is expected to 
reach 3 T this year and 6 T in the course of the next year. 
The possible applications of these magnets are manifold and 

very exciting: the production of external beam line magnets 
is in progress, a small motor using these magnets has been 
produced and the construction of a generator is being tested. 
Another application is the production of levitated bearings. 
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Figure 7 Ratio R of trapped fIeld after to trapped 
fIeld before irradiation versus particle fluence. 

Many other applications are also considered. A very 
interesting application is the production of so called "replica" 
magnets.53

) Due to the pinning centers present in the 
superconductor the magnetic field is not expelled (Meissner
effect), but rather trapped. So superconductors with trapped 
field behave like metallic permanent magnets, except that 
they copy, essentially precisely, the fields which are used to 
activate them. So with one very precise prototype magnet 
one could reproduce identical magnets at will. The 
mechanical shape of the superconductor would not have to 
be precise at all, but nevertheless the field of the prototype 
magnet will be reproduced accurately. So far two technical 
problems have to be overcome: 1) It is still not easy to 
produce large volume high To material and 2) the trapped 
field magnets show a certain "creep", but there already exist 
ways to reduce this to only a few % per year and further 
improvements are certainly possible. 

6. REQUIREMENTS FOR CYCLOTRON 
FACILITIES USED FOR MATERIALS RESEARCH 

In the past most cyclotron facilities have been designed and 
built for the use in nuclear physics research. For material 
research however new requirements for beams and 
experimental equipment do become importanL 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

154



6.1 Beam Properties 

While for nuclear physics experiments small beam spots and 
a small emittance were the main requirements, in material 
research these beam properties might not be requested very 
often. At VICKSI we had situations where a 4" wafer 
needed to be homogeneously implanted with boron ions, and 
simple changes in the focussing did not produce a beam 
suitable for the given requirement Ideally the experimenters 
would have liked four steering magnets to sweep the beam 
horizontally and vertically, and to ensure that the beam 
impinges on the surface perpendicularly. For implantations 
very high and constant intensities are required to be able to 
implant 1016 or 1017ions/cm3 in a reasonable time and with 
a high accuracy. For channeling experiments we were 
presented with the request to produce a parallel beam with 
a divergence of less than 0.01 mrad. Fortunately we have the 
space and a flexible enough beam optic system to produce 
this beam. 
As the experiments in material research generally do not 
require very long times, quick energy- and ion-changes 
become important, and a special effort needs to be made to 
try to change the energy or the ion in a time small compared 
to the average irradiation time of a material research 
experiment 

6.2 Experimental Facilities 

For surface investigations, implantations and analytical 
investigations often a very clean and good vacuum is 
required. Therefore ultrahigh vacuum chambers are needed. 
Often also vacuum manipulators are requested for the 
experiments. The control of the sample temperature from 
4 OK to as high as BOooK is needed to perform the 
experiments in solid state physics. For the production of 
short lived PAC (perturbed angular correlation)-sources, 
which are recoil-implanted into the sample, remote handling 
and temperature control is needed to anneal the sample and 
eliminate the irradiation-produced defects. It is an interesting 
learning process which nuclear physicists and accelerator 
physicists have to go through, to understand all the 
requirements and experimental facilities which are necessary 
to perform high quality research in material science and in 
applications. It is obvious therefore, that considerable effort 
and money is necessary to supply all the required facilities. 
At VICKSI we are presently working on a proposal to 
provide an ion beam user-facility for solid state physics, 
material science and applications. One idea was to use an 
ECR-ion source injecting into a small cyclotron54

), which 
then injects into the existing VICKSI-cyclotron. With no 
stripping between the source and the injector-cyclotron and 
the two cyclotrons, the intensity of VICKSI will increase 
significantly. Recently the development of frequency variable 
RFQ,~5) has stimulated the idea to use one or two RFQ-

accelerators instead of a small cyclotron. This would again 
give a large increase in intensity but a limited energy 
variation due to the restricted frequency variability of the 
RFQ's. Presently a layout which would give energies out of 
the cyclotron between 2 MeV lu and 6 Me V lu is being 
considered. This energy range is quite suitable for most 
"high energy" applications. The use of RFQ accelerators as 
injectors for VICKSI would hopefully furthermore decrease 
the required set-up time for a new beam. 
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ABSTRACT 

Taking advantage of the system of coupled 
cyclotrons at GANIL, we have developed a method for 
mass measurements with a cyclotron. The secondary 
nuclei are produced in a target located between the two 
separated sector cyclotrons by the interaction of a beam 
coming from the first cyclotron. llley are subsequently 
accelerated in the second cyclotron. TIle prior tuning of 
this cyclotron for those very low intensity is 
accomplished using a beam having the same qt A ratio at 
the right velocity. For fine tuning, we have developed a 
probe inside one sector of the cyclotron. This new probe 
is described and first results will be presented. 

1. INTRODUCTION 

Mass measurements provide infonnation on one 
of the most fundamental properties of the nuclide, its 
atomic mass. Number of techniques have been used for 
such measurements. Masses of radioactive nuclides are 
traditionally determined through reaction Q-value 
measurements, or through measurements of the energy 
released in a or ~ decays. Direct mass measuremenL<; of 
nuclides far from stability are available by coupling a 
high resolution spectrometer to a production facility for 
radioactive isotopes l ,2,3) More recently mass 
measurements of radioactive nuclides have been done 
using recoil mass spectrometers, SPEG4) at GANIL and 
TOFI5) at LAMPF. Precision of 100-500 keY has been 
achieved. The cyclotron resonance mass spectrometer at 
CERNo,7) has the potential of mass measurement of I 
keY level. We have developed at GANIL a new method 
for mass measurement using a cyclotron as mass 
spectrometer. The present paper describes the technique 
used for this measurement and gives some of the results 
obtained. 

2. PRINCIPLE OF THE METHOD 

GANIL consists of a system of three coupled 
cyclotrons (fig. I). Highly stripped ions from the ECR 
ion source are accelerated by a compact cyclotron, k=30 
(CO) before being injected in tile first of two identical 
separated sector cyclotrons (CSS I and CSS2). In nonnal 
operating mode, the accelerated ions emerging from 
CSS I are stripped of electrons in a thin carbon foil 
before being injected into CSS2 for their final 
acceleration. If the stripper foil is replaced with a thicker 
Larget, then secondary ions produced in this target, rather 
til,ill tile ions of tile primary bemn, may be accelerated in 
CSS2. 

2.1. Coupling relation between two 
cyclotrons 

In tile following tile index I mId 2 will refer to 
CSSI (Uld CSS2 respectively. 

The fundmnental relation for the cyclotron is, 

13 q = m w/h 1) 

where B is the magnetic field, q tlle charge, m the mass 
of tile ion, w tile radio frequency and h the radio 
frequency hannonic. 

Since tile two cyclotrons are operated at the 
same radio frequency, we obtain easily the relation 
goveming the coupling between two cyclotrons, 

2) 

The velocity can also be expressed in term of 
tile frequency w mId the mean radius of curvature, so we 
have tile following relation, 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

158



3) 

where vI and V2 are the velocity at the ejection of CSS I 
and at the injection of CSS2, PI and P2 are the ejection 
and injection radius, hI and h2 are the hannonic number 
of CSS 1 and CSS2 respectively. 

The ratio Pl/P2 of the GANIL cyclotrons is 2.5 
and since the velocity in nonnal use is the same between 
the ejection of CSS 1 and the injection of CSS2 then the 
harmonic number ratio must be equal at 5/2. And since 

Start detector 
m channel plate 

Beam 

Rotating ,md cooled target holder 
Production of secondary "be,un". 

hI = 5, in nonnal operating mode, then h2 must be equal 
2. 

Given that the production of secondary nuclei 
by nuclear reaction, between CSS 1 and CSS2, will 
invariably be associated with a velocity loss, we must 
consider other solutions for which v2<v 1. The most 
favorable case is h2=3, for which v2/v 1 =2/3. Other 
combination are of course possible as long as hI and h2 
are integer numbers. 

Stop detector 
D E,E Silicon 

Probe inside CSS2 

Fig. I Schematic view of the GANIL cyclotron facility. The principal component locations 
used for tile mass measurements are indicated. 
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Fig. 2 Schematic of the probe installed in one sector of tile CSS2. 
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Fig. 3 Phase space diagram of tile particles in the cyclotron . Fig, 3a shows the phase space 
obtained just after tile prior tuning using a particle having the same A/q ratio as the nuclei of 
interest. Fig. 3b shows tile final phase space using this detector for tile fine tuning of tile 
magnetic field, -
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Fig. 4 Two-dimensional spectrum of data [rom tile silicon showing both 40 Ar 16+ ions and 
accelerated secondary ions produced between tile two cyclotrons. 
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2.2. PRECISION OF THE METHOD 
Consider two nuclei with slightly different 

masses, m and m+<>m. During the acceleration process 
the heavier of the two will lag behind the other. 

From tlle expression 1 we easily obtain 

4) 

We can neglect tlle variation of the magnetic field during 
the time of measurement. Thus, we obtain tlle simple 
relation, 

5) 

After N turns at harmonic h tlle total phase is 

<Ptotal = 360 h N. 6) 

Taking typical values of h = 3 and N = 250 we 
obtain, 

~m = ~= 3.7 10-6 ~<p. 
m <PtM~ n 

A timing resolution of 250 ps is readily 
attainable and corresponds to a resolution of 1.20 in tlle 
phase difference at (J) = 13.MHz. Hence the mass 
resolution attainable is 

9) 

3. TUNING THE CYCLOTRON 

In tlle case of an arbitrary m2/m 1 there is no 
simple general metllOd for tlle prior tuning of CSS2. 
Since secondary bemn intensity are very low compared to 
those of stable bemns, sl<Uldard diagnosis are not useable 
for tlle tuning. However, in tlle special case where a 
charge state of tlle incident bemn leading to the same 
value of A/q exists, this charge state can he used to tune 
the magnetic field in tlle cyclotron using standard beanl 
tuning diagnosis within the cyclotron. 

But, often it is not possible to achieve tlle 
tuning as precisely as desired, because the mass 
difference between tlle tuning mass and tlle mass of 
interest is too large. So, it is useful to tune the magnetic 
field and the injection system using a tuning mass 
having the same magnetic rigidity. 

For tlle fme tuning it is necessary to use an 
apparatus ahle to detect very low intensity, typically 
from 10 to lOOOO pps. Also, this detector must give the 
following informations: total kinetic energy, atomic 
number and have a very good timing. A telescope 
composed of silicon detectors can fulfill these 

specifications. We have developed and installed such a 
detector in one magnetic sector of tlle cyclotron. 

4 DESCRIPTION OF THE PROBE 

Silicon telescope detectors have been mounted 
on the normal remote control probe inside one sector of 
the cyclotron. It can be moved along a radius in the 
median plane. Fig. 2 shows a schematic view of this 
probe, it is composed of a ~E of 300 ~m and a E 
detector of 3.6 mm tick. 

Two shielding protect the silicon detectors from 
the rf and other perturbations. This has the effect that 
there is a dead zone where no particle are detected for a 
given radial position. The width of this dead zone is 
about 2 mm and has no importance since the radial 
dimension of a pulse in CSS2 is between 5 mm and 10 
mm. 

In a cyclotron the energy is a function of the 
radius, E(r)= dEoNto where dEo is the energy gain per 
tum and Nt is the number of turns. Fig 3. shows the 
difference in the phase space of the particles in the 
isochronous field obtained without this new probe and 
using it. Fig. 3a shows the phase space obtained just 
after the prior tuning using a particle having the same 
A/q ratio as the nucleus of interest. Fig. 3b shows the 
final phase space using this detector for the fine tuning 
of the magnetic field. 

The precession effect of the beam in the 
cyclotron combined with the motion of the probe leads 
to discontinuous spectrum in energy. This effect can be 
observed in the phase space spectrum of the fig. 3. At 
given energy tllere is no count. 

s. ESTIMATION OF MASSES 

Despite the complexity of the spectra of the 
secondary ions, they are sufficiently similar from one 
species to the mlotller tllat, using one as a calibration, it 
is possible to estimate the masses of the others. This is 
clearly visible in fig. 4. Assuming the mass of one 
nuclei as the reference we are able to derive the masses of 
tlle others. 
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ABSTRACT 

The goal of the present work is the presentation of 
separate reseach directions in radiation physics of con
densed media and the results obtained while carrying 
out these works at present at FLNR. 

1. INTRODUCTION 

With the development of accelerating technique and 
as a result the elllergence of power radiation sources, one 
of the reseach directions besides the intensi ve growth of 
nuclear and atomic physics is radiation solid state physics 
(of condensed rnetter). This direction is rapidly grown 
in a member of leading centres of the developed contries. 

The creation of heavy ion accelerators with high 
intensities of ion bearn (F) and energies (E) exceeding 
1A!eV/a.m.11. essentially expands the leading investiga
tions both for the development of general concepts of 
radiation damage physics and [or the llIaterials modifi
cation for the purpose of radiati ve-stimulated change of 
their properties and new technologies creation in semi
conductor techllique. 

2. EXPERIMENTAL PROCEDURE AND RE
SULTS 

2.1. IRRADIATION CONDITIONS 

Samples irradiation of different mat.erials is realized 
on U-tlOO, U-:200 alld U-100 heavy ion accelerators FLNR 
both in vacuultl and on ion bearns extracted into the air 
or atlllosphere of other gases (e.g.inert gases). 

Irradiation tellljJerilture Cilll be variecl from the tem
pcra(.me of liquid nitrogen (T=77K) up to 1000°(: de
pending on required irradiation conclit.ions. lOll flux clen
sity (F) is varicd fro 11 I 102 up to 10 12 iOIl /cm"s. The 
irrilcliation i~ carried out by ions from He to Xe with 
energies frolll ];\JeF/o.TlI.II .. up to 10/v!cV/a.m.1i. 

If it is necessary ion be-all! CillI move 011 the plane 
of irradiation along horizontill by 15 ern and along verti
cal by 5 ern (.owards hoth sides from ionowire axis tha t 
allows t.he llllifol'lilily of irradiiltccl square 30 x lOon" 
to he lIot \\'orth than 5%. TIle studing of peculiar
it.ies of the puiu(. defect.,; acclIlJlulation ill salliples ir
radiat.ed hy heilvy iOllS is realized by clifrerent uuclear 

physical and other methods. Such methods are: elec
tron scanning and transmission microscopy, x-ray struc
tural analysis, methods of positron-electron annihilation 
(by positron lifetime and angular correlation of annihila
tion "y -quanta), methodics of measurements of samples 
electroresistance, methodics of determination of mechan
ical properties changes (methods of microhadness and 
measurement of yield point and other characteristics by 
means of tensile testing machines of the "INSTRON" 
t.ype), methods of photo-, cathode- and ionolumenes
cence, methods by spectra of light absorption and etc. 

2.2. INVESTIGATION OF RADIATION EF
FECTS IN METALS AND ALLOYS 

One of the most irnportant effects by neutron irra
diation in reactors resulted in their structural rnateri
als is swelling anel radiation hardening. In the work 1

) 

there was studied radiation copper swelling by irradia
tion of inert. gas ions Xe and eu ions with the ellergies of 
l.M eV/a.m.u .. There were obtain dose and temperature 
dependensies of swelling value and shown that by ions 
Xe irradiation there is an anomalous temperature shift 
of swelling maximum in comparison with Cu ions irradi
ation which can be explained by different behaviour of 
implanted ion interaction with vacancy complexes. 

The cycle of works on stuclying of radiation hard
ness of a number of pure metals (AI,V,Ni,Cu,Zr),2-4.6) 
radiation annealing hardness of vanadium alloys se
ries with AI, Fe, Nb, Ti, y5) and also stainless steel 
Cr18NilOTi and etc. In Fig.1 there is shown the change 
of Crl8NilOTi steel microhardness from fiuence for three 
ions: B (13 MeV), Ne (27 MeV) and Ar (46 MeV)- curves 
1,2 and 3 respectively (annealed samples with low dislo
cation density), and also Band Ar- curves 4,5 respec
tively (cold-deformed samples with high dislocation den
sity). 

As seen, in all cases one observes the saturation of 
radiation hardness with fiuence. Saturation level value 
depends Oll mass o[ irradiating ion, it increases together 
with ion lIlass increasing. This is connected with the 
difl.'erencies in defect structure, produced by iOllS of dif
ferent masses. The degree of ltarclness is higher for colcl-
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deformed samples in comparison with annealed ones. 
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Fig. 1. Fig.I. The hardness of Cr18NilOTi stell 
versus ions ft uence. 

12 

By anology of effects of radiation influence from neu
tron and heavy ion irradiation there was studied the ef
fect of radiation annealing hardness of a number of vana
dium alloys. 
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Fig.:2. The change of V+O,:2%Ti alloy micro
hardnes versus temperature of post-radiation an
nealing. 
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In Fig.2 the change of V +O.2%Ti alloy microhard
ness from temperature of post-radiation annealing is 
shown. The curve 1 is irradiation by Xe ions with the 
energy of 124 MeV (D = 6,5 x lO-:Jdpa), curve 2 - irra
diation by fast neutrons (D = 9 x 1O- 4 dpa). It is seen, 
that maximum radiation annealing hardness takes place 
at temperature 200°C, and the behaviour of annealing 
curve change for ions and neutrons is similar qualita
tively. This fast allows to draw a conclusion about the 
legitimacy of effect.s simulatioll of radiatioll annealing 
hardness [rOIll neutrons by heavy lOllS. 

2.3. PROJECTIVE RANGE OF HIGH ENER
GETIC HEAVY IONS (1-6MeVla.m.u.) IN 
SEMICONDUCTOR AND DIELECTRIC 
MARERIALS 

Space positions of radiation damage's maximumes 
resulting from implantations of high energetic (1 -
6M eVla.m.u.) B. 0, Ne, AI', 1\:r, Xe, Pb ions into practi
cally used semi conductors were measured with an opti
cal and scanning microscopy techniques. The monocrys
tals of Si. Ce, CaAs and a model ionic crystal of LiF were 
used as targets. The experimelltal data were compared 
with the same values and projected ranges, calculated 
with the TRIM-89 7 ) and E-DEP-1 8 ) computer programs. 
High energy ion implantation is mainly used in the case, 
when the inelastic stopping power determines ion's losses 
of energy. The adequacy of the description by modern 
theoretical models of ionization energy's losses in a wide 
band of energies and atomic numbers was investigated. 
The ratios of experimental to theoretical ranges is repre
sented ill Fig.3 and shown the goodness of the theory for 

veloci ties of ions exceeding Va Z;/3, \V here Va is the Bohr 
velocity and Zj is the ion's atomic number (that is for 
Bethe-Bloch theory case). 
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Fig.3.ComparisoIl of experimental and theoreti
cally calculated rallge's values of ions in differ
ent targets (Q - Si. 6- Ge, 0- GaAs, 0- LiF).· 
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10 

It wa~ ~how!l. that at the ~alfle tillle the TRIl\l pro
gran! gave all esselltial discrepancy with the experirnent. 
especially for big atOluic !Hllubers, when ion's velocity 
below or equal to that parameter. 

2.4. RADIATION EFFECTS IN SEMICON
DUCTOR AND DIELECTRIC SINGLE 
CRYSTALS 

The high energy iOIl irnplantatioll into the serni
conductor Illaterials, with high ellergies at (dEle/x)in"i' 
(d E I clx)ei has a. IIlclIlhcr of essellt ial poculiarities in corn
pariwll with low-ellergy olle. III COllllcctioll with high 
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specific ion losses the local region heating-up near pro
jective ion range - "ion track" takes place that causes the 
enhancement of point defects-i.e. intersticials and vacan
cies and moreover recrystallization of destruction region 
even in such high-melting monocrystal as diamond 9

) 

The investigations on production of defects in 
mono crystals Si, GaAs and a member of others were 
carried out by the methods of infrared absorption, x
ray structural analyses, secondary masses of ion spec
troscopy, measurement of electroresistance etc. In Fig.3 
there is the dependence of point defects concentration 
irradiated by the ions of Ar with the energy of 46 MeV 
up to fluence Ft = 7 x 10 14cm- 2 of Si sample on the 
depth by ions range. The curve is obtained by using 
the x-ray analysis (from data of measurement of lattice 
parameters. The curve 1- experirnent, and curve 2- the 
calculated dependence by means of the TRIM-Sa pro
gram. 
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Fig.4. Profile of distribution of defects concen
tration (1- experimental, 2- calculated) from the 
depth in monocrystal Si irradiated by the Ar ions. 

12 

It is seen that the calculated profile is essentially 
differs from the measured one, it denotes that while ac
cumulation of point defects there simultaneously occur 
the intensive processes of their munual annihilation at 
the same time the more is the contribution of these pro
cesses the more is the concentration of point defects. 

In Fig.5 the dependencies of the relative reflection 
coefficient of the light with wavelength A = 650nm -
k = 6.R/ R% for Si irradiated by Il (E= 14 MeV, Ft = 
8 x 1014 cm- 2 )- curve 1 and by the Ar (E=46 MeV, 

Ft = 8 x 10 14cm- 2 )_ curve 2 are presented. 
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J 
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Fig.5. TIle distribution of the relative change of 
reflection coefficient k of Si samples by the ion 
range (curve 1- B and curve '2- Ar). 

20 

One can see that in regions from 15{1 to 20p and 
from 6p up to 14J! there are peaks with maxima at R = 
17.5J! and R = 12.5p. These peaks are caused by the 
elastic losses of the ions energy of Band Ar and are 
connected with partial amorphization of these regions 
that leds to the change of reflection coefficient. It is 
shown that the al1lorphization degree for the Ar ions is 
essentially higher with a less fluence than for Il. This is 
connected with differencies ill product.ion defect cross
section. 

For the investigation of the role of elastic and inelas
tic energy 105,;es the structural and mechanical properties 
of the model ionic crystal LiF, irradiated with ions Xe 
(118 MeV), Ar (225 MeV and 46 MeV), Ne (113 MeV) 
and Ne (27 Mev) at 10 1°_ 10 14cm- 2 dose range were 
stidied by using spectrophotometric and microhardness 
technique 1 ° ) The comparison of the total number of 
anion vacancies from absorption spectra by using the 
Smakula equation with the data obtained from the E
DEPI program, it was shown that the total number of 
anion vacancies is determined generally by the total ion
ization energy losses of heavy ions. The observed differ
ences in dose dependences of point defect concentrations 
for Xe, Ar, N e beginning after a certain dose may be 
explained as a result of the ion track overlapping. It's 
increases the annealling of point defects in track's region 
taking into account the high value of electronic stopping 
power for heavy ions with IMeV/a.m.u. energy. 

The change of rnechanical properties of LiF crystals 
as shown is determined by the radiation damages caused 
by the elastic collisions of bombarded ions with the lat
tice atoms. 
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2.5. THE LUMINESCENCE OF CRYS-
TALS IRRADIATED WITH IMeV/o.lll.u. 
HEAVY IONS 

In distinction froll! the traditional methods of lu
minescence the high energy ion beams induced lumi
nescence can allow to study the structure of materials 
during the formation and further evolution of radiation 
damages. In this case the radiation damages are created 
by elastic losses (dE / dx lei and the excitation of the lu
minescence centres - by electronic losses of ion energy 
(dE/dx)inei 11

) The luminescence spectra of an unal
loyed LiF single crystal dming Ar (4G MeV) bombard
ment at various flllence are shown in Fig.G. 
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Fig.G. The int eHsity / Wilve length dependence of 
LiF luminescence during Ar bombilrclment. 
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In this spectra a series of width bands are seen. The 
intensity of this bands strongly depends from ion flu
ence and decrease to phone values for a long-wave band 
(Amar = G707l11l), which occurs by the F2-centres. This 
band isn't observed in ealier investigations by using low 
energy ions excitation. Luminescence yield in the bands 
with Amar = 335 and 515 nm is a result of a recombina
tion of Vk alld Vp centres with free electrons and electron 
F-centres arising during ion bornbardment. Also, the dif
ference in temperature dependences of luminescence in
tensity between low nne! higll energy iOIl bOlllbardmeut 
is observed. 

2.6. THE RADIATION STABILITY OF SEMI
CONDUCTOR DEVICES 

The electron devices being a long period of time in 
the field of ionizing radiations are subjected to significant 
radiation loads leading to their breakdown or impossibil
ity of realization of their functional tasks. This concerns 
both devices acting in reactors and semiconductor de
vices opprating in cosmic space. 

Application of heavy ion accelerators for spectra 
simulating of cosrnic radiation, influence of neutrons and 
other types of radiation seems to be a promissing one. 

The ion bearns of the most different energIes and 
masses provide wide possibilities to carry out such in
vestigations. In this paper we consider one of the exam
ples of such works, notably, the investigation of errors 
accumulation of time and energy dependences of the mi
crocircuit memory cells of operative memory while ir
radiation by the ions B, 0 and Ne with the energy of 
11\1 eV/a.m.u. 12 ) To decrease the density of ion flux 
there was applied a scattering chamber, in which the 
ions were being scattered on thin gold foil and reached 
the integral microcircuit and semiconductor detecter po
sitioned at angles of 30° to the beam axis. In Fig.7 there 
is the dependence of errors member on time while irra
diation of memory cell, by capacity 4098, ions 0 and Ne 
with the energies of 19 MeV and 27 MeV, respectively. 
The transition of mernory cell from state" I" into state 
"0" is considered as an error. 

4000 

500 1000 
t. s 

1500 2000 

Fig. 7. The errors member versus time for null and 
unit bilck ground stilte of memory cells for 0 (+) 
ilnd Ne (0). 

As seen, the effect manifestation has a nature close 
to exponential one and is approximated by the following 
expressions: L(t) = A(1 ± exp(-FSt)), where sign "-" 
relates to the null background state and sign "+" - to 
unit one, A= 2048, S- effective square of memory cell, 
and F- density of ion flux. 

2.7. RADIATION RESEARCHES OF POLY
MERIC MATERIALS. TRACK MEM
BRANES 

By creation of detectors of heavy charged particles 
(fragments of nuclei fission) in which tracks manifested 
themselves by the following chemical etching there has 
been appeared a new direction namely the production 
of track membranes from different polymers with the 
use both the products of uranium nuclei fission (reactor 
method of membrane production) and on heavy ion ac
celerators. 13 ) The main advantage of this method is the 
energy homogeneity of ion beams that provides a possi
bility to have relatively low dispersion by pore diameters 
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of track membranes (-y = !:::.d/ d) and a wide choice of ions 
of different energies for polymeric materials irradiation 
from 10/1 to 100/1 of thickness. 

In FLNR for irradiation of polymeric materials there 
are used heavy ions beams Kr with energies up to 300 
MeV and in prospect (by putting the accelerator complex 
U-400+ U-400M in operation) up to U. 

The applications for track membranes production 
from chemically and radiative stable ion polymers with 
high specific ionizing energy losses (by performing the 
conditions of (dE/dx)inei ;::: (dE/dx)iim - registration 
threshold of the given particle in polymer) allow one to 
produce, first, pores with small sizes (d < 0.1/1) and, 
secondly, with a low value of dispersion of pore diameters 
(-y < 0.05). 

2.8. CONCLUSION 

In the given review there are presented only partial 
directions of investigations on heavy ion beams with the 
energies exceeding 1 MeV /a.m.u. At the sanle time it 
is seen that" professions" of heavy ions are enough ex
tended and regions of their application are various. 

On the whole it is worth to mention that heavy ion 
accelerators are a good instrument in the investigations 
of condensed metter and radiation solid sta te physics. 
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ABSTRACT 

The results of producing a high current He ion beam 
on the U-200 cyclotron for isotope production are pre
sented. The paper presents also the results of experi
ments on the production of the 178m2Hf isotope in the 
reaction 176Yb(4He,2n) and of the 237pu isotope in the 
reaction 235U(4He,2n). The target assembly is described. 

1. U-200 CYCLOTRON 

The two meter cyclotron U-2001) is a sector fo
cussing machine with four straight sectors for acceler
ation of heavy ions with the charge to mass ratio within 
the range 0.14::;qj A::;0.36. The maximal energy is de
termined by K = 145. 

The ions with qj A::;0.263 are extracted from the cy
clotron by a stripping carbon foil, installed at the bound
ary valley - hi1l 2

). After stripping the ion motion be
comes radially unstable due to the difference of the mag
netic fields in the valley and on the hill, and ions are 
extracted from the vacuum chamber. Depending on the 
ratio of ion charges before and after stripping and on the 
position of the stripping foil ions can be extracted from 
the vacuum chamber on making one, two or more turns 
in the magnetic field. 

At the U-200 cyclotron the one turn extraction of 
ions with the charge increased by the factor of two is 
used. A mechanical assembly for moving the stripping 
foil in the radial and azimuthal directions allows to regu
late the energy of the extracted beam within 35% below 
the maximum. The extracted beam has the horizontal 
emittance of 3011" mm·mrad, the vertical - 1011" mm·mrad, 
the energy spread ~ 1 %. 

Last years the mode of long time operation with an 
intense (2: 100 epA, 36 Me V ) He ion beam was investi
gated for the production of isotopes for fundamental and 
applied research. 

For the production of the He1+ ion beam the gas 
discharge ion source with a directly heated cathode was 
used3). The head of the source and the diagram of the 

power supply circuit are shown in Fig.1 and Fig.2. 

Fig. 1. The head of the ion source: 
I-cathode, 2-diaphragrn, 3-ernission slit, 
4-anticathode, 5-cooling, 6-charnber body 
(anode), 7 -gas inlet. 
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~ 

Fig. 2. The power supply circuit of the ion 
source: I-discharge chamber (anode), 2-cathode, 
3-cathode power supply, 4-discharge power sup
ply, 5-modulating valve, 6-amplifier. 

u 

It was necessary to find the optimal from the point 
of view of source service life and the beam intensity 
mode of the source operation because the ion source head 
is activated due to vacuum losses of accelerated ions. 
The estimations show that at the operating pressure of 
",10-5 Torr the level of vacuum losses is about 50%. 

The ion source operated in the pulsed mode with the 
repetition rate of 150 Hz and the pulse length of 2-3 ms. 
For the production of 100 eJJA of He ions at the phys
ical target one needs the following mode of operation: 
the discharge current of 2.5-3 A, the disharge voltage of 
",200 V, the consumption of He ",2 cm3 /min. 

The ion source service life is mainly determined by 
the sputtering rate of the directly heated cathode. Dif
ferent cathodes were investigated. Except for the sput
tering the cathode is affected by the Lorentz force in the 
sections where the direction of the current is perpendicu
lar to the direction of the cyclotron magnetic field. The 
cathodes, prepared from the Ta and W rods with the 
diameters within the range 2-4 mm were tested. For 
heating the Ta cathode to the temperature of thermo
emission one needs a lower current that allows to use a 
larger diameter of the rod, but the service life of Ta cath
odes never exceeds 10 hours with the subsequent break
up of the cathode. It seems that it is caused by the loss 
of the mechanical strength of Ta at the temperatures of 
termo-emission. 

The most optimal one is a W cathode with 2.5 mm 
diameter. For the ignition of the discharge the heating 
current 280-290 A is necessary, which should be reduced 
during the operation of the source because the cathode 

diameter is decreased due to sputtering. It means that 
the source service life depends also from the skill of the 
operator. The average service life of the ion source is 
about 16 hours, the best result for the time being is 
40 hours. 

The other systems of the cyclotron showed stable 
operation during the acceleration of a high current beam. 

Since the level of neutron radiation was relatively 
high the cyclotron operated in the high current mode 
only in the evening and at night. Figure 3 represents the 
record of target current during one of the such periods of 
irradiation for production 178m2Hf isotope (see section 2). 

The experience shows that the cyclotron can provide 
an integral number of He ions of about", 1020 per month. 

N ow we are studying the possibilities to improve the 
vacuum inside the cyclotron and to develop an ion source 
with an increased service life. 

2. LONG LIVED 178m2HF ISOTOPE PRODUC
TION 

The 178m2Hf isomer has unique properties due to its 
high spin I7f = 16+, relatively low excitation energy 
E* = 2.447 MeV and half-life Tl/2 = 31 years. 

At first the long-lived 178m2Hf isomer was produced 
the in reaction of thermal neutron radiation capture with 
a very low yield4). The isomeric ratio for this reaction 
is 5.10- 10 . The total amount of 178m2Hf '" 1015 nuclei 
could provide a possibility to measure with a high ac
curacy the magnetic dipole and the electric quadrupole 
moments of the isomer, to define the changes of the rms 
radius of nuclei in the ground and isomeric states by the 
methods of nuclear orientation and laser spectroscopy. 
The use of this isomer as a target provides a possibility 
to define the influence of the isomeric state spin value 
in the reactions of sythesis and fission, to perform ex-

b . . f 178m2Hf 'th periments on the Coulom eXCltatlOn 0 WI 

mass-separation of 178Hf isotopes5,6). 
For the optimal choice of the reaction for the accu

mulation of a microweight quantity of 178m2Hf the exper
iments on light and heavy ion interactions with different 
targets were performed at FLNR, JINR. It turned that 
the optimal reaction is a 176Yb(4He,2n). The isomeric 
ratio for this reaction equals 0.05. 

During the 1990-1991 the irradiations of enriched 
176Yb target (96% enrichment) by the He beam with the 
energy of 36 MeV and intensity of more than 100 eJJA 
were fulfilled at the U-200 cyclotron. An inclined 
(sin 0:=0.2-0.3) water-cooled target was used. The target 
is situated in a closed metal collector with the entrance 
hole of 30 mm diameter for the ion beam. The cover of 
the collector is made of aluminum. Before the entrance 
of the collector a copper diaphragm for the limitation of 
the beam size is situated. The target material (Yb20 3 

powder) was pressed on the 3 mm thickness aluminum 
substrate. The effective thickness of the target equals 
80 mg/cm2 
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Fig. 3 The record of a target current during irradiation. 

During the first series of irradiations of the enriched 
176Yb target, about 3.1014 atoms of 178m2Hf were ac
cumulated. The identifications of Hf isotopes and the 
control of their yield were performed by measuring 
,-spectrums with a Ge(Li) detector. The method of 
chemical isolation of Hf from the irradiated target mate
rial is described in reference6). 

The target prepared from the super enriched 
(99.998%) 176Yb was also irradiated. Such super enrich
ment was fulfilled at PARIS6) mass-separator in CSNSM 
(Orsay) for the reduction of the admixture of Hf isomer 
yield. About 3.1014 atoms of 178m2Hf were accumulated 
with a sharp decrease of other Hf isomer yields. 

The experience of such irradiations and the results 
of 178m2Hf isotope yield measurements show, that with 
a steady operation of the U-200 cyclotron one can ex
pect the yield of 1015 atoms of 178m2Hf in a month of 
irradiation with a current 2100 eJ-lA. 

3. PRODUCTION OF THE 237pU ISOTOPE 

Due to its nuclear-physical properties (T=45.2 days, 
EC=99.99%) 237pu is the only plutonium isotope which 
is sutable, according to modern medical concepts, for 
studying the plutonium metabolism in vivo. The con
tent of neughboring isotopes of 236pU and 238pu which 
are the a-emitters in such a sample should not exceed 
10-7 Bq/Bq. 

The most suitable reaction for the production of 
237pU is the 235U(4He,2n) reaction7). But it is practi
cally impossible to provide the necessary purity of the 

sample produced in such a reaction due to covering 
the excitation function of the reactions 235U(4He,n) and 
235U(4He,3n). Therefore it was suggested to make an 
additional purification of the produced sample of 237pU 
at an electromagnetic mass-separator. 

The highly enriched (99.99%) 235U isotope was used 
as the target material. The irradiations were fulfilled 
at the internal beam of the U-200 cyclotron in the en
ergy range from 22 up to 26 MeV. The yield of 237pu 
isotope in this energy range is 0.2 kBq·J-lA -1·h-1·mg- 1 

and the relative content of plutonium isotopes 
236pu/237pu/238pu=2.2.10-4/ 1/1.5.10-4. 

On the basis of this results the experiments on 
the production of the 237pU sample sufficient for the 
mass separation and subsequent use in a metabolism 
study were fulfilled. The target with the thickness of 
10 mg/cm- 2 was irradiated by He ions with the energy of 
25 MeV during 20 hours. The activity of the 237pU sam
ple after radiochemical isolation and purification from 
the substrate material and products of nuclear reactions 
is 1.5 MBq. The relative content of the plutonium iso
topes 236pu/237pu/238pu=1.6·10-4/ 1/ 1.5.10-4. 

Such a sample was purified at the mass separator 
YaSNAPP-2 of the Laboratory of Nuclear Problems, 
JINR. The yield of 237pu after separation is about 40%. 
The relative activity of plutonium isotopes after separa
tion is 236pu/237pu/238pu=2.10-7/1/::;3·10-7 Bq/Bq. 
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The prepared sample is radiochemically and isotopi
cally ultrapure and is practically safe for use in the re
search of plutonium metabolism in vivo. 
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Abstract 

New developments at KfK Cyclotron in the 
field of the thin-layer activation technique for 
modern engineering materials, the various measure
ment methods and the wear measurement device will 
be presented. A sophisticated method for the radio
active surface labelling of modern synthetic 
materials such as plastics, polymers and rubber has 
been established in a fruitful cooperation with the 
Kurchatov Institute, Moscow. First results of the 
application of this technique to measurements of 
machine parts will be reported. The outstanding 
properties of the RTM on-line wear diagnostics shall 
be demonstrated by the results of dedicated 
measurements performed last time at the KfK 
facilities. 

1. INTRODUCTION 
A subject of increasing application of cyclotron 

machines is RTM, the measuring system that enables 
wear and corrosion diagnostics of components of 
operating machines, apparatus or processing plants. 
The three components of the system, the thin layer 
activation at the cyclotron, the measuring methods 
and the measuring instruments for application in 
industry have already been presented in detail on the 
last International Conference on Cyclotrons 1). So 
this contribution deals with recent development work 
in RTM at the Cyclotron Laboratory ofKfK. 2)-5) 

2. DEVELOPMENT WORK 
Beside the work in activation service, 

supplying irradiated parts to the industry and the 
efforts in know how transfer within the frame of 
cooperation contracts, nearly 40% of the total man 
power of the RTM-Group is engaged in development 
work to the subjects activation technique, irradiation 
equipment, measurement methods and device to new 
areas of application, new components and new 
materials coming into use in industry. All 
developments are performed in cooperation with a 
representative industrial company to ensure that the 
actual requirements of the industry are fulfilled and 

the results of the developments can be used directly 
and profitably by the industry. A typical example of 
development work is the running project for the 
contruction of a test bench for refrigerating 
machines, based on RTM. Such test benches are 
required by industry for the urgent development of 
advanced refrigerators, free of Chloro-Fluoro
Carbons (C-F-C), because of the well- known environ
mental impact ofC-F-C. 

This project is performed in a cooperation with 
the industrial manufacturer of refrigerating machi
nes, dkk-Scharfenstein, and a working group of the 
Institute For Surface Modification, Leipzig, speciali
zed on wear problems of compressors. A prototype of a 
suitable test bench has been established. The 
optimizing work on this is going on. 

Since the successful development of thin layer 
activation technique for the application to ceramic 
materials 1) we concentrated on the radioactive 
labelling of synthetic materials, all kinds of 
polymers, elastomers, rubber. The interest in this is 
mainly coming from the car, engine and gearing 
manufacturer. The replacement of iron parts by parts 
of synthetic materials in mechanical systems is 
reducing the weight of such devices at least by a 
factor three. 

All irradiation tests using the conventional 
thin layer activation method via nuclear reaction in 
the synthetic materials failed because of the high 
sensitivity of these materials to the applied particle 
irradiation at the KfK-Cyclotron. So, in cooperation 
with the Kurchatov Institute, Moscow, a project for 
the development of surface labelling by directed 
implantation of radioactive ions of Be-7 (Tl/2 = 53 d, 
Ey = 478 keV) has been started. This method of 
labelling promises by a factor of 105 less radiation 
effects in the sensitive material, compared to the 
conventional activation method. The principle of Be-7 
recoil implantation, based on the nuclear reaction 
B -10 (p,u) Be-7, is well known and is illustrated in 
Fig. 1. The external beam of B-10 ions (6 - 10 
MeV/nucleon) from the cyclotron is producing in the 
hydrogen converter Be-7 ions with a recoil energy in 
direction of the primary beam. The absorber behind 

*)Kurchatov Institute, Moscow 
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the converter is stopping the B-IO ions of the primary 
beam, which passed the converter without any reaction. 
The pure Be-7 beam is hiting the machine part to be 
labelled. 

B-10 

Primary 
Beam 

B-10 ~ Be-7 

f--_B_e_-7_~~ 0 
Converter Absorber Machine Part 

Fig. 1: The principle of Be-7 recoil implantation for 
the radioactive surface labelling of synthetic materi
als. The external beam of B-IO ions from the cyclo
tron is producing Be-7 ions, according to the reaction 
B-10(p,a) Be-7, with a recoil energy of the Be-7 ions 
in primary beam direction. The absorber is stopping 
the B-10 ions which passed the converter without 
any reaction. The pure Be-7 beam is hiting the 
machine part to be labelled. 

After some improvements of the converter
absorber system the material investigations of Be-7 
implanted samples of Polyamid, Elastomer (Viton) 
and synthetic rubber did not show any defects from 
the radioactive labelling. The material tests have 
been performed by KfK as well as by a private 
material test institute 6) specialized on synthetic 
materials. 

The quality of the Be-7 labelling is demon
strated in Fig. 2 by the activity versus depth profile in 
special Polyamid (EPM), . The linear region of the 
total activity over the depth of 20 11m near the surface 
is suitable for precise wear measurements. 

In cooperation with the company Audi A.G.and 
the material test institute Firma HeB, Ingolstadt 6) in 
situ wear measurements of engine parts, of a Polya
mid gear and of a Viton crankshaft seal have been 
performed on an engine test bench, Fig.3. The results 
of the demonstration measurements are illustrated 
by Fig. 4 and Fig. 5. 
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Fig. 2: The activity over depth distribution of 
implanted Be-7 in EPM-Polyamid is demonstrating 
the quality of the radioactive labelling by the linear 
region of 20 11m near the surface suitable for wear 
measurements. 

Fig. 3: The wear behavior of Be-7 labelled parts, a 
gear of Polyamid and a crankshaft seal of Viton 
(Elastomer), have been measured under real opera
tion conditions in a high-powered engine of Audi on a 
test bench at the Fa. HeB, as illustrated by the 
picture. Demonstration measurements and material 
testing have been performed in cooperation with the 
Company Audi and Fa. HeB, Ingolstadt. 
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Fig. 4 : The wear behavior of the Polyamid gear over 
operation time at variated speed and oil temperature 
in an Audi engine is demonstrating the advantage of 
RTM on-line wear diagnosis. After the running-in 
phase the wear of the synthetic gear is undependent 
of speed and oil temperature. A result of a 24 h RTM 
wear test, that could not be established by conven
tional tests over several months. 

Wear Test 18e-7l Crankshaft Seal 
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Fig. 5 : .The wear behavior of the Be-7 labelled Viton 
(Elastomer) seal of the crankshaft in an engine (Audi 
V 6, 24 Valves) at different speed and oil tempe
rature, was measured in a 24 h wear test and is 
demonstrating the effectiveness ofRTM application. 

3. SENSITIVITY AND REACTIVITY OF 
RTM WEAR DIAGNOSTICS 
The experimental investigation of reliability, 

sensitivity and reactivity in RTM wear diagnostics 
was performed recently at a typical example of 
application, the engine wear measurement with the 
concentration measurement method. 

In the running engine (l.6 Liter Diesel engine 
of 5 Liter oil volume) on the KfK test bench, a 
suddenly occuring wear was simulated by the 
injection of a definite liquid activity (Co-56) -, 
corresponding to a wear mass of 2511g resp.3011g, - in 
the engine. The concentration wear measurement 
device was connected to the oil sump, as usual, and 
was recording continuously the concentration of wear 
in the oil of the engine. The measurement results for 
the injection in the oil sump and in the cylinder head, 
displayed in Fig. 6 resp. Fig. 7, are demonstrating a 
sufficient reactivity of 120 sec delay at maximum 
from the occurence of wear (point of injection) to full 
height ofthe measurement signal. A wear mass of the 
minuteness l011g - corresponding usually to a linear 
wear of several nanometers - can clearly be resolved 
by this technique. The reproducibility and reliability 
is demonstrated by the constant values for wear 
concentration before and after the injections, as 
delineated in Fig. 6 and Fig. 7. 
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Fig. 6 :.For the demonstration of the sensivity and 
reactivity ofRTM wear diagnosis a definite activity
representing 30 llg wear mass - was injected in the 
oil sump of the operated engine on the KfK test 
bench. The applied concentration measurement 
device registered the full wear mass 30 sec after the 
injection. A wear mass down to 10 llg - corresponding 
to a linear wear of several nanometers - can 
distinctly be resolved. 
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Fig. 7: In case of the activity injection into the 
cylinder head of the running engine, simulating 
wear occuring at the camshaft, the reactivity 
decreased to 120 sec .. 
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ABSTRACT 

A possible application of the Positron Emission To
mography (PET) technique as a tool for in situ dosimetry 
during radio therapy with protons is investigated. Mea
surements have been performed on activation induced by 
55 MeV protons in two different materials. The calcu
lated dose distribution is compared with model calcula
tions and 3-dimensional measurements with PET of the 
induced activity. 

1. INTRODUCTION 

If a patient or a material is irradiated with particles 
of sufficiently high energy, radioactive nuclei will be cre
ated along the trajectory of the particle beam. In target 
materials containing 12C, 160 or 14N, the positron emit
ters llC (T1 / 2 =20 min) and 13N (T1 / 2 =10 min) will be 
created. Using a PET scanner, the distribution of the 
activity can be measured in three dimensions and as a 
function of time. Of course, the PET scan has to be 
made very shortly after the irradiation, or even better: 
during the irradiation. As a pilot experiment for study
ing the feasibility of this technique we have performed a 
PET-measurement of the induced activity by protons in 
Melamine and Poly-ethylene-glycol. 

2. EXPERIMENTAL TECHNIQUE 

In Groningen we have benefitted from the conve
nient situation that the PET Center of the University 
Hospital is only 7 km from the KVI-cyclotron. The last 
experiment performed with the Philips cyclotron at KVI 
was an irradiation with 55 Me V protons of two target 
materials with different composition: 
I ) Poly-ethylene-glycol, mass composition: 

54.3% C, 9.1% Hand 36.6% O. 
II) Melamine, mass composition: 

28.6% C, 4.8% Hand 66.6% N. 
These materials have been selected because of the resem
blance of their nuclear composition with tissue, but also 
to limit the possible amount of reaction types. 

The beam was collimated to 4 mm diameter and 
each target was irradiated for 1 minute with a beam 
intensity of 10 nA. Current measurement during irra
diation was done by integrating the current on the tar
gets, which were isolated from ground. Since the range 
of 55 Me V protons in the target materials is approx. 
22 mm, the 33 J deposited in each target is equivalent 
to an average dose of about 90 X 103 Gy, which is about 
3000 times a typical dose delivered to a patient during a 
treatment. 

After the irradiation the targets were quickly trans
ported to the PET scanner, a Siemens ECAT 951/31, 
calibrated in absolute terms with 68Ga and 18F sources. 
The axial range of the tomograph is divided in 31 image 
planes with a slice thickness of 3.375 mm. The position 
resolution of the scanner is 6 mm FWHM. 

In Fig. 1 a measured activity distribution, projected 
on a horizontal plane, along the image planes is shown. 
The plane nr. indicates the axial position. 

MELAMINE 

-17 kBq/mm2 

plane nr. ---> 

Fig.I. Distribution of proton induced activity in 
Melamine, in axial (=plane nr) and lateral direc
tion. The vertical scale indicates 17 kBq/mm2

• 
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I: Poly-Eth.-Glycol after 
irradiation 

I: Poly-Eth.-Glycol start PET 
scan 

plane nr 

II: MELAMINE after 
irradiation 

II: MELAMINE start PET 
scan 

plane nr 

Fig. 2. Measmed lle (dashed lines) and 13N ac
tivity (dotted lines) as function of plane ru, at the 
beginning of the PET scan (bottom) and imme
diatly after irradiation (top). 

The measurement of the activity distribution in tar
get I started 20 min. after the irradiation and for target 
II 30 min. after irradiation. During 30 minutes, for every 
plane, 30 time intervals of 1 minute were measured and 
the measured intensity was corrected for 11e-decay. At 
the beginning of the scan the coincidence count-rate from 
target I was 22 x 103 s-l and from target II: 18 x 103 s-l. 

s. ANALYSIS 

By measuring the lateral width of the activity distri
bution in each plane the spreading of the beam has been 
examined. No significant increase of the beam dimension 
has been detected. 

By following the count rate as a function of time, 
the total activity can be separated in the contributions 
of11e and l3N. This has been done for each image plane. 
In Fig. 2 these contributions and the total activity are 
shown as they were at the beginning of the PET scan 
(bottom) and extrapolated to the end of the irradiation 
(top ). 

As can be seen in Fig. 2, the contribution of l3N has 
quickly vanished. This also results in a change of the 
shape of the total intensity versus plane nr. Although 
the l3N-production in target I is almost negligible, the 
two reaction channels (i.e. the l60(p,2p2n) and l60(p,a) 
reactions) show up clearly as the two little peaks at plane 
11 and plane 17+18. 

The integrated total activity at the beginning of the 
PET scan was: 
target I : 5.1 MBq ( 5.0 MBq lle + 0.1 MBq l3N ) 
target II: 4.1 MBq ( 3.4 MBq 11e + 0.7 MBq 13N ) 

Correcting for the different life times, this yields im
mediatly after a real treatment with 55 MeV protons the 
following coincidence count-rates: 

Dose=30 Gy: Target I: 15 s-1 and Target II: 25 s-l. 

In a low background situation, as is the case for 
these PET studies, these count rates can be sufficient to 
be used for on-line analysis of the beam position. 

4. MODEL CALCULATIONS 

Energy dependent cross sections of the possible re
actions producing 11e and I3N have been obtained from 
refs. I - 4) . Taking into account the energy loss of the pro
tons along their trajectory an estimation of the activity 
as a function of plane nr. (z) can be made. In Fig. 3 
the calculated activities and the doses are shown as a 
function of z for the two targets. A Gaussian shaped 
position-resolution function has been folded into the cal
culated activity curves. The curves shown in Fig. 3 are 
calculated for the moment where the PET scan starts, 
where the difference in half-lifes has been taken into ac
count. 

Since the Bragg peak in the dose distibution cannot 
coincide with a large cross section for nuclear reactions, 
this part of the trajectory cannot be mapped with this 
method. However, for energies larger than the reaction 
threshold (approx. 10 MeV in Melamine and 15 MeV 
in Poly-ethylene-glycol, the cross sections show a rather 
flat continuum, and so does the activity distribution for 
low z. 

It can be seen however, that there is a strong dis
agreement betwee~ the calculated and measured activ
ity at the end of the trajectory in Melamine. Due to 
the large values of the cross sections of the 14N(p,a)l1e 
reaction below 20 MeV, according to ref.,2) the calcula
tion shows an increase of activity at high z, while Fig. 2, 
shows a decrease at high plane nr. However, for the lower 

11 d 13 . 't' plane nrs the overall shape of the e an N activi les 
is in agreement with the data. 
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Fig.3. Calculated activity distributions in Poly
ethylene-glycol (top) and Melamine (bottom). 
lIC: .... , uN: - - - and total activity:-. The 
dose, indicated with - - - - -, is also shown in the 
figure. 

Integration of the total induced activity as calcu
lated, gives at the start of the scan: 
target I : 6.2 MBq ( 5.9 MBq llC + 0.3 MBq iaN) 
target II: 6.4 MBq ( 5.3 MBq llC + 1.1 MBq iaN) 
Considering the uncertainties in the cross sections, these 
calculations are in rather good agreement with the data. 

5. CONCLUSIONS 

The radioactivity induced by proton beams in 
tissue-like (=consisting mainly of C, Nand 0) mate
rials can be measured accurately by means of PET. It 
is expected that also the rather low amount of activity 
created during a therapy treatment can be detected with 
sufficient accuracy. Especially the region preceeding the 
Bragg peak in the dose distributioll can be monitored 
quite well with this method. However, for the determi
nation of an accurate Activity-Dose relation more data 
on the reaction cross-sections below 25 Me V is necessary. 

We found that the calculated total amount of activ
ity is in rather good agreement with the data. 

We have shown that a dynamic PET study gives 
an accurate insight in the concentrations of the different 
types of positron emitters. 

This work was performed as part ofthe research pro
gram of the "Stichting voor Fundamenteel Onderzoek der 
Materie" (FOM) with financial support from the "Ned
erlandse Organisatie voor Wetenschappelijk Onderzoek" 

30 (NWO). 
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ABSTRACT 

By making use of the published cross section data 
and the range-energy tabulations, we have calculated 
neutron yields from carbon under bombardment with 
protons, deuterons and alphas of up to about 23 MeV. 
This data would help in estimating the neutron 
background/contamination when carbon is used as a 
backing/dumping material in cyclotrons while producing 
fast neutrons for therapy or other applications. 

1. INTRODUCTION 

Due to its extraordinary stability (temperature, 
nuclear, etc) carbon is an excellent material for 
"target-backings", "beam-dumps" and collimators for 
neutron producing reactions in cyclotrons at high beam 
intensitIes. However, for utilising the full potential of 
carbon in the aforementioned applications it is important 
to estimate the neutron productions from carbon under 
bombardment with charged particles of different energies. 
This information is not conveniently available from the 
literature. 

In our programme on neutron production from 
different elements under charged particle bombardment we 
have already estimated the neutron output from all the 
elements with Z = 20 to Z = 92.1) This data is now being 
extended to lower Z elements. In this paper we are 
presenting the neutron output from carbon under 
bombardment with protons, deuterons and alphas of up to 
12,20 and 23 MeV respectively. 

2. THEORY AND METHOD 

As shown by Chaudhri et al,2) the neutron output 
from a thick target under bombardment with a beam of 
charged particles of atomic number z and energy E (MeV) 
is given by 

A = f (NA/W) . (6.25/z) 10121 (JE( -dE/dx)-ldE 

where 

f 

W 

the abundance of the isotope in the target 
which is undergoing nuclear transformation to 
produce neutrons 

the Avagadro's number 

the atomic weight of the target nuclide 
producing neutrons 

the incident energy of the charged particle beam 

Eo the lowest energy for which any appreciable 
number of neutrons would be produced 

the current in microamperes of the incident 
charged particles beam falling on the target. 

(JE Cross sections of the neutron producing nuclear 
reaction at energy E. 

dE Stopping power of the target for the charged 
dx particle beam. 

To evaluate the neutron yield equation the cross 
section and the stopping power data is requir,ed. The cross 
sections at different energies are obtained from the 
literature and the stopping powers for different elements 
from the tabulations of Williamson et al.3) The cross 
sections for deuterons is taken from Brill and Sumin,5) and 
for alphas from Black et al. 6) Due to non-availability of 
proton cross sections the neutron yields from Bair et al 
have been modified. 6) 

3. RESULTS AND DISCUSSION 

a) Protons on Carbon 

Total neutron yield obtained by bombarding an 
"infinitely" thick target of high purity natural carbon, with 
protons from 4 - 12 MeV, is shown in Fig.!. This curve 
is produced by slightly modifying the neutron yield data of 
Bair et aI, 6) as the c(p, n) cross section is not conveniently 
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available. Since the 12C(p, n) threshold is above 12 MeV, 
12C does not contribute to the neutron yield and most of 
the neutrons are produced by BC present in natural 
carbon. To estimate neutrons at 0 degree or in any given 
direction, on could assume an isotopic angular 
distribution, and calculate the desired yield as an 
approximation. 

b) Deuterons on Carbon 

Total numbers (4n:) of neutrons produced from a "thick" 
12C-target under bombardment with deuterons of up to 20 
MeV as shown in Fig.2. As mentioned already the cross 
section data for this curve has been taken from Brill et 
aI, 5). From this yield curve the total thick target neutron 
yield at any desired deuteron energy can be directly read. 
This curve can also be applied to estimate the neutron 
output from "semi-thick" targets of known thickness in the 
following way. The total neutron yield at the energies, at 
which the deuteron beam enters and leaves the 
"semi-thick" target are read from the yield curve. The 
difference between the two values is the neutron output 
from the "semi-thick" carbon target. Here again, if one 
wants to estimate the O-degree yield, or yield at any other 
desired angle, one has to assume an isotropic distribution 
to get approximate estimates of neutrons in that direction. 
Please note that unlike the Carbon plus proton data, all 
the data in Fig.2 refers to 12C and not a natural Carbon 

40 
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target. Moreover, the neutron yield is given for a 
10IlA deuteron beam. As is expected the deuteron 
beam produces many more neutrons from 12C target than a 
proton beam of similar energy would produce even from a 
natural carbon target. 

c) Alphas on Carbon 

Total (4n:) neutron yield produced from a "thick" 
target of 100% 12C, under bombardment with alphas of up 
to 23 MeV are shown in Fig.3. The cross section for this 
yield curve has been taken from the data of Black et al. 6) 

The neutron yield is given for a 10IlA alpha beam. 

4. SUMMARY 

Total neutron yields from thick Carbon targets 
(natural carbon for protons but 100% 12C for deuterons 
and alphas) under bombardment with protons, deuterons 
and alphas of up to 12, 20 and 23 MeV respectively are 
presented. From these total yield curves neutron yield in 
any desired direction can be approximately estimated. 
Moreover, the thick target yield curves are also suitable 
for estimating yields from "semi-thick" targets. This 
information would be helpful when estimating the neutron 
background contamination from Carbon backings of 
neutron producing targets, Carbon collimators and Carbon 
beam dumps. 

Proton Energy (MeV) 

Fig. 1. Total neutron yield from the 
bombardment of a thick natural 
Carbon target with protons. 
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BIOMEDICAL FIELDS - CHARGED PARTICLE ACTIVATION ANALYSIS 
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ABSTRACT 

Activation analysis of biomedical materials is 
another important and useful application of modern 
cyclotrons. Various methods and theories of charged 
particle activation analysis are discussed and some 
practical examples are given. Activation sensitivity 
curves, for one-particle-emission reactions through proton, 
deuteron and alpha bombardment of any element with 
Z=20 to Z=92 in a tissue matrix are given for 
bombarding energies of up to 35 Me V. 

1. INTRODUCTION 

Production of short-lived neutron deficient radio
isotopes for diagnostic studies is by far the most 
commonly used application of medical cyclotrons, and 
almost all such cyclotrons are engaged in this activity. 
However, there are other important applications of 
cyclotrons in medicine and biology which are also being 
pursued successfully in many cyclotron establishments 
around the world. These are production of fast neutrons 
for therapy, and activation and reaction analyses using 
accelerated charged particles and neutrons. The neutron 
therapy aspects of cyclotron applications has been recently 
described by Chaudhri 1). In this paper, we are presenting 
some of the analytical applications of cyclotrons - that is 
the elemental analysis of biological materials with 
cyclotron produced beams of charged-particles. 
Activation analysis of biomedical material with cyclotron 
produced fast neutrons is described in another paper of the 
Proceedings. 

Particle induced X-ray emission analysis (PIXE) is 
another accelerator based analytical technique which is 
commonly used for trace element analysis. However, 
small accelerators (Van de Graaffs, etc), rather than 
cyclotrons, are generally used for PIXE. With this 
method most elements heavier than F can be conveniently 

determined with detection limits of a few ppm. The 
sample preparation for PIXE analysis is relatively simple 
and small quantities of the sample are required. A great 
deal of useful work on the analysis of biomedical samples 
can be carried out, and in fact has been carried out, with 
PIXE. However, there are many elements of interest in 
biomedical fields which cannot be conveniently, or at all, 
determined by PIXE as it is not sensitive enough. 
Furthermore, for elements lighter than F, PIXE is not 
practical. 

Charged particle activation analysis (CPA), using 
modern cyclotrons, tend to overcome the shortcomings of 
PIXE. With CPA not only elements lighter than F can be 
determined but also sensitivities of as low as ppb can be 
achieved in favourable circumstances. Furthermore, 
certain elements, such as AI, Si,. Ti, Cd, TI, Pb, Bi, etc., 
which cannot be conveniently or at all determined with 
slow neutron activation analysis (by far the most 
commonly used nuclear analytical method) can also be 
measured with CPA. In this paper the technique of 
charged particle activation analysis of biomedical 
materials, using cyclotrons, is described. Different 
theories of CPA and some examples, where this method 
has been successfully applied, are presented. The 
Activation Sensitivity Curves, for the detection of most 
elements with atomic numbers between 20 and 90 in a 
tissue matrix, when activated with proton, deuterons and 
alphas of up to 35 MeV and one-particle emission 
reactions, are presented in graphical form. Full 
comprehensive data, including two and three particle 
emission reactions, would be published elsewhere.) 

Although there are many papers in the literature on 
CPA, including a recent book by Vandecasteele,4) most of 
the authors deal with metals and semiconductors and not 
with biomedical samples. In fact, Vandecasteele devotes 
only a few lines in his book on CPA as applied to 
biomedicine.4) 
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2. CHARGED PARTICLE ACTIVATION ANALYSIS 

As already mentioned CPA using a cyclotron 
offers many possibilities for carrying our trace elements 
determination in biomedical material. Up until now 
mostly protons have been used for CPA, though other 
projectiles, such as deuterons, He-3 and He-4 particles, 
offer a great deal of potential too. However, unlike 
neutron activation analysis, there are a number of practical 
difficulties in CPA which has to be overcome. These are: 

i. Energy loss and heat generation: The charged particles 
lose their energy rapidly in the biological material thus 
generating a great deal of heat in a small volume and 
damage the sample. This effect/damage can be minimized 
by cooling the sample,5) and or by mixing the sample 
(usually dried and powered) with analytical grade graphite 
powder to conduct away heat. 

ii. Simultaneous or controlled similar irradiation of the 
sample (to be analysed) and the "standard" (with known 
trace elements composition) is required. This can 
generally be achieved by keeping the irradiation conditions 
(energy, current, etc) stable during irradiation and 
monitoring the beam carefully. Simultaneous irradiation 
of the" standard" and sample can also be accomplished by 
mounting the two on a special holder and rotating the 
holder at a constant speed during irradiation. In this way 
both the standard and sample are bombarded with identical 
amount of charged particles. 

iii. The trace element which is being determined has to be 
;uniformly distributed in the sample to be analysed. This 
condition is generally met in biological fluids while for 
organs the sample is freeze dried and/or ashed, and then 
homogenized. 

iv. A knowledge of the major constituents of the matrices 
of the sample and the 'standard' is required in order to 
calculate the range of charged particles in them for 
estimating the activation depths. 

As shown by Chaudhri et al,6) the induced activity 
at saturation A, in an element/isotope Y, uniformly 
distributed in a thick sample X, after irradiations with a 
beam of charged particles of atomic number z and energy 
E(MeV), is given by the activation equations: 

E7• 

A:: cf (NAlW) . (6.25/z) 1012 I JO"kdE/dX)·ldE (1) 

Eo 

where c = the concentration of Y in X (in ppm or 
ppb) 

f = the natural abundance of the isotope in 
nuclide Y undergoing nuclear transformation 

NA = the Avegadoo's number 

W 

(J 

dE/dx 

the atomic weight of Y 

the incident energy of the projectiles 

the lowest energy for which an appreciable 
amount of activity in Y would be produced. 

the current in microamperes of the incident 
charged particle beam falling on the 
target! sample. 

activation cross section for the 
element/isotope Y 

the stopping power of the incident charged 
particles in the matrix X. 

The Eq.l can be written as 

A = CKIF (2) 

where K=f (NA/W) x (6.25 x 1012)/z 

t:;.. 

and F = JO"E (-dE/dx) .1dE 
t;() 

The induced activity for any given irradiation time is 
given 

At = CKIF (I-e·1-t) 

where A is the decay constant of the activity being induced 
in Y. 

In order to obtain the values of A for different 
bombarding energies F has to be evaluated at these 
energies. This cannot be done by exact integration as 
neither the 0" nor dE/dx have simple and useful analytical 
forms. Therefore this integral has to be calculated by 
numerical integration. The values of 0"-, the reaction 
cross section, at different bombardment energies can be 
taken from the known excitation functions and those of the 
stopping powers from the tabulations of Andersen and 
Zigler7) Zeigler!). If A is measured experimentally under 
known bombarding and measuring conditions then using 
eqn. U, the value of c the concentration of Y in X can be 
calculated. However, in practice it is generally more 
convenient to use the "comparator method" for activation 
analysis with charged particles as is the case of 
neutrons.In this method a standard thick sample XS is 
irradiated simultaneously or under similar (identical if 
possible) conditions as the unknown sample X containing 
an unknown concentration c of Y. The induced activity in 
the two cases As and A can be related by Eq. 2 as 

As/ A = CsIsFs/CIF (3) 
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which can also be written as 

As/ A = CsQsFs / CQF (4) 

where Qs and Q are the beam charges collected at the 
Standard and sample respectively during irradiation at 
identical or similar beam currents. 

In order to make use of Eq. 4) the integrals F, and 
F have to be calculated for the standard and the sample 
matrices, which is a relatively laborious and complex task. 
To simplify this Chaudhri et al6) used some 
approximations and presented a modified equation 

As ::: CsQs (dE/dx) 
A CQ (dE/dx)s (S) 

where (dE/dx)s and (dE/dx) are the stopping power values 
for the standard and the sample at the mean energy (Ei + 
Eo)/2. 

They showed, though extensive calculations, that 
more accurate results could be obtained with Eqr.S than 
with previous approximations. 9) 

Using Eq.l, we have calculated the activation 
sensitivities of all the elements with atomic numbers 
between 20 and 90 assumed to be uniformly distributed in 
a tissue matrix, by bombardment with protons deuterons 
and alphas of up to 34 MeV. The results for a "thick" 
biological sample (tissue matrix) and for one particle 
emission - reactions are shown in Fig.1 and 2. The results 
for 2 and 3 particle emission reactions and for other 
matrices would be published elsewhere. 3) 

Thick target activation sensitivities can be read 
directly from the "Activation Curves" at given irradiation 
conditions. These curves can also be applied to thin 
samples of known thickness simply be taking the 
difference between activation sensitivities at the energies 
at which the charged particle beam enters and leaves the 
target sample. 

As already mentioned only a limited number of 
papers have been published on CP A of biomedical 
samples. Most of the studies are confined to the analysis 
of standard reference materials, calculating the minimum 
detection limits and pointing out the potential of this 
method rather than its application to particular biomedical 
problem. 10·14) 

By using protons of I 0-13 MeV at SOOnA - I uA 
intensity and irradiation of up to 1 - 2 hours, detection 
limits of as low as a few ppb to many ppm were obtained 
for many elements. 

Most of the authors have used protons for 
activation analysis. But with modern cyclotrons which are 
equally capable of providing beams of deuterons, He3 and 
He-4 particles, activation with these particles can also be 

carried out. However, again as is the case for proton 
activation analysis, there are very few papers in the 
literature on the applications of these particles on the 
activation analysis of biomedical materials. Deuterons 
and He-3 particles, which are both loosely bound would 
induce many nuclear reactions in most elements 
throughout the periodic table and therefore should be quite 
useful for the purpose of activation analysis. ;However, in 
practice this is not the case and relatively fewer (compared 
to protons) activation analyses have been carried out with 
d + He-3. Perhaps, one of the main reasons could be that 
these particles produce positron activities from many 
elements/isotopes, thus involving the complex task of 
separating a number of exponentials with different half 
lives, if radiochemical separation was to be avoided. 

As early as the mid sixties Ricci and Hahn 9) promoted 
the idea of activation analysis with 18MeV He-3 particles. 
For a number of elements they determined the sensitivities 
of detection, both experimentally and theoretically, with 
good agreement between the two methods. Sastri et ailS) 
used 14 MeV He-3 beams for activation analysis of a 
number of elements with Z between 12 and 47. For 
irradiation time of 1 hour or 1 half life of the product 
nuclides (which ever is shorter), at 21lA they calculated 
the detection limits to be 

1 - SO ppb for AI, Ti, V, Mn, Ni, Zn and Nb, 

SO - 100ppb for Mo, 

100 - SOOppb for Mg, Cr, Fe, Zr, Ag. 

Kosmali and Schweihart16) compared the potential of 
20MeV protons and deuterons with 40MeV alphas and 
He-3 particles for activation analysis of medium Z 
elements. Only those product nuclides with half lives 
between 10 min and 3 days were considered. They 
concluded that the protons provided an optimum 
compromise between sensitivity and selectivity. 

Recently we have developed a new method for the 
determination of carbon in dental hard tissue by activation 
analysis with He-3 beams and applied it to study the role 
of carbon in tooth decay. 17) 

3. SAMPLE HANDLING AND TREATMENT 

As already mentioned, unlike neutron activation, in 
CP A a large amount of energy is deposited in a small 
volume in the sample. Therefore, biological material, 
which are predominantly organic, are liable to decompose 
unless appropriate steps are taken to avoid it. Chaudhri et 
a1 5) pelleted the sample, covered it with a thin AI-foil, 
mounted it on a Cu-holder and cooled the sample holder 
and thus the sample with liquid nitrogen. In this way they 
observed that even after I hour of irradiation with 8.S 
MeV protons at up to I uA intensity, there was no 
decomposition and/or deterioration of the sample material. 
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The specially designed container could hold enough 
nitrogen to last for more than a couple of hours. 

Zikovsky et allO) mixed freeze dried biological 
materials, standard reference materials, (SRM) with 
nuclear grade graphite, pressed into pellets and wrapped 
them in AI-foils. They showed that this sort of set up 
could withstand 12 MeV protons at 0.6 uA for 1 hour. 
Cantone et aJ12) pressed freeze dried serum a 0.7 mn thick 
pellet, sandwiched it in a 6um Mylar and an aluminized 
Mylar foil of 30um thickness, and cooled the samples to 
-SoC with freon. They demonstrated that such a system 
could withstand irradiation with 23 MeV proton at 300nA 
for 3 hour. Bonardi et al ll) successfully used high purity 
graphite container in which various SRM's were pressed, 
cooled it with freon, in order to determine Pb by using 31 
MeV protons at 0.5 - 0.6 uA. Besides cooling, and 
mixing the freeze dried biological samples with a heat 
conducting material such as graphitelO) in order to avoid 
the damage to the sample under irradiation, one can also 
use an internal standard in order to compensate for the 
loss of the sample materiall3). 

However, generally speaking it is advantageous to 
mineralize the biological sample either by LT A (low 

>
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temperature ashing) or by careful incineration at 400 -
4500 Naturally some volatile elements, such as Br, Se, 
Hg, etc., would be partly lost, but a considerable increase 
in the sensitivity of detections would also be obtained. 

For example the residual ash is only about 1 % 
referred to the original liquid and about 10% referred to 
the freeze dried sample. 

4. CONCLUSIONS 

It has been pointed out that CPA of biological 
materials, using cyclotrons, is a practical and worthwhile 
analytical method. It has certain difficulties, such as the 
excessive heating of the samples during the irradiation. 
However, as demonstrated it can easily be overcome by 
mixing the samples with graphite and/or cooling the 
sample holder. Good sensitivities of detections for many 
elements (e.g. as low as a few ppb in favourable 
circumstances) can be obtained. Up until now about 15 
elements have been determined in biological materials, 
mostly by proton activation and instrumental analyses. 
This method is specially useful for the determination of 
those elements which can not be detected at all, or with 
sufficient sensitivities with fast neutron activation analysis. 

Fig. 1. The sensitivity curves at satu
ration for all the elements with atomic 
numbers from 20 to greater than 90 act
ivated by protons and alphas of differ
ent energies through the (p,n) 
and (~,n) reactions. 
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A SIMPLE METHOD FOR ESTIMATING ACTIVATION SENSITIVITIES OF 
DIFFERENT ELEMENTS/ISOTOPES WITH CYCLOTRON PRODUCED NEUTRONS 
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Vic. 3084, Australia 

ABSTRACT 

A simple method for estimating the activation 
sensitivity of an element/isotope, activated with Cyclotron 
produced neutrons, has been developed. It uses the 
measured neutron spectra produced by bombarding a thick 
Be target with deuterons of different energies (15-54 Mev) 
and the measured/estimated neutron cross sections for the 
particular nuclear reaction. This method is applicable to 
all sorts of neutron spectra and all the elements/isotopes 
whose cross sections/excitation functions in the relevant 
energy ranges are available. We have applied this method 
to estimate the activation sensitivities of a number of 
lighter elements of biomedical interest. It is pointed out 
that this simple method is much cheaper, more convenient 
and quicker in estimating the activation sensitivities than 
experimental measurements - of course as long as the 
appropriate excitation functions are available. 

1. INTRODUCTION 

Fast neutron activation analysis is specially suited to 
low z elements and to those elements which are difficult 
or impossible to determine by slow neutron activation 
analysis, such as AI, Si, V, Cr, Ni, Cd, Sn, TI, Pb, etc. 
Before choosing a particular fast neutron induced reaction 
for the determination of a given element/isotope it is 
helpful to estimate the activation/detection sensitivity 
obtainable with the neutron beam being used. The 
activation/detection sensItIvItIes of most of the 
elements/isotopes bombarded by neutrons from d-T 
generators have been calculated and/or experimentally 
measured. In this case all neutrons are monoenergetic 
(around 15Mev) and it is simple to calculate the activation 
sensitivity. However, the d-T neutrons are not useful for 
the detection of these elements/isotopes where the 
thresholds of corresponding nuclear reactions are higher 
than 15MeV. Furthermore, the total neutron output from 
such generators is normally around 109 - 10Ion/sec, which 
limits the activation sensitivities. Moreover, the life of 

tritium target is limited to some tens of hours only, which 
means regular expensive replacements of the target if such 
generators are used for activation analysis over long 
periods. 

The aforementioned short-comings of d-T generators 
for activation analysis can be overcome by using fast 
neutrons produced in a cyclotron. Depending upon the 
cyclotron size and the mode of neutron productions, those 
elementslisotopes, which have greater than 15MeV 
threshold energy for activation, can also be determined. 
Moreover, neutron fluxes of around 1012n/sec and higher 
can be obtained in a cyclotron. Also the target life is 
much longer and cost a lot less than that of a tritium 
target. However, the neutrons produced are not 
monoenergetic and therefore the sensitivities of activation 
cannot be calculated so simply. A number of groups have 
experimentally determined activation/detection sensitivities 
of many elements by using neutrons produced with 
cyclotrons of different sizes. 1-4) 

In this paper we describe a simple method which helps 
in calculating the activation sensItIvIty of any 
element/isotope for any known fast neutron beam. Using 
this method, and fast neutrons produced by deuterons of 
different energies on thick Be targets, the results for the 
determination of some light elements of biological interest 
(e.g. C, N, 0, Na, P, Cl, etc) are presented. 

2. METHOD 

Neutrons considered in this paper are those produced 
by thick Be-targets under the bombardment of 100uA 
deuteron beams of 15, 20, 24, 40 and 54 MeV energies 
respectively, through the Be(d,xn) reactions. The spectra, 
measured by different authors but summarized by Schmidt 
and Muenzel,5) are shown in Fig. 1. 

A suitable fast neutron induced nuclear reaction, in the 
elementlisotope whose activation sensitivity is to be 
determined, is selected. The threshold energy of this 
reaction is noted and marked on the neutron spectru Ill. 
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Then as shown in Fig.2 the "effective neutron spectrum 
and flux" are determined. From the "effective neutron 
spectrum" the "effective mean or average energy" En is 
calculated with the following Eqn. 

En = En(NJdE/NEdE 

At the "effective mean energy", the "effective average 
cross section" of the particular nuclear reaction is noted 
from the neutron cross section/excitation function data. 6-7) 

In a similar way the "effective neutron flux" and 
"average cross section" of the nuclear reaction is evaluated 
for all the neutron spectra given in Fig.I. From the 
values the activation sensitivity A, can be simply 
calculated for each of the neutron spectra using the 
following Eqn. 

A Nko-ST 

Where A 

N 

K 

Induced Activity - Disintegrations 
per sec per gm 

Number of atoms of the 
elementlisotope per gm 

Abundance of the isotope in the 
element undergoing transformation 

NUC. REACTION 12C(n,2n)IIC 

98.892 % 

20.5 Min. 

20MeV 

Abundance 

Half life 

Threshold Energy 

Incident 
Energy 
(MeV) 

24 

40 

53.8 

Effective 
Flux 

(n/seclcm2) 

77 X 109 

1304.0 X 109 

3406.4 X 109 

Average 
energy of 
effective 
spectrum 
(MeV) 

21.4 

25.9 

25.7 

TABLE I 

0- Induced 
(m.b) activity at 

saturation 
(d.p.5./-1g l) 

.04 X 102 

9.5 6.19 x 102 

8.5 1.45 x 103 

0-

F 

T 

S 

S 

where A 

= Effective average cross section 

Effective neutron flux n/sec/cm2 

Duration of irradiation 

Saturation factor - which 
approaches unity if the time of 
irradiation is greater than 4-5 times 
the half life of the activity being 
induced. For shorter irradiation 
time 't' 

(l-e-At) 

The decay constant of the induced 
activity 

3. RESULTS AND DISCUSSION 

The results on the induced activity calculations in some 
light elements of biomedical interest are given in Tables 
1-6. The tables are self explanatory. However, it must be 
kept in mind that the induced activity figures are the total 
4n: activity produced, and must be modified for the 
detector solid angle and efficiency when comparing with 
experimental results. 

NUC. REACTION 

Abundance 

Half life 

Threshold Energy 

Incident Effective 
Energy Flux 
(MeV) (n/sec/cm2) 

20 573.5 X 109 

24 945 X 109 

40 3462.7 X 109 

53.8 5385.2 X 109 

14N (n ,2n)!3N 

99.635% 

10 Min. 

12 MeV 

Average 
energy of 
effective 
spectrum 

(MeV) 

13.3 

15.2 

20.4 

23.3 

0- Induced 
(m.b) activity at 

saturation 
(d.p.5./-1g-l) 

3.1 7.61 x 101 

9 3.64 X 102 

11.2 1.66 x 103 

11.3 5.37x 103 

TABLE 2 
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NUC. REACTION 

Abundance 

Half Life 

Threshold Energy 

Incident Effective 
Energy Flux 
(MeV) (n/sec/cm2) 

15MeV 293,3x 109 

20 MeV 1081.4x 109 

24 MeV 2294,5 x 109 

40 MeV 3933,9 x 109 

53,8 MeV 5350,1 x 109 

160 (n, p) I6N 

99,759% 

7,35 sec, 

10,25 MeV 

Average 0' 

energy of (m,b) 
effective 
spectrum 

(MeV) 

11.8 84 

12,2 26 

13,7 45 

19,6 24 

22,8 

TABLE 3 

NUC, REACTION 23Na(n,p)23Ne 

Abundance 100% 

Half Life 38 sec, 

Threshold Energy 4 MeV 

Incident Effective Average 0' 

Energy Flux energy of (m,b) 
(MeV) (n/sec/cm2) effective 

spectrum 
(MeV) 

15 1671.7x 109 7,5 31 

20 2762,6x 109 9,8 50 

24 3124,3 x 109 10,2 20 

40 3930,8 X 109 17.4 22,5 

53,8 6358,6 x 109 21 5 

TABLE 4 

Induced 
activity at 
saturation 

(d, p, So!lg·I) 

9,24 x 102 

1.05 x 103 

3,87 x 103 

3,54 x 103 

Induced 
activity at 
saturation 

(d,P,S,/.lg·I) 

1.35 x 103 

3,61 x 103 

1,63 x 103 

2,31 x 103 

2,3 x 103 

NUC, REACTION 

Abundance 

Half Life 

Threshold Energy 

Incident Effective 
Energy Flux 
(MeV) (n/sec/cm2) 

20 413,8x 109 

24 683,6 x 109 

40 3205,0 X 109 

53,8 5130 x 109 

IIp (n, 2n)lOP 

100% 

2,6 Min, 

12,5 MeV 

Average 0' 

energy of (m,b) 
effective 
spectrum 

(MeV) 

13,5 6 

15 36 

20,6 

23,5 

TABLE 5 

NUC, REACTION 35CI(n, 2n )34mCI 

Abundance 75,53% 

Half Life 32.4 Min 

Threshold Energy 15 MeV 

Incident Effective Average 0' 

Energy Flux energy of (m,b) 
(MeV) (n/sec/cm2) effective 

spectrum 
(MeV) 

15 14,8x 109 15,5 7 

20 193,8x 109 14.4 6 

24 235,6 x 109 17,6 14 

40 2649.4 X 109 22,9 

53,8 4687,7 x 109 22,6 

TABLE 6 

Induced 
activity at 
saturation 

(d,p,q!g'I) 

0.48 x 102 

4,77 x 102 

Induced 
activity at 
saturation 

(d,p,S,/.!g'I) 

0,01 x 102 

0,15 x 102 

0.42 x 102 
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4. SUMMARY 

A simple method for estimating the activation 
sensitivity of an element/isotope, activated with any given 
neutron spectrum is presented. This method is applicable 
for the detection of any elementlisotope, with any neutron 
beam, as long as the respective neutron cross section is 
available in the literature. As fast neutrons cross sections 
on most of the elementslisotopes are available it is 
suggested that this method should be used to estimate the 
activation sensitivities of different nuclides rather than 
experimental measurements which are more time 
consuming and expensive. 

THICK·TARGET NEUTRON SPECTRA FROM BE·TARGETS 

IRAADIA TED WITH DEUTERONS OF DifFERENT ENERGIES 

NEUTRON ENERGY [Me~) 

538Mev 

Fig. 1. Thick-target neutron spectra 
for Be at 15, 20, 24, 40 and 53.8 MeV 
deuteron energies. 
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ABSTRACT 

A cyclotron-based thermal neutron source using the 
Be(p, r:) reaction is summarized, with particular regard 
to basic parameters affecting source intensity and charac
teristics such as bombarding energy, current, moderation 
of fast neutrons and thermal neutron flux, based mainly 
on the experimental results from an existing cyclotron 
of proton energy 18 MeV. The thermal neutron flux in
tensity is estimated based on the commercially available 
high intensity current from an H- cyclotron and com
pared with common neutron sources including nuclear 
reactors. Also, amplification of these thermal neutrons 
using U-235 bundles is estimated. 

1. INTRODUCTION 

One of the practical applications of neutrons is N
ray radiography, which is a non-destructive tool used to 
detect the presence and/or structural nature of mate
rials opaque to neutrons. This technique is similar to 
X-ray radiography in that radiation is passed through 
an object being inspected and an image is recorded on 
photographic film or through real-time imaging on such 
memory devices as magnetic tape, floppy disks or laser 
disks. 

Neutron radiography differs from X-ray radiography 
in that, unlike X-rays, which are increasingly absorbed 
by materials of increasing atomic number, neutrons are 
absorbed selectively by various elements depending on 
the characteristics of the nucleus. 

As a result, neutrons of the correct energy, unlike X
rays, can penetrate heavy metals like steel and lead and 
be scattered by hydrogen-bearing materials like plastics 
or absorbed by specific elements like Gd, Cd, of Boron. 
This technique was initially developed using highly in
tense thermal neutron fluxes obtained from a nuclear re
actor. Its applicability has been tested in aviation de
fense and nuclear industries for pyrotechnic compon~nts 
composite material, nuclear spent fuel and corrosion de~ 
tection of airplane wings (Table 1). 

Table 1. Example of Neutron Radiography 

Pyrotechnics 

Composite Materials 

Turbine Engine 

Electrical Components 

Ceramics 
Nuclear fuel 

Aluminum Structure 

Flow visualization 
Two phase flow 

& Streak line 

Film Method 
: Detonating cord, igniter plug, 

fusing device 
: ERP, FRM, Honeycomb Struc

ture 
Residual core detection of 
turbine blade 
Electrical contact point, potting 
of resin 

: Green body 
Spent fuel detection 
R-T Imaging 

: Corrosion and moisture detec
tion in wing 

: Plastic extruder, Heated water 
NH3 in heat pipe, Freon in refrig

erator 
Streak line of Pb-Bi eutectic metal 

2. CHARACTERISTICS OF A CYCLOTRON
BASED NEUTRON RADIOGRAPHY (NR) 
SYSTEM 

Cyclotron-based neutron sources are not only used 
for fast neutron therapy, but also as practical thermal 
neutron sources for NR. An actual cyclotron system is 
rout!nely o~era~ional at Toyo Works l ) of SHI for charged 
particle activatIOn analysis (CPAA) of ligh t elements like 
B, C, Nand 0, thin layer activation (TLA) for machine 
wear measurement with joint collaboration of KfK and 
irradiation for power transistor and switching devic;s like 
GTOs, IGBTs, power diodes and thyristors. The basic 
prin~iple of a cyclotron-based neutron radiography sys
tem IS to bombard a beryllium target with a proton beam 
of 18 MeV at a current of 50 pA, producing fast neutrons 
of 3.4 MeV through the 9Be(p, n)9B reaction.2) 

A special feature of this cyclotron-based system is 
that it can produce a much larger fast neutron yield than 
the ordinary rather low energy electrostatic accelerator 
syste~s li~e a Van de Graaff system3 ) using 9Be(d, n)IOB 
reactIOn With an energy range of a few MeV, or a tritium 
neutron generator using T(d, n)4He with a 100 kV range. 
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This situation is shown in Fig. 1 which presents the rela
tion between fast neutron yield and bombarding energy 
specially for the compact cyclotron energy region with 
Be(p, n) and Be(d, n). Much more needs to be said here 
about the various energies of fast neutrons from these 
accelerators and the ability to moderate them, as the 
neutron energy of most interest is in the thermal region 
of 0.025 eV, in order to obtain good contrast in the ra
diograph images. Also, most elements have a maximum 
scattering cross section which serves to enhance the con
trast for different elements in the actual object. 

Thermalisation is achieved in this system by elastic 
and inelastic scattering processes with hydrogen atoms 
contained in the moderator, which in this system is con
stituted from polyethylene. This moderation process is 
similar to that in a nuclear reactor, but the small size of 
t4e neutron source requires special consideration. The 
thermalized neutrons are extracted from the moderator 
with some beams lacking definition, which causes poor 
edge definition due to penumbral shadow. The neutron 
current is required to be nearly parallel for use with thick 
specimens. The neutrons are collimated by passing them 
through a divergent type of collimator characterized by 
L/ D where L is the length and D the entrance diameter 
of the collimator. 
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Fig. 1. Fast neutron yield from thick Be and Li targets 
bombarded by protons and deuterons versus average energy 
for Be(p,n). 

When one requires a small penumbral shadow, its 
width is related to the height of the object (h) by Eq. 1: 

w = h/(L/D) (1) 

Larger L/ D is realized at the sacrifice of the neutron 
flux current (J), which is shown generally to vary as the 
inverse square of L/ D (Eq. 2) . 

J /1; = 1/16(L/ D)2 (2) 

Then the use of a collimator with large L/ D requires long 
exposure time and is not practical in actual operation. 
So, optimization for good images and shorter exposure 

times is very important for the design of the system. The 
neutrons incident on the object and passing through it, 
impinge on a converter screen and are converted to an
other form of radiation such as photons for a fluorescent 
converter or electrons for a Gd film converter, which then 
exposes a silver halide film. Usually it requires a large 
fluence for the Gd converter, plasma sputtered on an alu
minum film, but excellent image quality can be obtained. 
With a small neutron beam current, a long exposure is 
usually required. Fluorescent converters like LiF-ZnS,4) 
activated with Ag or Gd02S (Tb) are mostly used for 
real-time imaging coupled with a nocturnal TV camera. 
In Fig. 2 the sensitivity of various types of converter is 
shown using a film exposure method for the film density 
versus the neutron fluence. 

3.0 

/ 

I 
-I 
I 

I 

~ 2.0 / 
/ 

/ '" "t: 

'" o 

E 
u. 

Gd,O, S / 
~/ 

/ 
./ 

I 

Film: Fuj i Softex FG 

/ 

OL-~ __ ~~~I __ ~ __ ~~~ __ ~ __ L-~, ~,~I __ ~ __ ~ 

10' 10' 10' 10' 

Total ~eutron Fluence (n/cm') 

Fig. 2. Sensitivity of several neutron converters using either 
the Li(n, a) or the Gd(n, ,) reaction emitting 70 keY internal 
conversion electrons . 

Table 2. Characteristics of the Cyclotron-based NR Facility 
at SRI 

Cyclotron : Pblel 370 
Particle & Energy : proton 18 r!eV. deuteron 10 P1eV. 3He 24 P1eV 

Current (lIIax): 50 p. A 
Nuclear Reaction :9Be (p.n)9a 
Pblerator : High density polyethylene at inside 

Dililension : 700 an cube( 400 on cuRe.) 
Coll illlator : Borated polyethylene(~ :1 0X) 

Extraction : DoIInIIard and horizontal direction 
LID : 32. 44(32). 74 • Field size : 14" x 17" 

Neutron flux Horizontal Vert i~l 
at LID = 44 : 1.7xl06 1.0xl06 n/Clfls~ 
Cd rat io : 4.2 nl r rat io : 1.5 x 10 n/r;rr(2/IR 

Neutron Canponent by ASTlI 545-81 Beam Purity Indicator 
Therlllal neutron content(X) : 65 .3 (48.1). HorizontaUVerticall 
Scatter (X) : 0.5 (B.l) 
r ray content (S) : 3.7 (1.3) 

Pair creat ion m : 3.2 (1.9) 

*( ) is obtained frill the IIIIbra shadO\/ lllethod of ASTlI E803-B1. 
ofi III : Kodak SR with 25 p. Gd converter 
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2.1. Cyclotron-based Neutron Radiography Fa
cility 

A typical example of a cyclotron-based neutron ra
diography facility is shown in Fig. 3. In this facility 
two neutron radiography ports are provided for efficient 
beam utilization. The neutron beams emerging from the 
target are directed mostly forward so that vertical beams 
are collected from the beams directed downwards from 
the stochastic collisions of the thermalisation process. 
Therefore the vertical beam port provides more thermal 
neutrons than the horizontal port. In practice, handling 
the object material is more convenient for the vertical 
port, as the objects are simply placed on a film cassette. 

~·./r1 
/rt 

1. CYCLOTRON 
2. I'IlDERAIDR r. TARGET 

4 

3. mLLJ~TOR 
4. DARK 1m r. 1V CMERA 
5. FI IJI CAS SErTE 

Fig. 3. NR Facility at Toyo Works of SHI. 

2.2. Therlllal Neutron Enhancelllent In the 
Moderation Process 

The typical flux obtained is shown in Table 3, where 
we compare several cases of our improvements to the 
moderation process by decreasing the target diameter 
from 4>120 mm to 60 mm and changing the modera
tor material from normal to high density polyethylene, 
where the hydrogen content was 8.0 and 8.3 x 1022 per 
cc. The smaller target space contributes a large flux 
increase of 110% and the use of high density polyethy
lene gives 36%, resulting in an overall improvement by 
a factor 2.8; but vertical extraction is 62% of horizontal 
extraction and further improvement is necessary. 

Table 3. Thermal Neutron Flux Ratios (%) for L/ D = 44 

Collimator End Direction 
High/Normal Polyethylene 
Target </>60/120 mm 

Horizontal 
136% 
210% 

Vertical 
120% 
145% 

Also, this targetry and moderator system was ini
tially tested with 17 Me V and 30 Me V protons at Tohoku 
University.5) The thermalization efficiency for each sys
tem is compared where the thermalization factor is de
fined as the ratio of source yield (neutrons/sec) to the 
peak thermal flux (neutron /cm2 .s) in a given modera
tor. A typical example6) gives a value of 40 for Be(p, n) 

with 2.8 MeV protons and 300 for Be(d, n) with 2.8 MeV 
deuterons, as summarized in Table 4. 

Table 4. Example of Thermalisation Factor for Be(p, n) and 
Be(d, n) 

Energy Source Thermalisation Remarks: 
(MeV) So(n/ /LC) Factor Target diameter 

+ Materials 
p 3.2 1011 40 M.R.Hawkesworth6) 

d 3.2 300 » 

p 17 0.93xl011 ",940 </>120+Normal Poly. 
p 18 1.06xl011 1040 » 

» » 1040 » 

» 880 » 

» 660 </>60+Normal Poly. 
» 590 4>60+High Density 

Poly. 
p 30 3.26 ",990 </>120+N 

3. THE IMAGING SYSTEM AND ITS QUALITY 

For real-time imaging the neutron radiography im
age is converted to a TV signal and digital imaging pro
cessing can then be used for construction of the final 
image. One example of imaging is shown in Fig. 4a and 
4b, where a single TV frame with a real time of 1/30 
second, and its image integration over 256 frames, are 
presented, respectively. 

Fig. 4a. One TV frame image of real-time neutron radiograph 
of turbine blade at neutron flux of 1.IxI06 n/cm2 /sec, with 
LiF-ZnS converter (A4 Kasei Opto. Inc.) and SIT TV camera 
(Tokyo Electric Co.) with RCA 4804 SIT tube. 

From Fig. 4a the neutron radiographic image looks 
as if it is composed from dot points and requires great 
neutron flux density for noise suppression; actually, as 
shown in Fig. 4b, with 256 frames of image integration, 
a digital image of 512 x 512 pixels can be achieved with 
8-bit gray levels. A single pixel corresponds to 0.38 x 
0.33 mm2 in Fig. 4. If the neutron flux is 106 n/ cm2 /sec, 
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one pixel receives only 42 neutrons for one NTSC system 
frame of 33 msec. Statistical analysis of the gray level for 
a definite domain of pixels showed that the noise appear
ing in the raw image of Fig. 4a can be explained well by 
neutron fluctuations due to Poisson statistics?) If one 
integrates 256 frames, the fluctuation decreases to 1 % as 
shown in Fig. 4b, corresponding approximately to 8 X 

106 n/cm2 fluence. This value gives a film density of 3 
in Fig. 2 for the fluence versus film density curve for the 
LiF-ZnS converter that was used for this R-T imaging. 
Here we can conclude that 107n/cm2 fluence is a crite
rion for obtaining good neutron radiography images, but 
images with a few 106 n/cm2 fluence level can be recon
structed by digital local filtering techniques like median, 
contrast stretching, fast Fourier method etc. 

Fig. 4b. Image integration of 256 frames of Fig 4a . 

4. NEUTRON RADIOGRAPHY EXAMPLE 

We have conducted many real-time imaging exper
iments on flow visualization as shown in Table 1. One 
of the real-time NR applications is the visualization of 
streak lines in liquid metal, as used for the coolants of 
highly dense heat sources like fast fusion reactors, nu
clear fusion reactors, etc. Here we applied real-time NR 
imaging for visualization of Pb-Bi eutectic metal using a 
Cd-Au tracer and a Cd dye method. This eutectic metal 
target is considered as one of the candidates for a neu
tron spallation target where the cooling is designed to 
occur by natural convective flow. 8 ,g) As this target is 
intended for use with a highly intense 1 rnA beam of 590 
MeV protons, any turbulence or dead space in the flow 
may be crucial for the cooling. Observation of the streak 
line is difficult except by NR, as light and X-rays are not 
opaque for the metal. A neutron radiograph of the Cd
Au tracer is shown in Fig. 5a, where we made a forced 
flow of the Pb-Bi, melted at 125°C, from the upper of 
wall (left) to the center of the hill , in a two-dimensional 

model of the target, simulating the convective flow of the 
actual target, where the beams hit the bottom from the 
down to the up direction. The tracer is prepared with 
82 .6% gold content to be the same density as the Pb
Bi (10.5) with a shape of few mm length. The arrow 
lines show the tracers of Au-Cd. Figure 5b shows the 
streak-lines drawn by tracing the video-tapes of every 
movement of the tracers by the use of two gray levels of 
image processing. 

Fig. 5a. Visualization of tracers of A UJ Cd in liquid Pb-Bi 
eutectic metal. 

5. CONCLUSION AND FURTHER POSSIBILITY 
FOR AN ACCELERATOR SOURCE 

We have described a cyclotron-based thermal neu
tron source using the (p, n) reaction on a beryllium tar
get, together with some examples of NR imaging. H
cyclotrons have been recognized for their production of 
high-current proton beams up to the 1 rnA level while 
maintaining stable operation. For efficient moderation 
of fast neutrons the energy of an H- cyclotron should 
be in the 22 MeV energy range. Here we simply extend 
our 18 MeV cyclotron-based source to 22 MeV by esti
mating the target yield from Fig. 1 and assuming the 
same thermalization factor of 600 as at 18 MeV (Table 
4) . If we can design a target resisting 22 kW heat loss, 
the thermal neutron flux will reach that from a small re
actor - 5 x 106n/cm2 /sec with a L/ D=100 collimator. 
Also, the neutron flux with a subcritical multiplier, fu
eled with U-235, gave a multiplication factor of five in 
the previous study.1) If we use this multiplier for the 
cyclotron source, the thermal neutron fluxes are at the 
same level or exceed those from the TRIGA reactor. The 
conceptual arrangement ofthe target, moderator and the 
uranium bundles is shown in Fig. 6. We summarize these 
results in Table 5 for comparison with another type of 
intense neutron source. 
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Fig. 5b. Streak lines drawn by movement tracers of Au3 Cd 
in Pb-Bi eutectic metal in a forced flow from the left of the 
upper wall to the center of the target. 

700 M::..;M~ ____________ ~' - _I 

Fig. 6. Concept of amplification of neutrons using uranium 
bundles and a target. 

Table 5. Comparison of typical thermal neutron source 

Source Characteristics LID Source Flux Output Flux Remarks 
(n/sec) (n/cnf/sec) 

D-T Sealed Tube 225 kY 12 4xl0ll 
RFQLinac p3.9MeY, 1 IlIA 24 1.3xl012 

Van de Graaff d 3MeY, 300 jJ. A 30 2.6xl09 

TRIGA Reactor 250 kW 100 1 Q 13 
(n/cnfwc) 

Cyclotron p 18MeY, 50 jJ.A 325.3xl0 
p 22 MeY, 1 MA 100 1.6xl0 14 

• 100 • 

2.5xl05 10) 
3Xl06

5 
AccSys Catalog 

3xl~ 3) 
lxl0 

1.7xl06 H+ extraction 
5xl0o H- • 
2xl07 U mult ipl ier2)* 

* Assuming a factor five multiplication with water moderator, 
presuming the normal polyethylene and water are equivalent 
for thermalization factor. 
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EXTERNAL HIGH CURRENT TARGETRY FOR RADIOISOTOPE PRODUCTION 

N.R. Stevenson and W.Z. Gelbart 
TRIUMF, 4004 Wesbrook Mall, Vancouver, 

B.C., V6T 2A3, Canada 

ABSTRACT 

A prototype high current 12 kW (400 J-lA at 30 MeV) 
solid target system for radioisotope production has been 
constructed for use with the new TRIUMF /EBCO TR30 
cyclotron. Improvements in target body design and con
struction allow a surface area of 43mmx 100mm for plat
ing target materials which are kept below 160°C during 
the irradiation process. The existing 6kW system em
ploying pneumatic transfer and remote controlled ma
nipulation of the target and shuttle requires very few 
changes to incorporate this upgrade. With such increases 
in target current limits the potential of the new breed of 
cyclotrons, such as the TR30, can be more fully utilized. 

1. SOLID TARGET SYSTEMS AT TRIUMF 

Two commercial compact cyclotrons exist at TRI
UMF for the prod uction of radioisotopes, PET research, 
etc. A large part of this production proceeds on "Solid 
Target Systems" (STS). These systems irradiate plated 
materials on a water cooled target body (for more details 
of the technology involved see Ref. [1 ,2)). 

The traditional targets used for the STS are shown 
in Fig. 1. The beam is deliberately diffused over the 
active surface area (",30 x 70 mm) by a combination of 
magnetic defocusing and by aligning the horizontal axis 
of the target at 7° to the beam to produce a 1:8 mag
nification factor . Under these conditions the targets are 
capable of accepting a proton beam up to 200 J-lA at 30 
MeV (6 kW). Water cooled collimation systems, placed 
immediately before the target, are responsible for the 
well defined edges of the irradiated plate surface. Under 
this arrangement, these targets routinely receive almost 
200 J-lA while spilling less than 40 J-lA on the collimators. 
The surface temperature of the targets stays below 140° 
if sufficient water flow (15 litres per minute) is main
tained . 

The targets are transferred to the target stations 
from the hot cells along pneumatic transport systems. 
Targets are briefly placed within carriers ("rabbits") for 
the journey. At each target station, a manipulation sys-

tern removes the target and places it in a vacuum box 
connected to the beamline. Cooling water is connected 
to the target through the manipulator arm which holds 
the target securely in place during the irradiation pro
cess. An O-ring, placed around the body of the tar
get, seals against a flange on the vacuum box. After the 
the pump-down procedure (typically taking 10-15 mins) 
the main beamline valve is opened to the target station 
and the irradiation can proceed. This procedure is re
versed to return the irradiated targets to the hot cells for 
processing. Complete remote operation of the system is 
achieved with a programmable logic controller. 

TARGET CATCHER 

O-RING 

TARGET CAP SCREW 

BODY 

TARGET FACE 

Fig. 1. A 200J,lA target used on the TRIUMF STS . 

Over the years minor improvements to this system 
have been made. Choices of materials and electrical com-
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ponents that are more radiation resistant have reduced 
the repair/maintenance requirements. Shortcomings, in
herent to the original system, have been ironed out one
by-one. For example, the original design incorporated 
O-rings for sealing the cooling water on the manipulator 
head. This necessitated a routine replacement every two 
weeks since these items were very susceptible to radiation 
damage at this location. New targets now incorporate 
these O-rings on the targets and are changed routinely 
during the target preparation. 

While work continues towards ever improving this 
target system it became obvious to us that an absolute 
limit had been reached with regard to beam current on 
these targets. Because of the thin silver face of the target, 
necessary to conduct heat efficiently, the water pressure 
has to be kept at no more than 6 bars to prevent any 
bulging of the material. Cooling power and beam cur
rents are therefore limited to about 6kW or 200 JJA at 30 
MeV on these targets. Since modern cyclotron systems 
can deliver much more than this it is highly desirable to 
have targetry that can accept these higher powers. 

2. HIGHER CURRENT TARGETRY 

Methods of increasing the power rating of targets in
clude moving the beam over surfaces or having rotating 
targets. A much simpler method, in principle, is simply 
to increase the target surface area and water cooling re
quirements. For our system this has the advantage of 
minimizing the changes required to the existing hard
ware (only three components have to be modified - and 
these can all be accomplished in situ). 

Figure 2 shows the prototype 12kW solid target as
sembly [3]. Here we have maximized the target surface 
area available for irradiation (43 x 100 mm) while keeping 
the target body still within the geometrical limitations 
of the present rabbit system for transportation. Water 
cooling requirements have been doubled to allow corre
spondingly higher power levels. The beam incident on 
the target face is diffused to twice the area thereby keep
ing the collimator to target ratio the same. The power 
density remains the same at the centre of the target. 

Another specific improvement is to the target body 
material which we have constructed from aluminum 
(rather than the traditional copper) so that the new tar
gets are in fact lighter (500 g) than before and are not a 
problem for the pneumatic transfer system. Aluminum 
is also a better choice of material in terms of residual 
radiation after radioisotopes have been produced. The 
aluminum is soft soldered to the silver target face after 
the aluminum body is copper plated. A central rib is 
connected between the target silver face and the body. 
This gives added strength and an additional route for 
cooling to the target. 

The remote manipulation of the target on the 6k W 
targets involves grasping and locking onto a target "nip
pIe". Due to the geometrical limitations of the new tar
get design, the nipple has been replaced by an insert as 
shown in Fig. 2 with the corresponding changes to the 

manipulator head. 
Tests with modified 6kW targets show that this styl, 

of target performs equally well as the traditional (copper 
bodied) targets. 

O-RING 

O-RING 

TARGET FACE 

Fig. 2. Higher current (12kW) solid target. 

3. CONCLUSION 

To address the increasing requirements for radioiso
tope production on external targetry the TRIUMF 
TR30/CP42 solid target system is being upgraded to 12 
k W (400 JJA at 30 MeV protons). This is being achieved 
primarily by a corresponding increase in surface area and 
water cooling and is designed such as to utilize most of 
the existing STS hardware. The first complete prototype 
will be installed later this year on the TR30 system. 
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A REMOTELY CONTROLLED ROBOTIC VEHICLE FOR WORK WITHIN 
RADIOACTIVE ENVIRONMENTS 

N.R. Stevenson, P. Bloemhard, M. Brigham, J. Ko, C. LaForge, J. Orzechowski, E. Pattyn, and T. Rattray 
TRIUMF, 4004 Wesbrook Mall, Vancouver, 

B.C., V6T 2A3, Canada 

ABSTRACT 

A remotely controlled manipulator arm mounted 
on a miniature vehicle, originally designed for explo
sives ordinance disposal, has been modified for use in 
remote handling and inspection within the TRIUMF 
CP42/TR30 facility. Use of several cameras and acces
sories enables the detailed inspection of cyclotron and 
targetry systems at close range in high radiation envi
ronments. A modified manipulator enables the perfor
mance of simple tasks thereby saving personnel dose and 
(cooldown) time. The system is general enough for ap
plication in any cyclotron or radiation environment. 

1. INTRODUCTION 

1.1. Objectives 

Radioisotope production facilities, such as the CP42 
and TR30 cyclotrons at TRIUMF, use high intensity 
(several hundred J-tA) beams in the irradiation process. 
The resulting residual fields, particularly in target caves, 
can be quite high ("-'10 mSv/h) depending on the ex
tent and nature of the irradiation. The drive to ever 
increasing currents and higher running efficiencies can 
be hindered or limited by several factors such as main
tenance and repair requirements which increase with the 
load put on the system. To some extent this limits the 
efficiency of operation. Longer cooldown times are re
quired for personnel access after particularly intense or 
long running periods. By prudent choices of materials 
and careful design the need for repairs and maintenance 
can be reduced. 

The Isotope Production Group at TRIUMF is re
sponsible for operation, maintenance, and improvements 
to the CP42 and TR30 systems. Experience has shown 
relatively simple tasks such as hot target retrieval and 
viewing target stations, beamlines, cyclotron systems 
etc., contribute several lOs of mSv to the overall group 
radiation dose each year. In addition, work is often hur
ried, shortcuts taken, etc. due to the awareness of the 
environment in which the person is working. This unfor
tunately can result in the need to redo the work or the 

problem reoccurring later thus compounding the radia
tion dose problem in the long run. 

While the majority of work done in the radioac
tive environments is highly skilled and requires the ver
satility and adaptability that can only be provided by 
human workers there are some simple (yet potentially 
dose intensive) tasks, such as hot target retrieval and in
spection work, that potentially could be undertaken by 
automated methods. We investigated various means of 
achieving this with the result that the most comprehen
sive solution was determined to be a system based on a 
remote controlled robotic vehicle. 

1.2. Basic Robotic Vehicle 

The prototype of a miniature remote vehicle (MRV) 
was purchased from Hovey Industries Ltd. This vehicle, 
shown in Fig. 1, was designed originally for explosives or
dinance disposal (EOD). Basically, MRV contains three 
major sections: the drive, manipulator, and control sys
tems. 

The drive system is based on high efficiency perma
nent magnetic motors driving cleated tracks. The design 
gives high forward and reverse traction but low turning 
resistance. Full speed right angle and zero radius full 
circle turns are possible without losing the track. It can 
laterally traverse 30° slopes in addition to climbing stairs 
and slopes up to 45° . 

The manipulator consists of an turret, boom, and 
arm systems on which a claw type hand is mounted. A 
particular feature of this vehicle system is its tremendous 
dexterity as demonstrated in Fig. 1. It has the ability to 
reach just about anything within a 2m radius of the boom 
base even within a confined area. It has the capability to 
lift objects up to 7 kg. A mount for a camera and other 
accessories was provided. 

The control of the system is based on a microproces
sor that processes audio, video, and data signals. Either 
a co-axial or radio link is available with a system incorpo
rated to prevent cross talk from noisy environments. The 
control console is ergonomically designed to accentuate 
ease of operator control and monitoring. In particular, 
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Fig. 1. The basic MRV model demonstrating its dexterity and reach capabilities . 
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INSPECTION CI>MERA 

RADIATION PROBE TRANS MITTER 

MOTOR DRIVE UNIT 

ROBOT HAND 

Fig. 2. The new manipulator arm designed to pick up hot targets and other small objects. 

multi-function joy sticks give proportional control over 
drive and manipulator functions. 

2. IMPROVEMENTS AND ADAPTATIONS 

2.1. Manipulator Arm 

Tasks that could be undertaken by the MRV are 
numerous. While hot target retrieval is no longer under
taken frequently it is a good example of a high dose sim
ple task that should be possible with the MRV. There
fore, one of our primary goals was to design a suitable 
manipulator hand that could be attached to the present 
arm replacing the claw mechanism that was designed for 
EOD work. A schematic of the prototype hand is shown 
in Fig. 2. This hand is a modification of the present ma
nipulator system currently being used in the hot cells for 
processing radioisotopes, handling targets, chemicals etc. 
Since the system works well in the hot cells for prepar
ing targets it is also well suited for the task of hot target 
retrieval. 

2.2. Vision and Monitoring System 

Areas in which cyclotrons and target stations are 
situated are often confined and contain delicate equip
ment. To negotiate a path through this maze and per
form the task under consideration requires an operator 
who is skilled at controlling the MRV . Obviously, the 
operators requires sufficiently good visual information 
to perform this correctly. Some areas may have wide 
angle or panning camera systems that can be of great 
assistance. In general, though, the best solution lies in 
on-board cameras. 

The MRV came with the provision for two cameras. 
A navigation camera is mounted on the chassis. The 
second camera, which was mounted on the back of the 
manipulator arm, has been replaced with a miniature 
camera on the wrist of the new manipulator hand for 
close-up viewing of local objects. 

Radiation monitoring is performed by using a mon
itor attachment near the manipulator hand with infor-

mation being fed to an LED display in the direct view 
of the navigation camera. 

3. FUTURE PLANS 

Future plans for this device include the following: 

• Improve the precision of motion through the use of 
anti-backlash gears on the arm, boom, and turret. 

• Drive train operation will be smoothed out by im
provements to the track slides and idlers . 

• A wheeled version of the drive system may work 
better on certain surfaces. 

• The communications will be upgraded to use com
mercially available components (e.g., PLCs) and 
include such things as control feedback for posi
tional information and allow proximity, radiation, 
and temperature information to be read at the con
trol console. 

• The versatility of the navigation camera would be 
increased if it were mounted on a separate boom 
with zoom, pan, and tilt capabilities. 

• The arm motor drive has the provision to allow 
for rotational motion. Having a selection of differ
ent end-effectors (i.e ., the manipulator hand, claw, 
grappling hook etc.) would accentuate this degree 
of freedom for certain types of work. 

4. CONCLUSION 

A remotely controlled robotic vehicle with a 
mounted manipulator hand has been adapted for view
ing and performing simple tasks in the CP42 and TR30 
radioisotope production facilities at TRIUMF. Changes 
to the manipulator hand and the vision/monitoring sys
tems enable it to do hot target and similar basic tasks 
in addition to inspecting target stations at very close 
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range. Little or no cool down is required thereby sav
ing production time and also personnel dose. The sys
tem is robust and resilient enough to be used in other 
radioactive environments (e.g., other cyclotrons, irradia
tors, nuclear reactors etc.). Other potential uses include 
waste management in chemically hazardous/toxic envi
ronments and explosives ordinance disposal (its original 
purpose). 
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THE NEW MOLECULAR MEDICINE 

Henry N. Wagner, Jr. M.D. 
Division of Radiation Health Sciences, The Johns Hopkins University, School of Hygiene and Public Health, 

615 North Wolfe Street, Baltimore, MD 21205-2179, USA 

Nuclear medicine is based on the concept that dis
eases can be characterized by in situ molecular abnor
malities. Advances in our understanding of intra- and 
intercellular communication are revolutionizing the prac
tice of medicine. In the future, diagnosis, treatment 
and the monitoring of the response to treatment will be 
molecular. NanoDx probes will search out molecular ab
normalities withm different organs and parts of organs. 
N anoRx probes will correct them. 

Modern scientific medicine is moving away from an 
organ orientation, and is advancing by leaps and bounds 
through a holistic approach to disease, exemplified by 
revolutionary advances in human genetics, immunology, 
oncology, endocrinology, neuropsychiatry, and molecular 
biology, all of which are holistic approaches to disease. 
The new, integrated, global approach of nuclear medicine 
goes beyond anatomy and gross pathology to physiology 
and molecular medicine. In the future, localized diseases 
are likely to become the exclusive domain of surgeons, 
a field in which an anatomical orientation will continue 
to advance dramatically through advances in anatomical 
and pathological imaging. 

In the practice of molecular medicine, patients' 
problems can be viewed as molecular dysfunction, not 
structural abnormalities (structure and function con
verge at the molecular level). Molecular "slices of life" 
provided by nuclear medicine will join histopathology as 
a way to characterize disease. 

The practice of medicine remains strongly influenced 
by a concept described 150 years ago by the great phys
iologist, Claude Bernard - the concept of the extracellu
lar fluid as the milieu interieur, or internal environment 
- which maintains a constancy which buffers the cells of 
the body from the changes that occur constantly in the 
external environment. Examination of the constituents 
of blood and urine, commonplace in medical practice to
day, reflects Bernard's concepts. Nuclear medicine ex
tends Bernard's concepts by making it possible to study 
the cells themselves, including their importantant inter
face with the extracellular fluid that surrounds them. 
Radioactive tracers make it possible to examine regional 
blood flow, cellular bioenergetics and intercellular com-

munication, the latter involving membrane and intra
cellular receptors, enzymes and substrate transport sys
tems. 

Although the number of radiotracers has expanded 
greatly, the principles of "molecular nuclear medicine" 
remain the same as when the first studies of the thy
roid were carried out half a century ago. By studying 
the accumulation of radioactive iodine by the thyroid 
gland, it was possible to examine the accumulation of 
environmental iodine and track the formation of thyrox
ine and other thyroid hormones. The first study in which 
I was involved in nuclear medicine was the mapping of 
the accumulation of radioiodine in thyroid nodules with 
a hand held Geiger tube positioned at 1 cm intervals 
over the neck in order to determine whether a nodule 
of the thyroid gland was functional, that is, accumulat
ing radioactive iodine. This laborious, time-consuming 
task was simplified by the invention of Benedict Cassen, 
who in 1951 invented the rectilinear scanner in which a 
crystal radiation detector was automatically moved back 
and forth over the neck for the portrayal of regional thy
roidal function. Its commercial development occurred in 
the late 1950's. 

In 1960, the radionuclide, technetium 99-m/molyb
denum generator was developed by Stang and Richards, 
and advertised for sale by the Brookhaven National Lab
oratory at a time when no one had any idea of how the 
technetium-99m would be used. In 1963, Paul Harper 
at the University of Chicago recognized the technetium-
99m's emission of 140 keY photons, decay by isomeric 
transition, and 6 hour half life were ideal for use in nu
clear medicine. 

In 1958, Hal Anger described the first scintillation 
camera at the meeting of the Society of Nuclear Medicine 
in the United States, but his exhibit drew little interest. 
Nevertheless, the combination of technetium 99-m and 
Anger's scintillation camera, and the movement of indus
try into the field led to a logarithmic phase of growth that 
continued until the 1970's, at which time a plateau was 
reached, related chiefly to the development of computed 
tomography (CT). This brought about a great decrease 
in nuclear brain scanning, and the first exodus from nu-
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clear medicine. The development of positron enussiOn 
tomography (PET) by TerPogossian, Phelps and Hoff
man at Washington University moved nuclear medicine 
into a new logarithmic growth phase, and encouraged 
industry to develop single photon emission computed to
mography (SPECT) to facilitate the extension of PET 
successes into more widespread clinical use. TerPogos
sian had been among the first to recognize the potential 
of the cyclotron for producing short-lived radiotracers, 
such as oxygen-IS, carbon-ll and fluorine-18. 

Whitehead has written: "It is a well-founded histor
ical generalization that the last thing to be discovered in 
any science is what the science is really about. Men go 
on groping, guided merely by a dim instinct and a puz
zled curiosity until at last some great truth is loosened." 
Nuclear medicine has become molecular medicine. Its 
images are concerned with the temporal as well as spa
tial distribution of the molecules of the living human 
body. Health requires the proper integration of hun
dreds of billions of chemical reactions. Proper functions 
require proper chemistry, and diseases can be defined at 
the molecular as well as cellular level, often before struc
tural changes have occurred. 

Nuclear medicine has the technology that can ex
tend to medical practice the enormous advances in 
molecular biology and genetics. Two principles of 
genetics are of special relevance to nuclear medicine: 
pleotropism and genetic heterogeneity. Pleotropism is 
the condition in which a single gene defect does not affect 
a single tissue or organ, or even a single organ system, 
but can lead to many different manifestations of disease. 
Genetic heterogeneity describes the fact that abnormali
ties in different genes can result in the same clinical syn
drome. Thus, it is necessary to examine molecular phe
notypes as well as genotypes - if one is to see the whole 
picture. Genes are blueprints for molecules. Genes don't 
cause disease directly. They express themselves through 
molecules. The genome is the map; nuclear medicine 
images the territory. 

The microscope revealed the neuron as the funda
mental unit of the nervous system. PET/SPECT and 
more simple radiation detectors make it possible to ex
amine molecular intercellular communication - to ex
amine how neurons (and other cells) "talk" to each 
other. Electrical "action potentials" transmit informa
tion along axons, and there is some electrical neuron-to
neuron communication, but most is by molecular "mes
sengers", carrying information among the 1,000 to 10,000 
synapses that connect hundreds of billions of neurons in 
the human brain. Membrane receptors are involved in 
the recognition and transfer of information between pre
synaptic neurons and second and subsequent "messen
gers", including channels through which sodium, calcium 
and potassium ions travel. Energy-carrying molecules, 
such as adenosine tri- phosphate (ATP), modulate the 
over-all activity of the neurons. With evolution, the 
increasing complexity of the nervous systems does not 
seem to have resulted in the development of new neuro-

transmitters, but rather in the development of incredibly 
more complex circuitry of neuronal connections, most of 
which involve molecules, including biopolymers, which 
"recognize" specific "messenger" molecules that are re
leased locally or circulate through the body until they 
encounter the appropriate biopolymer on the surface of 
neurons or other cells which fit their specific configu
ration. The neurotransmitters have the right shape, 
charge, and other physicochemical properties to bind to 
the receptor biopolymers. The patterns and quantities 
of these "recognition sites" integrate individual cells of 
the body to make the person a unique, whole individual. 
"Disintegration" results in disease or death. In the brain, 
neurotransmitters and receptors affect how we think, feel 
and act. Molecules are the words that make up the story 
of our lives - past and present. 

The maintenance of life requires intercellular com
munication, which in turn requires energy, that needed to 
generate the ion gradients that produce electrical "action 
potentials" and that needed to synthesize transmitters 
and receptors. The rate of consumption of the principle 
source of energy - glucose - can be measured by positron 
emission tomography. 

Since the 1950's, more than 100 neurotransmit
ters, or "chemical messengers", such as serotonin and 
dopamine, have been discovered. Many single neuro
transmitters, such as acetyl choline, dopamine or sero
tonin, have different effects on different receptors. For 
example, acetyl choline stimulates skeletal muscle cells 
to contract, but causes heart muscles to relax. Mus
carinic acetyl choline receptors are excitatory; nicotinic 
acetyl choline receptors are inhibitory. 

The production of the molecules oflife is directed by 
the desoxyribose nucleic acids (DNA) within each cell -
including somatic cells - that serve as blueprints for the 
growth, development, and repair of the molecules that 
make up our bodies. Molecules must repair themselves 
when injured, and reproduce themselves when they wear 
out. When the processes stop, we age or die. Wrinkled 
skin, poor healing of wounds, and poor memory reflect 
damaged molecules that accumulate with aging. Antibi
otic molecules may be needed to selectively overcome the 
effects of invading microorganisms. Other molecules may 
be needed to stimulate or inhibit defective chemical reac
tions. Many drugs act by stimulating or blocking "recog
nition sites" on the surface of cells, such as cimetidine 
that blocks histamine receptors, propranolol that blocks 
nor-epinephrine receptors, and haloperidol that blocks 
dopamine receptors. One of the characteristics of chem
ical receptors, such as those on post-synaptic neurons, is 
their exceedingly low concentrations, in the range of pi
comoles/gram. The great sensitivity with which radioac
tivity can be measured is needed in order to measure re
ceptor concentrations in different parts of the body, such 
as the brain. 

Not only administered drugs, but naturally
occurring neurotransmitter molecules, affect intercellu
lar communication. These include amines, such as nore-
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pinephrine, dopamine and serotonin; amino acides, such 
as gamma-aminobutyric acid (GABA), glutamic acid, 
aspartic acid, and glycine, and peptides, such as en
dogenous enkephalins. Neurotransmitters are secreted 
in varying amounts depending on the number and rate 
of electrical impuses traveling down the axon of the pre
synaptic neuron from which the neurotransmitter is se
creted. Neurotransmitters bind to enzymes that degrade 
the unbound neurotransmitter. 

In addition to involvement in neuron-to-neuron in
formation transfer, neurotransmitters, including enke
phalins, act as modulators of regional neuronal activity. 
Some chemical "messengers" act within fractions of a sec
ond while others have an effect over hours or even days. 
Thousands of synapses connecting with a single post
synaptic neuron are integrated and determine whether 
the post-synaptic neuron fires an action potential. The 
availability of 20 different amino acids means that a vast 
number of different combinations are possible, and can 
encode a large amount of information. 

Each cell of the body contains billions of molecules 
of thousands of different types. At birth, molecular 
blueprints are encoded in the inherited DNA within each 
cell of the body, making up the "genome" or "genotype", 
which determine cell structure and, eventually, function. 
The location of over 1,800 genes on specific chromosomal 
regions is known. As a result of the "human genome" 
project, established in the United States in 1988, even
tually all 50,000 or more genes will have been assigned 
locations on chromosomes. Approximately 4,000 human 
diseases are believed to be genetic in orgin. 

The human genome initiative is a joint effort spon
sored by the National Institutes of Health (NIH) and 
the Department of Energy (DOE). The proposal for the 
project was made originally by the DOE in order to 
study the genetic effects of radiation on DNA. The NIH 
was included because of the potential impact on health 
care. According to Victor A. McKusick: "What Vesal
ius' anatomy text of 1543 was to medicine in the past, 
the anatomy of the human genome is to medicine today 
- a body of knowledge that will inform all future clinical 
practice." 

Where does nuclear medicine fit into the picture? 
Genes direct the production of molecules that make up 
the structure of the body, provide energy or carry in
formation. Genetic mutations result in biochemical ab
normalities, such as enzyme deficiencies. For example, 
an abnormality in the gene that signals the development 
of the pigment melanin results in the phenotype called 
albinism. Such molecular abnormalities have been iden
tified in about 430 disorders out of the over 1 million 
classifiable human diseases. Mutations occur in human 
being at a rate of about one in one hundred thousand 
cell divisions and affect about one in a million genes per 
generation. Thus, there is approximately one mutation 
per 20 persons per generation. Approximately 2,000 spe
cific mutations have brought about identifiable human 
diseases. About 300 of these affect the brain. 

Radioactive tracers make it possible to detect and 
quantify the molecular abnormalities that the genes 
bring about. The molecular studies are needed because 
(as described above), abnormality of a single gene may 
produce several different types of diseases, or pheno
types. One can illustrate the role of nuclear medicine 
in the field of cancer. Multiple genes are involved, some 
resulting in the excessive production of growth factors, 
and other involving deficient production of growth sup
pressor molecules, such as somatostatin. 

Cancer is the result of genetic and environmental 
factors. For example, in small cell cancer of the lung, a 
genetic defect sets the stage for an environmental factor, 
such as smoking, that finally results in the disease. Many 
types of cancer, including carcinoid, neuroendocrine can
cers, and almost half of the cancers of the breast contain 
increased concentrations of somatostatin receptors. The 
increase in somatostatin receptors suggests that a defi
ciency in the growth-suppressor somatostatin may be the 
cause of the increase - "up-regulation" - of somatostatin 
receptors. 

Geneticists search for genetic abnormalities in pa
tients with specific syndromes. Another approach, called 
"reverse genetics", is to search for manifestations of dis
ease when abnormal genes are found. Initially, the search 
is for an abnormal protein, such as an enzyme. Then the 
search is for a clinical disorder. 

In the 1950's and 60's, inborn errors of metabolism 
could be detected by amino acid analysis, spectroscopy, 
spectrophotometry, and the use of newly available ra
dioisotopes. Abnormalities of proteins included enzymes, 
receptors, and structural proteins. In some cases, a pre
disposition to disease can be identified by finding an ab
normal gene locus even before birth, while the fetus is 
still in utero. Nuclear medicine makes it possible to ex
tend the search to the molecules involved in intercellular 
communication. 

As described above, there is not a one-to-one rela
tionship between a gene and a disease. As McKusick has 
written, "it would be ludicrous to conclude that when 
we have determined the last nucleotide in the human 
genome, we will know all it means to be human." Ra
dioactive tracers playa major role in trying to connect 
the genome to human disease. Nuclear medicine can be 
defined as "in vivo molecular medicine" . 

Molecular nuclear medicine not only makes it pos
sible to classify disease biochemically, it also provides a 
new approach to the design and development of drugs. 
One can determine the relationship between a spe
cific molecular configuration and the in vivo biochem
ical effects of a drug. The effects of drugs on en
ergy metabolism, synthetic processes, communication 
and regulatory mechanisms can be expressed in molec
ular terms. Such knowledge not only provides a more 
homogeneous selection of patients, but also a way to 
plan and monitor drug treatment. In the past, phar
macological research consisted of an alliance between or
ganic chemists to make new compounds and pharmacolo-
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gists to screen them for possible effectiveness in animals. 
Molecular nuclear medicine is now involved in drug de
sign, development, evaluation, and monitoring in human 
beings, as well as animals. 

Nuclear medicine techniques can be used to assess 
the effectiveness of surgery or radiation therapy, and can 
document the extent of tumors, and progression or re
gression in response to different forms of treatment. Such 
data permit modifications of the treatment plan sooner 
than can be determined by the clinical response of the 
patients or changes in the size of the lesions. Thus, treat
ment need no longer be based solely on clinical response, 
gross morphology or the lesions and histopathological ex
amination of biopsies. 

An important characteristic of neoplastic tissue is its 
increased rate of cell division. In general, accumulation 
of thymidine into neoplasms is increased in the presence 
of increased DNA synthesis. Amino acid transport across 
tumor cell membranes has also been found to differen
tiate many malignant from non-malignant tumors. Not 
only membrane transport, but also protein synthesis can 
be examined if suitable mathematical modeling is used 
in data anlysis. The accumulation offluoro-deoxyglucose 
can be used to measure both aerobic and anerobic re
gional glucose utilization. Many malignant tumors have 
accelerated glycolysis compared to surrounding tissues. 

In addition to measuring blood flow to tumors, 
blood volume, substrate incorporation or DNA synthe
sis, PET and SPECT can be used to measure the number 
and affinity of hormone receptors which characterize cer
tain tumors. Estrogen receptors are increased in many 
breast tumors, in both the primary and metastatic sites. 
Dopamine receptors are often increased in pituitary ade
nomas. 

Fluorine-18 estradiol accumulation as determined 
by PET makes it possible to tailor the treatment of a 
specific patient on the basis of the number of estrogen re
ceptors. A tumor containing estrogen receptors is more 
likely to be treated successfully with estrogen-receptor 
blocking drugs, such as Tamoxifin, than cancers which 
do not contain estrogen receptors. The presence of pro
gesterone receptors as well as estrogen receptors is the 
best prognostic sign. Radioactive tracers that bind to 
estrogen receptors make it possible to assess the status 
of the primary breast cancer and regional metastatic de
posits. Histopathology alone need no longer be the only 
criterion for diagnosis, prognosis and therapy. 

Receptors are also found on pituitary tumors. Us
ing the depamine receptor binding agent (ll-C)-N
methylspiperone, it has been possible to classify pi
tuitary adenomas according to whether they possess 
dopamine receptors. If the tumors contain such recep
tors, they can be treated chemically rather than surgi
cally, that is, by administering the dopamine receptor 
agonist, bromocryptine. 

After treatment, measurement of the metabolic ac
tivity of the tumor makes it possible to detect persis
tence or recurrence of the tumor and damage to nor
mal brain tissue, such as that resulting from radiation. 
For example, (ll-C)-methionine is useful for delineating 
the boundaries of brain tumors, providing information of 
value in the planning and performance of brain surgery, 
by permitting differentiation of the metabolizing brain 
tumor from simple disruption of the blood brain barrier. 
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THE PRODUCTION OF RADIO NUCLIDES FOR THE BIOSCIENCES 

Thomas J. Ruth 
UBC/TRIUMF PET Program, 2211 Wesbrook Mall, Vancouver, B.C., Canada V6T 1Z3 

ABSTRACT 

The use of cyclotrons for the production of radioisotopes 
used in the biosciences has experienced a renaissance during 
the last 20 years. A major factor for this renewed interest has 
been the development of the negative ion cyclotron permit
ting multiple simultaneous beams with differing energies and 
intensities. With these new cyclotrons, the commercial sup
pliers of radioisotopes could greatly expand their production 
capabilities with a single cyclotron. A look at future needs as 
expressed by the proposal by the United States Department 
of Energy to build a National Biomedical Tracer Facility are 
addressed. 

In order to appreciate the issues surrounding ra
dionuclide production one must first understand the 
tracer principle which is the basis for the use of these ra
dioisotopes. The tracer principle requires that the tracer 
behave in a similar manner to the components of the 
system to be probed, that the tracer does not alter the 
system in any measurable fashion and that the tracer 
itself can be measured. 

In assessing the radioisotopes that can be used to 
probe biological systems, there are but a few that have 
the requisite physical properties that enable them to be 
used in situations requiring external detection. Table 
1 provides some examples. Included are the theoreti
cal specific activities, a measure of the quantity of ma
terial that would be introduced into the system to be 
probed. It is evident that the higher the specific activ
ity the greater the chance that the system will not be 
perturbed by the introduction of the tracer. For this 
reason, short-lived radionuclides are often the choice for 
the tracer. 

The advantages associated with short-lived radioiso
topes are the low radiation dose to personnel preparing 
the tracer and subject receiving the tracer, often serial 
studies can be performed on the same day, and there is 
little if any waste disposal problem. The disadvantages, 
on the other hand include the requirement of having an 
on-site accelerator such as a cyclotron and the burden of 

Table 1. Radioisotopes Used as Tracers 

Theoretical 
Radioisotope Tlj2 Sp. Act. (Ci/mmol) 

::SH 12.4 y 29 
14C 5730 y 0.62 
l1C 20.3 min 9.3 x 106 

18F 110 min 1.7 x 106 

13N 9.97 min 1.9 x 107 

• 1 mCi 14C = 9.6 X 1018 atoms = 0.22 milligrams 

• 1 mCi l1C = 6.5 X 1010 atoms = 1.5 picograms 

rapid chemistry in order to provide the radionuclide in a 
usable biochemically active form. 

In order to provide a radionuclide for use as a tracer 
there are a number of production considerations that 
need to be addressed as outlined below. 

1. Energy required to initiate the reaction. 

2. Energy where maximum cross section occurs. 

3. Chemical form of the target nucleus. 

4. Physical form of the target nuclei. 

5. Chemical form of the product. 

6. Physical form of the product. 

7. Ease of separation of the product from the target. 

As an example, the production of 18F will be ad
dressed using the above criteria. 

Table 2 illustrates the possible reactions one can use 
to produce 18F. Depending upon what type of accelerator 
is being used there are a number of reaction processes 
requiring different bombarding particles and energies. 

The target materials cover the full spectrum includ
ing cryogenically frozen water targets. The chemical 
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Table 2. 18F Production 

Possible Reactions: 

Reaction Eth(MeV) Emax(MeV) 
18O(p,n) 2.6 6.0 
20Ne( d,a) 0 5.5 
16O(3He,p) 3.8 7 
16O(a,pn) 23.2 37 
natNe(p,X) 26 45 

forms include elemental and simple compounds of oxygen 
as well as neon gas. The product is in two basic chem
ical states, either as aqueous fluoride or as fluorine gas. 
The ease of separation of product from target depends 
on the physical/chemical forms of the two. In the case 
of the neon, the target material is chemically inert and 
does not participate in any subsequent reactions. For 
the water targets, the fluoride ion is usually trapped to 
separate from the target material and then taken up in 
a non-protic solvent. The Fd02 system is still under 
investigation but shows promise for use in a number of 
situations. 

For many target configurations there is still contro
versy as to the target chamber materials that should be 
used. For the case of water targets, the choices include 
silver, titanium and nickel with silver or titanium being 
preferred. For gaseous fluorine it was long felt that the 
target chamber must be constructed of nickel or nickel 
alloys. Recent results indicate that aluminum may be 
just as useful. 

The expected yield from a reaction is determined 
by integrating the cross section over the energy range of 
the bombarding particles. The yield also depends upon 
the particle flux and bombarding time. For short-lived 
radioisotopes the yield is adjusted by the saturation fac
tor, (l-e-'\t) to account for the fact that as the nuclei 
are produced these same nuclei are decaying. 

Quite often the yield from a particular reaction does 
not equal the calculated yield. Possible causes include 
the following: 

• Wall interactions (low recovery). 

• Target gas density reduction in beam path, also cav
itation in liquid targets (low production). 

• Bombarding energy not optimized (low production). 

• Contaminates in the target mixture (low recovery). 

In spite of these difficulties, a well designed target 
can produce yields that approach the theoretical maxi
mum, even at high beam current. In using gas targets, 
the designs require the use of high gas pressure which 
presents its own problems, especially with respect to the 
thin target isolation foils. The construction of gas tar
gets requires a good understanding of heat transfer and 
material sciences. 

Table 3 gives the estimated use, in curies, for a 
variety of radionuclides used in nuclear medicine over 
the past decade. Beside the obvious conclusion that 
the 99Mo/99mTc generator system dominates nuclear 
medicine usage, is the fact that there has been a tremen
dous growth in the use of 201TI and 123I. 

This increase in availability of radioisotopes has re
sulted from the manufacture of a new generation of cy
clotron designed explicitly for radionuclide production. 
Up until the last 15 years or so most of the cyclotrons 
that were used as medical cyclotrons were multi-particle 
physics machines with fixed energy electrostatic deflec
tion. For high current operation internal targets were 
utilized. In the late 1970's, The Cyclotron Corporation 
introduced the first commercially available negative ion 
cyclotron. 

The negative ion cyclotrons accelerate H- ions 
which makes it possible to extract the beam of protons at 
any energy and to also extract multiple beams simulta
neously. These features have the advantage of simplicity 
of extraction with a thin graphite foil which is extremely 
efficient, nearly quantitative. And by placing the foil ex
traction system at various radii, the energy can be varied. 
\Vith more than one extraction system multiple beams 
can be extracted simultaneously. Thus, a 30 Me V neg
ative ion cyclotron becomes a highly efficient machine 
for producing radionuclides. Most of the major radio
pharmaceutical companies now own at least one of these 
cyclotrons. 

A less obvious trend is that the use of the chemi
cally inert xenon continues to grow. In spite of the bet
ter decay properties of 127Xe in comparison to 133Xe, 
the latter still dominates in usage. The reason for this 
is the requirement for a high energy accelerator for pro
ducing 127Xe (around 100 MeV). At the present time 
the only sources for 127Xe are the large accelerators at 
the national labs in the U.S. and facilities like TRI
UMF. Because these facilities use machines designed for 
physics programs the schedules preclude the routine, re
liable production of medical radioisotopes. 

Table 3. Estimated Usage of Selected Radioisotopes by Year (curies) 
Nuclide t 1/ 2 Retail Consumption 1982 Retail Consumption 1987 Retail Consumption 1990 

99Mo/99 mTc 66 h/6 h 100,000 (99Mo) 120,000 150,000 
111 In 68 h 150 160 185 
1231 13.2 h 75 1,250 3100 

127Xe 36.4 d 100 100 100 
133Xe 5.2 d 25,000 25,000 45,000 
201TI 73 h 500 2,500 6,000 
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In addition there are a number of other radioisotopes 
that are not readily available through the commercial 
route which have the potential of having importance in 
medical research as diagnostic or theraputic agents. The 
U.S. Department of Energy at the urging of the Society 
of Nuclear Medicine has organized a number of work
shops to address ways these radioisotopes can be made 
available. At the most recent workshop at Purdue Uni
versity, a draft mission statement was formulated which 
included the following aims. 

• Production of research radionuclides 

• Research - production, separation and purification 
of radionuclides 

• Education and training 

• Research in basic radiopharmaceutical chemistry 

• Production of commercial radionuclides 

In order to meet the mission the accelerator was to 
have the following design features: 

• Proton beams 

30 - 100 MeV, variable to 1 MeV increments. 

>750 J1A. 

• 2 High intensity beam lines 

• 2 Low intensity beam lines 

• Any 2 operational simultaneously 

• Operation -

24 hours/day 

7 days/week 

Minimum of 46 weeks/year 

The outcome of this movement awaits Congressional 
action. 

This presentation began as a retrospective look at 
the roots of radionuclide production. If we are to be more 
than simple historians we need to examine the basis of 
this evolution and try and learn from the experience. 
Thus it seems fitting to speculate on the future of cy
clotrons, as seen by this author and in doing so we can 
look forward to seeing cyclotrons in the following areas. 

• (>100) Small cyclotrons (3-18 MeV) located at re
gional centres and large research hospitals. 

• (10-20) Production cyclotrons (30 Me V) operated 
for commercial production and distribution of ra
dionuclides. 

• (lor 2) High energy cyclotrons (100 MeV) located 
at national research centres. 

So it is with these predictions that designers of cy
clotrons are challenged to find ways to make this a reality 
so that biomedical research can continue to grow to the 
benefit of all. 
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A FACILITY FOR RADIOISOTOPE PRODUCTION AT TRIUMF 
WITH 70-110 MeV PROTONS 

D.R. Pearce and 1.S. Vincent 
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.c., Canada, V6T 2A3 

ABSTRACT 

A radioisotope production facility using protons 
between 70 and 110 MEV and currents in excess of 70 IlA 
has been operating for several years at TRIUMF. This 
beam operates simultaneously with two other research 
beams from the 500 MeV cyclotron. 10 curies of 82Sr 
were produced for commercial sales with 53.8 mAh of 
production in 92 days. The beamline is radiation hard
ened, modular and pre-aligned for ease of remote 
handling. Four production targets are accessible to the 
beam from a multi port switching magnet. These targets 
can also be handled remotely. The target control system 
uses CAMAC and a commercial, object oriented program 
which operates from a stored data base. Recent 
improvements and current applications of the production 
facility will be discussed. 

1. INTRODUCTION 

A dedicated radioisotope production facility is 
located adjacent to the TRIUMF 500 Me V H - cyclotron . 
It consists of beam line 2C (BL2C) that can extract protons 
from 65 to 120 MeV with beam intensities up to 100 IlA 
and four target stations that are mounted in the cyclotron 
vault wall (fig. 1). A fifth station in an adjacent area is 
planned for proton therapy. A switching magnet with 
seven ports delivers the beam to the selected branch line 
2Cl-7. The target station on line 2C4 is a solid target 
facility (STF) that is currently being used for production 

TRIUMF LOW ENERGY FACILITY 
40-120 MeV PRODUCTION 

Fig.l. Beam line 2C (BL2C) and the four target stations 
used for radioisotope production. 

of 82Sr and for the development of several other isotopes. 
Preliminary measurements for proton therapy have been 
made on 2CI. The lithium bromide target on 2C2, the 
sodium iodine target on 2C3 and the molten cesium target 
on 2C5 are uncommissioned. There is a Faraday cup on 
2C6 for calibrations and one unused beam port, 2C7. All 
of the targets were designed for rapid removal into a 
shielded transfer flask and for repair in a remote hot cell. 

The purpose of this facility is to develop isotope 
production technology at 65-110 MeV up to high intensity 
levels for medical research and future commercial 
exploitation. A major advantage is that isotope 
production on BL2C is done with almost no impact on the 
other beam operations at TRIUMF. Typical high 
circulating beam currents in the cyclotron for multiple 
simultaneous extractions are BL2C extracting 40 IlA at 85 
MeV, BL4B extracting 100 nA at 350 MeV and ELlA 
extracting 140 IlA at 500 MeV. However, it is often 
necessary that the ratio of beam intensities (split ratio) in 
these beamlines vary by 104 depending on the application. 

2. RECENT IMPROVEMENTS 

Recent improvements in beam extraction, 
diagnostics and controls have resulted in regular 
production of 82Sr for supply to North American market. 
A change in the target capacity of the STF was also made 
to increase the production rate of 82Sr. The following 
sections describe these recent additions. 

2.1. BL2C extraction mechanism 
It is necessary to select the optimum incident and 

exit proton energies for production targets to maximize 
the yield of desired isotope species while minimizing the 
yields of undesired species. This requires that beam can 
be extracted over the complete energy range of the 
production facility. Furthermore, it is necessary to have a 
selection of foils available in the extraction mechanism for 
remote replacement when damaged by intense beams and 
also to alter the split ratio as mentioned above. The 
original 2C extraction mechanism used four single foil 
mechanisms positioned for discrete energies. Another 
undesirable feature of this mechanism was that the 
stripping foils were rotated into the beam which caused 
unnecessary beam steering as a function of the intensity 
split ratio. The new extraction probe described here 
corrects this problem and satisfies all of the requirements 
noted above. It was installed in the fall of 1990 after 
extensive testing in the laboratory. It has three orthogonal 
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foil positioning mechanisms which are accurate to 0.1 
mm. This allows continuous operation over the energy 
range of 65 to 120 MeV. The energy spread is 0.5 MeV 
due to overlapping orbits in the cyclotron. The beam 
intensity can be varied over a range of 104 . Six different, 
reusable graphite foils (pyrolytic) are available from a 
carousel attached to the probe positioning mechanism, 
(figure 2). The carousel is designed for quick 
replacement. During normal operating periods, 8-12 
weeks, 30 mAh of beam charge is extracted with 
intensities up to 45 /lA. In this period two or three of the 
foils, 2.5-4.0 mm wide, are typically damaged. A range of 
foil widths from 0.1 mm to 8.0 mm is required to obtain 
the split ratio variation noted above. The stripper 
mechanism employs three DC motors with absolute shaft 
encoders for positioning and it is controlled by a 
microprocessor that communicates with cyclotron control 
system via the CAMAC highway. The entire mechanism 
is mounted on a frame which is attached to the tank lid 
and can be installed or removed by standard, in-tank 
remote handling equipment. 

Fig. 2 . An extraction foil deployed from the foil carousel. 

2.2. Diagnostics 

For successful operation of the facility it is 
necessary to monitor beam loss to less than 0.1 /lA out of 
50 /lA, to maximize isotope production and to minimize 
beamline activation. This is achieved by accurate total 
current measurement, by accurate beam profile 
measurement and by target protection. The original 
nonintercepting total current monitor had been 
sync6hronized with the time of flight signal so that 
whenever the extraction energy was changed the 
electronics required retuning. The electronics were 
changed to incorporate a 1 KHz digital comb filter that is 
synchronized to the RF fundamental frequency. On the 

STF, a prototype scanning wire monitor has been 
installed and the target protect monitor has been 
redesigned. The scanning wire monitor is a pneumatically 
driven, single stroke cross which passes through the beam 
at 45° . The cross is made of molybdenum strips which 
are 0.05 mm wide and 3 mm deep with respect to the 
beam. The monitor gives good beam profiles from 50 nA-

50 /lA without causing significant beam losses. It was 
installed in the 90 fall shutdown. The redesigned halo 
monitor was installed in June, 91 following the beam 
destruction of the original which inaccurately measured 
beam losses. The target protect monitor measures the 
beam halo using secondary emission foils. The new 
monitor incorporates a thermocouple in a graphite 
shielding ring upstream of the monitor and the halo foils 
have been moved away from the high intensity beam but 
out of the beam shadow of the graphite ring. This 
improved halo monitor design is being used in the other 
2C lines. 

2.3. Controls 

The 2C targets control system must monitor all of 
the targets parameters and take the necessary actions. 
Space restrictions in cyclotron control console meant the 
2C targets must be controlled through a single terminal 
that could be configured to an individual operator's needs 
with multiple, responsive displays. The 2C control system 
that ran on a PDPll was replaced in 1990 with VlSTATM, 
a current value database programme using a graphical, 
user interface that runs in a micro V AX II. This pro
gramme allows icon displays and mouse control as well as 
on-line editing on sections of the 2C controls. VlST A 
recently underwent several upgrades along with terminal 
improvements in the main control console so that multiple 
displays with 1 sec. response are available and programme 
crashes are less frequent. Initially the displays would only 
control a single action such as starting a pump or opening 
a valve and would read back monitoring devices such as 
thermocouples, flow meters and pressure transducers. In 
the STF, targets are lowered into the beam by a water 
system that is isolated from the target cooling water. To 
insert, remove, or cool a target, a sequence must be 
followed that depends on various conditions in the STF. 
To automate these operations and reduce the chance of 
operator error, process controls have been developed for 
the STF using VlST A and will be used in the other target 
controls l . Figure 3 show a typical terminal screen with a 
display indicating the state of the individual components 
including the halo monitor, a display for setting the pro
cess and several icon displays. The STF has been set to 
TUNE which means the cooling water system is running 
to act as a beam dump but the target is not inserted. 
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Fig. 3. A typical terminal screen with two displays and several display icons. 

2.4 Enlarged target capacity of the solid target facility 

The original solid target facility had been 
designed for targets thinner than 8 mm and densities 
greater than 3 glcm3. However, in the case of metallic 
rubidium the density is only 1.5 glcm3 and improved yields 
of 82Sr can be obtained by increasing target thickness and 
incident beam energy in correlation. In the spring of this 
year, it was decided to remove the solid target facility and 
rebuild the target receiver to accommodate 30 mm steel 
cassettes, 4 glcm2. To accomplish this activity, it was nec
essary to remove the bottom section of the facility to a hot 
cell where it was remotely disassembled and the new re
ceiver was installed. In more than five years operation, 

this was the first instance where the remote handling de
vices and special facility design for remote service has been 
exercised. Radiation fields of about lO RIb were measured 
inside the STF target cave. The activity was satisfactorily 
completed in 30 man days with an accumulated dose of 
0.6 man-rem distributed among 4 persons. The improved 
performance is described in the following section. 

3. RECENT OPERATIONS AND APPLICATIONS 

During the last year, 1991 and the first half of 
1992, about half of the available operating time has been 
devoted to high level production of 82Sr and the 
improvement of production and processing technologies 
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developed earlier. Metallic rubidium targets, 1.8 glcm2, 

have been bombarded with 62 Me V protons as shown in 
the following table. The average beam current noted 
includes an average of 1.2 days per week where there was 
no beam due to cyclotron maintenance activities. The beam 
is normally 30 to 45 J.!A during bombardment and one 
target was run at 70 J.!A for a test of the cooling system. 
The short run 82Sr production rate, i.e. neglecting decay, is 
0.22 mCi/J.!Ah. Currently, 4 glcm2 , rubidium metal targets 
are being tested with 76 MeV protons up to 100 J.!A in a 
effort to shorten the batch production time from three 
weeks to one. 

RADIOISOTOPE PRODUCTION ON 
BEAMLINE 2C, 1991 

All rubidium targets, 1.8 g/cm2 

61 MeV incedent proton energy 
TARGET # mAh Ci@EOB 

A3 7437 lAO 
A6 6230 1.70 
A5 5880 1.30 
AIO 4531 0.93 
A12 4400 0.92 
A17 1599 0.37 
A16 8140 1.60 
A15 15603 2.60 

TOTAL 53880 10.3 

The new BL2C stripper allowed operation of the 
cyclotron at high currents when the primary high current 
beamline, BLlA, was unable to accept beam because of 
target problems. 30 J.!A, 95% of the circulating beam, was 
extracted by 2C for the irradiation of target Al6 with the 
remainder of the beam passing on to the beamline 4 
stripper. This operating mode eliminates the irradiation 
caused by electromagnetic stripping since most of the beam 
is extracted at 85 Me V and is an acceptable alternative to 
production with shared beam when minimum activation of 
the cyclotron is desired before a cyclotron maintenance. A 
full 100 J.!A test is planned in the near future but regular 
operation at this level waits for an improvement in the ion 
source and injection system. 

4. FUTURE DEVELOPMENT 

Other beamline activities center on the search for 
production schemes of possible therapeutic isotopes, 97Ru, 
178W and 188pt. There are several production schemes for 
these species and cross sections have been measured for 
rhodium, tantalum and iridium targets respectively, but 
the overall viability depends also on the development of 
efficient and easy radiochemical procedures for separating 
the desired species from its production target. These pro
cedures are now being investigated. Also there has been a 
request for 122Xe which is used as a generator of 1221 for 

PET. This requires commissioning of the molten sodium 
iodide on branch line 2C3. No radio-chemistry is required 
here as the xenon parent is easily trapped on most 
surfaces at 77 oK. This target can supply one Curie of 
122Xe or 1231 in a few hours at 20 J.!A of 86 or 70 MeV 
protons. In the next year, beam time will be shared with 
developments in the external beam area (IB) for proton 
therapy. 

5. CONCLUSION 

The radioisotope facility at TRIUMF has 
successfully demonstrated new techniques for commercial 
isotope production at high intensities. The recent 
improvements have allowed the facility to operate 
smoothly with almost no impact on other TRIUMF 
operations. Through careful planning and design, the 
upgrades and operation of the facility have had a minimal 
impact on the dose budget at TRIUMF. 

6. REFERENCES 
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POSSIBILITY OF PRODUCING SOME RADIONUCLIDES FOR MEDICINE 
USING JINR ACCELERATORS 

S.N.Dmitriev, V.A.Khalkin, R.Ts.Oganessian, G.G.Gulbekyan, 
L.M.Onishchenko, G.Ya.Starodub, N.G.Zaitseva 

Joint Institute for Nuclear Research, Dubna, Moscow reg., 141980, Russia 

ABSTRACT 

Prospects of using the JINR accelerators (the mi
crotron MT-2.5, the cyclotron V-200 and the phasotron) 
for the production of some medical radioisotopes from 
various targets at different energies of accelerated ions 
are considered. Methods of producing the high-purity 
1231 on the MT-25 and the isotopically ultra pure 237pU 
on the U-200 are described. A project of a proton cy
clotron dedicated to the production of radioisotopes is 
discussed. 

1. INTRODUCTION 

The application of radionuclides for the diagnostics 
of different diseases and, to a lesser extent, for the ra
diotherapy has a tendency to growth. A significant part 
of radionuclides for nuclear medicine are obtained in the 
nuclear reactions with accelerated ions. The widely used 
radionuclides are: 

l. The gamma-emitters used in cardiology, oncology, 
pulmonology: 67Ga, III In, 1231, 127Xe, 20lTI. 

2. The short-lived f3+ emitters for PET: 11 C, 13N, 150, 
18F. 

3. Generator isotopes including: the gamma-emitters 
8IRb-8ImKr, 195mHg_195mAu and f3+ emitters 
68Ge-6SGa, 82Sr_82 Rb, etc. 

4. The potentially important nuclides investigated 
with the aim of introducing them for regular ap
plication: 52Fe, 7;~Se, 75Br, 97Ru, 178Ta, 211At, etc. 

The greatest volumes of production and application 
characterize such nuclides as 67Ga, III In, 1231, 2olTa, the 
generators 81 Rb-81m Kr, 82Sr-82Rb. 

Along with the progress in the creation and wide ap
plication in the clinical practice of new efficient electron 
devices (scintillation chambers, tomographs and etc.) 
which recreate quickly and in detail the picture of ra
dionuclides distribution in the body, there goes on con
tinuously the search for new prornising radiopharmacell
ticals. 

Active investigations are going on with such ra
dionuclides as 97Ru, 211 At, 237pu, the generators 68Ge-
68Ga, 178W-178Ta for which methods of producing the 
amount required for the routine work are studied. Thus, 
the 97Ru is regarded as a nuclide possessing greater di
agnostic potential than 99mTc and also as a chemical 
therapeutic agent for oncology. I) The 68Ge-68Ga gen
erator is an extremely convenient source for a positron 
emitter and 68Ga has the same importance for the PET 
investigations as 99mTc in gamma-chamber research. 2) 
The 178Ta becomes important both for the radionuclidic 
angiography using low energy detectors and for the PET 
investigations. I) 

2. PRODUCTION OF RADIONUCLIDES AT 
THE JINR 

The possibility of obtaining a number of radionu
clides for nuclear medicine on the accelerators of the 
JINR such as the V-200 cyclotron, the MT-25 mi
crotron, the phasotron and a special high current proton 
accelerator which can be specially created (V-1201)3) is 
considered in the Table. It contains the data referring 
to the production mode, estimates of the expected yields 
and of the probable volumes of radionuclides which could 
be obtained. 

The data presented in the Table demonstrate that 
a large scale production of 97Ru, 68Ge and 178W may be 
organized on the V-1201 proton accelerator (in case it is 
built ). 

The table presents methods of producing radionu
elides which are rnost widely used in medicine. There 
is also a possibility to produce on the J INR accelerators 
sufficient quantities of other more rare but not less im
portant radionuclides for nuclear-medical investigations 
such as, 26 AI, 143Pm, 144Pm, 145Prn, 175Hf. 

As an example, the tecnique of producing isotopi
cally ultra-pure plutonium-237 (for metabolic research 
in vivo) on the V-200 accelerator and short-lived iodine-
12:3 on the MT-25 rnicrotron is described in brief below. 
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TABLE 
JINR Accelerators and production of some radionuclides 

A ~ the U~200 cyclotron, 36 MeV, 4He, 100 pA; FLNR 
B ~ the phasotron, 660 -:- 20 MeV, proton, 6 ILA (internal beam)*; LNP 
C ~ the U~120I proton cyclotron, 3.5~40 MeV, 100 pA (projected)3) 
o ~ the MT~25 microtron, 25 MeV e~, 20 pA; FLNR 

nuclide accele- nuclear energy 

(T I/ 2) rator reaction range, 
MeV 

bl:\Ge~bl:\Ga A bb,o I Zn(4 He,xn) 35~15 

(288d/68m) B natGa(p,xn) 60~15 

C 69Ga(p,2n) 35~15 

8lRb~8lmKr C 82Kr(p,2n) 35~15 

(4,6h/1:3s) 
82Sr~82Rb B 85Rb(p,4n) 60~30 

(25d/78s) 
97Ru (2,9d) A nat Mo(4He,xn) 36~14 

B 99Tc(p,3n) 50~20 

C 99Tc(p,3n) 35~20 

IIIIn(2,83d) A 109 Ag(4He,2n) 35~10 

C 11 2Cd(p,2n) 30~20 

C 113Cd(p,3n) 35~25 

123I( 13 ,3h) C 124Xe(p ,2n)+(p ,pn) 30~25 

0 124Xe(-y,n) 25 
127Xe(36,4d) B 133Cs(p, 7n) 100~60 

C 127I(p,n) 35~10 
178W~178Ta A 176, 177Hf(4He,xn) 35~18 

(22d/9,3m) B 18ITa(p,4n) 60~30 

C 18ITa(p,4n) 35~30 
195mHg~195m Au B 197 Au(p,3n) 50~20 

(40h/30s) C 197 Au(p,3n) 35~20 

2OITI(3,06d) C 203TI(p,3n) 30~22 

211 At(7,2h) A 209Bi(4He,2n) 30~10 

237pu(45,3d) A 235U(4He,2n) 32~21 

25~24 

* practically, only 70% of the proton beam intensity are used; 
** decay time; 
*** isotopically ultra-pure 237pu for the metabolism research In vivo. 

yield(EOB) 
mCi/pA-hr 

0,001 
0,057 
0,044 

6,5 

0,4 

0,1 
7,0 
3,7 
0,7 
6,0 
9,45 
10 

0,1/lg124Xe 
0,47 

0,015 
0,07 
1,3 
0,3 
10 
6 

0,7 
0,5 

0,0003 
0,00005 

expOSl-
tion, 

hr 
200 
100 
100 
5 

100 

20 
20 
20 
20 
20 
20 

4( + 7)** 
10( +2) 

50 
100 
100 
50 
20 
5 
10 

10( +32) 
10 

100 
100 

production 
yield, 
mCi 
20 
35 

440 
2750 

220 

180 
760 

6700 
1280 

10900 
17000 
4000 
200 
140 
145 
625 
370 
580 
290 

5600 
700 
335 

3 
0,5*** 
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3. PRODUCTION OF 1-123 ON THE MT-25 
ELECTRON BEAM 

The method of producing 1231 III photo-
nuclear reactions from enriched 
124 Xe(-y, n) 123 Xe------> 123 I using a small size electron ac
celerator was suggested and developed at the FLNR, 
J1NR.4-6) Though in this case the yield of 1231 is lower 
as compared with that of the proton irradiated 124Xe, 
compact electron accelerators can complete with more 
expensive cyclotrons. An important advantage of this 
method is the possibility of creating a wide enough net 
of regional centers producing 1231 on these facilities. The 
researches carried out on the microtron MT-22, MT-
2.55- 7) and including the designing of a target assembly 
and of the radiochemical procedure have allowed to sug
gest a method of producing a high-purity 1231 prepara
tion with the following characteristics: specific activity 
~200 mCi/ml (~7.4 GBq/ml), radionuclidic admixtures 
<10- 6(Bq/Bq), content of 1- 2:9.5%, pH of the solution 
7-9, admixtures of stable elements <0.0.5 Ilg/ml. 

At the corresponding organization of the work on 
the MT-2.5 microtron there could be produced during a 
year at the irradiation of 124Xe weighting 10 g (2.50 runs 
of 10 hr each) up to .50 Ci of iodine-l23. 

4. PRODUCTION OF ISOTOPICALLY ULTRA 
PURE 237pU 

The 237pu (T1/ 2=45,3 d, EC 99,9%) is the only 
Pu isotope which answers the medical requirements 
to metabolism research in VIVO. However, a 237pu 
preparation used for injection to humans must be 
nearly free from a-emitting Pu isotopes. The method 
of producing isotopically ultra pure 237pU was devel
oped. 7) Plutonium-237 was obtained in the reaction 
235U(4He,2n) on the U-200 cyclotron of the FLNR. 235U 
of 99,99% isotopic purity was used as a target. The de
pendence of the yields of 237pu, 236pU and 238pU on the 
energy of the ion beam was studied. Plutonium was sepa
rated from uranium and fission products (after dissolving 
the irradiated target in nitric acid) by using the anion ex
change chromatography. An additional isotopic enrich
ment of 237pu was carried out with the electromagnetic 
mass-separator of the YASNAPP-facility. The prepa
ration obtained with the 236PU:237pu:238pu ratio eqnal 
to 2.10- 7:1::::;3.10- 7 (Bq/Bq) is the purest among the 
preparations reported to date by different laboratories. 
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RADIOPHARMACEUTICAL "THALLIUM-201-CHLORIDE" PRODUCTION 
USING THALLIUM-203 IRRADIATION BY HELIUM-3 IONS 

A.A. Arzumanov, A.1. Kozin, G.1. Shychikov, S.T. Tihomirova, N.K. Hamidov 
Institute of Nuclear Physics, Kazakhstan Academy of Sciences, 

Alma-Ata, 480082, Republic of Kazakhstan 

ABSTRACT 

A method of radiopharmaceutical "thallium-201 
chloride" production has been developed on the basis of 
experimental and calculated data on the excitation func
tions and nuclear reaction yields in thallium-203 targets 
irradiated by helium-3 ions. The calculated and experi
mental results allow us to determine the reaction channel 
priorities in thallium-203 (3He,5n) bismuth-201 -+ lead-
201 -+ thallium-201 formation. 

1. INTRODUCTION 

Thallium-201 radiopharmaceuticals are widely used 
in medical practice for early diagnosis of heart diseases. 
Thallium-201's main characteristics are radionuclide pu
rity and low chemical contamination content and depend 
on the complex conditions of the radioactive isotope pro
duction. 

At the Institute of Nuclear Physics of the Kaza
khstan Academy of Sciences regular production of a 
"thallium-201 chloride" radiopharmaceutical using ra
diochemical treatment of a thallium-203 target irradiated 
by 29 MeV protons began in 1986. One of the possible 
ways of continuing this radiopharmaceutical production 
all the year round is to use not only protons but other 
ions also, especially after development of helium-3 ion 
acceleration using a high efficiency recovery system.1) 

2. EXPERIMENTAL RESULTS 

Irradiating thallium-203 by helium-3 ions, the ra
dionuclide thallium-201 can be produced through the fol
lowing reactions: 

203TleHe,5n)201 Bi -+ 201 Pb -+ 201Tl 
203TleHe, p 4n)201 Pb -+ 201Tl 
205TleHe,7n)201 Bi -+ 201 Pb -+ 201Tl 
205Tl(3He, p 6n)201 Pb -+ 201Tl 
It was necessary to obtain experimental data on ex

citation functions of these nuclear reactions, and also on 
competitive ones in which contaminant radionuclides are 
formed, to choose the optimum irradiation conditions for 
the thallium-203 targets. 

Unfortunately, the available experimental data on 
such excitation functions are not enough for solving this 
problem. So it was necessary to use model calculations. 

Such calculations have been carried out using a sta
tistical model of the compound nucleus decay with the 
program ALICE modified for helium-3 ions in the entry 
channe1.2) 

The nuclear masses, the binding energies and the en
ergy effect of the reactions were calculated with the liq
uid drop model using Mayers-Swyatetckey parameters.3) 
Also the data from the tables of Ref. 4) were used. 

Figures 1 and 2 show the calculated excitation 
functions of the nuclear reactions of thallium-203 with 
helium-3 ions leading to the formation of Pb and Bi ra
dionuclides with A=200-202. The curves obtained pre
dict considerable cross sections for the formation of Bi 

(T, R! - .. _- -- -.--
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:lOlBi 
200Bi 
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Fig. 1. The excitation functions of the reactions thallium-
203 (helium-3,xn) with radionuclide formation. Continuous 
curves - the results of calculation, the points - experiment: 
1 - bismuth-202, 2 - bismuth-201, 3 - bismuth-200. 
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radionuclides. At the same time experiments like the 
ones in Ref. S) were performed. 

The experimental results are shown on Fig. 1 as 
points. The experimental excitation functions of the 
evaporation reactions agree satisfactorily with calculated 
ones. 

Some excess of the experimental values over the the
oretical ones in the high energy "tails" of the excitation 
functions is explained by insufficient account being taken 
of pre-equilibrium processes. The part played by such 
processes for high-energy bombarding particles is essen
tial and it leads to higher cross section values in compar
ison with calculated ones. 

(J, B -/ 
/ 

Fig. 2. Calculated excitation functions of the reactions 
thallium-203 (helium-3,p xn) with radio nuclide formation. 

The systematic overestimate of the calculated exci
tation function for bismuth-200 can be explained by the 
fact that the gamma-lines are not known with enough 
accuracy.6-8) 

The physical yield of Bi radionuclide as a function of 
the energy of the helium-3 ions was calculated by numer
ical integration of the experimental excitation functions 
for a flux of 3.12 x 106 part/sec for irradiation per hour 
by the formula 

r-Y = 3.12.106
. n·.A Jo a(x)dx 

where Y - physical yield, MBr/ JlAh; n - number of nu
clei in one milligram of target substance; x - distance 
travelled by the particle in the target. 

For estimation of the reliability of the obtained re
sults irradiation of "thick" thallium targets has been car
ried out over two energy ranges 43-33 MeV and 44.5-33 
MeV. After one hour's irradiation with 1 rnA of beam 
current each target was dissolved in nitric acid and then 
the gamma-radiation spectra of these samples were mea
sured from the solution obtained. 

The measurement was carried out in 2 and 35 hours. 
The accumulated thallium radionuclide activities after 2 
hours' exposure were subtracted from the correspond-

ing ones after 35 hours' exposure, taking into account 
the nuclides' decay. Such an approach gives the possibil
ity of realizing the thallium-201 production method on 
condition of keeping the technology of the radiochemical 
treatment. The results are presented in Table 1. 

Table 1. The experimental functions and the yields of bis
muth and lead isotopes in bombarding thallium-203 with 
helium-3 ions. 

N 

1 

2 

3 
4 

Ein 

MeV 

47.0 
47.0 
44.5 
44.5 
43.1 
45.0 

Eout 
MeV 

33 
33 
33 
33 
33 
33 

Yield 201TI 
MB/JlAh 

11.9* 
12.4** 
8.6* 
9.13** 
4.5*** 
3.0*** 

Contaminant, % 
200TI 202TI 

8.0 <0.1 
7.0 <0.1 
1.9 <0.1 
1.5 <0.1 
0.5 <0.1 
3.0 0.2 

* - physical yield, 
** - calculated data, 
*** - yield after radiochemical treatment. 

3. CONCLUSION 

On the basis of the results obtained it can be con
cluded that the bismuth radionuclide yield is the main 
fraction for thallium-201 production from the "thick" 
targets (enriched with thallium-203) and that for the re
quired isotope purity an accurate energy range must be 
kept. Thus, the method developed for production of the 
radiopharmaceutical "thallium-201 chloride" by irradiat
ing a thallium-203 target with helium-3 ions is suitable 
for practical use, although it gives less yield in compari
son with proton irradiation. 9) 
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EXPERIENCES WITH THE CYCLONE 3 OXYGEN 15 GENERATOR 

E Conard, J-L Morelle, 
IBA, Chemin du Cyclotron 2, 1348 Louvain la Neuve, Belgium 

J C Clark, D B Mackay, 
MRC Cyclotron Unit, Hammersmith Hospital, Du Cane Road, London W12 OHS 

England. 

ABSTRACT 

The Cyclone 3 is a simple compact 
low energy cyclotron operated via 
keyboard. It generates a 50 IlA beam of 3.6 
MeV deuterons which strike a nitrogen gas 
target to produce oxygen 15 via the 
14N(d,n)150 reaction. The oxygen 15 is 
piped 80m to a novel bedside infuser which 
produces 150 water without the 
disadvantages of earlier techniques. 
25 j.lA of beam provides an adequate supply 
of 150 water for patient blood flow studies. 
The availability of 150 water "on tap" is of 
great assistance in running the extremely 
full clinical research schedule at 
Hammersmith. 

This technique has enormous 
potential in clinical PET programmes. 

Specification 
A collaborative programme was 

drawn up with IBA. A performance 
specification was agreed that would meet the 
current demands for 150 products to 
support the Hammersmith PET programme. 

1502 30 mCilmin 

C 1502 80 mCi/min 

C 150 40 mCi/min 

all of the above were for a delivery flow 
rate of 500 mllmin, measured 80m from 
the cyclotron. All products were produced 
in excess of specification during the factory 
acceptance tests in Jan 91 and the cyclone 3 
shipped to Hammersmith in February of 
that year. 

The cyclotron 
The cyclone 3 was originally 

conceived as a classical cyclotron with plane 
pole faces. The pole faces were later 

modified to incorporate sector focussing. It 
was intended to have a simple 'push -button' 
operating system. 

The plane of acceleration is vertical 
with the target at the bottom. The magnet 
yoke is hinged to allow access for servicing 
(Fig. 1). The weight of the cyclotron is 
approx 5 tonnes. 

The rf system is a free-running 
oscillator which operates in first harmonic 
mode at 14.4 MHz. The dees, which are 
fabricated from flat copper plate are 
uncooled except at the dee stems. Additional 
rigidity is provided by dee support 
insulators mounted on the sides of the 
vacuum box. The 0+ ions are produced in a 
standard P.I.G. source. 

A diagnostic probe measures beam 
intensity at extraction radius. Extraction is 
via an electrostatic deflector which achieves 
40% efficiency. 

Overall power consumption of the 
cyclotron is 40 KVA 

Improvements to the prototype 
Cyclone 3 

The rf system has now been redesigned 
by IBA to eliminate the dee support 
insulators. This design of rf system 
operates in 2nd harmonic mode and has been 
used in the 2nd cyclone 3 (delivered to 
Turku, Finland) and is to be retro-fitted in 
the Hammersmith machine during August 
'92. The redesigned rf system runs at 30 
MHz. The main magnet field has been 

increased also, resulting in a deuteron 
energy of 3.8 MeV. This increased deuteron 
energy has significantly increased the yield 
of 150 from the target. The Turku machine 
has passed its acceptance tests at the end of 
June. 
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Fig 1. THE CYCLONE-3 

The target 

The target construction is shown in 
Fig. 2. The target gas is dry nitrogen mixed 
with 1 % 02 or 1 % C02 at an absolute 
pressure of approx 1.5 bar. The cyclotron 
beam, having been defocussed in traversing 

Pole face diameter approx 480 mm 

the fringe field of the main magnet enters 
the target through a single thin window 
(currently 7.6 micron Titanium). The 
target gas is recirculated at 15 IImin by a 
ss. bellows compressor. Jets of target gas 
are directed on to the window, providing 
cooling. 

f-- 10omm--j 
BEAM 

COLLIMATOR ~~<:'"':'"~ 

WINDOW 
FRAME ... 

IRRADATION -CHAMBER 

FROM COMPRESSOR I 

, WINDOW 

1 TO COMPRESSOR 

15 0 TARGET FOR CYCLONE-3 

Fig. 2 
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The main use of the cyclone 3 so far 
has been to make 150 water. This is done at 
the bedside using a novel water generator 
infuser.7)A schematic of the water generator 
is shown in Fig. 3. 

Saline 

5% Hydrogen 
95% Nitrogen 

Active Gas 
1% Oxygen 
99% Nitrogen 

Fig. 3 

Output 
to patient 

Millipore 

Membrane 
Exchanger 

Waste gas 

Catalyst Oven 
at 200·C 

Waste decay 
coil 

The key component of the water generator is 
a semi-permeable membrane exchanger 
which introduces H2150 into a normal saline 
(0.9% NaCl) infusate. (Fig. 4) 

Fig. 4 

H2150 is synthesised in the gas phase by the 
Palladium catalysed reaction of 1502 with H2 
(5% in N2) 

Pd 
1502+2 H2 .... > 2H2150 

150°C 

As the device is closely connected to the 
patient all the electrical controls are extra 
low voltage (24 volt) and isolated to comply 
with electromedical safety requirements. 

Operation and Reliability 
At high beam intensities, 50JlA, the 

prototype cyclone 3 has continuing 
problems with breakage of the dee support 
insulators. Apart from one major water 
leak into the cyclotron tank, the cyclotron 
has run reliably at modest beam currents 
up to 30 JlA for approx 25 hours/wk during 
1992. Target window lifetime estimated to 
be 80 hours. Ion source service interval > 

100 hours. The cyclone 3 is operated via a 
lap-top portable computer. Some operator 
intervention is required to tune in the 
magnet as the cyclotron warms up.ln 
practice H2150 water output is controlled by 
adjustment of cyclotron beam by altering 
the ion source arc conditions. Residual 
radioactivity in the cyclotron tank after 
beam off is higher than expected but not a 
problem. 

Use of Cyclone 3 in the 
Hammersmith clinical programme 

150 water is used to carry out an 
average of 6 PET brain blood flow studies 
per week. 25 JlA of beam current produces 
an adequate supply of 150 water for these 
studies. The machine plays an important 
role in releasing the more flexible multi
particle 40 MeV cyclotron to be applied 
more efficiently to 11C and 18F PET 
radiopharmaceutical production. 

Potential in clinical applications 
The combination of the new generation of 

high sensitivity "septa less" PET scanners1) 
and the bedside H2150 infusion device fed 
with 1502 from the Cyclone-32) has 
provided an extremely versatile research 
platform for the study of small transient 
blood flow changes3) in the brain of man 
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blood flow changes3) in the brain of man 
when stimulated with a wide range of 
paradigms with acceptably small doses of 
radiation. These paradigms when carefully 
designed can elicit focal responses in the 
brain which when quantified lead to a wider 
understanding of normal and abnormal brain 
function. These "activation" paradigms 
range through visual (Fig.5), sound, 
speech, smell, movement, breathing control 
and cognitive processes (memory) are seen 
to be contributing valuable data in the 
"Decade of the Brain" 1990 - 2000. 

1502 which may be used to study 

tissue oxygen utilization is converted to 
H2150 in vivo and the measurement of this 
metabolic water signal can be related to 
oxidative metabolism in tissue . 

C1502 when breathed in air is 
converted to H2150 in the lung.4 ,5) It has 

recently been demonstrated that this water 
can be exploited in the assessment of 
myocardial viability by providing a 
measure of regional tissue perfusion 
index.G) This technique should have 
significant routine clinical applicability. 

C150 binds to haemoglobin in red 
blood cells and thus provides a method of 
measuring the blood volume of organs and 
tissue capillaries which is often necessary 
as part of a PET quantitative 
pharmacokinetic study. 
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Fig.S Co-registered PET/MRI Images 
MRI Transaxial scan slices with 
statistically significant increases in blood 
flow measured using Positron Emission 
Tomography (PET) and Oxygen-15 labelled 
water (arrowed) . 
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DUAL CHEMICAL STATION FOR 
CYCLOTRON PRODUCED 18F 

M.L. Mallory, G. Grimmett, D. Yang and R. Tilbury 
The University of Texas, M.D. Anderson 
Cancer Center, 1515 Holcombe Blvd., 

Houston, TX 77030 

ABSTRACT 

The demands for large quantities of 
2[18F] fluoro-2-deoxy-O-glucose (FOG) for 
cancer diagnostics and the desire for 100% 
product delivery reliability has led us to 
develop a dual chemistry station. The 
irradiated target water (180 enriched) is 
transmitted to a counting vial located in the 
chemistry station hot cell and then is 
transmitted to either side of the dual 
chemistry processing station. The two 
stations are cleaned in the morning, when 
radioactivity has decayed from the previous 
day's runs, and then loaded for either two 
runs of FOG and/or one run of FOG and 
one run of another 18F-labeled 
compound. This station has over forty 
remotely operating valves. All gases from 
the chemical reactions are collected in a 
retaining bag and radioactive products are 
allowed to decay 24 hours. We have 
successfully achieved essentially zero 
radioactivity release. All operations are 
remote and little personnel radiation 
exposure is obtained. Since 
implementation of this dual station, we 
have greatly reduced failures due to 
chemistry station malfunction. 

1. INTRODUCTION 

PET (Positron Emission Tomography) 
has been used for medical purposes for 
many years. For example, O.K. Bewley's 
presentation at the Ninth 1) International 
Conference on Cyclotrons and Their 
Application, discussed the early uses of 
cyclotron produced PET isotopes. In our 
facility, a cancer hospital, PET imaging 
studies of tumors has existed for about 
three years. Recently (1991), the in house 
production of cyclotron produced PET 
isotopes has become available and the 
ready supply of these isotopes in large 
quantities has seen a tremendous increase 
in their use for medical diagnostic 
purposes. In particular, PET scans are now 
being offered for any part of the body. The 
medical findings at our institution are that 

PET does have a contribution to make in 
supplementing the other standard 
diagnostic modalities in the detection of 
cancer and also in the surveillance of the 
treatment progress of cancerous tumors. 

The technical success of PET for cancer 
diagnostis depends on some type of 
differentiation in the biologic activity 
between cancer and noncancerous cells. 
This difference is not usually exploited by 
other diagnostic techniques. Figures 1 
and 2 are diagnostic scans from two 
different techniques of the same breast 
tumor and illustrate the value of PET scans. 
Figure 1 is a standard mammogram and a 
possible neoplasm can be detected by the 
physicians. Figure 2, is a scan from a PET 
procedure and the cancerous tumor is 
readily apparent in the computer 
reconstructed image as indicated by the 
two dark spots. The success of these initial 
experimental PET scans at M.D. Anderson 
has put a demand upon the reliability of the 
cyclotron PET isotope production program 
and the conversion of the PET isotopes 
into the desired drug. Efforts at increasing 
the redundancy for failure items or a fast 
turn around after a failure have been 
implemented on the cyclotron, beam line 
and the target. In this paper, the efforts at 
increasing the redunancy in the PET 
chemistry station, where the desired drug 
produced is FOG, is reported in the 
following section. 

2. FOG CHEMISTRY STATION 

The process of making FOG in our 
chemistry station is the method first 
introduced by Hamacher.2) This process 
involves, heating, COOling vacuum 
pumping, filtration and addition of 
chemicals, all done remotely in an enclosed 
hot cell. This process of producing FOG 
requires many operations and failures have 
occurred in various stages of this 
procedure, thus usually causing a total 
failure for that days production. To avoid 
this kind of failure, a dual station has been 
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built. Figure 3 is a schematic valve layout of 
this dual chemical station and it contains 
over forty valves. Figure 4 is a picture of 
the hardware (valves, test tubes, filter) all 
mounted on a rack inside the hot cell. The 
two stations are mounted side by side. The 
control panel for this process is depicted in 
fig. 5, where the valves are positioned on a 
graphic representation of the chemical 
process. A master valve switching the 
routing of the chemicals to either station is 
located at the top of the panel. The first 
step in either side of the process is a 
measurement of the radioactive yield of the 
target. This data is a check on the cyclotron 
and target performance and is also used in 
measuring the chemistry station efficiency. 

A particular difficult problem has been 
sealing the chemical station against 
vacuum leaks. Our normal procedure is to 
test the system for leaks after cleaning and 
loading the chemicals for the days run. 
However, we still have on occasion, air 
leaks. These leaks interfere in the 
successful transfer of product thru the 
chemistry station, which is usually done by 
pressurizing the appropriate test tube. As 
a backup, we have found that applying 
vacuum in the appropriate areas can also 
cause the radioactive chemicals to be 
transferred and this option has been 
added. 

It is well known that the process of 
making3) FDG, gives off volatile radioactive 
gases that are not trapped out by standard 
air filters. Figure 6 is a graph of the 
detection of radioactivity being released 
from our air stack monitors. We have found 
that this activity can range up to 100 mCi of 
product. We now operate our system with 
total capture of all discharged gases into a 
bag. We have successfully contained all 
radioactivity for the FDG and also for all 
other PET radiopharmacutial production. 
The stack radioactive monitors are an 
excellent detection device for air leaks 
within our chemical station system and 
these leaks also interfere in the efficient 
production of FDG. 

A potential problem in capturing the gas 
in our bag system is the buildup of 
pressure on the discharge side of our 
chemical operation. To avoid transfer of 
liquids due to this pressure buildup, we 
have built traps into the discharge lines. 

With so many valves in the system, it is 
to be expected that we have experienced 
valve failures. Initially, we used 30 psi 
valves in the system. We have determined 
that on occasion the pressure can exceed 
this value. We are retrofitting the valves to 
100 psi. Our second concern is that some 
of the valves must operate for time period 
of 1-2 hours. The high power applied to 
the valves' control solenoid causes them to 
become thermally hot in this time period. 
We are implementing an electronic circuit 
that reduces the power to these valves 
after initial opening. 

3. CONCLUSION 

The redundant chemistry station has 
been utilized 4 times since the first of the 
year (- 6 months) hence, providing a 
greater reliability in PET drug product 
delivery for our patients. In the process of 
making our chemistry station perform, we 
have encountered some interesting 
technical problems, but have devised 
solutions. We are most encouraged that 
we can make PET isotope drugs without 
releasing any radioactivity to the 
environment during a normal production 
run. 
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Fig. 1. A standard mammogram of a breast 
cancer patient is shown. This diagnostic method 
depends upon a density difference between 
cancer and noncancerous tissue. A trained 
expert could detect a potential problem with this 
patient. 

Fig. 2. PET scan of the same patient 
shown in fig. 1 is displayed. The two dark 
spots located in the patient right breast 
areas where 18F has accumulated, are 
diagnosed as cancerous cells and were 
later verified by needle biopsy and 
pathology. This remarkable clarity in 
diagnosing breast cancer with PET scans 
have in part motivated the subject of this 
paper, increased reliability in the 
production of FDG by a dual redundant 
chemistry station. 
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Fig. 3. A schematic drawing of the FOG dual 
processing chemistry station showing over forty 
Teflon valves. The first step in this process is to 
measure the radioactivity from the target. 

Fig. 4. A picture of the chemistry station 
mounted on a rack inside the hot cell. The two 
chemistry station are mounted side by side. The 
stations are cleaned and loaded with chemicals 
before the processing start each morning. 
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Fig, 5, The chemistry control panel . is 
depicted in the following photo. Only on~ side 
of the chemistry station is shown. The sWitches 
are located on a graphical layout of the process. 
A master switch for either side is located at the 
top of the panel. 
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Fig. 6. The radioactivity of two peaks of 150 
released up the stacks of the cyclotron hot cells 
are shown. The radioactivity takes approximately 
one minute from release to detection by the 
stack monitors. The stack monitors are G.M. 
detectors. All gas released from the chemistry 
station hot cell is now bagged and allowed to 
decay for 24 hours, hence decreasing our 
released radioactivity to essentially zero. 
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ACCELERATORS FOR CHARGED PARTICLE THERAPY: 
PERFORMANCE CRITERIA FROM THE USER POINT OF VIEW 

E.Pedroni 
Department of Radiation Medicine, Paul Scherrer Institute 

CH-5232 Villigen PSI, Switzerland 

ABSTRACT 

The introduction of charged particle therapy in the 
hospitals could provide substantial improvements to ex
ternal radiation therapy for cancer treatment. Many dif
ferent types of accelerators have been proposed for in
stallation in the hospitals, all with their own merits and 
disadvantages. In this report we discuss the requirements 
posed by charged particle therapy on the quality of the 
beam delivered by the accelerator (variable or fixed en
ergy, beam duty factor, beam intensity, etc.). Special 
emphasis is given to items like dynamic beam scan
ning, gantry design and proton radiography and tomog
raphy, which are not well established yet in this field 
but which could eventually have a strong impact 
on the choice of the accelerator for charged particle 
therapy in the future. 

1. INTRODUCTION 

About 2/3 of all cancer patients receive radiation 
therapy in the course of the disease (alone or in com
bination with other therapy modalities, with curative 
intent or for palliation only). Radiation therapy con
tinues therefore to be one of the most used weapons in 
the fight against cancer, a disease which nowadays sta
tistically hits (over lifetime) about one individual out of 
four of the population of the industrial countries. 
It is the opinion of many experts working in the field, 
that improvements in the techniques of radiation ther
apy, especially concerning treatment precision, is 
needed to improve local control of the primary tumour. 
Better radiation therapy with curative, instead of pal
liative intent, will be also probably needed in a rather 
immediate future in combination and as a complement 
to new systemic treatments, like immunotherapy and 
chemotherapy, which hopefully will be able to cope with 
the problem of the spread of microscopic distant metas
tasis. 
A possible significant improvement in external radiation 
therapy can be expected from the use of heavy charged 
particle beams (heavier than electrons). 

Despite the size and costs of the accelerators and beam 
transport systems involved, the interest for the intro
duction of protons (and eventually of heavier ions) in 
the clinics is steadily increasing in the oncological com
munity. This is certainly also a consequence of the very 
remarkable event, that in 1991 the first hospital-based 
proton facility of the world has been successfully put 
into operation in Lorna Linda, California. 
The commitment to further develop radiation therapy 
with charged particles is also a tradition of PSI, where 
this goal is being actively pursued since about 10 years, 
first by the introduction of pion therapy in 1981 and sec
ond with the introduction in Europe of the treatment of 
uveal melanomas with a 70 MeV proton beam. A new 
beam line dedicated to proton therapy has been assem
bled this year at PSI. Next year we will install at PSI 
a compact gantry in the new beam line and we expect 
to be able to start patient treatments of deep seated tu
mours with the gantry in 1994. 
The experience gained at PSI with proton treatments 
should encourage the introduction of hospital-based pro
ton machines in our country. This is the reason for our 
interest in all questions regarding the choice of the ac
celerator type to be used in a hospital environment. 
In this report we focus our attention mainly on the dif
ferent factors affecting charged particle radiation ther
apy, with special emphasis on their relationship with the 
properties of the different proposed accelerators. 

2. CHARGED PARTICLES FOR RADIATION 
THERAPY 

We discuss briefly the utilization of protons, neu
trons, pions and heavy ions as possible alternatives 
to conventional therapy with electrons and photons. 

2.1. Comparison of Charged Particles: Classifi
cation Criteria 

2.1.1. Dose distribution precision 

The precision of the dose distribution continues to 
be a major key for improvements in radiation therapy. 
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This has been undoubtedly demonstrated in the past by 
the successes of the introduction of high energy photon 
machines in the hospitals (megavoltage therapy). This 
is also documented by the numerous present activities 
to improve conventional therapy, like the development 
of 3D treatment planning, dose conformation techniques 
with multileaf collimators and "inverse" dose algorithms 
for treatment planning. 
The goal to confine the dose to the target volume is the 
basic requirement of radiation therapy. The therapist 
is very often faced with contradictory requirements, dic
tated by practical technical limitations of the dose ap
plication system. On one side one needs to increase the 
dose in the target volume (in order to improve the proba
bility of tumour control) and on the other side it is neces
sary to reduce the radiation burden on healthy sensitive 
organs surrounding the tumour (in order to avoid treat
ment complications). The utilization of the superior 
ballistic properties of protons and heavier ions 
is expected to be very helpful in all situations, where a 
better confinement of the dose to the target volume is 
required. 

2.1.2. High and low LET radiation 

The Linear Energy Transfer (LET) is a physical 
quantity describing the density of ionisation events at 
a microscopic level. Depending on the amount of LET 
the radiobiological effect of radiation on living cells can 
be quite different. 
a) With low LET radiation at low dose rate (factors 
dose and time) a significant portion of the radiation dam
ages can be repaired by the cells themselves (mainly sin
gle DNA strand break repairs). The repair mechanisms 
are important in the context of fractionated treatments. 
The fractionation of the dose is used to enhance the dif
ferential cell sensitivity between healthy and malignant 
cells. Most successes of radiation therapy are based on 
the fact that malignant cells are usually more sensitive 
to radiation than healthy cells (" positive" therapeutic 
ratio). Fractionated low LET radiation is therefore 
especially successfull for the treatment of radiosensi
tive tumours. 
b) With high LET the capability of the cells to repair 
radiation damages is strongly depleted (the densely ion
ising radiation produces multiple DNA strand breaks, 
which are difficult to repair or which are repaired with 
a high probability of errors). A general reduction of any 
differential cell sensitivity is usually observed with high 
LET radiation. This should be an advantage in the case 
of very radioresistant tumours (the reduction, due 
to the high LET, of the " negative" therapeutic ratio be
tween healthy and cancer cells could provide an improve
ment of the chances of cure in this case). 
High LET radiation is, in other words, a more efficient 
(with higher relative biological efficiency, RBE), but also 
less selective method to provide cell killing. Late compli
cations are observed unfortunately more often with this 
kind of radiation than with low LET. 

A very important feature of high LET, which has paved 
the way to the introduction of neutron and pion ther
apy in many research centers around the world in the 
seventies, is the reduction, due to high LET, of the so 
called Oxygen Enhancement Ratio (OER). Living cells 
with poor content of oxygen are usually more resistant 
to radiation than cells in contact with intact blood sup
ply. Since tumours generally have a rather poor vascu
larization, the oxygen effect is considered to be a possible 
cause of treatment failure in conventional therapy (cells 
close to necrotic regions, are poorly oxygenated, are more 
radioresistant and are therefore likely candidates for tu
mour regrowth). With high LET the cells at risk should 
be more efficiently destroyed. 
The results of the experience with high LET gained in 
the last 15 years from neutron, heavy ions and pion treat
ments seem to indicate that high LET radiation could be 
advantageous for at most 10 to 15% of all patients. For 
all the other patients low LET radiation seems to be 
more appropriate. 

2.1.3. The costs for charged particle therapy 

The costs for a treatment course of conventional ra
diation therapy (around 5000$ depending on the coun
try) are usually less than for comparable techniques, like 
surgery or chemotherapy. Compared with very advanced 
techniques like heart or bone marrow transplantations, 
the costs are indeed very low. 
If we perform a very rough estimate and we assume the 
extra investments necessary for installing a proton facil
ity to be about 25 M$ (the money exceeding the costs of 
an equivalent conventional facility), to be amortized over 
a period of 10 years and financed with an interest rate 
of 10%, we end up with additional expenses in the order 
of 5 M$ per year. If the facility is optimized to treat 
around 1000 patients per year, the additional costs dis
tributed over individual patients should be in the order 
of 5000$ per patient. If the proton treatments could be 
limited only to those cases, where better clinical results 
are expected, for example in the form of avoiding addi
tional surgical interventions or medical care or to permit 
the reinsertion of the patient into the work cycle, this 
amount of money would be immediately justified also 
from an economical point of view. 
In other words: if the results are sufficiently promising 
and the treatment technique is sufficiently efficient, any 
of the proposed particle therapy facilities can be justi
fied in the industrial countries also from the economical 
point of view. 
The facility costs clearly remain an important parameter 
for the comparison of particle accelerators for therapy. 

2.2. Comparison of Particles for External Radi
ation Therapy 

Figure 1 shows in a very qualitative picture a per
sonal judgement on the merits of the different particles: 
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Fig. 1. Qualitative comparison of the different 
types of particles used for external radiation ther
apy. The discussion of the judgement criteria is 
given in the text. The numbers on the scales are 
arbitrary units. 

a) Photons 
The merits of megavolt age photons in providing a cheap, 
quite precise low LET radiation source are undiscutable. 
Photons and electrons will continue to cover the needs 
of the majority of the cancer patients. 
b) Neutrons 
Neutrons are the cheapest in the class of particles with 
high LET and are already available since a decade at few 
selected therapy centers. From the point of view of dose 
precision they are similar to X-rays and MeV photons. 
Concerning dose shaping capability they are less precise 
than pions and heavier ions. Because of their more imme
diate availability neutrons will continue to be the major 
source of high LET radiation . The practical impact of 
neutrons in the hospital environment seems however to 
be less important than anticipated and hoped for in the 
seventies . 
c) Pions 
Pions are very expensive, have less precision than ions 
and have, as secondary particles, very stringent practi
cal dose rate limitations. Pions are probably nowadays 
the particles which have the least chances for introduc
tion in a hospital environment (heavy ions are probably 
a better choice in the same range of costs) . 
d) Light and heavier ions (from Helium to Neon) 
A very appealing feature of ion accelerators is the flexi
bility to produce beams of different ion types. In this way 
it is possible to provide low and high LET with the same 
radiation source. This flexibility is extremely attractive 
for facilities planned with strong research interests. 
Another appealing feature is given by the possibility to 
use radioactive beams. 
Concerning the precision of treatment heavier ions have, 
at least in theory, the best ballistic properties. In prac
tice the advantages of ions over protons are partly de-

stroyed by the fragmentation of the ions and by the 
complications given by the variation of RBE and LET 
with position inside the dose field. 
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Figure 2 shows the calculated lateral (multiple scatter
ing) and distal (range straggling) beam width u of the 
dose of a pencil beam for different types of ions (see also 
section 3.1). The heavier the ion, the better the sharp
ness of the beam and the higher the LET. The beam 
width is plotted as a function of the magnetic rigidity 
of the particles, with the beam energy chosen to provide 
the same range of penetration of the particles into the 
patient . The factor of 3 higher magnetic rigidity of the 
carbon ions compared with protons scales linearly into 
the dimensions of the accelerator and beam transport 
system and therefore more than linearly into the costs 
needed for a facility for ion therapy. Ion therapy is ex
pected to be much more expensive than proton therapy, 
as it can be argued from a comparison of the costs of the 
Rimac facility in Japan (300 M$) with the costs of the 
Loma Linda proton facility (60 M$) in the USA. 
The higher costs of ion therapy can be justified only in 
two ways: I) by the need of high LET together with good 
dose precision (a subclass of the neutron indications?) or 
II) by the need of extreme dose precision (a subclass of 
the proton indications?) . 
Row does the extreme precision of the ions compare with 
other sources of errors, like variations of patient anatomy, 
organ movements and similar uncertainties? 
It is the task of the new ion facility in Chiba, the first 
in the world dedicated exclusively to ion therapy (and 
expected to become operational in 1994), to provide the 
answers to these questions. 
Berkeley is at the moment the only place in the world, 
where ion therapy is performed on patients. 
e)Protons 
Proton therapy is expected to bring significant improve
ments concerning the quality of the dose distribution at 
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relatively moderate costs (a doubling of the costs over 
conventional therapy is a generally accepted estimate). 
From the radiobiological point of view, protons can be 
considered to be a low LET radiation. Since for most of 
the patients low LET seems to be a better choice, pro
tons represent the next immediate alternative to photons 
for introduction in the hospitals on a large scale. 
In the following we will follow our preferences and we 
will discuss only proton therapy. 

3. PROTON THERAPY 

3.1. Physical Characteristics Relevant for Ther
apy 

Figure 3 shows, as an example, the dose distribution 
of a proton pencil beam, measured with a degraded beam 
at PSI. 

5 10 15 20 25 30 
z (em) 

Fig. 3. Dose distribution of a proton pencil beam. 

Charged particles, when they penetrate matter, lose en
ergy by collision with atomic electrons. The range of 
penetration of protons is extremely well defined with a 
range straggling of about 1% (standard deviation). As 
the particles approach the position where they stop, they 
lose more and more energy giving rise to the well known 
characteristic Bragg peak. The dose precision at the 
distal edge of the field is governed by the range strag
gling process. 
The other major factor affecting the precision of the dose 
distribution is multiple Coulomb scattering (colli
sions of the projectile with the charge of the nuclei). This 
affects the precision of the dose in the direction trans
verse to the beam. Nuclear collisions represent an ad
ditional nuisance, since they produce some degree of at
tenuation of the beam (10-30% depending on the range). 
The phase space of the beam delivered by a dedicated 
proton accelerator should be chosen to be smaller than 
the contributions from range straggling and multiple 
scattering at the Bragg peak position. 
The precision of the dose fall-off at the edge of the field 
depends directly on the choice of the beam energy. To 
a good approximation the dose fall-off can be considered 
to vary linearly with the energy of the beam. The possi
bility to choose a variable beam energy in the range be
tween 70 and 220 MeV (270 MeV if proton radiography 
must be supported) is a generally accepted requirement 
for proton therapy machines for the hospitals. 
An ultimate precision in the order of few mm for the con
finement of the dose at the edge of the dose distribution 
and a dose homogeneity of few % inside a 3D shaped 

target volume is a performance achievable with proton 
therapy. 

3.2. Indications for Proton Therapy 

The main strategies to be used to exploit the possi
ble advantages of proton therapy over conventional pho
ton therapy, can be summarized in the following way: 
a) The dose beyond the Bragg peak is essentially 
zero. This should be used in all situations, where the tu
mour is surrounded by sentivitive structures and where 
stopping the beam exactly in front of healthy, very sensi
tive structures behind the target volume, brings a signif
icant reduction of treatment complications. This is ac
tually the speciality developed mainly at Harvard, with 
the treatments of tumours close to the base of the skull 
(chordomas and chondrosarcomas) or close to the spinal 
chord. Together with the eye treatments, these very im
pressive indications represent now the" classical" pro
ton indications, those which have attracted the interest 
of the oncologists on proton therapy worldwide. 
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Fig. 4. Depth dose distribution comparison of 
photons and protons. The shaded areas represent 
the amount of undesired dose outside a 10 em tar
get volume located on the axis of a "patient" of 
40 em diameter. 

b) Low integral dose outside of the target vol
ume. This can be seen from Fig. 4, where the dose 
distribution of photons and of Spread-Out-Bragg-Peak 
(SOBP) protons are compared. The light and dark+light 
shaded area in the picture represent the undesired dose 
deposited outside the target volume for protons and pho
tons respectively. The situation in the picture is more 
favourable to protons by about a factor of 3. This advan
tage is maintained for multiple fields, provided that the 
same number of fields can be used with protons as with 
photons (Fig. 5). The reduction of integral dose could 
prove to be very effective for the treatment of large tar
get volumes, where the dose outside the target volume 
is the limiting factor. These indications require how
ever the installation of isocentric gantries for proton 
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therapy, similar to those used in conventional therapy. 
Up to now protons have been used only on horizontal 
beam lines, without isocentric gantries (and sometime 
with other limitations like insufficient beam energy). 
This is probably the reason, why up to now protons have 
been used mainly for treatments of rather small target 
volumes. Since fall 1991 the door for a completely new 
class of indications, namely large target volumes, has 
been opened in Loma Linda with the installation of the 
first proton therapy facility of the world with isocentric 
gantries. 
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Fig.5. Example of a dose distribution to be 
achieved using the spot scanning technique: the 
isodose lines are 10%,20%,30%, ... , 90% respec
tively. 

c) Protons are ideal particles for dose conforma
tion. 
This for two reasons. The first reason is that protons 
are charged particles. They can be transported, fo
cussed and deflected at wish with magnetic devices, giv
ing unpaired flexibility to manipulate the distribution of 
the dose under complete computer control, the ratio
nale for the introduction of the so called spot scanning 
technique. 
The second reason is, that protons are well localized 
in all three dimensions already as an elementary 
pencil beam, as opposed to the photons, which acquire 
3D dose localisation only through the overlapping of con
vergent collimated beams. For these reasons dose con
formation is expected to be more precise and easier 
to perform with protons than with photons. 
A true 3D dose conformation with protons, using a spot 
scanning method is still a novelty to be realized in this 
field. This is together with the design of a compact 
gantry dedicated to beam scanning, one of the key points 
of the developments for proton therapy at PSI. These 
developments should open the door to a third class of 
indications for proton therapy, namely tumours with 
complex shape to be treated with a routine automated 
conformal method. 

3.3. Proton Therapy: Factors Affecting the Ac
celerator Choice 

3.3.1. Proton application techniques: scatter 
foil technique and spot scan technique 

The traditional technique used up to now for pro
ton therapy, is based on the spreading of the beam in the 
transversal direction using scatter foils (or similar de
vices). The lateral shaping of the dose field is performed 
using collimators. The spreading of the beam in depth 
is performed using rotating wheels with variable thick
ness or ridge filter systems. The SOBP function is 
chosen to produce a dose flat top with constant length 
equal to the maximal thickness of the target volume in 
depth. The dose conformation to the target volume is 
not performed in depth, only the position of the distal 
edge of the dose field is usually adjusted in depth using 
compensator boluses. Through overlapping of multi
ple fields excellent 3D-shaped dose distributions can be 
however achieved with this technique. The advantages 
of the scatter foil technique are given by its reliability 
and safety. 
An alternative technique is to use the undisturbed fo
cussed beam and to scan the beam in three dimensions. 
Magnetic deflections (and/or patient translations) are 
used for the positioning of the spot in the lateral direc
tion. For positioning the Bragg peak in depth range 
shifting material is inserted in front of the patient or 
the energy of the beam is changed directly in the ac
celerator, if this option is available. At PSI we are devel
oping a discrete spot scanning technique. The dose is 
applied statically at each spot position by switching on 
and off the beam with a kicker magnet and by mea
suring the spot dose with a fast beam monitor system. 
This simplifies the control system at the expenses of some 
dead time for the application method. 
The spot scanning technique is expected to be superior to 
the scat ter foil method, because of its full flexibility, since 
it allows a true 3D conformation of the dose (4D confor
mation -non homogeneous dose distributions- is in prin
ciple also readily available) and permits complete com
puter control with minimal patient individualized hard
ware. The full beam is dumped (most of the time and 
in a controlled way) in the patient and is not lost in the 
equipment, reducing the requirements on beam intensity 
for the accelerator and reducing the activation problems 
of all components of the facility. 
The spot scanning can be integrated in the optics of the 
beam transport system of the isocentric gantry, thus per
mitting a reduction of the gantry diameter. 
A possible problem faced by the spot scanning technique 
is the problem of organ movements during scanning, with 
possible interferences between scanning of the beam and 
motion of the patients. 
Since the flexibility of the scanning method is achieved 
by performing dose spot applications sequentially as a 
function of time, a good beam duty factor is required 
in this case from the accelerator. 
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We assume here, as a typical example of scanning per
formance, the irradiation in 2 minutes of a 1 liter (com
plex shaped) target volume, with scanning on a regular 
mesh with 5mm distance from spot to spot (positioning 
of the dose field edge better than ± 2.5mm). This re
quires about 10000 spot applications in 2 minutes, with 
a mean spot irradiation time of about 10 ms (100Hz). 
We don't assume here any particular stability of the 
beam. The PSI scanning method is supposed to be able 
to cope with beam fluctuations in the order of 100% of 
the mean intensity. The spot dose is chosen individually 
for each spot in the treatment planning system. If the 
dose of each spot has to be controlled with a precison 
of 1% of its mean value, we must measure it and, when 
the required amount of dose has been deposited, immedi
ately switch off the beam with a typical reaction time of 
100J-Ls (10KHz). These are typical requirements for a fast 
spot scanning with a DC-like beam (beam of a cyclotron 
or slow extraction from a synchrotron). Other similar 
schemes of dynamic scanning have been proposed for ex
ample by IBA(Belgium), ITEP Moscow(Russia), Upp
sala(Sweden) or under development in Berkeley(USA) 
and Darmstadt(Germany).l) 

3.3.2. Isocentric gantries for proton therapy 

The major problem encountered in the construction 
of an isocentric gantry for proton therapy is the high 
magnetic rigidity of the protons used for therapy (with 
conventional bending magnets the bending radius can 
not be chosen smaller than about 1.3 m) For this rea
son an isocentric gantry for proton therapy is larger and 
more massive than a conventional gantry for photons. 
The only existing gantries of the world are the three 
"cork-screw" gantries of Lorna Linda, which span a di
ameter of 12 m and have a weight of about 90 tons each. 
In the "cork-screw" design (first proposed at Harvard) 
the beam is bent first by 90 0 away from the axis and 
then is bent back on axis by a 2700 bending in the plane 
transverse to the axis of the gantry. The Lorna Linda 
gantry is designed to support both application methods, 
the spot scan method and the scatter foil technique (the 
last requiring a large distance between last bending mag
net and patient). 
The proton gantry to be realized next in the world, 
should be the gantry for PSI, commissioned for instal
lation in 1993. The diameter of the PSI gantry has 
been reduced down below 4 m in diameter, by combining 
the spot scanning technique into the optics of the beam 
transport system and by mounting the patient trans
porter excentrically on the gantry. In this way the space 
in the radial direction is occupied only by the 900 mag
net and by the patient transporter system respectively. 
The PSI gantry does not support the scatter foil tech
nique. If the Lorna Linda gantry looks like a large disk, 
the PSI gantry looks like a smaller but longer cylinder. 
Since the beam used at PSI is a degraded beam (energy 
degradation from 590 MeV down to 100-260 MeV) the 
phase space of the beam used at PSI is large and the 

magnets are correspondingly very massive. The gantry 
of PSI is heavier (120 tons) than the Lorna Linda gantries 
despite the facts, that less total bending is applied on the 
beam. This is not a problem of the gantry design itself, 
but is a problem related to the proton source used at 
PSI (fixed beam energy and degradation of the beam). 
A PSI gantry design adapted to a dedicated accelerator 
with a beam with small phase space and variable energy, 
would be much less massive than the present prototype. 
For other gantry designs (IBA (Belgium), Uppsala (Swe
den), Moscow (Russia), MSU East Lansing (USA), AC
CTEK (USA)) or other solutions with combined fixed 
horizontal and vertical beams (Tsukuba and Chiba 
(J apan)) we have to refer here to the literature. l ) 
The performance of isocentric gantries does not depend 
much on the accelerator type, except for the two factors 
already mentioned: 
a)Depending on the quality of the beam delivered by the 
accelerator (degraded or direct beam) the gantry mag
nets can be very massive or not. 
b )The gantry dimensions depend partly on the applica
tion technique chosen for the gantry, and consequently 
the feasibility of the gantry depends indirectly on the 
duty factor of the beam delivered by the accelerator. 

3.3.3. Proton radiography and Proton Tomog-
raphy 

The intensity of the proton beam must be attenu
ated down to a proton rate which permits the use of Mul
tiwire Proportional Chambers (MWPC). The energy is 
chosen such that the protons barely pierce through the 
patient and exit on the other side with low energy. The 
entrance and exit coordinates of each proton are mea
sured with MWPC and the residual energy is measured 
with a scintillating crystal (or the residual range with a 
stack of plastic scintillators). The measurement in coin
cidence of entrance and exit proton coordinates permits 
to reduce the position resolution error due to multiple 
Coulomb scattering by about a factor of 4 (position res
olution in the order of few mm instead of around 1 em). 
Since protons have a well defined penetration range, very 
few protons give already a very precise information on 
the integral electron density of the patient along the pro
ton path. Proton radiography is therefore very sensitive 
to small density variations. 
Proton radiography realized in the context of proton 
therapy could prove to be very appealing for the follow
ing reasons: 
a) Proton radiography could be used to control the po
sitioning of the patient in the beam directly on the 
gantry (substitution of the position verification usually 
performed by X-rays projections). 
b) "Absolutely calibrated" proton radiography images 
contain precious additional information on the exact pen
etration depth of protons into the patient. Penetration 
errors due to organ misalignments or wrong calibration 
of CT data used for treatment planning, could be directly 
detected with digitized proton radiography images taken 
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directly on line before starting treatment. The quanti
tative verification by means of absolute proton radio
graphy measurements, of the correctness of the resid
ual range values calculated by the treatment planning 
system for the passing-through particles, should give 
confidence in the correctness of the corresponding calcu
lations for the stopping protons for therapy. Proton 
radiography is therefore a very interesting tool to check 
the penetration depth of the beam into the patient to
gether with the control of the correct positioning of the 
patient in the beam. 
c) Proton radiography has excellent density resolution 
characteristics. A factor of 10 or 20 less dose is nec
essary for proton radiography to provide the same den
sity resolution as with X-rays. Proton radiography could 
eventually prove to be a new interesting diagnostics tool, 
more sensitive to soft tissue differences. 
e) Proton tomography, if possible to realize in practice 
on the gantry, should give access in theory to the ideal 
data base for treatment planning, since it would provide 
directly electron densities without the need of doubtful 
calibrations of Hounsfield numbers (without beam hard
ening artefacts like for X-rays). 
We plan at PSI to test these ideas in the new beam line 
dedicated to proton therapy, in order to learn about their 
practical importance. 
For the point of view of the requirements on the acceler
ator type, proton radiography and tomography require 
a very high rate of data taking, with individual events 
resolved by coincidence measurements in time. The duty 
factor of the beam is a crucial parameter for the acqui
sition time of the radiographic images. 

3.3.4. Synchronisation with breathing 

If dynamic scanning with conformation of the dose 
and/or proton radiography are performed together with 
the synchronization of breathing of the patient, the re
quirements on beam duty factor are even more impor
tant. 

4. ACCELERATOR REQUIREMENTS 

In this section we summarize the requirements on 
accelerators for proton therapy in the prospective of the 
future developments described in the previous sections: 
a) Maximum beam energy. 
For therapy 220 MeV energy seems to be adequate, but 
260-280 Me V energy (40-45 cm range) is necessary for 
the feasibility of proton radiography in the body. 
b) Fixed beam energy and beam degradation. 
A fixed energy of the beam (cyclotron and synchrocy
clot ron) could prove to be an acceptable solution for the 
hospital, for reasons of simplicity and reliability. 
The option to choose a variable energy (in steps or con
tinously) is however the solution preferred by most of 
the proton therapy experts. A possible compromise for 
fixed energy machines is to use degraded beams, realized 

with variable thickness absorbers placed in the beam line 
possibly at an intermediate double focus. The scattered 
beam must be analyzed in momentum and phase space 
in the subsequent beam line, which could be the gantry 
itself. If the degradation of the beam is performed from 
260 Me V (needed for proton radiography) down to 70 
Me V, the intensity of the analyzed beam is expected to 
change with energy as much as a factor of 20. 
The disadvantges of the degradation are given by the 
large variation (with all related safety problems) of beam 
intensity (needed in the accelerator to obtain a constant 
intensity of the degraded beam), by the increased acti
vation of beam line elements in the region around and 
before the degrader and by the large phase space of the 
extracted beam, which requires massive magnets on the 
gantry. 
c) Variable energy 
directly from the accelerator (continuously from the syn
chrotron and in steps from a proton linac) is certainly a 
better solution, if available. 
In the case of the synchrotron, the possibility to change 
beam energy from pulse to pulse is very appealing, since 
it should permit to control the deposition of the beam 
without range shifter systems (only the patient body con
tributes to the scattering of the beam), which is a neces
sary condition to achieve the ultimate precision possible 
with proton therapy. This requires however the simulta
neous tuning, pulse by pulse, of all magnetic elements in 
the beam transport system, which could prove to be very 
difficult to obtain with sufficient beam position stability. 
d)Beam intensity. 
The required beam intensity depends on the application 
technique used. For tumours treatments with the spot 
scanning method a few nA proton current should be suf
ficient. For the scatter foil technique the generally ac
cepted requirement is 10-20 nA. 
e) The duty factor of the beam. 
A good duty factor could prove to be, in the long range, 
equally important for proton therapy as it has been in the 
past for physics experiments in the same energy range. 
The cyclotron provides the best possible time structure 
of the beam. This is indicated for beam dynamic scan
ning and for the data taking for proton radiography and 
tomography. 
The slow extraction from a synchrotron is an acceptable 
alternative solution, which is however often criticized as 
a technical complex solution (?). 
The other pulsed machines (linac and synchrocyclotron) 
should provide at least 100 Hz together with some 
method of control of the beam intensity from pulse to 
pulse at the ion source (or a 10kHz pulsed beam) in or
der to remain competitive for dynamic scanning methods 
(see section 3.3.1). For coincidence measurements with 
MWPCs for proton radiography a pulsed machine is al
ways less efficient. 
f) A fast beam shutter, to switch quickly the beam 
on and off, is a necessary device for the discrete beam 
scanning technique, which is more interesting than a 
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continuous scan, because of its simplicity and reliabil
ity. The switching can be realized with a kicker magnet 
mounted in the high energy proton beam line. For ac
celerators without ramping of the magnetic field (with 
sufficiently short transport time from the ion source to 
the patient) the switching of the beam should be per
formed more easily at the ion source. 
g) Superconducting accelerators and supercon
ducting beam transport systems. 
These developments are very important, since they 
should provide a true miniaturisation of the proton fa
cility, down to sizes comparable with those used for con
ventional therapy, up to the point even to envisage the 
rotation of the accelerator system itself around the pa
tient (proposed MSU facility, East Lansing, USA).1) 
Superconducting technology should also help to reduce 
the dimensions of gantries. The problems still to solve 
are the reliability (long repair time for the cooling down 
of the cryogenic parts) and the complexity (design, beam 
optics and wiring) of superconducting bending magnets 
with small bending radius. 
h) Acceleration of H- ions. 
This solution can be used to provide a very simple 
and very reliable slow extraction of the beam from a 
synchrotron (charge exchange extraction with stripping 
foils). The phase space of the beam can be chosen to 
be very small, thus permitting to construct gantry sys
tems with very small magnets (Moscow gantry).!) The 
price to pay for this solution is given by the large dimen
sions of the accelerator ring (around 15 m diameter) and 
by the need of ultrahigh vacuum (both requirements are 
necessary to avoid ion stripping). The large size of the 
accelerator ring can be compensated by designing the 
facility to be very compact, with short beam lines con
necting the ring with the treatment rooms, aligned on a 
circle around the accelerator. 
i)The reliability and simplicity of operation (which 
does not exclude a priori very advanced technologies, if 
they are well automatized) of the proposed solutions is 
probably the most important parameter for the success 
of the introduction of proton accelerators in the hospital 
environment. 

5. CONCLUSIONS 

What we need just now are more hospital
based proton therapy facilities in the world, in order 
to improve our clinical and technical experience on this 
subject. 
Which is the most optimal technical solution for the 
clinics is not completely clear yet. The Loma Linda 
synchrotron represents a well optimized solution, which 
satisfies the needs of the techniques presently available 
(scatter foil method on a cork screw gantry) and at the 
same time permits future developments (slow extraction, 
variation of the energy pulse by pulse, dynamic scan
ning, etc.). The practical relative importance of the dif
ferent performance parameters (like size, costs, patients 

throughput, simplicity of operation, safety) and the fu
ture development of new technical issues (like automated 
spot scanning, proton radiography and tomography, su
perconducting accelerators and gantries) could however 
change the conclusions in favour of other accelerator so
lutions. 
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ABSTRACT 

Over the past 2 decades of clinical 
development, proton irradiation has become the 
standard of care for selected tumor sites, e.g. 
ocular melanoma and skull base sarcomas 
(chordomas/chondrosarcomas). Proton therapy 
has made possible tumor dose escalation with 
maintenance of normal tissue dose constraints, 
increasing local control rates by over 30% in 
these tumors. The 3-dimensional planning tools 
developed specifically for proton treatment design 
have recently been emulated in several advanced 
3-D photon planning algorithms, narrowing the 
dosimetric advantage afforded by proton therapy. 
However, the precise beam range modulation has 
been demonstrated to be of continued potential 
advantage in other clinical sites - specifically, 
advanced nasopharynx, paranasal sinus, 
oropharyngeal, nervous system, and prostate 
neoplasia. Reviews of the current tumor indica
tions and control rates, Proton Radiation 
Oncology Group (PROG) clinical trials, and 
future applications are presented. 

INTRODUCTION 

Radiation oncology represents a discipline of 
medicine with the mandate of maximizing the 

local control of malignant disease. Although the 
spectrum of human neoplasia is broad and 
includes tumors whose natural behavior may be 
so aggressive as to be metastatic at first clinical 
presentation, many tumors remain locally 
confined for a significant period before 
dissemination. Such tumors range from slow
growing sarcomas of the skull base and ocular 
melanomas, to more histologically aggressive 
prostate carcinoma and squamous cell tumors of 
the head and neck. Recent statistical analyses of 
patterns of failure suggest that the ability to 
obtain local control of a tumor does, indeed, 
translate into decreased rates of metastases and, 
ultimately, into increased survivals.!) 

Proton therapy represents one therapeutic 
modality within the armamentarium of irradiation 
possessing unique dosimetric qualities.2

) The 
particle nature of proton irradiation results in 
extremely rapid dose fall-off at the distal range 
of the absorption - a phenomenon recognized as 
the "Bragg Peak". Unlike photon irradiation, the 
positive charge of protons results in slowing of 
the particles by attraction of electrons in tissue, 
as well as deflection and repulsion from nuclei. 
These magnetic characteristics result in a finite 
range of the proton as it traverses through tissue 
medium. Furthermore, this range is energy 
dependent and may be controlled by "range 
modulation". Additionally, dose profiles of 
protons in tissue equivalent phantom materials 
suggest a constant loss of energy across a range, 
resulting in a "flat" dose distribution across a 
useful depth of tissue. However, such a 
distribution comes at the expense of the well
recognized "skin-sparing" provided by higher 
energy photon beams. Because entrance doses 
for proton beams may vary as high as 70-100%, 
clinical therapy dictates either multiple entrance 
sites (i.e., mUltiple proton portals) or some 
mixture of photon and proton irradiation in order 
to lessen skin toxicity. The effective absence of 
exit dose beyond the range of proton irradiation 
also results in a lack of useful energy with which 
to image treatment volumes; therefore, diagnostic 
photon energy must be used to generate treatment 
portal verification films. 
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The sharp distal edge to the proton beam, 
combined with the ability to contour its width 
profile through the use of tissue compensation 
designed, not only to replace missing tissue, but 
also to correct for tissue inhomogeneities, both 
result in a facile method for tightly conformal 
therapy design. Such conformal therapy results 
in significant savings to "normal" non-target 
tissues during the irradiation of adjacent tumors. 
It is this ability to shape, or contour, the dose 
profile about the target volume that distinguishes 
proton irradiation - no radiobiological advantage 
is recognized for proton radiation per se. 
Relative Biologic Effectiveness (RBE) values 
have been repeatedly measured for proton therapy 
and are recognized to approximate 1.1; that is a 
coefficient multiplier of 1.1 will translate proton 
absorbed dose into photon, "Cobalt Gray 
Equivalent = CGE", dose. Therefore, only 
through target dose escalation made possible by 
conformal proton irradiation will local control of 
tumors be increased. 

Tumor Control Probability (TCP) and Normal 
Tissue Complication Probability (NTCP) curves 
both assume sigmoidal shapes, paralleling each 
other. Over the dose range resulting in 
significant incremental increases in tumor kill, 
i.e., over the range of the sigmoidal curve with 
the greatest slope, there exists a relatively small 
dose difference between curves reflecting damage 
to tumor and normal tissue. Scattered and "exit" 
radiation, such as exists in conventional photon 
therapy, results in dose to normal tissues, 
reducing the dose available to treat tumorous 
tissues. Partial organ tolerances, for the most 
part, have been poorly described in conventional 
photon literature. Proton therapy makes 
restriction of treated volumes possible and also 
allows treatment of only partial volumes of 
normal structures. One important result of 
proton therapy trials is the recognition of partial 
organ tolerances, some of which are currently 
being reported.3

) 

Three-dimensional treatment planning is a 
requirement of proton radiotherapy. Accurate 
predictions of scatter from surrounding tissue in 
all planes can only be made with the use of dose 

algorithms capable of 3-dimensional calculations. 
Equally important is the ability to represent the 
tumor and surrounding normal structures in such 
a fashion as to allow arbitrary viewing from any 
projection angle. The capacity to generate 
isodose surfaces, correlate these surfaces with CT 
and MR-defined anatomy, and to view the 
relationships of these surfaces and anatomy from 
any "Beam's Eye View" angle brings interactive 
3-dimensional treatment planning to reality. 
Such software was originally developed for 
proton therapy and has been emulated by several 
photon algorithms.4

) The volumetrics associated 
with the 3-dimensional surfacing implicit in this 
software makes it now possible to quantitatively 
compare volumes irradiated, patterns of 
recurrence relative to volumes irradiated, and 
normal tissue complications relative to volumes 
of normal tissues treated. 

The development of powerful software 
tools capable of 3-dimensional treatment planning 
for both proton and now, photon, therapy has 
narrowed the dosimetric advantage gap between 
proton and photon treatments. Conformal photon 
irradiation is now possible for a number of 
disease sites, significantly improving the potential 
therapeutic ratio. However, the presence of a 
photon exit dose dictates the use of many beams 
in order to average the integral dose to normal 
tissue over as great a volume as possible. The 
ultimate expression of this integral dose 
averaging lies in dynamic therapy - conformal 
shaping of photon fields dynamically changing 
with rotation about the patient. Dynamic therapy 
has yet to become a practical reality, thwarted by 
the practicality of dose and conformal shielding 
verification. Proton therapy does not require 
such dose averaging to normal tissues - precise 
modulation of the distal edge depth and effective 
compensation across field dimensions obviate the 
need for more than a few static beams to achieve 
conformal therapy distributions. Nonetheless, 
optimal radiation planning may ultimately require 
both modalities: proton therapy for restricted, 
conformal boost irradiation and dynamic photon 
therapy for irradiation of surrounding tissues at 
risk for subclinical disease. 
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CURRENT CLINICAL EFFORTS 

Proton therapy commenced at the Lawrence 
Berkeley Laboratory in 1955 for patients with 
benign arteriovenous malformations and pituitary 
neoplasia. Since that inception, worldwide 
interest has increased markedly, most recently 
due to the availability of practical software 
planning tools and to the decreased cost of 
cyclotron construction. It is estimated that over 
12,000 patients have received proton irradiation, 
the majority for small intracranial lesions and for 
tumors of the eye. The recent formation of the 
ACR (American College of Radiology) sponsored 
Proton Radiation Oncology Group (PROG) 
represents a significant clinical focus designed to 
test the relative efficacy of proton therapy in 
well-designed trials. Several on-going Phase III 
trials, as well as recently commenced Phase I-II 
efforts, will be described. 

Phase III trials 

Uveal melanoma 

As of June, 1992, 1764 patients have received 
radical irradiation therapy for choroidal 
melanomas utilizing protons delivered by the 
Harvard Cyclotron Laboratory (HCL). It is 
estimated that over 3000 melanoma patients have 
been treated worldwide. 

Alternative therapies for choroidal melanoma 
include either enucleation or radioactive plaque 
therapy. Survival rates have been demonstrated 
to be fully comparable to those realized with 
enucleation, suggesting that dissemination of 
tumor cells during treatment localization, 
delivery, or follow-up is not occurring.5

) Plaque 
therapy is also being tested in a nationwide 
randomized trial against enucleation and appears 
to offer another alternative.6

) 

Analysis of greater than 1000 proton patients at 
the HCL suggests local control rates within the 
globe to exceed 96% with control within the 
high-dose region exceeding 99%.7) Ten-year 
survivals have remained in excess of 80% across 

all participating centers. With the excellent local 
control and equivalent survival rates to 
enucleation and plaque therapy, proton therapy 
for uveal melanoma appears to be most suited 
for 1) Posterior lesions close to the fovea where 
plaque placement is difficult and 2) Larger 
lesions with ultrasound measured height >/= 8mm 
which are not homogeneously treated with plaque 
therapy. Anterior lesions are more readily suited 
to plaque therapy due to facile placement. 

We are currently testing the hypothesis that 
lower proton dose levels are possible while 
maintaining control rates and decreasing toxicity 
to the disc and fovea. The current Phase III 
dose trial randomly compares 5 x 10 CGE to our 
historical 5 x 14 CGE dose level for patients 
with tumors proximal to the disc and fovea. 
Eligibility criteria have remained constant 
throughout this trial and include tumors of </=15 
mm diameter and </= 5mm height + located 
within 4 disc diameters of the optic disc/fovea + 
no evidence of distant disease + vision of 
counting fingers or better. Clinical results thus 
far have remained excellent, with no evidence of 
local failures. Therefore, the trial will continue 
with current acceptance parameters. An 
anticipated 176 patients are expected to be 
entered into the trial. 

An additional phase III trial is underway 
testing the efficacy of DTIC chemotherapy and 
BCG immunotherapy in preventing the spread of 
disease for patients with larger choroidal 
melanomas and higher risks of metastatic spread. 
These established agents for the treatment of 
cutaneous melanomas are tested for patients with 
ocular melanomas >/= 15 mm in diameter and 
>/= 8 mm in height with no evidence of 
metastases. The radiation therapy will remain at 
the higher level (our historical control) of 70 
CGE over 5 treatments. 

Skull base sarcomas 

Sarcomas of the skull base represent rare, 
difficult neoplasms to treat with conventional 
means of surgery and photon irradiation. 
Consisting primarily of chordomas and 
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chondrosarcomas, these tumors are usually not 
accessible to complete surgical removal, manifest 
relentless local invasive behavior, and are 
juxtaposed to critical structures (brainstem and 
chiasm) that effectively prevent the delivery of 
photon doses greater than 55.8 Gy. Austin
Seymour reviewed the historical control rates for 
this site with conventional treatment and reported 
local control rates at 3.5 years not to exceed 
36%.8) 

Proton therapy results have been previously 
reviewed and found to offer clear advantages 
over conventional photon treatment.9

-
1O

) Since 
1974, over 200 patients with chordomas or low
grade chondrosarcomas of the base of skull have 
been treated with combined, fractionated proton 
and photon irradiation at the MGH/HCL facility. 
Greater than 70% of the dose was given with 
proton radiation, allowing significantly increased 
doses to be delivered, while respecting tolerance 
doses to adjacent critical structures (brainstem, 
chiasm). All planning has been performed with 
the aid of 3-dimensional planning techniques, 
optimizing the delivery of irradiation. Median 
dose delivered was 68 CGE. Outcome has been 
assessed in terms of local recurrence-free survival 
(LRFS) and overall survival. Local failure, 
defined as a definite increase on CT or MR 
imaging, occurred in 18% of patients, while 
metastases was documented in 4%. Median 
follow-up at time of last analysis is 37 months. 
LRFS at 36 and 84 months is 84% and 65% 
respectively, while overall survival is 94% and 
77%. Significant prognostic variables include 
sex (males significantly better than females); 
histology (chondrosarcoma better than chordoma); 
location (base of skull better than cervical spine); 
and age (younger better). Currently, RTOG 86-
25, a randomized dose protocol between 66.6 and 
72 CGE for skull base sarcomas employing 
combined proton and photon irradiation, is being 
examined. 

Advanced prostatic carcinoma 

As of June, 1992, 192 patients have been 
entered onto a MGH/HCL study of dose 
escalation for advanced carcinoma of the 

prostate. ll) Designed for T3-4 disease with NO-
2 nodal status, the trial randomly compares 68.4 
G to 75.6 CGE using conformal proton therapy. 
A total of 200 patients are planned to be treated 
before conclusion of the study. The acceptable 
tolerances of the rectum and bladder to the 
higher dose of irradiation suggests that proton 
beam therapy may realize significant increases in 
local control. Results from the trial will only be 
available after accrual completion and adequate 
follow-up time has occurred; however, toxicity 
results suggest the higher proton dose to be well
tolerated. 

Phase II Clinical Trials 

Recently, expanding clinical focus has 
resulted in the development and implementation 
of new protocols for the treatment of tumors of 
the paranasal sinus, oropharynx, benign 
intracranial meningioma, and astrocytomas at the 
HCL. These new efforts have required renewed 
attention to the details of facile, precise 
immobilization, as well as the incorporation of 
permanently implanted fiducial markers.12

) Used 
in concert with repositioning software, these 
markers allow corrections of cranial position to 
be made to the sub-millimeter level in a 
reasonable treatment period of time, usually 20-
30 minutes per patient. 

It is noteworthy to indicate a change in 
emphasis in clinical trials towards the therapy of 
more rapidly growing, locally agb,'Tessive tumors. 
Whereas the period from surgical resection to 
irradiation for skull base sarcomas often exceeds 
several months, every effort is made to follow 
surgery with post-operative irradiation within 3-
6 weeks for the squamous cell tumors of the 
paranasal sinus and oropharynx. Additionally, 
the astrocytoma treatment regimens demand a 
similar time schedule, including aggressive 
steroid management during therapy for 
intracranial swelling. Such new time constraints 
dictate close coordination with referring surgeons, 
rapid and interactive treatment planning, and 
close follow-up of these tumors. 
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Paranasal sinus 

A hyperfractionated, accelerated combined 
photon and proton trial is currently in progress 
for patients with advanced malignancies of the 
paranasal sinuses. This aggressive regimen 
builds on the MGH experience of 
hyperfractionation to include the increased 
targeting accuracy of proton therapy, hoping to 
spare patients morbid, extensive surgical 
resections of the orbital contents and premaxillary 
area. 13) Tumors of this anatomical area have a 
relatively sparse lymphatic drainage pattern; 
therefore, they represent a category of head and 
neck tumors for whom increased local control 
may translate into increased survival. 14) 

Statistical predictions based upon dose-response 
data from pharyngeal wall tumors (similar in 
metastatic rate and growth patterns) suggest that 
a dose increase from current standards of 65 Gy 
to 75 Gy may result in as much as a 35% 
increase in local control. l

5) 

This program has accrued 10 patients thus far, 
including 2 currently under treatment. Despite 
the complexity of treatment planning involved, 
we have been able to maintain the same 
timetable for post-operative treatment as for 
conventional planning, i.e., commencing 
irradiation within 4 weeks following limited 
surgery. Permanently implanted cranial fiducials, 
in concert with improved cranial immobilization, 
have resulted in daily positioning inaccuracies of 
less than 0.5 mm. Because of this patient set
up accuracy, we have been able to treat tumors 
in close approximation to the visual system 
(optic nerves and chiasm) to radical (curative) 
doses. 

Astrocytoma 

Treatment of patients with high-grade 
astrocytomas of the brain has seen little 
improvement in local control over the past two 
decades, despite increasingly aggressive surgery 
and sophisticated imaging. Irradiation techniques 
have previously been constrained from delivering 
higher doses due to dose-volume tolerances of 
the brain. However, restricted volumes of the 

brain seem to be able to tolerate high levels of 
radiation from stereotactic interstitial 
techniques. 16

) 

A protocol has been developed, and is 
presently accruing the third patient, designed to 
deliver 90 CGE to restricted volumes of brain for 
patients with glioblastoma multiforme, totally 
resected. Fields are designed to conformally 
irradiate MR and CT-planned volumes, sparing 
the maximal amount of "normal" brain 
surrounding enhancing target volumes. 
Fractionation involves twice-daily irradiation - 1.8 
Gy photon in the morning followed by 1.8 CGE 
proton treatment in the afternoon, at least 7 
hours later. 50.4 CGE is delivered to the CT 
enhancing volume + 3 cm; 60 CGE to the CT 
enhancing volume + 2 cm; and 90 CGE to the 
enhancing volume alone. In such a manner, a 
dose gradient is delivered to the tumor isocenter 
that parallels the tumor cell densities at radial 
distances about the center of the tumor. 

Maximal surgical extirpation will be 
required prior to irradiation in order to relieve 
edema effects of radiotherapy. Our previous 
pilot study of 9 patients indicated that edema 
resulting either from tumor expansion or acute 
radiation cerebral swelling is a major untoward 
effect of high dose irradiation and must be 
relieved by maximal resection when possible. 
The patients in the previous pilot study who 
received maximal resection are the only patients 
still alive and free of evidence of tumor. 

Future protocols for low and intermediate
high grade astrocytomas (Grades II and III) are 
planned, building on our current study. These 
efforts will maintain the tightly conformal 
therapy possible with proton therapy, although 
total dose will be reduced, reflecting the earlier 
tumor stage. 

Benign intracranial meningioma 

A randomized, prospective, trial is 
currently underway to examine the additional 
efficacy afforded by 63.0 CGE versus 
conventional 55.8 CGE for recurrent, or 
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incompletely excised, benign intracranial 
meningiomas. These tumors account for 20% of 
intracranial neoplasms and, although 
histologically benign, account for significant 
morbidity due to their frequent proximity to the 
visual system. Tumors of the sphenoid ridge, 
parasellar area, and posterior fossa represent 
particularly difficult areas where detection is 
often late and complete surgical resection rates 
are low. Although a dose response relationship 
has not been established, data from University of 
California at San Francisco would suggest that 5 
and 10 year local control is significantly 
improved when post-operative radiotherapy is 
delivered. I?) Nonetheless, lO-year local control 
rates remain as low as 50% following combined 
therapy with conventional irradiation doses of 
55.8 Gy. 

This trial employs the precise dose delivery of 
proton irradiation to ensure marginal coverage of 
resected meningiomas - marginal coverage which 
is difficult to ensure with conventional therapy 
because of close proximity to eyes, chiasm, and 
brain stem. Additionally, the dose escalation arm 
will seek to establish a dose response relationship 
for the treatment of benign meningiomas. To 
demonstrate an increase in local control rate of 
13% at 5-years (80% to 93%) in this group of 
patients, 110 patients will be needed. Prior 
experience at MGH, LBL, and Loma Linda 
suggest that combined accrual rates dictate 5 year 
completion dates for the study. Thus far at the 
MGH, 6 patients have been randomized to the 
study this year. No acute complications have 
been realized from the treatment of this initial 
patient group. 

Carcinoma of oropharynx 

The Loma Linda proton facility has introduced 
to PROG a phase II protocol for oropharyngeal 
squamous carcinoma involving the delivery of 
concomitant proton boost irradiation during the 
last 3 weeks of photon treatment. This focussed 
"field-in-field" proton irradiation is intended to 
deliver a total of 3.3 CGE of daily treatment to 
sites of gross disease during the final, most 
radioresistant phase of a conventional course of 

therapy. Intended for tumors of the tonsil and 
base of tongue, both sites where local control is 
poor «40%) and morbidity of surgical resection 
is high (total glossectomy!Iaryngectomy), this 
application of proton therapy seeks to emulate a 
non-invasive brachytherapeutic boost to sites of 
palpable, gross disease. However, unlike implant 
therapy, no requisite interval will be needed after 
conventional photon therapy for mucositis to 
heal. M.D. Anderson experience suggests that 
concomitant boost therapy results in superior 
local control for photon therapy, and should be 
delivered at the conclusion of the course of 
irradiation.18

) This protocol seeks to improve on 
the results of the M.D. Anderson group by 
targeting the tumor more precisely during this 
boost period, reducing morbidity and allowing an 
increased dose to be delivered. 

Accordingly, 75.6 CGE will be prescribed 
to all sites of visible tumor at the time of initial 
endoscopic evaluation. This volume will not 
include nodal disease - such residual disease 
following irradiation to 50.4 CGE will be 
resected with modified neck dissection. All 
effort will be made to confine the proton boost 
most effectively in order to spare contralateral 
parotid and preserve pharyngeal wall constrictor 
function. Two patients have been entered on this 
protocol thus far - one each at the Loma Linda 
and MGH facilities. It is expected that this 
effort will be a major clinical endeavor due to 
the large numbers of patients with suitable 
tumors. 

FUTURE CLINICAL EFFORTS 

Extrasellar and recurrent pituitary 
neoplasia 

Patients with recurrent (after transphenoidal 
surgery) pituitary disease, as well as those 
patients presenting with bulky, suprasellar and 
extrasellar disease not manageable with surgery, 
will be offered a tightly conformal, MRI-planned, 
fractionated irradiation course to elevated doses 
of 55.8 CGE. Normal tissue constraints to the 
hypothalamus and optic chiasm will be 
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maintained, if possible. This protocol will 
examine if the precise dose localization of proton 
therapy may offer these patients improved 
marginal control of pituitary adenomas, while 
minimizing untoward effects to the hypothalamus 
and medial temporal lobes. 

Acoustic neuromas 

Patients with unresectable or incompletely 
resected acoustic neuromas, for whom 
observation alone is inappropriate, either because 
of aggressive growth rates or critical tumor 
location, will be offered a fractionated, conformal 
proton therapy designed to deliver 35 CGE to the 
tumor + 0.5 cm while maintaining normal tissue 
constraints to the brain stem and temporal lobes. 
Developed in concert with the Department of 
Neurosurgery at MGH, this protocol will offer 
distinct dosimetric advantages over conventional 
photon "wedged-pair" therapy or "gamma-knife" 
stereotactic treatments in the reduction of dose 
inhomogeneities to surrounding structures. 
Larger fraction sizes will be employed in order 
to effect a greater therapeutic ratio, taking 
advantage of the dosimetry of proton therapy. 

Advanced nasopharynx 

Patients with advanced nasopharyngeal tumors 
(T3 and T4) will be offered a proton boost 
designed to ensure uniform delivery of 72 CGE 
to the base of skull. The cranial foramen are 
common routes of direct extension of these larger 
nasopharyngeal tumors, accounting for a 
significant proportion of the local failure rate 
(>40%) for advanced disease. Conventional 
therapy is constrained from uniform delivery of 
dose through the base of skull because of 
adjacent brainstem and cerebral tolerances. 
Proton therapy experience with skull base 
sarcomas will be applied direct! y to these tumors 
and should result in an increased cure rate as a 
result of improved local control. 

SUMMARY 

Although proton therapy is well-established 
for the treatment of ocular melanomas and skull 
base sarcomas, the dosimetric advantages of this 
particle therapy should also be of benefit to 
patients with other malignancies, specifically 
those of the paranasal sinuses, nasopharynx, 
brain, and prostate. However, in order to 
statistically demonstrate the advantages of proton 
therapy in local control of these tumors, 
cooperative trials must be completed with 
consistent protocol guidelines. The Proton 
Radiation Oncology Group represents an 
important collaboration towards achieving this 
protocol cooperation. Even within the short 
period since its inception, PROG has designed 
and implemented a number of challenging, new 
clinical efforts in order to test proton therapy. 
This next period of protocol accrual and 
completion will be an important one in the effort 
to make proton therapy a practical reality to the 
radiation oncology community at large. 
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ABSTRACT 

Promising results in uncontrolled trials from pion 
radiotherapy at TRIUMF in the treatment of high grade 
astrocytoma and cancer of the prostate gland indicate their 
potential for therapeutic gain. Prospectively designed 
randomized trials comparing pions and photons have begun 
for scientific evaluation under rigorously controlled 
conditions. 

1. INTRODUCTION 

We are conducting two randomized clinical trials at 
TRIUMF comparing pi meson (pion) against photon therapy 
in cancer. The studies involve malignant astrocytomas of the 
brain and locally advanced cancer of the prostate gland. The 
trials were prospectively designed and are strictly controlled 
for critical assessment of the encouraging results of pion 
therapy observed in our initial studies. 

2. BRAIN 

2.1. Background Review of Initial Studies 

53 patients with grade 3 & 4 astrocytomas were treated 
from 1982-85 inclusive in a dose escalation study using 
pions. I) It was found that survival was significantly 
improved with pions in a dose above 30 1r-Gy compared 
with a mixed schedule using whole brain photon radiation 
with a pion boost. At 36 1r-Gy survival worsened and one 
patient showed cortical brain necrosis and demyelination. 
This indicated dose had exceeded tolerance of normal brain 
tissue. Optimal dose for pion therapy appeared to be 
between 33 and 36 1r-Gy. 

Our preliminary studies indicated a gain for pion 
therapy compared retrospectively with our photon 
experience in Vancouver using Cobalt 60 to a total dose of 
50 Gy. Results showed a doubling of median survival from 
about 200 days to over 400 days, and, with long term 
survivals from pions approximately 20% at 4.5 years of 
follow Up.2) A controlled trial was considered essential for 
critical evaluation of pion therapy and its design was 
finalized and approved in 1988. 

2.1.1. Prospective comparative trial of pions versus 
photons 

This study compares normal tissue tolerance doses of 

pions and photons in the treatment of high grade 3 and grade 4 
astrocytoma (glioblastoma multiforme). The pion doses were 
estimated at 34.5 1r-Gy and 33 1r-Gy in 15 daily fractions for 
treatment volumes less than 500 ccs, and between 500 and 850 
ccs respectively. The empirically determined best standard 
photon dose was estimated at 60 Gy in 30 fractions using 4-10 
MeV x-rays. Stratification of prognostic factors significant in 
determining treatment outcomes ensured their equal distribution 
between the pion and photon arms. So equal numbers of patients 
would be treated by age (less, equal to 49 years, or, 50 years 
and over) by Kamofsky performance score (less, equal to 69, or 
70 and over) by extent of prior surgery (biopsy only or 
debulking, excisional procedure). A block method, determined 
by and known only to our biostatisticians, was used for 
randomization. The patient registrations and treatment allocations 
are done by a clinical trials secretary. 

The principal end point is survival. A successful outcome 
for pion therapy demands "worthwhile survival (median survival 
of 500 days)" over "just worthwhile survival (median survival of 
250 days)" from photons. Using a power factor of 80% and a 
significance level of 0.05 it was estimated that a total accrual of 
82 patients would be required to show this difference. 

Patients eligible for study are between 18 and 70 years of 
age and with histology assessed by our review pathologists as 
high grade 3 or grade 4 astrocytoma. Patients must be fit enough 
for radical radiotherapy (Kamofsky score equal to or greater 
than 50) and capable minimally of self-care with aid. The lesions 
must be unifocal and the treatment volume less than 850 ccs. 
Treatments must start within 30 days of surgery. Patients with 
another malignancy within previous 5 years are excluded (except 
common skin cancer). All patients must sign informed consent. 

As at August 1992 a total of 57 patients has been entered 
into the trial, 30 patients to pions and 27 to photons. Accrual is 
slower than was anticipated because of the strict entry 
requirements which reduced the "pool of available patients", the 
scheduling at TRIUMF controlling beam access, and other 
factors viz. nursing strikes, mechanical failures etc. 

3. PROSTATE 

3.1. Background Review of Initial Studies 

45 patients with advanced pelvic tumours (colo-rectal 8, 
prostate 20, bladder 7) were irradiated with pions in dose 
escalation and site selection studies (1982-87). Pion dose was 
escalated to 37.5 Gy at 2.5 Gy per fraction. Results showed that 
local tumour control was better with total dose greater than 301r
Gy while prostate cancer responded best.3

) By 1990,49 patients 
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with prostate cancer had been treated. 4) Most had 
inoperable, large primary tumours spreading extracapsularly 
(T3-15) or invading adjacent pelvic organs (T4-32). 43% 
showed lymph node or distant metastases at treatment. The 
acute and late morbidity (mild & severe) for pions was 
similar to that from photon therapy reported in published 
series. The actuarial cumulative late toxicity rates to 87 
months follow up remained constant from 24 months 
onward. Pion doses of 37.5 Gy, corresponding to estimated 
photon dose-equivalents of 56 Gy in 15 fractions or 78 Gy 
in 39 fractions at 2 Gy/fraction, were safely delivered. 

I was satisfied that the severity and duration of 
reactions at the 37.5 Gy 7r- dose level were comparable to 
those from my experience of photon therapy using 15 daily 
fractions and that they approached the threshold of clinical 
tolerance. Local tumour response rates appeared to be 
similar to those recorded for photons at 2 years. 

Because high LET was reported superior to photons for 
prostate canceii), a trial for pions was designed, approved 
and launched in 1990. 

3.1.1. Prospective comparative trial of pions versus 
photons in prostate cancer 

This randomized trial compares pions against photons 
in the treatment of patients with inoperable, locally 
advanced cancer of the prostate gland (clinical stages T3_4 , 

No-x, Mo)· 
Eligible patients were staged clinically while those 

staged surgically were excluded. Adenocarcinoma of the 
prostate histologically verified by review pathologists, an 
E.C.O.G. 0-2 rating attesting fitness for radical treatment, 
as well as signed informed consent were mandatory . 
Enrolment also required discontinuance of any hormone 
therapy for the month antecedent to randomization, together 
with a serum testosterone level reverted to normal. Patients 
with another malignancy in the previous 5 years were 
excluded (except common skin cancers). 

The pion and photon doses used for treatments were: 
(1) for pions - 37.5 7r-Gy and 36 7r-Gy in 15 fractions for 
treatment volumes less or greater than 500 ccs respectively 
and, (2) for photons using 10-25 MeV x-rays - 66, 64, 60 
Gy in a dose/fraction of 2 Gy for treatment volumes less 
than 500 ccs, greater than 500 but less than 750 ccs, and 
greater than 750 ccs respectively. This was considered to be 
an accepted best standard therapy in North America. 

Again, the randomization, decided by our 
biostatisticians, was by block method, was unknown to 
clinicians and the registration and treatment allocations was 
implemented through a clinical trials secretary. 

Prognostic factors used for stratification purposes were 
the extent of local disease (T 3 or T 4)' the tumour 
differentiation (well and moderately differentiated versus 
poorly differentiated) and the prostatic specific antigen level 
at the time of treatment (less or equal to 49 J-tg/L versus 

equal to or greater than 50 J-tg/L). 
The principal end point of this study required demonstration 

of an increased local control of 20 % (from 60-80 %) and, a 15 % 
increase of crude survival (from 65-80 %) at 5 years for pions 
over photons. Statistically a sample size of about 100 patients 
per treatment arm was estimated as necessary to demonstrate this 
difference (using a I-sided test, a significance level of 0.05 and 
an 80% power factor). 

Accrual to August 1992 shows a total enrolment of 112 
patients, with 65 allocated to pions and 47 to photons. Accrual 
rates appear to be in accord with predictions. 

4. WHAT ARE THE PROSPECTS? 

The clinical trials reported here are the only prospective, 
comparative, randomized trials of pions versus photons in the 
world. The prospects are good that accruals will be complete in 
about 2 years. 

PSI discontinued pion irradiation for high grade 
astrocytomas in 1988 stating results did not show a therapeutic 
gain compared with conventional treatment. 6) Yet, none of the 
PSI studies involved prospective comparative controlled trials of 
pions versus photons. Had we at TRIUMF judged outcome of 
pion therapy on the basis of retrospective comparisons we would 
have concluded that pions were twice as good as photons for 
glioblastoma. Clearly meaningful scientific assessment of the 
value of new treatments can only be effected by prospective, 
controlled, randomized trials. 

5. BIBLIOGRAPHY 

1) Goodman, G.B., Skarsgard, L.D., Thompson, G.B. et aI, 
"Pion Therapy at TRIUMF: Treatment Results for Astrocytoma 
Grades 3 & 4: A Pilot Study", Radiotherapy and Oncology, 
17, pp.21-28, 1990. Elsevier. 
2) Goodman, G.B., Bowen, J.L., et aI, "Pimeson Radiotherapy 
at TRIUMF". The Journal of J.A.S.T.R.O. VOL,2, NO.2, 
pp.85-99, 1990. 
3) Goodman, G.B., Harrison, R., Komelsen, R.O., et aI, 
"Clinical Evaluation of Pimeson Radiotherapy at TRIUMF." 
Radiation Research Proceedings of 8th International 
Congress of Radiation Research in Edinburgh 19-24 July 
1987. Vo1.2. Fielden, E.M., Fowler, J.E., Hendy,J.H., Scott, 
D.(Ed). Taylor & Francis (Publisher), pp.928-933. 1987. 
4) Pickles, T., Bowen, J., et al. "Pions-The Potential for 
Therapeutic Gain in Locally Advanced Prostate Cancer: Dose 
Escalation and Toxicity Studies". 
Int.J.Rad.OncoI.BioI.Phys. Vo.21. pp.l005-1011. 1991. 
5) Laramore, G., Krall, J., et al. "Fast neutron radiotherapy for 
locally advanced prostate cancer: results of an RTOG 
randomised trial". Int.J.Rad.OncoI.BioI.Phys.ll. pp.1621-
1627. 1985. 
6) Munkel, G., Greimer, R., et al. "Pion Radiotherapy". PSI 
Life Sciences Newsletter 1989/90. pp.3. Annex II. Annual 
Report 1989. 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

243



PROGRESS REPORT ON THE IDA-SHI PROTON THERAPY SYSTEM 

Y.Jongen, A.Laisn~, W.Beeckman, 1.P.Dufour, H.Marie, R.Verbruggen 
Ion Beam Applications, Chemin du Cyclotron 2 

B-1348 Louvain-la-Neuve, Belgium 

N.Takabashi, S.Satoh, M.Sano, T.Takayama 
Sumitomo Heavy Industries 

Niibama-city, Japan 

ABSTRACT 

The current status of the proton therapy facility 
developed by IBA and SIll is presented. This includes 
general aspects of the machine already presented in previous 
papers as well as more recent features such as the closed gap, 
the extraction device and the central magnetic field. Two 
types of isocentric gantries, one for scanning and one for 
scattering are at the design stage. 

1. INTRODUCTION 

A proton therapy facility using a compact, high-field 
non superconducting cyclotron was ftrst presented by Ion 
Beam Applications (IBA) at the Proton Therapy Cooperative 
Group (PTCOG) meeting held in Lorna Linda in June 1990. 
In December 1990, funding was secured to start the design of 
a prototype at IBA. In October 1991 a collaboration 
agreement was signed between IBA and Sumitomo Heavy 
Industries (SIll). 

The main features of this accelerator were presented 
elsewhere l -3) and are summarized and updated where 
necessary in table 1. A general view of the accelerator is 
presented in Fig.I. 

Magnet system 

number of sectors 
sector angle at r=150 nun 
sector angle at extraction 
maximum gap heigth 
maximum hill field 
minimum valley field 
average field at extraction 
average field at center 
Spiral angle at the center 

at extraction radius 
magnetic induction 

apparent current density in coils 

actual current density in coils 
power per coil 
total copper weight (2 coils) 
weight of the iron 

4 
36 0 

57 0 

48 mm 
2.9 T 
0.9 T 

2.165 T 
1.74 T 

o 0 

-60 0 

5.324 105 A.I 

155 A/cm2 

200 A/cm2 

87.5 kW 
20.8 tons 
190 tons 

R.F. System 

resonating system 
hannonic mode 

2 dees in opposite valleys 
H=4 

dee voltage 
frequency 
length of resonator 
estimated capacitance per resonator 
estimated RF power for 100 kV 

Miscellaneous 

operation vacuum 
source type 
source tum on/off time 
extracted intensity 
output vertical emittance 
output horizontal emittance 

100 kV 
106.11 MHz 
60 
58 
65 

cm 
pF 
kW 

5 10-6 mbar 
hot filament PIG 
15 /ls 
1...100 nA 
1 ... 2 It mm.mrad 
1. .. 2 It mm.mrad 

Fi~ 1 General view of the proton therapy cyclotron 

The induction profile in the vicinity of the extraction 
radius was improved by the introduction of a magnetic shunt 
resulting in a completely closed gap at the median plane. 
The extraction system is also described in this paper. 
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First calculations on the central region were performed 
with the PE2D code using a simplified 2-D model with 
stacking factors in order to describe its actual 3-D geometry. 

Two types of isocentric gantries namely a scanning 
gantry as initially proposed by IBA and a scattering gantry 
are currently designed. Their status is also presented in this 
paper. 

2. NEW FEATURES IN THE CYCLOTRON 
DESIGN 

2. 1. Magnetic Shunt 

As mentioned earlier l -4), the hill gap profile is 
elliptical. The two main advantages of this design is the 
fact that the iron contribution to the field is uniform within 
the hills or valleys and that the induction radial gradient only 
depends on the coil field. The other advantage is the steep 
induction decrease outside the pole which allows an 
extremely easy extraction. 

The ideal fied profile obtained with an elliptical shaped 
magnet gap is somewhat distorted if one opens the ellipsoid 
in the median plane in order to allow the beam extraction. 
Indeed, instead of the steep field decrease outside the pole, 
the maximum of the radial field profile flattens and is 
moved towards the inside of the machine (fig. 2a). 

radius radius 

Figure 2 Behaviour of the magnetic field with gap opening 
and with a magnetic shunt 

*TrademaIks of Vector Fields Limited 
24 Bankside. Kidlington.Oxford OX5 lJE England 

This prevents the use of the isochronous field up to the 
maximum radius of the pole . This decreases the maximum 
energy of the machine and also increases the distance 
between the last accelerated trajectory and the extracted 
trajectory, complicating therefore the extraction. 

To avoid this problem, we found convenient to use a 
magnetic shunt that completely closes the median plane and 
whose thickness, height and shape allows a very accurate 
control of the bypassed flux (fig. 2b). 

Both 2-D (PE2D*) and 3-D (TOSCA *) codes were used 
to compute the best dimensions for this shunt The accuracy 
of the field in that region is very important as there are 
many turns in that area. The shunt thickness at the median 
plane is 6 mm and has a triangular profile for a height of 60 
mm from the median plane. 

From a mechanical standpoint, this part is intended to 
be removable from the main pole in order to allow an easy 
adjustement of the shunt during the field mapping/shimming 
phase. 

2.2. Extraction System 

The radial betatron frequency vr is about 1.3 in the 
extraction region. With this vr value one can expect some 
precessional extraction contribution induced by an off
centering of 1...3 millimeters. Such an amount of 
uncentering is practically unavoidable due to small central 
region errors and to the residual first harmonic in the field 

The field gradient just outside the pole amounts to 0.3 
Tesla per mm. This very steep decrease shortens the path 
from the pole region to the field-free region to only 250 mm 
ie 13 0 instead of a large fraction of a tum as in other 
cyclotrons of this energy. 

An in-valley electrostatic deflector 570 mm long, 5 mm 
wide with a 0.1 mm thick septum deviates the beam to a 
specific window managed through the magnetic shunt After 
passing the high gradient region, the beam enters a 
magnetostatic iron bar channel intended to compensate the 
quadrupole component of the fringe field. 

The extraction efficiency without any precessional 
contribution is above 62%, and could be close to 100% with 
the precession. 

2.3. Central Region 

We performed a PE2D study of the central region. Its 
main goal was to provide access for an axially introduced ion 
source radially adjustable, and to provide a magnetic fied 
bump at the centre in order to produce weak focusing at 
radii where the flutter is insufficient. 

A central plug with two symmetrical holes 1800 apart 
was designed to obtain a 0.1 Tesla field bump at the centre. 
The field reaches back its normal isochronous value at a 
radius about three times the plug radius. 
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3. THE DOSE DELIVERY SYSTEM 

3. 1. Main Energy Degrader 

In order to uncouple the gantry optics and the upstream 
transport optics, the main energy degrader has been placed at 
the entrance point of the gantry. Unlike previous gantry 
designs, the resulting emittance degradation is not a major 
problem but is rather used as a means to obtain quasi
identical emittance ellipses in both planes at the entrance 
point of the gantry. Similar scattering angles are obtained 
for different output energies using different degrader 
materials (lead above 200 MeV, diamond below 150 MeV 
and copper in between). 

3. 2 . Scanning Gantry 

The basic design of the scanning gantry proposed by 
IBA5-6) remains unchanged but some points were revised to 
address different concerns. 

~ The scanning gantry 

In order to address the problem of possible dose errors 
at the voxels boundary a large amount of voxel overlapping 
is included in the design. To achieve this, the pencil beam 
size is increased and a slit shaped collimator is introduced to 
maintain a very sharp lateral fall-off. 

The gantry optics is designed with a large admittance of 
70 1t mm.mrad. This allows handling of large beam 
emittances from the energy degrader with an intensity 
reduction factor of 3 ... 5, depending on the final energy, 
instead of a factor of 2 ... 50 in the previous design. 

The distal fall-off degradation created by the absorber is 
corrected by an analyzing section which allows an energy 
selection of ±2% and thus a distal fall-off only sligthly 
larger than that of a monochromatic beam. 

3.3. Scattering Gantry 

Though attractive in principle, the safety, complexity 
and even usefulness of the scanning method are still beeing 
debated. As a consequence, many proton therapy teams still 
prefer the classical scattering method. 

A large, uniform beam is produced by a combination of 
scatterers and patient-specific collimators and bolus. 

To meet the needs of these groups, IBA designed a 2.8 
m radius compact isocentric gantry 7) allowing for large field 
irradiation (35 x 20 em) using the double scattering method 
proposed by GottschaJ.k8). 

The first scatterer is placed at the entrance point of the 
gantry (see above) and the second one before the last 
analyzing section ie last quadrupole and last 90° magnet. 
This second scatterer is a sandwich of high and low Z 
materials whose thicknesses are patterned to provide a 
radially non uniform scattering effect but a constant energy 
loss. The radially dependent scattering is optimized to give a 
flat intensity profile at the patient location. 
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Figure 4 The scattering gantry 
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The magnifying properties of the last analyzing section 
illow to achieve a large field size with a divergence of only 
22 mrad at the second scatterer exit thus a mere energy loss 
of2.5 MeV at 220 MeV. 

4. REFERENCES 

1) W.Beeckman, Y.Jongen, A.Laisne, G.Lannoye, 
"Preliminary design of a reduced cost proton facility 
using a compact, high field isochronous cyclotron" 
Nucl.lnst.Meth. ~, 1201 (1991) 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

246



2) Y.Jongen, W.Beeckman, A.Laisne, "Development of a 
low-cost compact cyclotron system for proton therapy" 
presented at NIRS International Workshop on Heavy 
Charged Particle Therapy and Related Subjects, Chiba, 
Japan, July 4-5, 1991 

3) Y.Jongen, "Status report of IBA's proton therapy 
program" presented at the Proton Radiotherapy 
Workshop, Villingen, Switzerland, February 28-March 
1, 1991 

3) A.Laisne, "IPN Orsay Project - First Machine Design 
Studies" in Proceedings of the 9th Conference on 
Cyclotrons and their Applications, Caen, France, 1981, 
p.203 

4) W.BeecIcman, Y.Jongen, "Intensity losses resulting 
from emittance and energy dispersion limits for an 
energy degraded proton beam" presented at the XIII 
PTCOG meeting, Berkeley, USA, November 1-2,1990 

5) Y.Jongen, G.Lannoye, "A new concept of isocentric 
gantry for proton therapy" presented at the XII PTCOG 
meeting, Lorna Linda, USA, May 6-9, 1990 

6) Y.Jongen, "An improved isocentric gantry with reduced 
diameter for proton therapy by scanned beam" presented 
at the XVI PTCOG meeting, Vancouver B.C., Canada, 
March 30-31, 1992 

7) Y.Jongen, "An isocentric gantry of reduced diameter 
using the large field, beam scattering method for proton 
therapy" presented at the XVI PTCOG meeting, 
Vancouver B.C., Canada, March 30-31,1992 

8) B.Gottschalk, A.M.Koehler, J.M.Sisterson, 
M.S.Wagner, 'The case for passive beam spreading" 
presented at the Proton Radiotherapy Workshop, 
Villingen, Switzerland, February 28-March 1, 1991 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

247



RECENT ACTIVITIES OF THE CYCLOTRON LABORATORY IN NICE 

P. Mandrillon, N. Brassart, A. Courdi, P. Chauvel, F . Farley, 
N. Fietier , J. Herault, J.Y. Tang 

Laboratoire du cyclotron, Centre Antoine Lacassagne 
227 Avenue de la Lanterne, 06200 - Nice - France 

ABSTRACT 

This paper presents the results of the first year of 
operation of the MEDICYC cyclotron in Nice and the 
medical programme of the laboratory. It outlines also the 
involvement of the laboratory in the 2 year work of the 
EULIMA feasibility study group and future projects. 

1. INTRODUCTION 

The Centre Antoine Lacassagne in Nice is one of the 20 
cancer centers in France. Considering the frequency with 
which various types of cancer treatment were applied in 
the 80's in the french cancer centers, it appeared that 
radiotherapy was used in 66 .3% of treatment including 
24.1% in association with other forms of therapy. This high 
frequency determined the need expressed by the 
radiotherapi s ts to develop their techniques and the 

MEDICYC probrramme based on a compact 65 Mev H

cyclotron was initiated 1) . The cyclotron is presently used 
for proton therapy and radiobiology, in the coming months 
neutron therapy will start. In the near future, the negative 
ion design of the cyclotron will allow for simultaneous 

production of F18 for PET scanning for various medical 
teams. The general layout of the facility is shown on the 
Figl. 

MEDICYC is used by a wide collaboration with several 
cancer centers and university hospital in France extended 
a lso to Barcelona (Spain) Genova and Sienna (Italy), Essen 
(Germany) . A communication and data exchange network 
is being implemented. 

2. PROTONTHERAPY 

The low intensity beam for protontherapy is left to 
spread out at the exit of the last 90 degrees horizontal 
bending magnet, then diffused through a 50 nm tantalum 
foil and collimated to 35 mm before entering the treatment 
room . The characteristics of a standard proton beam are 
listed in the table 1. 

Table 1 

~
axi;:;;;;--range measured on the 90 % 

distal isodose 
Bragg peak thickness on the 50 % isodose 
Lateral penumbra between 90 and 10 % 
isodoses 

32.2mm 

3mm 
1.7mm 

2000 rpm 
±1 % 

Rotating plexiglass modulator 
Dose homogeneity in the plateau 
mBy:T~Tyi;rt~'~t;;tal;~-m~b--e'-r~0-f~I"'0:-:3"""'p"'a-t""'ie-n~ts""""h:-a-'ve 

completed their treatment. 

Fig 1 : MEDICYC 65 MEV H- cyclotron for neutrontherapy, low energy proton therapy and F18 production. 
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3. RADIOBIOLOGY 

The RBE of the 65 MeV protons, measured on the 15 cm 
spread out Bragg peak, ofa human melanoma cell line, has 
been recently published by A. Courdi2). Figure 2 presents 
the survival curve of this cell line for proton and cobalt 
irradiation. A slightly decreasing value of the RBE versus 
the delivered dose has been found, fi'om 1.15 at 2 Gray to 
1.12 at 10 Gray. Therefore a provisional clinical value of 1.1 
has been adopted for the treatment. Further experiments 
on different cell lines are in progress. 

100~~--~------------______________ -, 

Survival 
Co 

10.1 J?' 

10-2 

/" 
10-3 

P 

• 
10-4 

0 2 4 6 8 10 

Dose (Gy) 

Fig 2: Survival curve of human melanoma cell lines 
after proton and cobalt irradiation. 

4.NEUTRONTHERAPY 

The neutron therapy room is located under the 
deflection area. Neutrons are produced in a Beryllium 
target which is retractable at the end of each treatment, 
avoiding unnecessary irradiation of the staff. The intensity 

of proton beam on target is around 15 JlA. The emerging 
neutron beam is defined to obtain maximum fields up to 20 
x 20 cm at 170 cm from the target. A continuously 
adjustable multileaf collimator of the Scanditronix design, 
modified for 65 MeV p/Be neutrons has been constructed 
by the "Cyclotron Research Center" in Louvain-La-Neuve. 
This multileaf collimator consists in 44 independent steel 
leaves placed in 2 groups of 22 parallel and opposed leaves. 
Each leaf can reach and pass over the beam axis to obtain 
complex field shapes avoiding interposition of heavy 
metallic shielding blocks in the beam. 

A system which permits a 290 deg rotation of the 
collimator around the vertical axis has been recently 
installed. 

The early control sequence for achieving the collimator 
setting for a specific field was performed through an 
analogic system which gave positioning errors of the leaves 
which were not acceptable. Therefore a new system was 
developed using a PC giving the obvious advantage of a 
easy access to the desired field and to the best 
reproducibility of the settings during the treatment course. 

The following Fig 3 shows the layout of the treatment 
rooms. 

Fig 3: Layout of the treatment rooms 
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5. F18 -DEOXYGLUCOSE PRODUCTION 

A group of physicians from various medical disciplines 
such as neurology, oncology, cardiology and psychiatry 
have recently set-up a group of users of the MEDICYC 
facility for the production of FIB -DG. In order to avoid any 
interference with the radiotherapy schedule it was 
proposed to investigate the possibility of a beam sharing 
system based on a simultaneous extraction of two beams 
using two strippers at different azimuth. Figure 4 presents 
the two symetric simultaneous extracted beams. 

Fig 4 : Simultaneous extracted beams 

6. EULIMA COLLABORATION 

The Cyclotron laboratory was also involved with 
several european institutes in the feasibility studies of the 
EUropean Light Ion Medical Accelerator (EULIMA) 

project2) which were partly funded by the Commission of 
the European Communities and by the Conseil General des 
Alpes Maritimes (Nice, France). 

Two approaches to a 400 MeV/nucleon machine design 
have been investigated, namely a superconducting 
cyclotron and a synchrotron. The Cyclotron laboratory 
together with the CRC Louvain-la-Neuve which 
investigated ECR source performances and the possibility 
to produce radioactive light ions (Cll,015,Ne 19 ) for 

postacceleration2), contributed significantly to the technical 
(mechanical studies and construction of wooden and 
copper half scale model of the RF cavity) and theoretical 
(axial injection and central region) studies of the 
superconducting cyclotron option. Being partly hosted by 
CERN, Geneva, the feasibility studies profited from the 
CERN technical expertise in superconducting magnets and 
cryogenics for the cyclotron, and conceptual and technical 
studies for the synchrotron. 

6.1 Superconducting cyclotron 

A fixed-frequency super-conducting cyclotron design 
was investigated, and a solution comprising a single super-

conducting coil (external radius; 2.32 m) and moderately 
spiralled sectors was found to be feasible. 

Numerical calculations to assess the general strength of 
the magnet structure assuming a cylindrical vacuum 
chamber have shown that this solution fulfils the 
mechanical requirements. 

Accelerating peak voltages on the 2 cavities are 
increasing from 100 kV at injection up to 250 kV at 
extraction. The total RF power losses are about 150 kW per 
cavity. 

Light ion beams to be injected into the cyclotron are 
produced in an Electron Cyclotron Resonance Source 
(ECRIS), which in its latest version delivers intensities of 
completely stripped Carbon, Nitrogen, Oxygen and Neon 
ions, several orders of magnitude above what is needed for 
treatment. An axial injection scheme using a spiral inflector 
was foreseen. A preliminary layout of the beam extraction 
system consisting of two electrostatic deflectors and one 
electromagnetic channel was analysed. 

For the coil and cryostat design a solution in which the 
coils are wound in the double-layer pancake technique, and 
are cooled in direct contact at 4.2°K in a liquid helium bath 
at atmospheric pressure, was studied. 

6.2 Synchrotron 

The great advantage of this type of accelerator is the 
possibility to vary the energy covering the interval from 
100 to 400 MeV/n. This energy range is very similar to the 
LEAR accelerator at CERN, and several technical concepts 
developed for this machine could be used. Two possibilities 
to design a more compact machine have been investigated: 
a separate function machine (SFM) of 59 m of 
circumference, more flexible for developments, and a 
combined function machine (CFM), if space is crucial. In 
this case a further reduction in size can be achieved. 

A classical injection scheme has been designed, with an 
ion source of Electron Cyclotron Resonance type (ECR) 
feeding a small Radio Frequency linac (RFQ) followed by a 
conventionallinac (5 MeV/n) with a repetition rate of about 
1Hz. This basic design could be developed to include better 
monitoring of the extracted beam, and a storage and 
cooling facility 3) . 

6.3 Accelerator choice 

The continuous and highly intense output beam of the 
cyclotron permits simultaneous treatment in different 
rooms by splitting the beam. Moreover, the operation of 
such a fixed frequency accelerator is very simple. The 
drawback is the fixed energy, so to change the range in 
tissue the energy of the ions must be degraded to the value 
corresponding to the deepest range for a given tumour. 
Nevertheless such a high energy cyclotron is more of a 
new design: in order to avoid a large number ofRF periods 
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high dee voltages should be used and the magnetic field 
should be accurately shaped. The magnet is heavy and if 
faults develop, access to the interior will be time consuming. 

On the other hand, the synchrotron requires costly 
injectors and sophisticated controls devices to take profit of 
the inherent flexibility in energy, but has the following 
advantages: 

- short repair time, i.e. repairs within 6 hours. 
- possibility for further increase of intensity through beam 
cooling. Hence, modulation of the beam intensity and 
programming of dose across the irradiation volume could 
become possible. 
- well known techniques, important for the reliability of a 
medical accelerator, which should reduce the construction 
time and the running-in time. 

Based on these arguments, the project management 
board has recommended the synchrotron option but 
funding is not available. 

7. FUTURE PLANS 

Evidence is progressively established that high-LET 
radiations (the cheapest are of course neutrons with 
physical properties reaching nearly the same level as the 
modern medical linac) will playa role in radiotherapy for 
some well defined patient series. In order to take the full 
benefit of neutrontherapy, physicians are asking for 
variable incidence beams. Therefore an isocentric gantry 
will be investigated. The other promising way In 

radiotherapy is to develop low LET radiations with high 

Fig 5 : Cut away view of the superconducting cyclotron 
and general layout of the SFM synchrotron 

proposed for EULIMA. 

physical selectivity and reflexions towards an high energy 
protontherapy programme have started. Of course, the 
MEDICYC cyclotron which is fully dedicated to medical 
applications, should also continue to develop beam lines for 
the production of the most commonly used radioisotopes. 
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HFAUll PHYSICS DATA ACQUISfnON SYSTEM AT TilE NAnONAL MEDICAL CYCLOTRON 

n. Mukht:rjec1) and D.W. Amott2) 

1) Occupational Health and Safety Prop,ram 

ANSTO, PMBl, Mcnai, NSW 2234 

AUS'!'HAUA 

2) National M(:dical Cyclotron 

Grose Stred. Carnperduwn, NSW 2050 

AUSTRALIA 

ABSTUACT 

A data acquisition system for health physir~<; radiation 
monitoring instruments at thl: National Mt:dical Cyclotron 
Facility has been developL-d, Analogue outputs from the 
radiation monitors, placed at various locations within the 
fadlity are connected to an industrial datalof',ger with RF 
shielded, twisted pair cables. A driver soft wart: has been 
written for the presentation of various real time mimics and 
trend graphs. automatic sequential data storage in a 600 Mega 
Byte optical disk and for the delivery of digital alarm outputs 
[or safety interlock circuitry. 

1. INffiODUCI10N 

'Jbe National Medical Cyclotron (NMC) located at 
Sydney Australia, has been operating since July 1991. The 
NMC is a variable energy cyclotron, ac(:elerating negative 

hydrogen ions (H-) up to 30 MeV. It has a dual beam 
capability for simultaneous production of PET (18F,13N, ISO, 

13e) and SPf.(;T' ( 67Ga, tllfn and 20111) isotopL"S and 123J for 
domestic use and for the export to neighbouring countries. 

During the routine operation of the cyclotmn, the solid 
targets are bombarded with an intense proton beam of up to 
130 pA and strong gamma and neutron radiation fields are 
produced. Therefore, radiological shielding comprising a 2.3 
metre thick low sodium content concrete wall for the cyclotron 
vault and the beam room I} and a reliable radiation surveillance 
system have been devdoped in order to reduce the radiation 
exposure to the cyclotron workers and the members of the 
public. 

2. LAYOUT OF THE MONffORING SYSTEM 

The radiation monitoring system at the NMC has been 
structured into three sections. 

H23 Target 
Solid Target 
Irradiadon 

PET T argeuy Station 

~~~~~ 

WiOIIl 
GO: Gllmmll ~onitor 
NO: Neutron ~onitor 
AS: Air Sampler 
BV: Beam Vicwer 

SPECT Radlochem. Cell 
1. Target Preparadon 
2. Target Receiving 
3. H 23 Production 
4. T1-201 Production 
5. Ga-67 Production 
6. In-ll1 Production 
7. Dispensing & OIC -

Fig. 1. Schematic diagram of the Australian National Medical 
Cyclotron Facility showing the Cyclotron vault, Beam room, 
Radiochemical Hot-Cells, Automatic Chemistry modules, PET 
Research Cells and the Targets. 

2.1) Cyclotron vault, Beam room and Hot cell Monitoring 

Gamma and neutron monitors arc placed at various 
locations near the targets, maze and entrance door as shown in 
Figure 1. 1be local door interlock relays are connected to th(~ 
monitors. 

2.2) Stack Monitoring 

Gamma detectors are fixed near the high efficiency 
particulate (HEPA) and iodine filters. Additionally, a noble gas 
monitor, developed by the Occupational Health and Safety 
Program of ANSTO is connected directly to the stack for a 
continuous assessment of radioactive 41Ar produced in the 
target room due to the neutron activation of stable 40Ar present 
in air2) and is shown in Figure 2. 
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STACK 

Fi~. 2. Sche~atic Diagram of the Stad. monitoring system 
showmg the Filters, Radiation monitors and Pumps. 

2.3) Liquid Waste Monitoring 

Gamma monitors are fixed at th(~ critical delay tanks, 
located in the basement of the facility as shown in Figure 3. All 
monitors are connected to the central health physics data 
acquisition system. 

GO: Gamma Detector 

Fig. 3. Sch~atic Diagram of the Liquid Wa.';te Monitoring 
System shOWIng the delay tanks, Gamma monitors and How 
control unit. 

3. HARDWARE CONFIGURATION 

. The NMC radiation monitoring system IS basically 
compnsed of two types of hardware. 

3.1) Radiation Monitor 

. Gamma ray monitors using energy compensated 
C'IClgerMueller counters with the following specifications have 
been (:hosen (Fig. 4): 

(a) Wide range dose measurement 
(b) Local alarm contact with preset threshold 
(c) Visual and audible alarm 
(d) Preset local alarm contacts 
(e) Large analogue display 
(f) Analogue voltage output (O-SV) 
(g) Built in low activity check source 
(h) Uninterrupted power supply (240V, 50 HI.) 

The neutron d(~tectors with polydhylcllc moderated Hi'.l tubes 
are conneckd h) a similar type of monitoring instrument. 

B ~ ~_ TO DATALOGGER 

lWISTED PAIR 
RFSHIELDED 
CABLE 

Fig. 4. Schcmal1c Diagram of the basK H.adiatlOn Monitoring 
umt With Its vanous components and Data and Alarm 
pathways. 

3.2) Datalogger 

A ro?ust industrial standard datalof,ger (Australian 
made) of 15 bit resolution and with the following specifications 
has been chosen: 

(a) 25 differential analogue input channels 
(b) 21 digital 1/0 channels 
(c) 8 high power (solid state relay) diy,ital output channels 
(d) Internal NiCad battery buffered power supply 
(e) RS232 serial interface with a Personal Computer. 

3.3) Personal Computer 

An IBM compatible PC (386SX) with 6 MH RAM, a 
80 MB hard disk and a 600 MB optical WORM drive has been 
used with a 24 pin dot matrix printer. 

4. DATA ACQUISmON SYSTEM 

Datalo!,,gers have already been used for low level 
radiation monitoring around high energy particle 
accelerators3l. Commercially available PLC based (:entralised 
radiation d~ta acquisition systems are suitable for large 
complexes hke nuclear research centres and nuclear power 
stations4l. The present system, on the other hand, uses a 
datalogger in conjundion with inexpensive radiation monitors 
having anal()gue signal outputs and a supervisory control and 
acquisition software, developed specially for high current 
compact medical cyclotrons located in urban hospitals. 

4.1) Software Description 

Supervisory Control and Data Acquisition (SCADA) 
software developed by an Australian company with the 
following features was used as the host software: 
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(a) Hi-directional communication with the external dataiogger 
(b) High resolution mimic and graphics generation 
(c) Statistical data base and data analysis capability 
(d) Production of reports and print-outs 
(e) Data archive in optical WORM drive 
(f) File transfer capability to Lotus 12-3 
(g) Remote data transfer capability via modem or LAN 
(h) Password protection 

4.2) System Description 

The cyclotron health physics data acquisition (driver) 
software (TI..CYCLO) has been written within the host 
software package with the following unique characteristics: 

(a) Real time data acquisition 
(b) Automatic calibration of the radiation monitors 
(c) Linearisation of the outputs with multi order polynomials 
(d) Tamperproof alarm set up capability with pass word 
( e) Delivery of remote alarms 
(f) Delivery of startup signal to cyclotron interlock PLC 
(g) Display of the high resolution mimic of the facility 
(h) Password protection upto 3 different priority levels 

The schematic diagram of the NMC radiation monitoring 
system is shown in Figure 5. 

LAN 

Fig. 5. Schematic Diagram of the Hadiation Monitoring 
System showing the various Hadiation monitors (Il. [2 ... .1 20), 

Dataloger, Remote alarms (x4), Cyclotron interlock PI.C (xl) 
and the Computer system. 
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ABSTRACT 
A facility for testing the effectiveness of 

fast neutrons for the treatment of matignant 
tumors will be constructed at the Institute 
of Nuclear Research, Academia Sinica. Neutrons 
are produced by the bombardment of 30 Mev 
protons on a semithick beryLLium target. The 
design consideration of the coLLimation 
system, target assembLy, dosimetry and beam 
controL aregiven. 

1. INTRODUCTION 

The use of cycLotrons for radiotherapy 
purposes is not new. In fact, fast neutrons has 
been used to lreat human cnncers on II continuing 
basis since 1966 when the MRC cycLotron was made 
avni LabLe for radiotherpy at the Mammersmi th 
Hospi tal in London. Since then, various centers 
throughout the world have also begun clinical 
trials with fast noutrons. The usefutness of 
these studies hns been to show that neutron 
therapy can be carried out with optimstic 
resul ts. l

) Nation wide there are four cyclotros 
in operation, and most of these machines are 
used for isotope production or basic research 
only. Wilh the installation of the neutron 
therapy faei Ii ty, the INR cyclotron wi II be 
mainly used for production of radioactive 
isotopes and for generation of neulrons for 
lreating cancer palients. 

2. COLL H1J\TI 011 SYSTEt~ 

Availahle funds and limited room condilion do 
!Io1 permi t ei ther a isocentric or a 
vcrticnlncutroll therapy beam, and decision was 
taken to usc, at the initiaL stage, a fixed 
horizuntal beam, The collimalion system, 
Fig.],consisls ur sllcilriillU and collimators. The 

area around the target and the ionization 
chamber is covered wi th a cyctindrical shietding 
constructed from 20cm thick pure iron and 25cm 
thick borated wax, which is 60cm tong. The 
primary collimatormaqe of pure Iron is 
posi tion ed immediatety beyond the target to 
delimitate the largest available field 
sizeC20X20cm), which is 8cm long. 

Following the cyclindrical Shielding a 
shielding in cone shape is provided. The inner 
parts, i. e. secondary collimators, which Is 
adjacent to its nxinl aperture into which the 
interchangeabte polyethylene concrete collimator 
is Inserted are conslructed from high 
densi tyC \. 4 g em") borated wood. To achieve 
therequired altenllnlion, ench collimators is 
60cm long. The field sizes C5X5-20X20 em) are 
defined wi tit these collimators. The collimator 
system wilt allow remote motor driven angulation 
of the collimator. 

The outer parts consist of alternale layers 
of borated polyelhene and pure iron. The total 
length of the layers is 58 cm, 3/5 of them arc 
iron, having outer diameter of 44-50 cm. The 
remainder surrounding the layers is fi !ted wi th 
borated wax in cone shape. 

The system is designed at 125 em SAD wi th 
distance from the end of the Gollimator to the 
surface of the patient being 32 em. 

In addition, n gamma radiation shutter made 
of lead, 5 cm lhick, is supplied, which localed 
in lhe front of collimators in order to reduce 
activi ties in and around the target. one 
mirror with lamp is used for the field 
illumination. 

As the beam is fixed horizontal, the 
treatment coach is designed to move on multiple 
ax e s, rot ate and til tin 0 r d e r t h [\ t the pat i e 1\ t 
may be ndj usted to the bram. 
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Fig.l The collimation system. 

3 TARGET ASSEMBLY 

Neutrons are produced by bombarding a 
semi thik beryllium(Be content over 99:>6) turget 
wi th 30 Mev protons. The target housed in a 
\'iater cooled aluminum holder consists of 0.4 em 
in thickness, 2.5 em in diameter of beryllium 
backed by O. 17cm gruphi te, ,I For the 30 Mev, 5o}.J4. 
proton beam current, a dose rate of 28 rads 
minute wi til a depth for 50% dose of 10.5 em Is 
expected. 

The po sit ion 0 r the be a m on the tar get i s 
moni tored by u grnphi te defIning iris consIsting 
of four insulated qtladrants, from each of which 
tJle currenl cnn be moni tored separa ted ly. A 
electron sllppressor is supplied. 

In selecting the materials for manufacturing 
lhe target assembly care must be taken lo 
minimize the. induced activi ties produced by 
neutrons, The ti tallium is preferable to aluminum 
Qlld steel, 

4. DEJ\~1 CONTROL 

A srmiautomatic set up system of fast neutron 
t hera p y i s con sid ere I\. lIlt h e des i g n, car e I s 
tflken account of safrty in beam hadling. The 

relevant parameters monitored in the console 
located in the control room are the integrated 
and instantancous beam current on thc target. 
integraled ionization current form the 
transmi tied ionization chamber, instantaneous 
be~m current on the beam dpfining iris nnn thr 
elapse time. Atso une beam stoppers tocated 
before the target and the gamma radiation 
shutter are controled from the consote, 

A microcomputer is applied to verify the 
patients setting up, to store the patients 
records and retevflnt cyclotron plrameters, For 
cnch treatment proQram, the nose to be delivered 
nre preset prior to patient treament in the 
primary beam, In addition, a talkphone is 
provided to communicate wi th the cyclotron 
control room and the trcutment room, 

5, DOSIMETRY 

Neutrons emi t ted form the target are thcn 
detected wi th a transmi t ted ionization chamber 
locutcd brhind prilllHY collilll<ltor. :wo 
elcctrodes mounted ill the chamher, each of whIch 

. 't' I f t'() °I'r fl'lled call c c t sian 1 z a lOll C 1 ar 9 e rom \, " 
cavi ties, are cOllnected to an indepcndent dose 
moni tor system, 

The chamber must callibrated wi th 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

256



standardized one prior to treatment of patients. 
Extensive radiation dosimetry measurements 

should be carried out to evaluate the neutron 
beam characteristics including central axis 
depth dose, off axis ratios and dose buildup,etc. 
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A PROTON THERAPY FACILITY PLAN 
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ABSTRACT 

A dedicated proton beam therapy facility has being de
signed. Its first plan was made in 1988 with a synchrotron as 
its main accelerator. A new plan based on the small SRI-IBA 
cyclotron is being made. It has two treatment rooms, one is 
equipped with a rotating gantry, the other with horizontal and 
vertical fixed beams. Specifications for proton beams were 
reexamined based on the energy and field size statistics of 
PMRC clinical trials. Former design goals of230 Me V and 20 
nA are supported. A double scatterer system, in which the 
second scatterer consists of a central disk and a peripheral ring, 
will give flat proton distributions in a region of 20 cm in 
diameter. Efforts are being made to keep the cyclotron building 
wall 2 m thick. 

search because of high OER (oxygen enhancement ratio), but 
it ensured their quick recognition as a new radiation therapy 
modality because their acute and late effects are easily esti
mated with huge amount of experiences on conventional 
radiotherapy. Recent development of diagnostics and modem 
treatment planning with computer prepared practical use of 

1. INTRODUCTION 

To improve conventional radiation therapy with photons 
and electrons, several modalities have been investigated. They 
are divided into two categories, low LET radiation and high 
LET one. Neutrons, heavy ions and n· are high LET radiations 
which have larger biological effects than low LET ones. Proton 
beams are much different from photons and electrons in point 
view of physics research, however, they are classified to low 
LET's as well as photons and electrons in radiation biology. 
However, they have a big advantage over photons or electrons 
in clinical purposes. Dose of photons or electrons decreases 
almost monotonically when they penetrate in human body. 
Dose distribution of high energy proton beams in water and 
also in tissue is characterized with plateau and Bragg peak. 
Almost constant low ionization occurs in plateau for high 
energy protons whereas sudden high dose appears at the end of 
proton range as shown in Fig. 1. This is a favorable property for 
deep-seated cancer therapy I} because of sufficient dose for 
cancer with lower dose in normal tissue between body surface 
to the cancer and with no dose in normal tissue behind the 
cancer. The low LET characteristic was thought to be a disad
vantage of proton beams at the beginning of new modality 
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Fig. 1 Comparison of depth-dose distribution. 
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proton beams. 
To confinn the potentiality of proton beams, a clinical 

therapy facility, P ARMS (particle Radiation Medical Science 
Center) was built and clinical trials were started at Tsukuba in 
1983. The fast-extracted 500 MeV Booster beam of KEK 
Proton Synchrotron Complex is degraded to 250 MeV with a 
graphite degrader and guided to treatment areas 2). Because the 
clinical results are so promising, a dedicated proton beam 
therapy facility plan has been made since 1988. Its design goal 
of proton energy and intensity were 230 Me V and 20 nA and 
these will be reviewed later. The facility will be built next to the 
conventional radiation therapy building of the University 
Hospital. A linear accelerator, a cyclotron or a synchrotron can 
be used for the beam specifications. 

A synchrotron was chosen as the main accelerator in the 
first plan 3.4). Many high energy synchrotrons have been built 
so that little R&D is required for the dedicated machine. The 
proton energy can be variable and protons can be extracted 
either in fast-extraction or slow-extraction modes.The protons 
are potentially extracted without loss in the fast-extraction 
mode and with around 90% efficiency in the slow-extraction 
mode. The former provides a possible way of detecting Bragg 
peak in the body during irradiation 5) and the latter is needed for 
advanced raster scan of the beam in the future. Total weight of 
the magnets is much less than 100 tons. In fall of 1991, SRI 
Japan and IBA Bergium jointly disclosed a commercially 
available small cyclotron for proton beam therapy in a hospital. 
A new plan based on this cyclotron is being made. 

2. PROTON BEAM THERAPY FACILITY PLAN 

No dose-rate effect for therapy is expected to appear 
between CW beams and fast -extracted beams of a synchrotron. 
Thus the time structure of the beam is selected by an accelera
tor, a beam deli very system or other factors such as Bragg peak 
detection mentioned above. The SRI -IBA cyclotron is 4.3 m in 
outer diameter and 2.1 m high 6). Its accelerator room is smaller 
than that of the synchrotron, and this make the cyclotron 
attractive with a simple magnet power supply for hospital use. 
A cyclotron delivers usually CW beams. They will be suitable 
for advanced 3D beam scan in the future if they are switched on 
and off quickly or their intensity is regulated properly with a 
modem external ion source. At the present, the beam is spread 
by a scatterer of 6 mm thick Pb plate and shaped by a multi -leaf 
slit made of 5 mm thick brass plates in transverse plane at 
PMRC which succeeds PARMS. Its Bragg peak is spread out 
by a ridge filter and distal peak is shaped by a bolus. Although 
this passive method needs to make a bolus for each direction of 
irradiation of each patient, it has no preference for beam time 
structure. 

In the new facility, a rotating gantry will be installed in 
one treatment room, while the other room will be equipped 
with two isocentric fixed beams, one is horizontal and the 
other is vertical. Passive beam delivery system is assumed 

because of its dependability. To reduce the rotating gantry 
size, "ex-centric" system is being studied, where a patient and 
a beam delivery system with some magnets rotate simulta
neously around an axis.7.S) If necessary space was assumed for 
patient setting by MDs and/or therapeutists, the rotating gantry 
did not reduce as expected before. Tentative facility layout is 
shown in Fig. 2. An alternative is an isocentric gantry with a 
smaller field size, which is not necessary to be same as that of 

Power Supply Room 

Fig. 2. Preliminary layout of proton beam therapy 
facility with a 230 MeV cyclotron as the main 
accelerator. 

the fixed beams. Field sizes and other properties used for 
therapy at PMRC in 1991 are surveyed to design the proper 
field size. 

3. FIELD SIZES, ENERGIES AND SOBP USED IN 1991 

50 patients of liver, lung and other cancers were treated 
with proton beams in 1991 at PMRC. There are horizontal and 
vertical irradiation ports. The totals of port selection are 121, 
in which 56 are horizontal and 65 are vertical. Patients are 
irradiated 10-30 times with every selected port (fractionation). 
The maximum field size and the integrated port selection 
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Fig. 3 Irradiation port selection histogram to differ 
ent field sizes for 50 patients treated in 1991. The 
totals are 121. 

number are shown in Fig. 3. Breath-synchronized irradiation 
was applied when it was effective. The port selection numbers 
are summed up separately for along body and across body, but 
no big difference between them. It is found that all patients 
were treated with field sizes ofless than 14 cm and 90% were 
treated with field sizes ofless than 10 cm. If the beam is spread 
axial-symmetrically, a 20-cm diameter field covers all these 
sizes. 

The maximum proton energies on patients and retated 
SOBP (Spread-out Bragg Peak) are plotted in Fig. 4. The 
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Fig. 4. Maximum proton energies on patients and 
Spread-out Bragg Peak depths. 

energies are distributed in a region from 60 Me V to 182 MeV 
which correspond to ranges of 3 cm and 22 cm in water. The 
design energy of 230 MeV will be sufficient even if scatterers 
are used for beam spreading where 10-20 MeV energy is lost 
in scatterers. The SOBP spread in a wide range from 0.8 cm to 
11 cm. Several ridge filters were prepared for covering the 
range. Some are made of copper, others are of brass or 
aluminum. 

4. DOUBLE SCATTERER BEAM SPREADING 

Field shaping with a double scatterer system is investi
gated to get good flatness as well as high efficiency. The first 
scatterer is made of a high-Z material such as Pb. The second 
one consists of a high-Z material disk surrounded by an 
annular low-Z material plate. Both the disk and the plate have 
equal energy loss for penetrating protons. Calculation is made 
for the 2 mm thick first scatterer with the second one of a 4 mm 
thick, 23.8 mm in radius Pb disk with 10.9 mm Al annular 

Configuration of Dual-Ring Scatterer Method 
for Beam Spreading 

1-st scatterer 

Parameters relevant to the 
beam field distribution 

• R1 
• R2(inner) I R1 
• R2(outer) I R2(inner) 
·A/R1 

2-00 dual-ring scatterer 

Fine degrader, etc. 

dl 
---------~--r 

, , 

Ll , 

L2 

Tl -----'" 
, 

L3, , 

Fig. 5. Double scatterer system with a dual-ring 
scatterer. 
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Beam intensity distribution along the radial coordinate 

normalized by R1 on the end plane Thickness of the 3-rd 
scatterer placed 1.2 m 

( Rl = 10 cm, k = 1.06, k'!k=0.413, AlRl = 0.9) from end plane 
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Fig. 6. Beam intensity distribution along the radial 
coordinate and percentages of proton beam inside 
specific radii for different thickness of water fine 
degrader 

plate. The distance between the first one and the second is 87.4 
cm (Fig. 5). If the incident beam angle deviation is less than 1 
mrad, the beam uniformities within 20 cm diameter region are 
excellent as shown in Fig. 6 for different fine degraderthickness 
with a distance of3.3 m from the first scatterer to the target. 37 
% of incident protons to the first scatter will enter into the 20 
cm diameter region for the highest energy and 34% for a 
degraded energy with 20 cm thick water fine degrader. Com
bining these with the field sizes above mentioned, the rotating 
gantry will be redesigned. 

5. RADIATION SHIELDING 

Since 50% extraction efficiency of the cyclotron is guar
anteed by SHI, a design goal of 2 m thick wall is set for 
accelerator and treatment rooms. If thicker wall were needed, 
the cyclotron would lose its advantage to a great extent for 
hospital use. Following simple estimation is made for setting 
the intensity design goal. At the present time, 250 Me V proton 
beams are supplied to the fixed beam delivery systems at 

PMRC. They are scattered by a scatterer, pass through a fine 
energy degrader and a ridge filter, then they are shaped with a 
slit and a bolus as mentioned above. This method is assumed 
at the beginning operation of the new facility for 230 MeV 
incident beams. The beam intensity to the scatterer is 10 nA 
now and patients are ordinarily irradiated in two to three 
minutes. When breath-synchronized irradiation is applied, it 
takes two times longer or more. Therefore the design goal of 
20 nA at the first scatterer is chosen for the new facility, and 
the design goal of the wall thickness is hoped to be attained. 
Apparently higher beam utilization efficiency is expected 
with future 3D beam delivery system. 
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ABSTRACT 

The clinical cyclotron continues to be used for rou
tine neutron therapy, and over 1100 patients have been 
treated over the past 7-3/4 years. Clinical results con
tinue to be positive for certain tumor systems. PET 
isotopes are produced between patient runs. 

System reliability has improved further and over the 
past 3 years less than 2% of the scheduled treatments 
had to be rescheduled for machine related reasons. Ad
ditional beams have been developed and used besides the 
routine 50.5 Me V proton beam. These include deuterons, 
3 H e++, and 4 H e++ at several energies. 

Slow neutrons are produced in a phantom or patient 
by moderation of the fast neutron beam. The poten
tial use of these neutrons using Boron Neutron Capture 
(BNC) to enhance the present therapy beam is being 
explored. System improvements to allow more sophis
ticated treatment modes like conformal therapy are in 
progress. 

1. INTRODUCTION 

The clinical cyclotron facility at the University of 
Washington in Seattle is based on a Scanditronix built 
MC50 cyclotron with an isocentric neutron therapy 
gantry with leaf collimator. It has been in routine opera
tion since 1984.1) The original mission of the system was 
to conduct clinical trials comparing fast neutron therapy 
to other treatment modalities. This phase has been com
pleted and at present no further trials have been funded. 
The clinical neutron therapy system continues to treat 
patients on a routine basis, concentrating on tumor sys
tems which have shown promising results in the clinical 
trials. 

Radionuclide production, primarily of short lived 
PET isotopes has been in operation since 1985 and the 
cyclotron use is expected to increase with the installation 
of a second PET scanner early next year. 

The third use of the cyclotron beam is for ex-

perimental work to explore additional neutron therapy 
modalities, other radionuclide production schemes and 
some experiments by external users. 

2. DAY TO DAY OPERATION 

The original treatment schedule for fast neutron 
therapy has been changed from three treatments per 
week to four, with the same total treatment time of four 
weeks. Patients are now treated with 16 fractions instead 
of the original 12. This was done to reduce accute com
plications. As a result of this change the availability of 
the machine for other uses has been reduced. Mondays 
are now shared between experiments and maintenance. 
Tuesdays through Fridays are therapy days. Apart from 
major overhauls no weekend operations are scheduled, 
primarily for manpower reasons. 

Radionuclide production continues as before with 
batch runs before the start of therapy and short runs 
between patients during the day on three to four days 
per week. 

Apart from the increased demand because of the 
changed fractionation scheme, the beam use for therapy 
and radionuclide production has stayed fairly steady over 
the years. The number of patients treated continues to 
be determined by patient referral numbers and not by 
the availability of the system. 

3. NEUTRON THERAPY 

Neutron therapy has been proven to he superior to 
other treatment modalities in the case of salivary gland 
tumors.2) Other tumors with positive results from clin
ical trials are locally advanced prostate cancer3) and 
non-small cell lung carcinoma. 4 ) These tumors account 
presently for about 60% of the patient treatments per
formed with the neutron therapy unit (Table 1). 

In order to keep normal tissue complication rates to 
a minimum, extensive shaping of the treatment fields to 
match the target volume is essential. The multi-leaf col-
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Table 1. Treatment 
with Neutrons 

Si te 

Lung and Bronchus 
Prostate Gland 
Maior Salivary Glands 
Connective Tissue and Soft 
Nasal Cavity and Sinus 
Skin Melanoma 
Kidney 
Brain 
Leukemia 
Nasopharynx 
Others 
Total 

Sites Treated 
in 1991 

Patients 
Treated 

31 
28 
20 

Tissue 7 
6 
6 
5 
5 
4 
3 

18 
133 

limator has proven to be very effective for this purpose. 
For the same reason multiple beam directions must be 
available, such as is possible with a rotating gantry. 

4. OPERATIONAL STATISTICS 

The operational statistics for the facility are sum
marized in Table 2. Rescheduled sessions are counted 
when they are rescheduled for a subsequent day. Mi
nor delays during the day are not counted. Downtime 
is counted when the system is unavailable for technical 
reasons during the 10-hour operating days. The iso
tope production time reflects actual beam on target time 
for the production of radionuclides. Beamline switching 
time and tuning time is not counted. 

Table 2 only shows the statistics for the standard 
operation with the 50.5 Me V proton beam for neutron 
therapy and PET radio nuclide production. In addi
tion, 3 H e++ and 4 H e++ beams have been developed at 
several energies for experimental production of radioso
topes. The internal PIG source is not very suited for this 
application and the beam intensity at the machine exit 
was limited to less than 5 itA with only 1 to 2 itA at the 
production station. If requests for Helium beams become 
more serious a new source will have to be acquired. 

Also not shown are beam runs for quality assurance 
for the neutron therapy beam, for BNC experimental 
runs and some beam time for outside users. 

5. EQUIPMENT PERFORMANCE 

From Table 2 it can be seen that only very few pa
tient sessions had to be rescheduled for equipment rea
sons during the past few years. This has been achieved 
by systematic improvements to the systems causing ma
jor interruptions and by building an extensive stock of 
spare parts. 

The Anode Power Supply which used to cause major 
blocks of downtime has been improved with an upgrade 
kit from the manufacturer and has since run without 
problem. 

The leaf collimator continues to operate reliably. 
The most major problem was a sticking leaf which was 
traced to a broken internal pin. It is not clear what 
caused the pin to break, one possibility is the original 
transport to Seattle. The collimator downtime reported 
is largely caused by bad cable connections. This is true 
also for failures in other systems such as the RF controls 
or power supply controls. We have started to replace or 
upgrade many of the connectors. 

The new Beryllium target design reported at the 
last Cyclotron Conference1 ) has worked well. The first 
prototype target lasted for 7100 therapy fields. It failed 
because of minute cracks in the copper beam stop which 
caused a vacuum leak from the cooling water. The leak 
developed slowly over a time period of about two weeks. 
The second target has now reached 8200 fields and is still 
in routine operation at 3kW of beam power. 

A RTD thermometer probe was installed at the ion 
chamber location in the treatment head. It is used for the 
daily pressure/temperature correction of the dosimetry 
system. The daily variations of the built-in dosimetry 
system in comparison to an external standard is less than 
0.5%. 

6. TECHNOLOGISTS' EXPOSURE 

Unlike standard radiation therapy with electrons 
and X-rays the technologists who set up the neutron pa
tients are exposed to residual gamma radiation from the 
therapy equipment and the treatment room. In order to 
reduce the individual exposure, the technologists are ro
tated between neutron therapy and the other treatment 
machines in the department. The total dose for all tech
nologists has been added each month and divided by the 
number of fields treated. 

Year 6 (10/89 to 9/90): 
Year 7 (10/90 to 9/91): 

5.1 ± 1.5 ltSV per field 
3.9 ± 1.3 J.l.St' per field 

The variation shown is the standard deviation for 
the monthly exposure data. It is not known whether 
the difference between the two years is significant or not. 
The exposure per field is typically shared between two 
technologists. 

This data can be compared to a similar study which 
was conduded for the first 18 months of operation. 5 ) At 
that time the technologists' exposure was 7 .. 5 ± 1. 9 11.5 I' 
per field. The decreased exposure since then can be at
tributed to changes in working pradices by the tech
nologists and to lllore efficient set-up procedures as they 
became more familiar and confident with the equipment. 

Comparisons with other similar facilities show that 
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the Seattle exposures are somewhat lower, possibly be
cause of the leaf collimator which requires no set-up time 
for blocking of irregular fields. Clatter bridge has re
ported 5.1 ± 1.8 J.LSV per field and technologist,6) the 
NAC facility in South Africa 4.1 ± 1.5 J.LSv. 7 ) 

7. PLANS FOR FUTURE IMPROVEMENTS 

At present there are several projects in progress 
which will make the facility more reliable and easier to 
use: 

1. Operation without the permanent presence of a cy
clotron operator. After the start-up in the morning 
when the beam is tuned from the accelerator to the 
therapy target and a check of the proper operation 
of the dosimetry system is performed, the cyclotron 
operator so far was required to stay at the console to 
be able to respond to beam problems such as septum 
overtemperature, overcurrents on stray beam detec
tors because of magnet drifts and technical problems 
with the therapy equipment. As the stability of the 
system has improved, this permanent presence of 
the operator is no longer required and the person 
in charge of the machine can be on call somewhere 
else in the facility. We are at present experimenting 
with this new mode of operation. 

2. Additional production station for 150. One of the 
major reasons for having an operator permanently 
stationed at the control console is his coordination 
function between neutron therapy and short 15 0 
runs between patients. The operator switches the 
beam line and coordinates the timing. Plans are 
being made to install a pop-up target in the beam 
line to the isocentric therapy unit. Such a system 
will allow a very rapid changeover from therapy to 
isotope production and back. As long as no therapy 
run is immediately ready or in progress, the group 
responsible for the PET isotope production will be 
free to insert their target at any time to produce 
150. 

3. Moving Floor Controls. A moving floor covers the 
3m deep pit which allows the therapy gantry to ro
tate underneath the patient support assembly. The 
floor was delivered as part of the building and its 
automatic controls never worked. It has been run 
manually by the technologists. This is not very sat
isfactory and a new control system has been devel
oped and is at present being installed. 

4. Leaf Collimator Controller. The leaf collimator con
troller is at present the least reliable subsystem and 
work on a new controller has started. 

5. Computer Control System. The PDPll/23 based 
control system is not very sophisticated and very 
difficult to maintain. Plans for a replacement sys
tem have progressed and are being reported sepa
rately.8) A more elaborate control system is also 
needed for conformal therapy where the number of 
fields in a given treatment session is substantially 
increased and automatic remotely controlled patient 
set-up will be used. 

Since the beginning of operation all major scheduled 
maintenance work has occurred over weekends, including 
Monday. On only two occasions has a therapy day been 
cancelled to gain an extra day for a scheduled modifica
tion. It is planned to continue with no scheduled down
time periods in order to minimize interruptions of the 
clinical operation. 

8. BORON NEUTRON CAPTURE ENHANCE
MENT OF FAST NEUTRON THERAPY 

Thermal or epithermal neutrons can be used to de
liver dose to cancerous tissue if a suitable substance with 
high neutron capture cross section can be selectively ac
cumulated in the tumor. e) lO-Boron is the most widely 
used target nucleus used so far. While the Seattle fast 
neutron beam has practically no intrinsic thermal com
ponent, some of the fast neutrons are moderated by the 
patient's tissue and a thermal energy component is added 
to the beam. Experimental investigations have shown 
that these slow neutrons can potentially be used to in
crease the dose to the tumor without affecting the sur
rounding tissue, if a suitable boron-IO carrier can be 
found. 10) During the past few years a series of exper
iments has been carried out to determine to what extent 
the fast neutron beam can be modified in order to en
hance the BNC effect without losing the fast neutron 
beam characteristics. These experiments have taken ad
vantage of the existing fixed beam room, which is not 
used for therapy. The fixed beam unit has a therapy head 
identical to the isocentric gantry, but has no leaf colli
mator. This arrangement allows to make modifications 
to the target and collimation system without interfering 
with the ongoing therapy. Further efforts to establish a 
basis for clinical applications of boron neutron capture 
are continuing. 

9. CONCLUSION 

The Clinical Cyclotron at the University of Wash
ington Medical Center in Seattle has now been in success
ful operation for nearly eight years. It is used for routine 
fast neutron therapy and production of PET radionu
clides. New medical applications, in particular boron 
neutron capture enhancement of fast neutron therapy 
may playa role in the future. 
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Table 2: OPERATING STATISTICS 

SCHEDULED PERFORMED RESCHEDULED 
YEAR TREATMENT TREATMENT PATIENT 

SESSIONS SESSIONS CAUSED 
OCT 84 1806 1430 27 
SEP 85 (1.5%) 
OCT 85 1937 1623 83 
SEP 86 (4.3%) 
OCT 86 2235 1968 145 
SEP 87 (6.5%) 
OCT 87 1919 1630 173 
SEP 88 (9.0%) 
OCT 88 1812 1589 201 
SEP 89 (11.1%) 
OCT 89 1919 1575 273 
SEP 90 (14.2%~ 

OCT 90 2239 1947 277 
SEP 91 (12.4%) 
OCT 91 1718 1569 129 
JUN 92 (7.5%) 
TOTAL 15585 13331 1308 

(100%) (85.5%) (8.4%) 
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ABSTRACT 

The CELSIUS storage ring, which is fed from the Gustaf 
Werner Cyclotron in Uppsala, has been brought into opera
tion for physics. Protons, deuterons, a-particles, and oxygen 
ions have been stored, accelerated, and exposed to internal tar
gets. These are a cluster-jet target with hydrogen, deuterium, 
argon, or nitrogen, and a carbon fibre target. The carbon fibre 
has been used to estimate beam profiles. The electron cooling 
system, which is on the ring, still gives an unexplained ef
fect, sometimes heating rather than cooling the stored ion 
beam. A system of radiation detectors has been mounted 
around the ring to help to adjust the machine parameters for 
minimum background. A transverse feed-back system has 
been tested. 

Some parameters of the CELSIUS ring 
Circumference 82 m 
Max. magnetic field l.0 T (l.2 T planned) 
Max. momentum 2.lXZ Ge V Ie (at present) 
Max. energy (Z/A = 1/2) 470xA MeV (at present) 

Qx. Qy l.63, l.83 
f3x, f3y at internal targets 1.4 m, l.5 m 

Electron beam voltage 5-300 kV 
Electron beam current 0-3 A 
Electron beam diameter 2 cm 

Achieved intensities 
Proton intensity 
Deuteron intensity 
a-particle intensity 
160 intensity 

Internal targets 

Cluster jet target 

Fibre target 
Pellet tar et 1 

lUnder development 

2xlOII 
4xlOIO 
lxlOlO 

3x108 

hydrogen 3xlOI4 atoms/cm2 

nitrogen 4xlOi3 atoms/cm2 

argon 2xlOI3 atoms/cm2 

7 J..l.m carbon filaments 
20 m h dro en ellets 

.... t •• 
••• ".t 

I 

XN:JECTXON 

CLUSTER-:JET FXBER 
TAROET TAROET 

Fig. 1. Present layout of CELSIUS. The numbered dots 
represent radiation detector pairs, which are discussed in 
section 6 below. 

1. INTRODUCTION 

The CELSIUS ring has been described at the previous Cyc
lotron Conference [1], and other conferences [2-3]. A more 
complete description is available in the recent Progress 
Report from The Svedberg Laboratory [4]. The ring consists 
of four 90' arcs and four straight sections, see fig. 1, which 
shows the present layout. 

One straight section is used for injection [5]. 
The hydrogen pellet target [6] and the WASA detector [7] 

are planned to be installed on the second straight section. 
They will then replace the fibre target scattering chamber, 
which is presently mounted there. 
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The third straight section holds the electron cooler [8] 
and a radio frequency cavity [9]. 

The fourth straight section holds the cluster-jet target 
[10], which is being used in the present physics experi
ments. 

2. INJECTION 

The ions that are injected into CELSIUS come from the 
Gustaf Werner Cyclotron [11-12], in which they usually have 

been brought to the maximum energy, 192 x Q2 fA MeV. 

The injection system of the ring must be versatile enough 
to cope with a variety of conditions. Therefore, both "multi
tum injection" (without charge exchange) and "stripping injec
tion" schemes are implemented [5]. 

The injection elements of the CELSIUS ring consist of 
electromagnetic and electrostatic septa, and a thin stripper foil, 
mounted on a mechanism in the first bending magnet of the 
ring. The present foil is of carbon with thickness 30 !lg/cm2. 

Two bumper magnets displace the closed orbit during in
jection towards the septum foil and stripper foil, i.e., towards 
the outside of the ring. Both during "multiturn injection" and 
"stripping injection" the injection process takes place during 
an exponential decrease of the magnetic field in the bumper 
magnets. 

During "multiturn injection," the electrostatic septum is 
used to separate the paths of the injected beam and the circu
lating beam. It was the first injection method to be tried in 
CELSIUS, in 1988. The cyclotron beam current was 30 !lA. 
About 2x108 protons were stored. This is almost one order of 
magnitude less than what ought to be possible according to 
calculations [5]. The reason for the discrepancy could be inad
equate matching between the transverse phase space occupied 
by the incoming beam and the transverse acceptance of the 
ring. 

Stripping injection allows by far the best ratio between 
the stored beam current and the incoming beam current for 
light and moderately heavy ions, and is the preferred method 
to inject protons (using 96 MeV H2+ ions), deuterons (using 
48 MeV D2+ ions), a-particles (using 48 MeV He+ ions), and 
other ions up to Ar. This is even though the energy of the in
jected protons, deuterons, and a-particles is only 1/4 of the 
energy that could be available from the cyclotron, if the ions 
were accelerated in their naked states, and the energies of heav
ier ions is also always lower than for naked ions. 

Achieved intensities are, for 48 MeV protons, 2xlO ll , for 
24 MeV deuterons, 4xlO lO, and for 48 MeV a-particles, 
lxlO JO. 

Electron cooling can be used in order to build up the in
tensity in cases when what is achieved with a single ordinary 
injection is much less than what corresponds to the stability 
limit of the ring [13-15]. Both multiturn injection and strip
ping injection can be combined with such accumulation with 

electron cooling. Once the cooling has shrunk the transverse 
beam dimensions, the bumper magnets can be activated again 
in order to displace the closed orbit, and another pulse train 
from the cyclotron can be injected, without that the stored 
beam is lost, provided that the stored beam is not displaced 
into the septum foil or stripper foil. Using this method in 
combination with stripping injection we have stored 2x107 of 
0 8+, starting with a cyclotron current of 6xlO JO s·l. The ion 
source in the cyclotron was pulsed with 1 ms pulse length and 
repetition rate of 4 Hz. 

Another way to do stripping injection has been found. 
This is without using any time-varying clements in the ring 
at all, but by making use of the electron cooling system. A 
small fraction of the beam is hitting the stripper foil at a po
sition in transverse phase space, which is so close to the ac
ceptance, that the electron cooling system brings the ions into 
the acceptance fast enough that they never cross the foil again. 
Thus, this is an injection method with a very low efficiency, 
but with which large stored beam currents can be achieved by 
injecting for long enough. 3x108 oxygen ions were injected 
with this method by injecting 6xlO IO s·1 during 20 s. 

3. MODES OF OPERATION 

CELSIUS can be operated in static mode or in cycles. In 
the static mode the machine parameters have constant val
ues, and the energy of the stored beam remains at the value 
at injection. The static mode of operation is used only for 
machine development or accelerator physics purposes. 
During operation in the cyclic mode, the beam is accelerated 
to the energy, which is required for the experiment. Usually, 
the beam is brought into collision with the target only after 
that it has reached its final energy, but sometimes the physi
cists have found it useful to make use of the acceleration 
part of the cycle, to calibrate their detectors. 

3.1. Acceleration 

The variation of the magnetic field during a typical cycle 
is illustrated in fig. 2. 

Since the dipole magnets of CELSIUS are not laminated 
[16], the acceleration is performed slowly; the standard pe
riod used for acceleration is 22 s so far. This is consistent 
with the use of the ring for experiments with ultra-thin in
ternal targets; even though the overhead time per machine 
cycle typically totals 60 s the duty factor is acceptable, 50 
% in two-minute cycles and 80 % in five-minute cycles. 

So far cycles have been developed for acceleration of pro
tons to several final energies between 200 Me V and 1300 
Me V, and for experimental situations where a slow ramping 
of the proton energy is performed during the "flat" top. 
Examples of such slow ramps are from 270 to 310 Me V (TfJ 
threshold in p+p reactions) and from 1230 to 1300 MeV (7] 
threshold in p+p reactions). The maximum intensity after 
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acceleration obtained so far is 5xlO l0 protons at 1150 MeV 
and 1xlOl0 protons at 1300 MeV. a-particles have been ac
celerated to 600 Me V, and deuterons to several final energies 
up to 783 MeV where they (lxlOI0) have also been cooled 
(measured f'¥J/p =3xlO·5). Oxygen ions, which were injected 
without using the bumper magnets as described above, have 
been accelerated to 1600 Me V . 

o (T) 1.0 

0.60 

0.60 

0.20 

o 
o 

Tfmc> 
(=) 

20 "'0 60 60 100 120 

Fig. 2. Variation of the main magnetic field in CELSIUS 
during a cycle with acceleration of protons to 1.3 Ge V. 

Recent software developments allow us to prolong a cy
cle, which has been developed, by extending the flat top. We 
can also stop the function generators at any time in the cy
cle. This has been used to create machine cycles which are 
as long as 10 minutes. 

3.2 Other manipulations 

Several groups are going to make use of a part or all of 
the magnets in the quadrant of the ring which follows the tar
get as a magnetic spectrometer [17]. 

Moving detectors, placed either inside of the quadrant as 
shown in fig. 3 or on the injection straight section, will de
tect reaction products. In order to protect the detectors from 
un-necessary irradiation, they are moved away from the beam 
during injection and acceleration, and moved into position at 
the beginning of the flat top. 

One example of an experiment that makes use of the quad
rant of the ring which follows the target is the study of giant 
resonances in heavy nuclei through inelastic scattering of 
heavy ions at several hundred MeV/nucleon. In this case the 
whole quadrant is required to distinguish the inelastically scat
tered heavy ions from the elastically scattered ones and from 
the beam. For this experiment a system of moveable detectors 
will be mounted on the injection straight section. 

Then it is optimal to have 180' betatron phase shift be
tween the target and the detectors, preferably in both planes. 
With the position of the detectors which was chosen, this im
plies the working point Qx = 1.80, Qy = 1.85. We have found 

that it is quite inefficient to inject with this working point. 
On the other hand, we have found that it is possible to let the 
working point jump after acceleration from the usual to this 
point with beam losses that do not exceed 20-30 %. 

Fig. 3. Moveable detector arrangement to make use of 
the first magnets in quadrant 4 of CELSIUS as a 
spectrometer. 

2.0 

t."! 

1.6 

1.(, 1.7 1.8 1.'3 2.0 
Q. 

Fig. 4. Jump of working point to obtain required focus
ing for experiment, which uses quadrant 4 as a 
spectrometer. 

4. ELECTRON COOLING 

Fig. 5 shows a cross section of the electron cooling sys
tem. The electron gun launches a 20 mm diameter electron 
beam from a dispenser cathode. The cathode and the whole 
beam path are fully immersed in a homogeneous longitudi
nal magnetic field of 0.1 - 0.l5 T. 

The electrons are accelerated in an electrostatic column to 
a maximum energy of 300 keY. For energies above 70 keY 
the beam current can amount to 3 A. At the collector side 
the electron beam is decelerated in another electrostatic col
umn. After passing through a hole in the collector anode, 
which is at a potential of 0.1 - 0.4 kV above the cathode po
tential, the beam is again accelerated, and reaches the collec
tor with a kinetic energy of 5 keY. 

Electron cooling has been studied at the injection ener
gies (using stripping injection) of protons (48 MeV), 
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deuterons (24 MeV), oxygen ions (292 MeV), as well as af
ter acceleration with 275 MeV protons and with 390 MeV, 
600 MeV, and 783 MeV deuterons. 

500 1000 1500 2000 

Fig. 5. Cross section of CELSIUS electron cooler. 

Measurements of the longitudinal cooling time have 
been performed with bunched beams, where the momMtum 
spread is proportional to the time spread in the ~h 
(unless space charge effects are important). The result of one 
such measurement is illustrated in fig. 6 
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Fig. 6. Measured FWHM time spread of a bunch 0( 27~ 
MeV protons during cooling with 410 rnA of electrons. 

The longitudinal drag rate has been measured with cotSt
ing beams of protons, deuterons, and oxygen ions with sev
eral energies. The measurement technique has been SO step 
the output voltage from the electron cooler high vol&qe 
power supply, and to measure how the revolution frequency 
of the ions changes as a function of time after the step. Fig. 
7 shows several measured scaled drag rates for 783 Me V 

deuterons and a single measured point for 296 MeV oxygen 
ions together with measured scaled drag rates from several 
other laboratories [15,18] . 

The drag rates measured at CELSIUS do not yet seem to 
be quite competitive with the best drag rates measured 
elsewhere. This may have to do with a disturbing 
phenomenon, which is not yet understood. There is an 
apparent "heating" of the stored ion beam by the electron 
beam as soon as the electron beam is put together with the 
ion beam. This heating causes a dramatic drop in lifetime of 
the stored ion beam, particularly when the ion beam has a 
low energy. 

With no electrons present, the 48 MeV (injection energy) 
proton beam lifetime is typically 50 s. 

An example of a measurement of the lifetime of a 48 MeV 
proton beam as a function of the electron current is shown in 
fig. 8. 
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Fig. 7. Comparison between measured drag rates at 
NAP-M (65 MEV p). , ICE (47 MeV p) c. FNAL 
(203 MEV p) a. LEAR (49 MeV p)l:1. IUCF (45 
MeV p)o. INS (20 MeV p)., and CELSIUS with 
783 Me V deuterons D. and 296 Me V oxygen ions ll.. 
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Fig . 8. Measurement of lifetime of a 48 MeV proton 
beam as a function of electron current. 

As seen in fig. 8, the proton beam lifetime is approxi
mately inversely proportional to the electron intensity. On 
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the other hand, the proton beam lifetime does not depend on 
the proton intensity. 

Similar effects were observed already with the electron 
cooler at the NAP-M ring at Novosibirsk, Russia [19]. 
There, the effect was attributed to slow electrons, which ac
cumulated inside the electron beam. Neutrals were created in 
integrated sputter-ion pumps, which were operating in the 
longitudinal magnetic field of the electron cooler. These 
neutrals were ionized in the electron beam. The ions left the 
beam, but the slow electrons were left behind, trapped by 
the longitudinal magnetic field and the decelerating electric 
fields of the gun and the collector. In their paper [19] the 
Russians conclude, that a transverse electric field may be 
formed. The field is determined by the equilibrium between 
ionization and electrons leaving across the field lines or by 
recombination with ions. This field can be of the order of 
WJepo , where Wi is the ion energy (given by the sputter
ion pump voltage) and Po is the electron beam radius. 

We have however measured the tune shifts, which are in
duced on the-ion beam by the electron beam, and found that 
they are rather close to the predicted values, see fig. 9. We 
can therefore conclude that no large un-expected and un-com
pensated charge is stored inside the electron beam. 

Similar effects have also been observed at the TARN II 
ring in Tokyo, Japan [15], and (to a less disturbing degree) 
at the Indiana Cooler in Bloomington, Indiana [20]. In 
Tokyo, a drastic change of the working point improved the 
stored beam lifetime. On the other hand, such effects have 
not been observed at the LEAR ring at CERN [21], nor at 
the TSR ring at Heidelberg [22] , the ESR ring at Darmstadt 
[221, or the CRYRING in Stockholm [23]. 
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Fig. 9. Measured tune shift as a function of electron cur
rent. The measurement was done with 275 MeV protons. 
The calculated slope of the tune shift is also shown as a 
straight line. 

It seems to be the electron coolers that have the best de
gree of vacuum, which are spared the effects of "electron 
heating." 

The "heating" is present also when the beams have large 
relative velocity. From this we conclude that the problem is 
not simply due to drag force; i.e. that the electron beam is 
forcing the momentum of the stored ion beam outside the 
acceptance. 

This "electron heating" effect is quite disturbing, because 
it makes it more complicated to operate the electron cooling 
system. When we want to cool the beam before and after ac
celeration, for example, then we have tum the electron cur
rent to zero during the acceleration in order not to get beam 
loss due to the electron heating effect. 

Even more important, although the "electron heating" is 
compensated by the electron cooling when the electron and 
ion velocities are well enough matched, it seems that the 
heating is disturbing the electron cooling, so that the results 
obtained are not as good as they should be. 

We have observed rf. signals at the ~-outputs from the 
horizontal and vertical beam position monitors in the 
electron cooler. A typical spectrum as measured by a 
spectrum analyzer is shown in fig. 10. 
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Fig . 10. Spectrum analyzer measurement of signal at ~ 
output from beam position monitor in electron cooler. 
The signals are essentially the same in both the 
horizontal and vertical planes, and the same at the 
monitor which is near the gun as at the one which is near 
the collector. The electron current was 300 rnA and the 
voltage was 26 kV. The magnetic field was 0.1 T and the 

pressure in the cooler was 6xlO-8 Pa. 

There are no signals at the same frequency at the corre
sponding :!>output from the beam position monitors. 

These signals indicate the presence of transverse motions 
of the electron beam, of about the same amplitude in both 
transverse planes. 
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For a longitudinal magnetic field of 1.0 T the central fre
quency is about 2.5 MHz. It varies as 1/ B and has a very 
small positive derivative with respect to electron beam volt
age, and small positive derivatives with respect to electron 
beam current and rest gas pressure. 

If these signals indicate the presence of coherent transverse 
motions of the electron beam, then the amplitude of these 
motions varies randomly between about 3 and 15 ~m. 

The frequency band observed includes the eigenfrequencies 
4 - Qy '= 2.4 MHz and 4 - Qx '= 2.7 MHz. 

It is therefore our present hypothesis, that the electron 
beam for some reason is oscillating in both transverse planes, 
and that the resulting electrical field is exciting the stored 
beam at one or several of its betatron eigenfrequencies (rf. 
knockout). 

5. THE CLUSTER-JET TARGET SYSTEM. 

The cluster-jet target system [10] has been in operation 
for experiments since 1989 using target beams of hydrogen, 
deuterium, nitrogen, and argon. The target thicknesses are 
3x10 14 atoms/cm2 for hydrogen and deuterium, 4x10 13 

atoms/cm2 for nitrogen, and 2xlO13 atoms/cm2 for argon. 
When the system is running with these target thicknesses 
the pressure in the scattering chamber becomes 2xlO-5 Pa. 

In order to increase the solid angle that is available for 
the nuclear reaction products, a new central scattering cham
ber for the cluster-jet target has been constructed [10]. A 
schematic view of the new scattering chamber is shown in 
fig. 11. 

Fig. 11. Schematic view of the new scattering chamber 
connected to the cluster-jet target. 

The new chamber consists of three parts, two permanent 
chambers including the valves towards the target beam 
source and the beam dump, and an exchangeable central 
chamber. 

The new central chamber allows a large fraction of the 
horizontal plane and ±35' vertically to be covered by exter
nal detectors outside the thin-walled central cylinder, and be
tween 3' and 25' for external forward detection by using a 
thin-walled forward window [24]. 

6. STRAY RADIATION DETECTORS 

Many experiments to be carried out at the CELSIUS 
ring are devoted to studies of reactions with small cross 
sections. Such measurements require careful tuning of the 
accelerator in order to minimize the background count rate 
(as the background we consider particles emerging from 
interactions between the beam particles and the vacuum 
chamber and all other objects in the ring except the target). 

In order to guide the operator while tuning the ring, we 
have built a system to monitor the beam losses. This con
sists of 11 pairs of plastic scintillator counters placed around 
the ring. The detectors are rectangular with dimensions 
5x50x40 mm3. The detectors pairs are put in the median 
plane of the ring, at distances ranging between 60 mm and 
250 mm from the beam. The positions of the detector pairs 
are indicated with dots in fig. 1. The numbering of the detec
tors is also shown in fig. 1. 
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Fig. 1 ( Count rates, measured with detector pair #9, in 
cycle with acceleration of protons to 1150 Me V, with 
and without hydrogen target. 
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Fig. 12. Count rates, measured with detector pair #8, in 
cycle with acceleration of protons to 500 MeV, with and 
without using the scrapers. 
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As examples of measurements made with this system, 
we show in fig. 11' measured count rates during a cycle with 
acceleration to 1150 MeV at detector pair #9 with and with
out the hydrogen target, and in fig. 12 measured count rates 
during a cycle with acceleration to 500 MeV with and with
out using the horizontal scrapers, which are located on the 
second straight section. We see that the background is high 
during the acceleration, which is finished at t = 30 s. Then 
the synchronism between magnetic field and rf. frequency is 
less good than during the flat top, which lasts from 30 s to 
90 s. At 90 s the beam is dumped, resulting in a peak in the 
background. 

We observe that the background gets reduced when using 
the scrapers. On the other hand we have not yet observed 
any general decrease in background when using the electron 
cooling system. This may have to do with the unexplained 
effects of "electron heating" discussed in section 4 above. 

7. BEAM PROFILE MEASUREMENTS 

The radiation monitor pair #4 has also been used to esti
mate the horizontal beam profile. The 7 11m carbon fibre was 
moved through the beam with a velocity of 50 mm/s. It 
moved twice through the beam, in opposite directions, at cy
cle times t '" 40 s and t '" 70 s . In fig. 13 is shown how the 
count rate at the detector pair #4 varied as a function of time 
when the fibre moved through the beam. The beam size ap
pears much larger when the detector is moved "inwards," than 
when it is moved "outwards". During this measurement the rf. 
system of the ring was turned off. The protons are decelerated 
during the traversal through the fibre. Since the dispersion at 
the target is positive, the fibre will repeatedly "see" protons 
which it has previously decelerated when it moves inwards. 
On the other hand, when it moves outwards, it will only see 
each proton once, and a true beam profile measurement is ob
tained. 

& TRANSVERSE FEED-BACK SYSTEM 

The phase space density limit that is first met in small 
cooler rings is that of transverse instabilities. Therefore, 
feed-back systems to damp transverse instabilities have been 
developed at several laboratories [25-28]. 

Such a system has also been constructed for CELSIUS. 
It is essentially a copy of the feed-back system built for 
LEAR, and uses circuit boards built for CELSIUS by mem
bers of the PS Division at CERN. It is now being tested on 
the CELSIUS ring. A block diagram of the feed -back 
system is shown in fig. 14. 

Transverse oscillations of the beam are measured with a 
beam position monitor, and corrected by a kicker located at a 
position that is approximately an odd number of quarter 
wavelengths of betatron oscillations away from the monitor. 
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Fig. 13. Measurement of beam profile of 500 MeV pro-
ton beam with carbon fibre. 

Fig. 14. The Transverse Feed-back System. 

The "Closed Orbit Suppressor" shown in the block dia
gram in fig. 14 suppresses the signal from the closed orbit 
position error at the beam position monitor by a technique 
that virtually moves the centre of the monitor towards the 
closed orbit position. Thus only the deviations due to insta
bilities are measured. This is done electronically by giving 
the two pick-up electrodes of the beam position monitor a 
different weight, calculated from the closed orbit position 
measurement. The closed orbit component of the signal is 
normally, by far, the largest one. The "Closed Orbit 
Suppressor" therefore makes it possible to increase the loop 
gain without increasing the power of the amplifier. A good 
degree of suppression is hence important.A variable delay is 
achieved by switching in or out different delay cables, with 
propagation times in binary progression. The delay is con
trolled from the revolution frequency, by a "Delay Word 
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Generator." This makes it possible to use the feed-back sys
tem during acceleration. At the "Loop Switch and Test 
Unit" test signals can be added and the response checked 
with the loop open as well as closed. 

The "Phase Linear Filter" keeps the phase linear up to a 
frequency where the gain has dropped by 40 dB. This is im
portant, since otherwise high frequency oscillations could be 
amplified rather than damped. 

Tests of the transverse feed-back system have been per
formed since November 1991. These tests have shown that 
the system can eliminate particle losses, that otherwise take 
place during electron cooling, and that it also can eliminate 
losses that may take place during acceleration if the working 
point is not controlled carefully enough. 

9. CONCLUSIONS 

The CELSIUS ring has been brought into operation for 
nuclear and particle physics with internal targets. High inten
sities of protons, deuterons and a-particles have been stored 
by stripping injection and accelerated to various energies (up 
to 1300 MeV for protons). 

The intensities achieved with "multi-turn" injection 
(without charge exchange) are lower than expected. 

An unexplained effect, causing "electron heating" makes 
the operation of the electron cooler difficult, and less benefi
cial. This effect is under investigation. 
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BEAM DIAGNOSIS FOR UNMEASURABLY COLD BEAMS 
-- OR -- "How COLD IS IT, AND DOES THE OPERATOR KNOW OR CARE?" 

Tim Ellison * 

The Indiana University Cyclotron Facility 
2401 Milo Sampson Lane; Bloomington, IN 47405 USA 

ABSTRACT 

In the first part of this paper, the most unique 
property of a proton beam in an electron-cooled storage ring 
is discussed: namely, its extremely small relative momentum 
spread (/::"p/p, FWHM) and emittance (EO, non-normalized, 
rms). In most cases, due to the very low values of these 
parameters, their measurement is extremely difficult to 
perform and interpret; these small values also lead to very 
low space charge current limitations and threshold currents 
for instabilities. On the other hand, these same beam 
properties make the ring an ideal laboratory for studying 
nonlinear beam dynamics and beam instabilities. A model 
is conjectured which predicts a suppression of synchrotron 
oscillations within the bunch leading to a much smaller 
momentum spread than one would expect when interpreting 
measurements using the standard independent particle model 
for the beam. 

In the last part of this paper the practical 
application of beam diagnostics is discussed, and our 
ambitious plans to make a self-tuning accelerator are 
outlined. 

I. EQUIUBRIUM BEAM PROPERTIES OF AN 

ELECTRON COOLED PROTON BEAM 

I.A. Equilibrium momentum spread 

In the absence of intrabeam scattering and space 
charge effects, the rest frame longitudinal proton beam 
energy spread is expected to bel on the order of 
k(Te.l Te II ) 'h, where k is the Boltzmann constant; Te.l the 
electron beam transverse temperature, :=; 1300 K or 
O. 12 e V / k (due to the cathode temperature); and Te ~ is the 
longitudinal electron beam temperature, :=; 2 X 10- 4 eV/k 
(determined by longitudinal-longitudinal and longitudinal
transverse electron beam intrabeam scattering)2. The lab 
frame /::"p/p (FWHM) is :=; 2.35· [k(Te.l Tell )'h/M,82c?]'h 
:=; 2 X 10-05 (,8 = 0.3, see Eq.(5». Magnetized cooling 
effects are theorized! to possibly lead to ever smaller proton 
beam longitudinal temperatures, on the order of Te II. 
However, for currents above a few p.A, proton beam 
intrabeam scattering is expected to determine the equilibrium 

*This work is supported in part by a grant from the N ationa! 
Science Foundation (Grant No. NSF PHY 90-15957). 

momentum spread; indeed, systematic measurements of the 
coasting beam momentum spread as a function of current 
appear to show the expected Ip 2/5 scaling3 . 

The coasting beam momentum spread can be 
measured using Schottky signals, though for currents above 
a few tens of p.A, where the beam has exceeded the Keil
Schnell stability limit, the interpretation is nontriviaf,5. 
Even for lower currents, due to the time involved in the 
measurement process, one can only measure the time
averaged momentum spread rather than the instantaneous 
momentum spread. The lowest measured momentum 
spreads3 are typically a few X 10 -05, with the exception of 
measurements at Novosibirsk which were as low as a 
few X 10-06, and which interpreted using a different model. 

Measurement of the bunched beam momentum 
spread, on the other hand, at first glance seems quite 
straightforward: since there is a simple relation between the 
momentum and phase spreads of a bunch in an rf bucket, it 
seems that one need only to measure the beam time spread 
using a high bandwidth longitudinal pickup. Using this 
technique at face value, we typically measure bunched beam 
relative momentum spreads of about 1 X 10-04; however, 
as discussed below in the section concerning space charge 
limits, these measurements indicate that the rest frame 
electrostatic potential energy across the bunch is much 
greater than the rest frame kinetic energy spread for beam 
currents in excess of a few p.A; consequently this simple
minded interpretation is probably not correct. 

I.B. Equilibrium emittance 

The expected proton beam transverse temperature 
is 1hkTe when the proton beam is in equilibrium between 
cooling and diffusion from the electron beam6,7. For 
typical beta functions of 5 m, the equilibrium emittance 
would be :=; 0.005 7rp.m. Emittances about a factor of 4 
times smaller are expected in the magnetized cooling 
regimeS. Two attempts9 ,10 to measure the emittance at 
IUCF have resulted in measurements of our detector 
resolution (~ 0.05 and ~ 0.02 7rp.m). We are presently 
building a single pass flying wire scanner to measure the 
profiles of a 2 A, 2 MeV electron beam 11. This scanner 
will first be installed in the cooling ring for tests and may 
be able to resolve the beam emittance. 
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Instability Limits in the rVCF Cooler 

for Electron Cooled 45 MeV Proton Beams 
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Figure 1. Threshold currents for various instabilities for electron cooled beams in the IUCF Cooler. These 
curves are based upon measurements and extrapolated according to theory. 

The interpretation of these profiles may not, 
however, be so straightforward: as discussed below in the 
section concerning space charge limitations, taken at face 
value these profiles indicate that the particle rms 
electrostatic potential energy spread is a significant fraction 
of the rms transverse kinetic energy. 

I.C. Intensity limits due to the very cold beams 

These cold beams occupy "" 2 % of the accelerator 
momentum aperture, and "" 0.1 % of the transverse 
acceptance in each plane. This very high phase space 
density leads to severe limits on the beam intensity: the 
longitudinal instability threshold current scales as (!:.p/p)l; 
the transverse instability threshold current scales as (!:.p/p); 
and the space charge current limit scales as f. 

In Figure 1 the peak threshold currents (the DC 
beam current times the bunching factor, BF (i.e. 
BF = Ipea/1average)) for various current limitations are 
plotted as a function of Bf. for electron cooled 45 MeV 
protons in the IUCF cooler 2. The intensity limitations are 
a function of BF since as BF increases from 1 to about 50, 
the beam momentum spread typically increases roughly a 
factor 5. The dotted line shows the threshold peak currents 
for longitudinal microwave instabilities (LMI); the solid 
curves show the range of threshold peak currents for 
coherent transverse instabilities (CTI), and the dashed line 

shows the peak current limitation due to what are 
presumably space charge effects (SQL). 

The transverse instability limit has been removed 
with a damping system, so apparently a single limitation 
remains for BF > 2: that due to space charge. This appears 
to be a "soft" limit: beam is lost at the same rate at which 
it is added to the ring; no "catastrophic" beam losses, such 
as occur with transverse instabilities, are observed. Similar 
"soft" limits seen in electron-positron colliders are 
tentatively attributed to the beam-beam tune shiftl3. 

The IUCF system of cyclotrons, with its relatively 
poor transmission efficiencies, cannot inject enough 
un cooled beam into the ring to reach the cooled beam 
intensity limits. Cooling is then used to accumulate beam 
until these limits are reached. These limits, as mentioned 
above, appear to be one or two orders of magnitude lower 
than the limits would otherwise be for uncooled beam. 

Consequently, the technique (electron cooling 
accumulation) which allows beam accumulation, also 
precipitates the limitations which prevent the further beam 
accumulation. We are presently experimenting with 
methods of transverse beam "heating" to increase the space 
charge limits. This is a bit more difficult than it sounds 
since the effects which heat the beam also limit our ability 
to accumulate beam. 
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ll. THE BEAM SPACE CHARGE 

ll.A. An interesting variety of ways in which to 
express the beam space charge tune shift 

Il.A.l. The space charge tune shift model 

It is well known that the large space charge 
defocussing forces of high intensity, low energy beams 
significantly affect beam optics. Ion source and electron 
beam designers routinely calculate the required lens 
strengths and optics as a function of beam current. 
Synchrotron people, who generally work with high energy 
beams having much smaller space charge effects (which 
scale as /1«(3"1)3 for a constant €, where / is the beam 
current), refer to these "small" effects as the space charge 
tune shift, i. e., the small decrease in the transverse 
oscillation frequency of a particle in the machine. The 
betatron tune value, Q, (the number of transverse 
oscillations per revolution in the machine) typically scales as 
"'" /h, with low energy machines ("I "'" 1) ~xceeding this 
scaling ratio by about a factor of "'" 2 - 5 (the machine 
tune stays fixed though the beam energy changes). One 
considers a space charge tune shift, l1Qsc, of 0.3 to be very 
large, and the limit at which a machine should be designed 
to operate. 

Although the mechanism of emittance blow up due 
to high space charge tune shifts is better known empirically 
than theoretically, the common intuitive model is that when 
the tune shift is large, particles will be shifted down onto 
strong (integer or half-integer Q) resonance lines, or that the 
nonlinear defocus sing fields can drive a variety of higher 
order nonlinear resonances. 

The space charge tune shift for a beam with a 
Gaussian transverse distribution may be expressed as14 : 

(1) 

where R is the effective machine radius, rp the classical 
proton radius, e the proton charge, c the speed of light, and 
(3 and "I are the usual relativistic parameters. 

Il.A.2. Ratio of the rest frame potential to transverse 
kinetic energy of a particle in the beam 

Another way to view the effect of space charge is 
to compare the ratio of the rest frame potential energy 
difference, PE*, between a particle on axis and at the beam 
rms radius due to the beam srace charge to the rest frame 
kinetic energy amplitude, KE , of a particle with action €. 

This ratio can be expressed in terms of l1Qsc> again for a 
Gaussian distribution, (to within 10%) as: 

PE' l1Qsc =2-- (2) 
KE' Q 

In the IUCF Cooler where the transverse tunes are 
about 3.7 and 4.7, the ratio of the electrostatic potential 
energy to transverse kinetic energy is about 0.15 for 
l1Qsc = 0.3 using the "average" value of the beta function 
(RIQ); however, locally in regions where the beta functions 
are more than an order of magnitude higher than "average", 
this ratio exceeds unity. 

l.A.3. Ratio of the beam plasma frequency to the betatron 
oscillation frequency 

It is also interesting to compare the beam plasma 
frequency, j" (i. e., the frequency at which the beam 
envelope win oscillate if disturbed) with the beam betatron 
frequency, fe = Qfo' where fo is the beam revolution 
frequency. Expressing this ratio in terms of the l1Qsc' on 
axis for a Gaussian distribution we have: 

(3) 

This ratio is typically Ih in most machines 
operating with large space charge tune shifts. In weak 
focussing machines with low Q-values (i.e. Q = 1.2) this 
ratio can equal unity for a space charge tune shift of 0.3. 
(When this ratio is unity, < PE* > 1 < KE* > = 112). I 
would not be surprised to fmd an instability associated with 
this condition. 

ll.B. Longitudinal space charge effects 

Since the typical energy spread of a bunched 
45 Me V proton beam is on the order of 10 ke V, and the 
total space charge depression across the beam on the order 
of 0.5 eV, one might naively expect that the space charge 
has a negligible effect upon the longitudinal beam dynamics. 
This, however, is not the case. The rest frame electrostatic 
potential difference between the tails and center of a bunch, 
PE* TOTAL' is given approximately by: 

• 2BFlrp Me
2 

[[ 1 rv] 1 (4) PETOTAL '" -- - + In- '" 5 
ee f3r 2 rb 

where M is the proton mass, rv the vacuum chamber radius, 
and rb the beam radius. Eq. (4) is correct to within 1 % for 
a Gaussian transverse distribution with rv ~ rb if the Ih is 
neglected and (1 is used for rb' 
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This potential energy difference is the same for 
nonrelativistic beams whether measured in the moving or 
rest frames. The beam kinetic energy spread, however, is 
much less in the moving frame than in the lab frame. In the 
moving frame, the beam kinetic energy spread, d, m 
terms of the lab frame energy spread, flE, is given by: 

!:.E- = !:.E2 
4W' 

(nonrelativistic) 

where W is the beam kinetic energy. 

(5) 

In the IUCF cooler, for a modest beam current of 
100 p.A, BF = 15, W = 45 MeV, and flE equal to 10 keV, 
the ratio PE*TOTAL/flE* > 5. Consequently we cannot, as 
mentioned above, trivially discern the beam momentum 
spread from its phase spread. This effect is elaborated upon 
in the following two sections. 

ill. NONLINEAR BEAM DYNAMICS STUDIES 

These beam properties which are a bane for the 
accelerator physicist trying to maximize the stored beam 
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Figure 2. Poincare map for motion near the 3rd integer 
resonance. 

intensity, are a boon for the accelerator physicist wishing to 
study nonlinear beam dynamics. The very low beam 
momentum spread and emittance allow the mapping of 
nonlinear phase space with high resolution and provide 
relatively large decoherence times for both longitudinal and 
transverse induced coherent oscillations. In other words, 
the beam bunch behaves very much like a single macro 
particle. An example of a transverse phase space maplS, 
i.e., a tum by tum mapping of the beam bunch in phase 
space, is shown in Figure 2. 

In the most simple-minded model one expects 
transverse oscillations to principally decohere due to the 
machine chromaticity, ~ = (!:.Q/Q)/(!:.p/p); though there is 
also decoherence from the effect of octupolar fields which 
cause the tune to vary linearly (quadratically) with the 
betatron amplitude (action). In our machine, the first effect 
should dominate. The natural chromaticity for a machine is 
typically about - 1.3. Consequently, with a momentum 
spread of about 1 X 10-04 and Q "" 4.75, we expect 
significant decoherence in less than 103 turns. If the 
synchrotron period (longitudinal oscillation period) is much 
shorter than this, and if we only consider linear 
chromaticity, the coherence time should be extremely long. 
This is not the case in our machine, yet it is not unusual to 
observe coherence for 104 or more turns! 

Similar effects have been observed in longitudinal 
phase space. Artificially-excited longitudinal oscillations 
have been observed to stay coherent for 1 or 2 orders of 
magnitude longer than a single-independent particle model 
would predict given the beam time spread and consequently 
synchrotron tune spread. 

Consequently, the electron-cooled beam bunches 
behave even more ideally than we ever expected; this is 
good news, but the question remains, why does the electron
cooled beam behave orders of magnitude more like a single 
particle than an ensemble? Here I conjecture the 
unexpectedly-long decoherence times are due to the 
longitudinal space charge effects mentioned earlier. Due to 
the high ratio of the rest frame particle electrostatic potential 
energy to kinetic energy, particles are not freely rotating in 
the bucket (i.e., the expected phase focussing); instead, the 
conservative electrostatic forces which are trying to make 
the beam expand, are in equilibrium with the conservative 
force from the rf cavity. This behavior in longitudinal 
phase space can also explain the unexpectedly large 
transverse decoherence times as well, since the beam 
momentum spread may be significantly lower than what we 
simplistically infer from a measurement of the beam time 
spread. In the following section I model this conjecture 
quantitatively. 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

277



IV. THEORY OF A STABLE BUNCH WITH No DECOHERENCE 

IV.A. Model development 

Let us conjecture that the equilibrium proton beam 
momentum spread is essentially zero; let us further 
conjecture that the bunch will coherently oscillate at the 
nominal synchrotron oscillation frequency, but particles 
within the bunch will not due to the space charge forces: in 
other words, the space charge forces trying to expand the 
bunch are exactly balanced by the forces exerted upon the 
beam by the rf cavity which is trying to compress the beam. 
Starting with this conjecture we can solve for the 
equilibrium beam distribution. 

Since the typical bunch length, a few meters, is so 
much greater than the vacuum chamber radius, 
rv :::: 0.04 m, we can easily find the longitudinal force 
exerted on the particle by the beam electromagnetic forces: 
it is merely the derivative of the potential energy of a 
particle on axis with respect to the longitudinal 
coordinate, s. (Note: as in Eq. (4), the logarithmic term is 
an order of magnitude larger than the constant term, lh, for 
a well cooled beam so the spread in potential energy across 
the beam transverse dimension is neglected; here, I use 
In(rjr~ = 5.) In the laboratory frame we can express this 
force, F II ' as: 

-10Me 2rp dI (s) (6) 

eePr2 tis 

where l(s) is (3cp!s) , with PI(s) the beam linear charge 
density. Noting that¥' II = -yFII' and/o = VO ' the change 
in rest frame momentum per tum in the machine, /1p * SC' 

for particles as a function of s due to the beam space charge 
is: 

(7) 

The particle rest frame momentum change per tum, 
/1p * if due to the rf system operating with a waveform 
Vosin(shIR), on the other hand, is given by (using Eq. (5»: 

• heVo s 
APr! = -- -

Pre R 
(8) 

where Vo is the rf amplitude, and h is the harmonic number. 
We have assumed short bunches (i.e. hslR <II! 1). 

We can then, following our assumption of a 
stationary bunch, set /1p * SC + P * rf = 0 and solve for 
dl(s)/ds: 

(9) 

Equation (9) can then be integrated to yield the 
parabolic current distribution, l(s): 

= 0, lsi> LB 

(10) 

where LB is the full bunch half width, and we have used the 
constant of integration to set the beam current to zero at the 
end of the bunch. 

Consequently, a parabolic beam distribution could 
possibly be stable. We also note that the central portion of 
a Gaussian distribution is parabolic. 

To see whether this model is at all sensible, we 
integrate the current distribution to fmd the total current and 
a relation between the average current and the bunching 
factor: 

L. 

J!.. J l(s) ds 
7tR 0 

97tPr eVo ec B-3 
- F 

32hln(rJrb } Me 2 rp 

37tR where BF .. --
2hLB 

(11) 

We note that the bunching factor, BF , (see section 
I. C) is equal to the FWHM time spread divided by the rf 
period to within 10 % for either a Gaussian or parabolic 
distribution. 

VI.B. Numerical example and discussion 

For an example we take a 100 p,A, 45 MeV proton 
beam bunched on the first harmonic with an rf amplitude of 
50 V in the IUCF Cooler which has a circumference of 
87 m. Eq. (11) predicts an equilibrium bunching factor of 
9.2 for In(rjrb) = 5. A rough measurement of the 
bunching factor for these parameters yielded a value of 
12.9. In general, rough measurements of the bunching 
factor agree with this model to about 20 %. 

At this point these ideas are still pure conjecture. 
However, the fact that the predictions are so close to what 
is observed sparks some interest. The discrepancies 
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between the measurement and model may be accounted for 
by differences in the actual and assumed values for In(rjrb)' 
This model also provides a mechanism to explain why we 
do not observe the expected decoherence of longitudinal 
oscillations in the ring (i.e., the bunch is stationary), as well 
as an explanation for the long decoherence time of 
transverse oscillations (i.e. the beam momentum spread may 
be significantly lower than we have estimated in the past). 

Even if this model is not exactly correct, some 
similar model is necessary in order to account for the large 
ratio of beam rest frame potential energy to apparent 
longitudinal kinetic energy, and the ratio of space charge 
force to rf force. Other, less probable, explanations for the 
long decoherence times being explored include effects 
arising from intrabeam scattering or the excitation of high 
frequency cavity structures in the ring by the beam. 

In some future beam development period we will 
make careful measurements of both the beam bunch shape 
and bunching factor as a function of intensity and rf voltage 
while operating in the mode where no decoherence of large 
amplitude longitudinal oscillations are observed. The bunch 
length should oscillate about the stable beam size. It should 
be possible to induce these oscillations by stepping or 
modulating the rf amplitude; these oscillations can be 
measured as a test of this model. 

This model is of course only applicable to high 
intensity electron cooled beams. 

V. THE USEFULNESS OF BEAM DIAGNOSTIC SYSTEMS 

V.A. Editorial comments 

The usefulness of a beam diagnostic system for an 
accelerator operator does not increase linearly with the 
effort put into it. My impressions of this phenomenon are 

Table I. Percentage of the potential usefulness of a beam 
diagnostic system which is achieved as a function effort. 

Diagnostic System Components 

Work Usefulness 

Hardware 45% 10% 

User Interface 15% 30% 

Expert System 40% 100% 

summarized in Table I. For example, let us suppose we 
install a wire scanner at the output of the cyclotron 
preceding a complex beamline. A beam physicist might use 
this device during a study period and, per chance, fmd 
something interesting which could lead to an improvement 
in operations. The second step would be to install a 

convenient operator interface. Then its usefulness at least 
triples: the operators will learn how the beam looks when 
things are "good" and use this diagnostic as feedback to help 
achieve this "good" state; operations will certainly benefit. 
One could then take the fmal significant step: why not have 
the computer automatically scan a preceding quadrupole, 
measure the beam emittance, and then adjust upstream 
quadrupoles so that the beam emittance entering the line is 
just as it ought to be? 

In many respects, at IUCF we are still in stages I 
andll: 

--We have a system which allows the tracking of a 
single beam bunch in 6 dimensional phase space, yet the 
operator doesn't know what the tune is, let alone have a 
system to automatically measure and correct the tune during 
a ramp. 

--We can measure and display the beam position in 
the Cooler with a precision of 50 ",m and bandwidth of 
100 kHz, yet the operator does not have a fool-proof user
friendly method of correcting the closed orbit. 

On the other hand, we are beginning to make the 
first steps to create a self-tuning accelerator system. In the 
following two sections I summarize some of these activities. 

V.B. Recent and future hardware developments 

Some of the work completed since the last 
cyclotron conference includes: 

--The addition of gridded klystron pre-bunchers to 
both ion source high voltage terminals. The rf systems for 
these bunchers are phase-locked to the beam. The use of 
these systems has increased the beam transmission efficiency 
through the cyclotrons from a nominal value of about 1.5% 
to as high as 9 %, as shown in Figure 3. 

--An rf phase feedback system has been installed in 
the Cooler. This system allows nearly perfect transmission 
efficiency. Without this system, acceleration is nearly 
impossible. 

--A transverse beam damping system has enabled 
a 4 fold increase in the amount of coasting beam which can 
be stored in the cooler. 

The these projects, which have all enhanced 
operations, share one common feature: feedback from the 
beam to control a device. We are now trying to use 
diagnostic systems for feedback on a much broader scale. 

Another project under development is a digital 
signal processor system which takes data from the phase 
space tracking system and calculates the tune. A phase
locked loop, locked to the beam, will allow the digitizing 
system to accurately sample the beam even for currents as 
low as a few tens of nA even during acceleration. This 
system will give the operators an online-tune measurement, 
and allow tracking of the tune up the ramp: a measurement 
which has not been made in several years 0 Of course, the 
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Figure 3. Effect of tenninal bunchers. The numbers are from the operations logbook, not "typical" results 
obtained during beam studies. 

next step will be to have the computer correct the tune the 
tune during the ramp using this system. 

Also in the Cooler a system is being developed to 
automatically measure the influence matrix: the effect each 
steerer has upon each BPM. This matrix will be inverted 
(or used in a multi-linear regression, or chi-squared 
minimization program) to correct the beam closed orbit. 

V.C. Diagnostic feedback systems for a new beam 
transport line 

A new 30 m beam1ine is under construction to 
transport a 0.6 MeV beam from the new high intensity 
polarized ion source16 to the cyclotrons. The beam 
diagnostic systems for this line is our most ambitious project 
yet: beam feedback will be used to provide a unique error 
signal for every device in the beamline. This includes all 
quadrupoles, dipoles, steerers, and buncher amplitudes and 
phases. Here I briefly outline this system; a more thorough 
report can be found elsewhere in these proceedings17. 

V. C.l. Transverse beam diagnostic feedback systems 

The basis of this system will be a new beam 
position monitor (BPM) system. The hardware, all 
contained on a single 4-layer board, will accept signals from 
4 electrodes and calculate the beam horizontal and vertical 

position, intensity, and quadrupole moment at 100 kHz 
rates. 

An automatic emittance measurement system will 
measure the beam phase space ellipse at the entrance to the 
line. A beam scanning system will then sweep the beam 
centroid along an ellipse of the same shape but reduced 
area. Consequently, the BPM system can monitor the beam 
envelope18. Linear combinations and ratios of the beam 
envelope at various BPM locations will provide polar-error 
signals for linear combinations of quadrupoles. There will 
be similar systems for automatic steering and dispersion 
correction. We also hope to implement an automated 
"pencil" beam scanning system to map the acceptance of the 
injector cyclotron. 

v. C.2. Longitudinal beam feedback systems 

The new wideband ramp-waveform terminal 
buncher and resonant beam1ine bunchers will be phase
locked to beam. Their amplitudes will be set using a 
Bunching Factor Diagnostic (BFD) to optimize the bunching 
factor. A feedforward system, using a nonintercepting 
beam intensity monitor (BIM) , will adjust the buncher 
amplitude to compensate for space charge effects. We are 
also exploring installing amplitude and phase modulators 
with synchronous detectors using the BFD and BIM, 
respectively, to set the quiescent phases and amplitudes. 
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ADDENDUM 

Note: a number a minor misprints in the preprint 
were corrected in this final version, though none affect the 
conclusions. It was also pointed out to me at the Cyclotron 
Conference by Dag Reistad (Uppsala) that the dependence 
of the beam bunch-width on beam current is discussed in an 
Appendix to a preprint submitted for pUblication19. 
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COSY -JULICH A SYNCHROTRON AND STORAGE RING 
FOR MEDIUM ENERGY PHYSICS 

R. Maier, U. Pfister for the COSY-Team, 
Forschungszentrum JUlich (KFA) GmbH, Postfach 1913, 5170 JUlich, Germany 

ABSTRACT 

At present the cooler synchrotron COSY a 
synchrotron and storage ring for medium high energy 
physics is being built at JUlich. The cooler ring will 
deliver protons in the momentum range from 270 to 
3300 MeV/c and has the option to accelerate 3He2+, 
12C6+, 160 8+ and 20N10+ ions. The maximal number of 
stored protons will be 2· 10 11. The phase space density 
of the circulating protons will be increased with 
electron cooling between the injection level and 600 
MeV /c. The stochastic cooling system is designed to 
cool protons in the momentum range between 1500 
and 3300 MeV/c. For external experiments averaged 
intensities up to ~ 2.10 8 cooled protons per second are 
expected with a duty cycle of ~ 50% on quite narrow 
target spots. High luminosities can be achieved with 
solid targets in the internal beam. 

The lattice parameters to match the different ion 
optical requirements for electron and stochastic cool
ing, acceleration, internal experiments and slow extrac
tion are discussed. An overview of the ion sources, the 
injector cyclotron, the injection and extraction beam
lines is given. Field measurements on the dipol and 
quadrupol magnets are reported. The results of the 
commissioning of the power converters and of the 
accelerating cavity are shown. The results on the 
sensitivity measurements of the beam position monitors 
are explained. 

1. INTRODUCTION 

The COSY facility consists of different ion 
sources, the cyclotron JULIC as injector, the injection 
beamline with a length of 100 m, the ring with a 
circumference of 184 m and the extraction beamlines 
to the external experimental areas. The high resolution 
beamline to the magnetic spectrometer BIG KARL, 
the beamline to the Time of Flight spectrometer 
(TOF) and the beamline for medical therapy applica
tion 1) are under construction. In a later stage a fourth 
beamline will be added for polarization measurements. 
The layout of the COSY facility is shown in Fig. 1. 

The lattice of the COSY ring consists of two 52 m 
long 180 0 bending sections, which are separated by two 
40 m long straight sections. The straights are designed 
as telescopic systems with a 1:1 image from the 
beginning to the end with a phase advance either 7r or 
27r. Bridged by four optical triplets one straight section 
is dedicated to two internal target places TP 1 and 
TP2. The opposite straight section provides free space 
for the rf cavity, the electron cooler2), scrapers, 
Schottky pick-ups and current monitors. 

Fig. 1. Layout of the COSY facility. 

The two arcs are composed of six mechanically 
identical periods. Each of the mirror symmetric half 
cells is given a QF-bend -QD-bend structure leading 
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to a six-fold symmetry of the total magnetic lattice. By 
interchanging the focussing and defocussing properties 
additional flexibility for adjusting the tune is achieved. 

One of the bending arcs houses the injection and 
extraction devices, the stripping target, the magnet 
septum and bumper magnets for injection as well as 
the electrostatic and magnetic septa for extraction. 
The other arc offers space for a third internal target 
area TP3, which will make use of one of the ring 
magnets to separate 00 ejectiles, the diagnostic kicker 
and the elements for the ultra-slow extraction. At the 
intersection between straight sections and arcs the 
stochastic cooling pick-ups and kickers 3) will be 
installed. The basic machine parameters are summa
rized in Table 1. 

T.ble L 
COSY BaSIC Parameters 

Vacuum system 

pressure 
in the arcs 
in the straights 

RF system 

cavity type/ 
acceleration structure 

frequency range (h~l) 
quality factor (at frequency) 
max. rate of frequency increase 
gap voltage (at duty cycle) 
gap voltage dynamic range 
nominal/actual rf power 

bending magnets 

number 
radius 
angle 
field range 

Quadrupole magnets in the arcs 

number 
no. of families 
elf. length 
aperture radius 
max. gradient 

quadrupole magnets in the telescopes 

number 
no. of families 
eff. length 
aperture radius 
max. gradient 

sextupoie magnets 

number 
no. of families 
elf. length 
aperture radius 
max. strength 

10-10-10-11 mbar 
rectangular 150·60 mm1 

ci rcular 1 4> 150 mm 

symmetric fe-entrant 
ferrite loaded 
0.462-1.572 MHz 
8(400 kHz), 40(2 MHz) 
4 MHz/, 
5 kV (100%), 8 kV (50%) 
55 dB 
56/16 kW in push-pull 

24 
7 m 
IS' 
0.23-1.585 T 

24 
6 
0.3 m 
85 mm 
7.5 T/m 

32 
8 
0.55 m 
85 mm 
7.5 T/m 

18 
7 
0.3/0.2/0.1 m 
85 mm 
30 T/m' 

The magnetic lattice of the ring has to match 
different ion optical conditions: 
(i) the internal targets require low betatron 

functions and low dispersion 
(ii) the slow extraction needs the horizontal 

tune near a third order resonance 
(iii) the stochastic cooling demands a phase 

advance close to (2n+l)· 7r/2 between the 
pick- up and kicker location for both 
planes 

(iv) the electron cooler prefers low betatron 
amplitudes 

These requirements can be fulfilled with the 
chosen working point. The beam and optical proporties 
are listed in Table 2. 

Tab~ II 
Beam and Optical Froperties of COSY 

momentum range 

max. no. of stored protons 

horizontal/vertical tune 

transition momentum 

geometrical acceptance 

nat. chromaticity hOL/vert. 

lattice function at 

TPl: 
TP2: 
TP3: 

270-3300 MeV /c 

2-10" 

3.38/338 

1860 MeV /c 

horizontal: 
vertical: 
I'1p/p 

130 7f mm mrad 
35 7f mm mrad 

± 0.5% 

- 5.2/- 4.5 

Bhar £vert dispersion 

5.6 m 5.9 m o m 
1.6 m 5.1 m o m 
6.0 m 22.2 m 10.1 m 

radii and divergences for an extracted emittance 
of 2.5 11" mm mrad and I'1p/p of 1.10-3 at 

medical therapy area 
Time of Flight 
BIG KARL 

x/mm x'/mrad z/mm 

3.25 
0.56 
0.45 

1.34 
4.90 
7.14 

1.88 
0.72 
0.43 

z'/mrad 

1.24 
3.47 
6.92 

2. ACCELERATOR COMPONENTS 

2.1. Field Measurements of the Bending and the 
Quadrupole Magnets 

The measurements of the bending magnets were 
done with sets of long coils, covering the whole beam 
field region. Seen in beam direction there are a long 
coil, two short coils located in the homogeneous part of 
the field and a second long coil. The coils are im
bedded in a rod made from carbon fibre to be mechan
ically rigid. This coil support is driven across aperture 
of the magnet. Voltage induced in the coils are inte
grated. The reproducibility of the JBdl measurement is 
in the order of 10 -5. 

Figure 2 shows after shimming the relative devia
tion of J Bdl of the individual magnets from the mean 
value of J Bdl of all dipole magnets. The identity of 
the individual 24 dipole magnets is better than 2· 10-4, 

The field components of the quadrupole magnets 
are determined on a measuring bench with slowly 
rotating coils. The quadrupole as well as the dipole 
component are compensated by a bucking coil, with 
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Fig. 2. Relative deviation of fBdl of the 
individual dipole magnets with respect to 
the mean value of f Bdl of all the dipole 
magnets. 

25 

maximum sensitivity for harmonics n > 3. The 
achieved supression of the quadrupole term was N 10-3• 

The measuring probe consists of 3 sets of compensated 
coils. One long set integrates over the whole length of 
the magnets, the other two are integrating at the 
entrance and the exit sides of the quadrupole from 
inside the magnet to the field free region. After align
ing the quadrupole on the measuring bench the excita
tion curve, the harmonic content as well as the gradi
ent are measured for a number of currents. The 
gradient is deduced from the difference between the 
long coil and the two short coils. The relative deviation 
of f gdl of the individual quadrupole magnet with 
respect to the mean values of f gdl of all quadrupole 
magnets is shown in Fig. 3. Besides the quadrupole 
No.1 which is the prototyp, the identity is better than 
4'10-3. 

2.2. Power Converter 

Only one power converter feeds 25 dipole magnets 
connected in series via a busbar system. Due to iron 
saturation the inductance decreases at max. current of 
5000 A from 300 mH to about 100 mHo The load is 
changing its characteristic from a power consuming to 
a generating device at a current value of about 2600 A. 
This requires for proper operation two set values, the 
current set value and the set value for the output 
voltage. Figure 4 shows the actual current during 
ramping of the dipole magnet together with the 
difference signal of the actual current and the de
manded current. During the ramping of the dipole the 
relative accuracy is better than 2· 10 -5. 
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the individual quadrupole magnets MQT 
with respect to the mean value of f gdl 
of all the quadrupole magnets MQT. 

35 

!:li/ A I/A 
e, 10 -. ___ --,-___ -.-___ -.-___ -.-___ ~ 8000 

13, os -+ ___ -1-___ -1-__ _ __ -+ ___ -+- 61300 

-0 .fl5 -f-----+---\--+--~4----+---\---l- 2000 

-". 113 -+----.--+-----.--+--=---,---+--.-'--+--.---1-- 13 

Fig. 4. Actual current I(t) during 
ramping and the differences !:li( t) of the 
actual current and the demanded current 
over the time t. 

2.3. Accelerator System H = 1 

The 50 kW rf acceleration system based on a 
ferrite-loaded coaxial cavitiy, has been developed in 
close cooperation with the Laboratoire National 
SATURNE and Thomson Tubes Electroniques. The 
accelerating system has been installed after measuring 
the rf properties with the extremely agile rf signal 
synthesizer for the control of the low level acceleration 
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signals. With this synthesizer the rf phase can be 
changed instantaneously. This rapid change of the 
acceleration phase of about 1800 is necessary to pass 
through , transition. Figure 5 shows the waveforms of 
the amplifier input and the resulting gap voltage 
during the phase switching procedure. The quality 
factor Q can directly be determined from the time of 
zero crossing of the envelope of the gap voltage. The 
relatively high Q factor of about 38 allows the realisa
tion of a rapid phase switch. 
DSA 602A DIGITIZING SIGNAL ANALYZER 
date: ll - DEC - 91 time: 16:13 : 36 

C0 5~ HF 
FFrciJao DefWCni 

K~Vli.6tsme55ung 

- 3\/ 
1 30.59~s 4~s/div @TI 1 /0.59~s 

Fig. 5 The waveforms of the amplifier 
input and the resulting gap voltage during 
the phase switching procedure. 

2.4. Beam Position Monitors 

For measurement of the transverse sensitivity of 
the beam position monitors (BPM) a test bench was 
installed. A 2 MHz-signal was injected to simulate the 
bunch current. The quantity difference ~(x) over the 
sum ~ of the electrode signals was measured in de
pendence of the position x. A linear dependend holds 
almost over the total BPM -aperture. This leads to a 
position sensitivity of 10 -2 mm -1 in both planes of the 
cylindrical BPM. This value is in good agreement with 
the theoretical predictions. The position sensitivities of 
the rectangular BPM are 7.5·10 -3 and 2· 10 -2 mm -1 in 
the horizontal and vertical plane, respectively. The 
amplitude sensitivity or transfer impedance of the 
cylindrical BPM was measured in a 50 n matched 
coaxial system. 

The set up allows to inject a well defined signal for 
beam current simulation in a large frequency range. In 
the case of high impedances (~ 500 kn input imped
ance of the BPM preamplifiers) the transfer response is 
nearly constant in the frequency range 0.01-100 MHz. 
The transfer impedance of one electrode results to 
about 3 n in this frequency range. This agrees with 
the theoretical values for the transfer impedance of a 
particle, which moves with the speed of light. 

3. SUMMARY 

All magnetic elements for the ring, injection and 
extraction beam line have been installed in the final 
position. Measurements on stability, dynamic behav
iour of the power converters with the final set ups of 
the magnetic elements are being completed. The 
commissioning of the injector cyclotron and parts of 
the injection beam line together with careful radiation 
protection measurement have been finished. The up
grade of the high resolution spectrograph BIG KARL 
is in progress. First injection into the cooler synchro
tron and the commissioning are scheduled to start in 
autumn 1992. Start of users operation is aimed at 
April 1993. 
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ABSTRACT 

Several kinds of beam diagnostic instruments, have 
been developed at cooler-synchrotron TARN-II. These are 
intended to study beam dynamics at low beam current of 
several microamperes and then have high sensitivity of good 
SIN ratio. In addition, the acceleration system, especially 
low level RF system, has been improved to attain the 
maximum beam energy. With the successful performance of 
these instrumentations, the study of beam dynamics are 
presently being carried out. For example, the synchrotron 
acceleration of the light ions was achieved up to 220 Me V lu 
without any beam loss. 

1. INTRODUCTION 

TARN-II is a cooler-synchrotron with a maximum 
magnetic rigidity of 5.8 Tm, corresponding to 1.1 GeV for 
protons and 0.37 GeV lu for ions of charge-to-mass ratio of 
1/2.1) The ring has a circumference of 78 m and FBDBFO 
magnetic structure with a superperiodicity of 6. An injector 
is a sector-focusing cyclotron with K number of 68 which 
can accelerate a variety of ion beams supplied by ECR or 
PIG ion sources. Normally the intensity from the cyclotron 
is as low as several microamperes for light ions and almost 
two order smaller for heavy ions. To handle such a low 
current beam in the ring, we have developed several kinds of 
beam monitors2) for the detection of beam positions, beam 
phase , DC beam current and Schottky signals. With the 
successful performance of these diagnostic instrumentations, 
the synchrotron acceleration, for example, was achieved up 
to 220 MeV/u without any beam loss. The vacuum, ion 
source and control system have been improved to perform an 
extended study of beam dynamics. The present paper 
summarizes the recent experimental results of beam 
dynamics studies at cooler-synchrotron TARN-IT. 

2. BEAM DIAGNOSTIC INSTRUMENTS 

A permalloy core monitor, a travelling wave monitor, a 
DC beam monitor and electrostatic beam monitors, are used 
to measure the beam dynamics during injection, 
accumul~ion and acceleration batch. The layout of beam 
diagnostic instruments is given in Fig. 1. 

The permalloy core monitor is placed at the straight 
section, S5. It comprises laminated permalloy tape of the 

average diameter of 210 mm with the initial permeability of 
around 10000. The sensitivity and time constant of the 
electronics system attached to the permalloy core, can be 
varied according to the beam conditioning. The typical 
sensitivity and the time constant are 0.2 microampere and 5 
seconds, respectively. 

The travelling wave monitor is placed at the straight 
section, S5 just upstream the permalloy core monitor. This 
is used for the detection of Schottky signals from the 
circulating beam. The structure of inner conductor is a 
helical type, of which the pitch is adjusted to equal to the 
beam velocity. The coherent beam signals from the bunched 
beam, such as the synchrotron oscillation frequency, can be 
detected with this monitor. The sensitivity for the coasting 
beam is around 1 microampere at a window frequency of 15 
MHz with the signal averaging by the spectrum analyzer. 

The DC beam monitor based on the magnetic 
modulation method has been constructed. It is placed at the 
straight section, S5 just behind the travelling wave monitor. 

The DC beam monitor comprises the laminated 
amorphous cores with the average diameter of 230 mm. The 
record of the sensitivity is 0.5 microamperes at the time 
constant of low pass filter, 1 second. 

QM: Quo,l7. Monilor ( V or H ) 
ESM: Elcclrosl:lIic Position Monitor 
PM: Permalloy Core Monilor 
HM: Deolll Siopper 
TWM: Travelling Wave Monitor 
SCM: Scintillation Rod Monilor 
CT: Wide llond Beolll DCCT 

PM TWM 

Fig. 1. Layout of beam diagnostic instruments at 
TARN-II. 
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To measure the bunched beam positions in horizontal 
plane. 8 sets of electrostatic monitors are installed at the 
straight sections. S 1 to S6. Each electrostatic monitor 
comprises a pair of metal plates with a diagonal cut. Details 
of position monitors are given in the section 3. 2. 

3. BEAM DYNAMICS STUDY 

3.1 Beam Transport and Multiturn Injection 

The ion source of injector cyclotron. is operated under a 
pulsing mode to increase an output current of the cyclotron. 
A repetition rate and a pulse width of the output current are 
30 Hz and 3 ms. respectively. 

The cyclotron and TARN-II is coupled with a beam 
transport line in 60 m length. A momentum spread and 
emittance of the injection beam are 0.1 % and 157t 
(mm.mrad). respectively. Transmission efficiency of the 
beam was measured as a function of the emittance and 
distance from the cyclotron. The measured results show that 
transmission of the 40 MeV a beam of 157t (mm.mrad) is 
about 45% at an entrance of the ring. The transmission of 13 
MeV 3He l beam of 357t (mm.mrad) was about 15%. 

The transported beam is injected into the ring with an 
electrostatic inflector at the straight section. S 1. Optical 
elements of the ring and transport line. are to be matched to 
accumulate the beam as much as possible. The injected 
beam is accumulated into a transverse phase space of the ring 
by the multi turn injection method. The multiturn injection 
is performed by using a gradually decreased bump orbit 
generated by two pulse magnets at the straight sections. S2 
and S6. The horizontal acceptance of the ring is designed to 
be 3007t(mm.mrad). The maximum number of multiturn 
injection is then estimated at 17 turns. 

3.2 Closed Orbit Measurement 

The horizontal closed orbit around the ring. was 
measured with use of eight ~-type electrostatic pickups. 
each connected by the head-and post-amplifiers. The 
capacitance between the inner pickup and the earth cover. is 
measured at typically 65 pF within the deviation of ±2%. 
The head amplifier. gain of 20 dB, is a low noise type and 
the measured noise level is as low as 1.7 nV/ ~Hz. The 
amplified beam signals from right ( R ) and left (L) pickups 
are sent to a control room and analyzed with two spectrum 
analyzers of averaging fuction. The beam position are 
obtained by the relation. ~=K'(VR-Vd/(VR+Vd where K 
is a constant determined by test bench experiments. A 
typical example of closed orbit is shown in Fig. 2 where 
the deviations of a closed orbit distortion (COD) are around 
ten mm's. 

The correction of COD is performed using six 
correction coils, each wound on a bending magnet in a 
sextunt in the ring. The current in each correction coil is 
calculated so that the COD is to be minimized. 

Machine parameters, such as the transition 'Y, local 
dispersion functions 11, can be experimentally obtained by 
the closed orbit shift (~) versus RF frequency (M) and the 
field strength of bending magnet (B). The measured values 

4 
S1 8=2.2572 kG 

2 

0 -E 
E -2 
---
C 

-4 0 
() 

-6 

-8 S3 

S5 
-10 

0 20 40 60 80 

Distance from Injection Point (m) 

Fig. 2. Closed orbit distortion around the ring. 

of ~/M and ~/~B are typically 5.62 (mm / kHz) and 
-2.70 ( mm / Gauss ), respectively which are around 20 % 
different from the calculated values by the computer code 
"MAGIC". 

The vertical COD's are not yet measured. The COD 
calculation with MAD program shows that the maximum 
COD would be as large as 15 mm due to the rotation of 
bending magnets and the deviation of central axis of Q 
magnets. Therefore the vertical correction coils are prepared 
and the measuring system for vertical COD are now being 
constructed to improve the vertical ring acceptance. 

3.3 Chromaticity Measurement 

The horizontal and vertical betatron tunes vX ' Vy were 
measured as a function of beam momentum, and they were 
corrected with use of a sextupole magnet located just 
downstream a focusing quadrupole magnet at the straight 
section No.5. The experimental procedure was as follows; 

Injected beam was firstly captured by the RF field and 
was accelerated up to the required beam momentum, holding 
the magnetic field constant. Then the tune values were 
measured with the RF knockout method. The maximum 
fractional momentum variation ~p/p was around 1 %, 
corresponding to the horizontal movement of beam position 
44.8 mm when the RF frequency was varied from 1.117 to 
1.125 MHz. A current of sextupole magnet was adjusted to 
correct the horizontal tune values. In Fig. 3, the measured 
results are given as a function of fractional momentum 
change ~p/p. The horizontal tune Vx is constant, 
chromaticity corrected, in the case that the current of 
sextupole magnet is 35A. On the other hand, the natural 
chromaticities, ~ = (~v/v)/(~p/p) at Isextupole = O. were 
measured at ~x= -1.83 and ~ y = 2.13, respectively. 

3.4 Beam Transfer Function 
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Fig. 3. Horizontal and vertical tunes vs. beam 
momentum. 
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A tracking generator, an analog spectrum analyzer, 
transverse and longitudinal Schottky signal detectors, a 
wideband power amplifier with the max. power of 60 watt, 
and a kicker are used for the measurement of beam transfer 
function. The kicker is composed of two sets of parallel 
plates, one is for the horizontal and the other for the vertical. 
The RF signals from the tracking generator are amplified and 
fed to the kicker. The longitudinal or transverse Schottky 
signals are detected by the electrostatic pickup, 1/6 
circumference downstream the kicker. Schottky signals are 
observed on the spectrum analyzer with co-use of tracking 
generator. The strong signals are corresponding to coherent 
longitudinal beam oscillations, integer times the revolution 
frequency, whereas the non-coherent signals, two side band 
signals neighbouring the coherent signals, could be 
observed. They represents the betatron motions with the 
frequencies given by the following relation; 

COx.y = ( m ± v x•y ) COrey • 

where m is an integer and COrey is a revolution frequency 
around the ring. Thus the precise values of betatron tunes 

Fig. 4. Schottky signals of betatron sideband. 

can be determined by the BTF measurement instead of RF 
knockout method. The observed <Ox has a finite spread as in 
Fig. 4 where the width of frequency ~f is 4.3 kHz, 
corresponding to m=2 and v x=1.7487, respectively . 
Normally this spread is due to the momentum spread of 
circulating beam and to the finite chromaticity , and is 
represented by the following formulation; 

Limx = ( ~x+(m±vx) 1]) . Lip/p' COrey 

where 11 is the dipersion function defined by 11=y2_y 1-
2. 

The closer observation shows that the shape of the 
frequency spreads of sideband, has two peaks. The separation 
of two peaks becomes smaller when the RF voltage is put 
off. The analysis of these phenomena is now in progress. 

3.5 Beam Life Time 

The life time of the stored beam is determined by 
several factors in the cooler ring. The life of the heavy ions 
with atomic electrons, is determined by the rate of electron 
capture at e-cool section. For the molecules, such as H2 + or 
H3+, the dissociation due to the residual gas, playa key role. 
For the completely stripped light and heavy ions, the 
multiple scattering with residual gas in the vacuum chamber, 
is a leading factor. In any cases, the operation points, Vx 

and Vy values, should be selected so as to avoid the resonance 
lines, at least up to 5th orders. Otherwise beam would be 
lost due to the emittance growth by the resonance effects. 

Here the experimental results of 40 MeV a beam, are 
explained. The average vacuum pressure at TARN II ring is 
presently - 2xlO-1O Torr, measured by the B-A gauges. The 
beam currents are measured by the parmalloy core monitors. 
We measured the e-folding beam life time for two cases, the 
one the RF voltage of 500 Volt was applied and the other 
the RF was put off. In the former case, the life time was 
100 seconds whereas it was 400 seconds in the latter case. 
Short life time in the presence of RF field, could be 
explained by the following considerations; The betatron 
operation points extended over the resonance lines due to the 
finite chromaticity and large momentum spread with the 
phase oscillations. In the present case, the tune spreads ~v 
are evaluated at - 3xlO-2 and then the operation lines did 
cross or touch the stop band of resonance lines of 5th orders. 
Precise chromaticity corrections of both the horizontal and 
vertical directions, would be necessary to obtain the long life 
time in the presence of RF field. 

Another example is the ionization energy loss of the 
circulating beam due to the collision with residual gas. The 
40 MeV a beam was stored in the ring and Schottky signals 
was observed. The shift of the central frequency of the 
spectrum, 360 seconds after the beam injection, was M = 
7.5 kHz at the 35th harmonics of revolution frequency (Fig. 
5), which corresponds to the energy loss of 44 keV and the 
horizontal beam position movement of 2 mm. 

By using the data of residual gas analysis and this 
ionization loss, the average vacuum pressure, N2 equivalent, 
was determined 7x 10-11 , roughly two times better than the 
value obtained by B-A gauges. 
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Fig. 5. Longitudinal Schottky signals at the injection 
and at 360 sec after the injection. 

4. ACCELERATION 

The synchrotron acceleration system was completed to 
the designed maximum energy 370 MeV/u for light ions. 
However, due to the limitation of the electric power station 
in the campus, the presently available energy is 220 MeV/u. 
The detailed descriptions of the RF system are given 
elsewhere3), and in this chapter, two subjects concerning the 
RF acceleration are presented. 

4.1 Tracking Error Correction 

Four magnet power supplies, one for bending magnet 
and 3 for Q magnets, should be excited synchronously with a 
finite tracking error. From the experiences at DC operation 
of the ring, the permissible tracking error was estimated at 
0.2 %. For this purpose, the self learning correction system 
for tracking error was built with a microcomputer system, 
PSC 1000, consisting 5 sets of computer boards and I/O 
interface boards. 

At each power supply, Digital to Analog (DA) and 
Analog to Digital (AD) converters are equipped for the 
current control. The 1st approximation pattern data, 
caculated from the ideal reference pattern data, are sent firstly 
to each power supply via DA converter, then the excitation 
currents of power supplies are measured with DC current 
transformer. Then the measured results are compared with a 
reference ideal value. At this first trial, the tracking error was 
as much as 5% due to the non-linearity and delay of the 
circuits. The 2nd approximation data, is then corrected to 
advance the readout time for the compensation of delay 
components. Afterthat the self-learning correction is 
performed to correct the nonlinear term. 

Iteration of the self-learning was finished after 6 or 7 
repeating this procedure. The tracking errors between, one 
dipole magnet and three quadrupole magnets, were finally 
obtained within 0.2%. 

4.2 Beam Acceleration 

The beam acceleration is performed by the following 
procedures: The injected beam is captured adiabatically by 
the RF bucket within the period 6 ms. In this period, the 
capture frequency is controlled by a fixed frequency generator 
to track the twice of revolution frequency of the injected 
beam. After the adiabatic capture process, the bucket which 
is controlled by a phase locked loop, takes over the captured 
beam. The frequency of voltage controlled oscillator, a part 
of phase locked loop, is regulated by a B-dot generator, 
position and phase feedback system. The voltage at an 
acceleration gap of RF cavity is controlled by a AGC system 
during the whole acceleration period. For example, the 
injected 10 MeV/u a beam was accelerated up to 220 
Me V lu. The field excitation and beam position signals are 
given in Fig. 6. During the acceleration, the beam position 
was kept almost constant in the ring. The dB/dt is chosen 
at 0.37 Tesla/sec. 

Fig. 6. Excitation pattern of magnetic field and the 
horizontal beam orbit during the acceleration. 
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ABSTRACT 

The project consists of two cooler rings (4 and 10 
T x m) connected by the fragment separator 1) The 
JINR U400M cyclotron will be the injector for the K4 
ring.The cooled primary beams obtained as short (20ns) 
bunches after the fast extraction from the K4 are fo
cused onto a small target.This reduces considerably the 
trails verse and longitudinal emittances of the produced 
secondary exotic beams,thus facilitating their cooling 
after injection into the KI0 ring.The K4 - KI0 com
plex will provide the luminosity values on internal tar
gets of 1024 - 10 28cm- 2 s- 1 with beams of such ions as 
6He,8He,llBe, 16C, 38Ar etc. having lifetimes> 0.15. 

We specify the main purpose of the project by ded
icating it to the producing of high precision Exotic Ion 
Beams (EIB's) with A < 100. Production of EIB's im
poses specific requirements on such a heavy ion complex. 

The layout of the storage ring complex K4-KI0 is 
shown in Fig 1 together with the one of the heavy ion 
cyclotrons of the JINR (Dubna). The project includes 
two rings, K4 and KI0. The beam channels related to 
this project are also shown in Fig. 1. These are the chan
nel guiding from the U400M 2) cyclotron to the injection 
section of the ring K4 and the fast beam extraction line 
of the K4 ring followed by a fragment separation channel 
allowing the injection of EIB's into the KI0 ring. The 
fast and slow extraction beam lines from the KI0 ring 
are envisaged as well. 

Two long straight sections of the K4 ring and one 
long straight section of the KI0 ring are reserved for 
experiments employing internal targets. 

Basic parameters of the rings are listed in Table 1. 
We are intended to provide the highest possible elec

tron beam density in the coolers of both the rings in 

order to reduce the cooling time. For the same reason, 
we optimized the ring structures ill a way allowillg rel
atively high values of amplitude functions at the cooler 
section straights. The reduction of the cooling time in 
both rings is essential for the production rates of beams 
of short lived exotic nuclei. 

Rather powerful RF -systems are planned for the 
rings especially for the ring KI0. This provides necessary 
conditions for generating short bunches before beam ex
traction from the K4 ring. In the case of the KI0 ring 
we need a high RF amplitude to manipulate the large 
momentum spread EIB's injected on the ring orbit. 

Fragmentation reactions of medium energy heavy 
ions with mass numbers A < 100 will be used for pro
ducing the EIB's. Primary heavy ion beams (E 1.. = 
1571"mm x ml>ad, /::"p/p = 0.15%) will first be acceler
ated by the U400M cyclotron and then injected into the 
ring K4. Cooled and additionally accelerated in this ring 
the ion beam, after the fast extraction in the form of a 
short, about 20 ns bunch, will be focused on the pro
duction target of less than 1 mm in its diameter. This 
causes the reduction of both the transverse and longi
tudinal emittances of secondary EIB's produced on this 
target and greatly facilitates the reduction of the EIB 
cooling time on the orbit of the ring 1(10. 

The primary ion accumulation time in the K4 ring 
will be rather short (= 60ms) in the case of the stripping 
injection of light ions (A < 20). For heavier ions the mul
tiple single tum injection is proposed. This method of 
accumulation employs the beam emittance contraction 
due to electron cooling to open the space for successive 
events. Single-turn injection is prefered due to the ca
pability to retain the quality of the injected beam. In 
addition, by keeping the cooling electron velocity equal 
to the mean velocity of the injected ions one minimizes 
the beam cooling time. For the case of the single turn 
injection of the 48Ca 10+ beam extracted from the U 400M 
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Ring 

BPmax/BPmin 
Circumference 

Acceptance 

£ 
.l 

ilp/p 

(T·m) 

(m) 

(rr mm*mrad) 

(%) 

Electron cooling section 

E e max 
Length 

I e max 
Cathode diameter 

RF-system 

f /f. 
max min 

harmonic number 
number of stations 

and RF amplitude 

(keV) 

(m) 

(A) 

(cm) 

(m) 

(MHz) 

(n·kV) 

K4 

4.0/0.7 

83.12 

50 

1.0 

100 

3 

1.0 

3 

10.9/6.3 

3.6/0.4 

1 

1·14 

K10 

10.0/0.7 

146.24 

25 

2.0 

250 

3 

3.0 

3 

5.615.8 

2.09/0.25 

1 

4·14 

TABLE 1 Basic parameters of the rings K4 and KID. 

cyclotron and stripped before the injection into the 
1\.4 ring to the charge state 20+ the value of the injection 
and cooling time of about 200 ms is evaluated for 109 ions 
stored on the ring orbit. 

Fast extraction from the K4 ring should routinely 
provide beams with momentum spread and bunch length 
of about ±0.2% and 20 ns correspondingly. The beam 
momentum spread of ±0.2% is still tolerable from point 
of view of focussing onto a small target. 

The momentum loss achromat technique is utilized 
in the design of this separator channel. 3 ) It is de
signed to transmit EIB's with the value of emittance 
£1. = 257rmm x mrad and momentum spread of ±0.5%. 

The design of the 100 ring provides the possibil
ity to keep simultaneously two beams on the orbit. i.e. 
the newly injected beam with mean momentum Pin] and 
another one corresponding to the momentum shifted by 
about l.5% from Pinj. We suppose that the newly in
jecteu ElB beam bunch is immediately captured within 
a 8tatiollary RF bucket in such a way that this bunch 
occupies a phase interval of about 7° being ±0.5% in 
its value of momentum spread. \,ye take the height of 
the separatrix two times larger than the minimum value 

U RFmin needed for the capture of the full size injected 
bunch. Such a value of URF prevents the injected beam 
bunch from serious filamentation during the quarter pe
riod of the synchrotron oscillation. After completion of 
the quarter period of synchrotron oscillation, two ways 
of the ring operation are possible. 

For those short-lived (Ti/2 < 1s) ElB's for which 
the accumulation on the ring orbit has no sense a specific 
ring operation mode is of interest. In this case, the RF is 
switched off just after completion of the quarter period 
of synchrotron oscillation. The electron cooling system 
matched to Pinj cools the beam both longitudinally and 
transversely within a time interval of < 100m.s. This 
cooled beam is used immediately for experimellts on an 
internal target. 

For long-lived EIB's (Til'.! > 1s) for which accumu-
lation is reasonable the RF stacking procedure4

) should 
be applied. The RF matching of the ElB bunch should 
be performed just after injection. As the first stage, the 
RF matching implies a quarter period synchrotron os
cillation. After the RF matching the beam acceleration 
towards the working orbit takes place. We assume 
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Primary EIE T1/ 2 ,8 N L, 
-2 -1 E L, 

-2 -1 
em 8 em 8 

max 
beam ( injection (MeV/nuel. ) (maximum 

energy) energy) 

7Li 6
He 0.8 3 10

7 
2 10

27 
430 1 10

27 

18
0 

8
He o. 122 20 2 10

21 
260 1 10

20 

ll
Ee 13.8 4 10

7 
4 10

27 
500 2 10

27 

15
C 2.45 3 10

7 
2 10

27 
580 1 10

27 

16
C 0.747 2 10

6 
2 10

26 
520 1 10

26 

48
Ca 

44
Ar 720 3 10

7 
2 10

27 
600 1 10

27 

46
Ar 7.8 4 10

4 
3 10

24 
560 2 10

24 

47K 17.5 5 10
7 

6 10
27 

590 3 10
27 

38
S 1 10

4 
2 10

8 
2 10

28 
630 1 10

28 

18
0 

8
He o. 122 1.104 

10
24 

llLi 0.009 1.2.103 1.2.1023 

TABLE 2 Estimations of numbers of some exotic ions and the relevant luminosities available on the orbit of the ring 1<10. The 

given values are calculated for the internal target of 1014 em- 2 

that the beam accumulated on the working orbit is 
used in experiments with an internal target. This beam 
is permanently cooled and new beam portions approach
ing, due to RF stacking, the working orbit are left free at 
some distance from it. We count on the electron cooler 
which will cool new beam portions thus equating their 
momentum with the beam momentum on the working 
orbit. Cooling time of about one second can be reached 
in this case. Some results of calculations for the lumi
nosity values which can be achieved with different EIE's 
in experiments making use of internal targets in the KID 
ring are presented in Table 2. 

The K4-KID project is the subject of considerations 
by the JINR scientific community as a major facility 
planned for construction within next five years. Pro
ceeding from the general policy of the JINR, we want 
to make the new heavy ion complex open for research 
groups coming from the JINR member states as well as 
from any other research centers. This imposes on us the 
responsibility for providing the necessary performance 
features of the complex. 

We used in this paper results of the Technical Pro
posal5 ) prepared by the K4-KID design group. 
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70 
I 

Fig. 1 Diagram of the J!NR heavy ion cyclotron complex with the heavy ion storage ring 
complex K 4 -Kl0. Two cyclotrons, U400 and U400t1, coupled in a tandem as well as 
the U200 cyclotron are shown. A curved arrow at the U400t1 main beam line shows the 
direction to U400t1 experirrental set-ups. Just at the right side of this arrow the beam 
splitting system is installed ,and the beam transport channel to the K 4 -ring starts . 

U2DD 

1-perlmeter of a building projected for the K4-Kl0 complex, 2-concrete shielding of projected rings and beam lines. 
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Abstract 
The new project of Ion Storage Ring (ISR) 
complex of Institute for Nuclear Research 
(INR) of Ukrainian Academy of Sciences is 
presented. The INR ISR complex consists ot the 
U-240 isochronous cyclotron. the ISR with the 
Electron Cooling (EC) and intermediate Fast 
Booster (FB). The INR ISR complex will provide 
10n beams ot wide mass range ( trom protons to 
xenon) including radloactive 10n beams with 
the energies up to 300 MeV/u at A/Z=2. 

1.Introduct1on 

In 1989 the Institute tor Nuclear Physics 
(INP. Novosibirsk. Russla) and INR (Klev. 
Ukraine) created the project of the Ion 
Storage Ring tor INR. allowing to provide the 
experlments with light and middle nuclei up to 
Neon [1 l. In 1991 Etremov's Instltute, INR and 
INP prepared the essentially improved new 
project of ISR based on the INR U-240 
isochronous cyclotron. 

The ISR complex ot INR is planned to be 
bullt in two stages. Flrst. the main ISR wlth 
electron cooling will be built for storage of 
light 10ns up to neon at injection energles 
5-10 MeV/u to have 10n beams wlth energies up 
to 300 MeV/u. At the second stage the 
intermediate fast booster (FB) wlth a multiple 
charge exchange of 10ns will be created to 
have possibillty to accelerate ions heavier 
than neon in order to store them in the main 
ISR. The storage and cooling of nuclei at 
physical experiment take place in the main 
ring (fig.1). The main parameters of the ISR 
complex are presented in Table 1. 

Table 1. 

Clrcumference, m: 
Storage Ring 
Booster 

Mass range 
Max. energy. MeV/u: 
protons 
Ions with AlZ=2 
10ns wl th AIZ=3 

Magnetlc field. T 
MagnetiC R1gid1ty.T·m: 
Booster 
Storage Ring 

Injector 
A/Z 

100 
54 

1-130 

900 
300 
200 
1.5 

4.3 
5.4 

U-240 
1-3 

Injectlon energy.MeV/u: 
light ions(p.d.a) 25-70 
C - Ar 5-10 
Kr - Xe 3 
Electron cooling 
energy. kev 2-100 
Vacuum. torr 

2. The beam parameters 

The average current of U-240 cyclotron 
ion beams changes from 0.2 ~A tor the Neon up 
to 10 ~ for protons. When the Electron 
Cyclotron Resonance (ECR) source w111 be put 
into operat10n then all ions up to Xenon can 
be accelerated on U-240. 

The ISR operation cycle 
1. Inject10n (duration 

Single turn inject10n for 
str1pped 10ns is carried 
charge- exchange injer.t10n ot 
prosecuted 12/. 

is the following: 
ls 2-40 p.sec) . 
the completely 
ou t • mul t1 turn 
heavy ions 1s 

2.Rl' stecking (durat1on is 10-20 msec) 
with increasing of the injected beam energy on 
2.1% . RF stecking used tor elimination of the 
cooled beam passing through the stripp1ng f011 
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Ftg.1. Iqgnettc structure 01 Ion Storage Rtng 
and Fast Booster: 

BM - beMing magnets, Qt- qundrtJ.poles, Tt-
targets, EO - electron cooltng, EM - ktcker 
magnets, SI - septum magnets, FM - last (bump) 
magnets, rl - RF cavity. 

or the inject10n k1cker magnet during 
tollowing inject10n cycles. 

3. Electron cooling: during the 40-1400 
msec the beam 1s cooled and then another 
inject10n cycle tollows. 

4. Storage:the above ment10ned cycles are 
repeated many times (up to 10 sec or more). 

5. Accelerat10n - during 1 sec the 10ns 
are accelerated. 

6. PhYs1cal experiment (up to 10 sec or 
more) with electron cooling on high energy. 

7. New cycle preparat10n 1s 1 sec. 
The storage ot 10ns heav1er than the Ne 

10ns is imposs1ble at U-240 cyclotron 
inject10n energ1es, because total 10n 11fe
tlmes are less than 1 sec. All elements up to 
Xe can be stored in the main ring it the 
prel1minary accelerat10n in Fast Booster 1s 
used (total storage time can be reached 46 sec 
tor the Kr 10ns and 20 sec tor the Xe 10ns). 
The pressure in the ring must be better than 
10-,oTorr. 

When the internal target 1s sw1tch on, 
the 10n 11te-time 1s detined by the single 

scattering on the target and electron capture 
by the target atoms since mult1ply processes 
are suppressed by electron cooling. The 
calculations shown that the typical ion 
life-time is about 20 sec tor the heavy ions 
and the Pb target. 

The target thickness should not exceed 
2.6·10,e/Z cm-z to compensate the energy 

t 
losses in the target by means ot electron 
cooling during one ion turn. 

The ISR beam parameters estimates are: 
cooled beam emittance 1s 2.4 11: mm fir tor 
protons (N=10") and 0.2 the Ne 10ns (N=108

), 

cooled beam cross-sect10n d1ameter on the 
target 1s 2.8 mm tor the protons and 0.6 mm 
tor the Ne ions. 

3,Magnetic structure of storage ring and fast 
booster 

Designing ISR magnet1c structure 1t was 
taken into cons1deration ot such requ1rements: 

1) to have the straight sections (with 
length 7 m) tor electron cooling system w1th 
zero dispers10n (¢=O) and to obtain the 
symmetr1cal beam s1zes, 1.e. beta-tunct10ns 
w1th ~x= ~z= 4 m. 

2) to also have the straight sect10ns 
(w1th length more than 6 m) in wh1ch the 
d1spersions tunct10n must be constant (¢=3 m); 
these sections w1l1 be used tor the radial 
multiturn charge-exchange and Single-turn 
injections; 

3) to have straight sections tor the 
internal targets and coordinate tr1plets wh1ch 
must assure small beam s1ze on the target 
(1.e. ~) = 0, ~xand ~z- tunct10ns less than 
1 m). 

4) to have straight sect10n tor the 
radial injection trom FB to ISR. 

5) to proyide. tor all regimes. the 
constant pos1t10n ot working point ot betatron 
oscillat10ns to pravent the crossing ot 
resonance lines. 

To carry out the aforement10ned 
requirements the octupole magnet1c structure 
with tr1plets 1s most conven1.ent (rig.1). 

The 10n storage ring 1s the zero grad1ent 
o synchrophasotron wh1ch includes eight 45 

bending magnets and 36 quadrupole lenses. The 
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ISR magnetlc structure conslsts ot the two 
superperlodB. Beta- tunctlons and dlsperslon 
tor the ring one-quarter are shown in t1g.2. 

Two symmetrlcal trlplets Q.Q15Qo provlde 
the beam tocusing on the target. When 
coordinate trlplets Q.Q15Q8 are swltched on the 
~-tunctlons do not change throughout except in 
the experimental sectlon where ~-tunctlon ls 
minimlzed (dashed lines in t1g.2). For the 
experiments whlch don't requlre zero 
disperslon there ls the 6 m sectlon where Ts 
target can be installed. 

Betatron tune values tor ISR are: tor 
synchrotron mode v x =3.16. v z =2.43. for low 
~-mode vx=3.63. vz=3.12. 

For the chromatlc correctlons wl1l be 
used 8 sextupoles installed between main 
quadrupole lenses. 

The booster magnetlc structure ls more 
simple. Betatron tune values tor FB 
are: V

x
=1 .61. Vz =1.27. 

The bending magnets ot ISH and FB have 
frame shape. 

Loom 

Ptg.2.Beta-/uncttons and dt8per8tOns on one-
quarter 0/ SR: 

80ltd ltne8 - 8ynchrotron mode (Q4.5.6-8Wttch 
o!!). da8hed Hne8 - low p-mode (Q4.5.6 -
8Wttch on). 

4. Electron cooling system 

In the electron cooling system the 
solenolds wlth the magnetlc inhomogene1ty 
B~IBI= 3'10-15 are used. The electron beam 1s 
tormed by the two-electrodes gun wlth a smooth 
opt1cs. The cathode ls 1mmersed into the 
long1tudinal magnetlc f1eld. The pa1r ot 

correctlon magnets with ettectlve length ot 20 
cm are situated in the entrance ?~d exit ot 
cooler to compensate a negative intluence ot 
toroidal magnets on the 10n beam. [3.4]. 

5. Injection system 

The Single-turn injectlon lnto the ISR 
was deSigned tor the light 10ns. The such 
injection system ls also used tor the ion 
beams transmitted trom U-240 cyclotron into FB 
and trom FB to ISR. 

The mUltl-turn radlal injectlon system 
w1th the 10n strlpping on the toll was 
designed tor the incompletely strlpped lons 
wlth AlZ = 3-5. During injectlon the 10ns wlth 
A/Z = 4 and A/Z = 2 tall simUltaneously on the 
strlpping toll just where the tangencles come 
together. 

To inject a new beam portlon in the ISR 
the circUlating cooled beam must been shltted 
to the outer orbit on 5-6 cm wlth increasing 
ot beam energy on 2.1% by auxlllary RF cavity. 
All injection elements are located in one ot 
the straight sectlons. 

6. ConclUSions 

The experimental luminoslty ls expected 
to be lOz9 _10s0 cm-Z 'sec-1 and the 10n beam 
llte-time trom several tens to hundred 
seconds. The Storage - Accelerating Complex ls 
planed to use tor the studles ot nuclear 
reactlons in the wlde energy range. nuclear 
spectroscopy. nuclear structure etc. 
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ABSTRACT 

The construction, operation of the 
superthin micropowder spray target for 
storage rings as well as testing results 
are presented. The "dust beam" is created 
by a gas-particle mixture flowing through 
a capillary into a vacuum. The profile 
and density of the microparticle beam as 
well as velocity of microparticlet; is 
measured by a diagnostic system based on 
He-Ne laser with splitted light beams. 
The target thickness (7,0 1014atoms/Cm2 ) 
has been determined by weighting 
procedure. The scheme of other target 
design are presented. 

1. INTRODUCTION 

The development of accelerating 
storage rings with internal targets 
offers a number of experimental benefits. 
Among the main advantages are increasing 
of variety of interacting pairs, high 
efficiency of a beam utilization, fine 
energy resolution, lowest detection 
thresholds for heavy charged products of 
nuclear reactions. To realize these 
benefits one obviously should use the 
regime of the superthin internal target 
[1-9J. The allowable range of thickness 
of internal targets depends on some 
conditions, but it is roughly between 
1014_1016 atoms/Cm2[3J. This thickness is 
some orders of magnitude lower than 

commonly used in one-pas 
experiments. This constraint rules out 
self supporting foil targets. Gas targets 
in the desired thickness range are easily 
realized [6J, but this is not the fact 
for solid state materials. Several 
approaches are known for inhomogeneous 
targets in form of fibers, pellets and 
microparticle dust [10J. The present 
paper is concerned with the construction 
and operation of two types of superthin 
micropowder spray targets designed as 
internal targets for the electron storage 
ring of the Novosibirsk Institute for 
Nuclear Physics. 

2. EXPERIMENTAL SET-UP 

Spray m1cropowder internal 
target (SlUT) 

The schematic view of the first 
target-design (SMIT) is shown in Fig.1. 
The micropowder in amounts of 5-7 grams 
is loaded into a generator-mixer "G" via 
the hole "H" while the carrier-gas is 
supplied via the needle-valve "V". The 
sound generator "D" is used to excite the 
20-200 Hz vibrations of the electromagnet 
connected with the bottom of a mixer 
cavity. The resonance frequency depends 
on the amount of a micropowder and should 
be tuned during the experiment. The flow 
of carrier-gas involves microparticles 
by a dragging force into movement along 
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the flowing direction, while the 
Bernoulle force concentrates them close 
to the capillary "K" axis. Inside the 
long (N 500 mm) and narrow (diameterr 
O.2-0.4mm) stainless capillary the micron 
- size (0.2 - 2.0 ~) m1croparticles 
attain velocities up to 300 m/s. 

I STACE OF 
PUMPING 
SYSTEM 

III 

'~<" 1 
REGISTRAlION .f> 

SYSTEM 

2 SIAGE OF 3 STAGE OF 
P(',\/PU';G PUIPI'G 
SYSrFM SYSTEM 

Fig. 1. The schematic view of the first 
target design (8MIT). 

At the exit of the capillary the gas 
diffuses, but particles, due to their 
inertia continue to move and arrive to 
the intersection region with the 
Circulated electron beam. The dust beam 
1s then collected in a catcher "C". 

To provide a high vacuum requirement 
inside the storage ring and to have 
appropriate acceleration of 
microparticles which depends on the 
pressure difference between mixer and 
vacuum chambers we have used the 
differential pumping system consisted of 
three stages with two skimmers "81","82" 
(diameter 2 rnrn and 4rnrn respectively). The 
! ,2,3 stage was pumped up to 10-1 Torr. 
10-3 Torr and 10-6 Torr 
respectively. The pressure inside the 
generator-mixer cavity - 200 - 400 Torr. 

To control density and velocity 
distributions as well as a profile of the 
.microparticle beam we utilized a laser 
diagnostic system similar to one 

described in detail elsewhere [10]. The 
Mie scattering of laser photons has been 
focused onto a photomultiplier mounted in 
horizontal plane at 00 to the laser and 
microparticles beam axez. We used He-Ne 
laser at a 2 mW power. This teChnique 
allows to count microparticles crossing 
the laser beam as well as to measure the 
microparticle beam profile by scanning 
procedure. For homogeneous microparticles 
it was possible to measure the velocity 
d1stribution as well. For that purpose 
the time-of-flight technique was employed 
to measure time difference between the 
microparticle crossings of two. narrow 
laser beams. In practice the He-Ne laser 
beam was splitted into two parallel 
beams 4 mm apart and 1 50 I-UII wide. The 
measurements have shown that commercially 
available micropowder is rather 
inhomogeneous and we have used 
so-called gravitational filter to 
separate microparticles of different size 
[3]. We have also investigated the 
monitoring system based on discharge 
pulses occurred at the catcher region 
when the microparticle beam interacted 
with a lexan foil. We have checked the 
target operation for C.Ni,W,Mo,Ti 
elements. The target thickness has been 
measured by means of weighting. The 
measured target thickness (W, diameter of 
microparticles 1-2 I-UII, N2 carrier - gaS) 
for the microparticle beam diameter 4 mm 
was estimated as 7.0 1014 atoms/cm2 • 

2.2. ElectrodYnamic 
target CDt.V 

micropowder 

Recently we have tested another 
method of introducing microparticles into 
circulating electron beam. It is 
so-called ElectrodynamiC Micropowder 
Target (EMT). A schematic diagram of a 
target is shown in F1g.2. The principle 
of operation is similar to the d6scribed 
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elsewhere [8] and based on a 
contact-charging of dust particles in 
electric field on metal surfaces of 
preparing (1) and injecting (2) chambers. 

high voltage 

target 
) 4 

region 

3 

Fig. 2. The schematic diagram of a 
target (EMT). 

The chamber (1) is connected with chamber 
(2) by window (W1). The density of dust 
cloud in injection chamber is regulated 
by variable window (Wi) dimension. Moving 
microparticles are extracted from 
injection chamber through the hole (W2) 
(diameter 4 mm) in a lower electrode to 
the target region. After crossing target 
region microparticles are collected in 
the catcher (3). The electric field 
applied between electrodes chamber 
(1 ),(2) ranged 105-106 Vim. In that case 
tar~et thickness was in the range of 
101 atoms/cm2 The _~umping system 
provides vacuum up to 10 Torr (4). The 
laser diagnostic system described above 
has been used for the microparticle beam 
monitoring. 

3. EXPERIMENTAL RESULTS 

The first construction of the 
micropowder spray target described above 
has been installed in the straight 
section of the electron storage ring at 
Novosibirsk [3]. The Ni-micropowder 
particles with a diameter close to 
several micrometers were brought into 

reaction area, by CO2-carrier gas. The 
short (50 mm) glass capillary with an 
exit diameter of 100 micrometers 
the mixer-cavity-gravitational 

linked 
fil ter 

region with a vacuum chamber of the 
storage ring via two-stage differential 
pumping system. The two criopanels 
effectively pumped the CO2-carrier-gas so 
that at '" 5 I*Torrls gas flow the 
contribution of carbon and oxygen nuclei 
into measured spectra was not detectable 
(less 2%). The Ni-micropowder bea~ 

density measured by weighting procedure 
as well as calculated from electron 
elastic scattering data was in the range 
of 1Q15atoms/cm2. The example of electron 
spectrum obtained at electron energy 
122 MeV by means of the magnetic 
spectrometer at 8=560 is shown in Fig.3. 

~~r---------------------------~~~ 
:::!: 
..: 
III 

""
"'E 

u 
Ii! 20 
I 
o 
~ 

Ni(e,e') 
122 MeV 

56G 

30 20 10 0 
E"(MeV) 

Fig. 3. The electron spectrum obtained at 
electron energu 122 MeV. 

Besides the sharp discrete peaks 
corresponding to the ground state and 
low-lying levels of Ni the bro3d 
structure at excitation energy "'15 MeV as 
well as at .-v 35 MeV were clearly seen and 
identified as contribution from 1-, 2+ 
and presumably from 2 giant resonances 
of 58Ni . 

The more sophisticated installation 
(SMIT) has been constructed for the new 
electron storage ring NEP-220 in 
Novosibirsk. The parameters of the 
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NEP-220 beam make limits for target 
thickness 1014 - 1017 atoms/cm2 for 
different elements (luminosity 1031 -
1034 cm-2s-1), respectively. 

It is worthwile to point out that a 
micropowder of other elements such as B, 
AI, Co, Cu, Re and combinations: Ti, Si, 
B carbides; AI, Ti, Si nitrides; AI, Zr, 
Y, Hf oxides; Zr, Ti, Al borides were 
produced for operation with internal 
target. 
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ABSTRACT 

ECR ion sources have become the most frequently used 
heavy-ion source for cyclotrons. They are also being used 
with heavy-ion linacs, synchrotrons, and radioactive beam 
accelerators. Although almost 20 years have gone by since 
the first high charge state ions were extracted from an ECR 
source, the efforts to improve their performance and simplify 
their construction and operation seem to be expanding. 
Recent developments include new high frequency sources, 
electron injection, and superconducting magnet ECR 
sources. This paper surveys the application of ECR sources 
to accelerators, discusses recent innovations and the results 
of experimental studies, reviews current thinking on how 
they operate, and looks at potential directions for future 
improvement. 

1. Introduction 

The number of Electron Cyclotron Resonance (ECR) 
ion sources used for the production of high charge state ions 
continues to expand with more than 40 now in operation. 
The majority of the sources have been built for use with 
accelerators with the remainder being utilized for atomic 
physics research. The desirable characteristics of ECR 
sources for accelerator applications include high charge state 
production, high intensity, stability, wide range of ion 
species, reliability, longevity, and case of operation. This has 
made them the source of choice for heavy-ion cyclotrons. 
ECR sources are also now used with heavy-ion linacs, 
synchrotrons, storage rings, and in a radioactive beam 
accelerator. Table 1 summarizes the ECR sources being used 
at accelerators and illustrates that they have found 
application in many laboratories and different countries. 
Much of the incentive and effort to develop better ECR 
sources has come from the accelerator community. The 
Grenoble group, which developed the first high charge state 
ECR source in 1974 1 and remains very active in source 
development, is an exception in that it is not directly 
associated with an accelerator facility. However, they have 
supplied ECR sources to many accelerators as evidenced by 
the number of their sources listed in Table 1 (MinimafIos, 
Nco-MafIos, and CAPRICE). 

2. ECR Source Design and Performance 

Even though it has been 18 years since the first source 
produced high charge states, ECR source development 
remains very active. The development continues in spite of 
or perhaps because source design and performance has not 

yet been reduced to a known set of scaling laws. In Section 3 
we discuss some aspects of ECR physics, but in this section 
we describe the present state of the art and summarize 
present performance standards. 

I ··; :::;:::::::::::~ iron 

~ insulator 

Fig. 1. Elevation view of the CAPRICE-2wce source. (1) shows 
the sextupole magnet. (2) shows the solenoid magnets. (3) shows a 
inner elipse where the ECR resonance condition is met. On the 
outer elipse the magnetic field is twice as great. (6) shows RF 
waveguide which feeds into a transition section. (10) shows the 
end of the coaxial coupling. 

Figure 1 illustrates the main features of the CAPRICE 
source from Grenoble.2 The 10 GHz version of this source 
called CAPRICE-2wce produces very large currents of 
intermediate charge state ions such as 0 6+, Arll +, and 
Kr17+. It is compact in size with a plasma chamber 16 cm 
long and 6.6 cm in diameter, simple in design, and has 
excellent stability. Three features make this source different 
from other 10 GHz sources. First, it operates with a very 
high axial mirror field of about 1 T. Second, the radial field 
is also very strong with a value at the wall of 0.8 T, more 
than twice that need to maintain a closed ECR zone at 10 
GHz. Third, the microwave power is coupled into the plasma 
chamber through a coaxial feed, while most other sources 
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Table 1 
Applications of high charge state ECR sources with accelerators. OP indicates the source is 
operational with the accelerator. TE indicates the source is being tested. PR indicates the 
project is in the proposal stage. 

Lab Name Country Status Source Name,T~e or Comments 
Cyclotrons 

Louvain-la-Neuve Belgium OP OCTOPUS (8.5 GHz) 
Lanzhou China OP CAPRICE (10GHz) 
Jyvaskyla Finland OP Derived from RT-ECR at MSU(6.4GHz) 
Ganil France OP ECR3 ECR4 (14 GHz) 
SARA France OP Minimafios, CAPRICE 
Jiilich Germany OP ISIS, (14 GHz) superconducting 
Karlsruhe Germany OP LISKA, lithium source 
VECC India TE Derived from CP-ECR at MSU 
Catania Italy PR Plans for superconducting ECR 
RIKEN Japan OP RIKEN ECRIS (lOG Hz) 
INS Japan OP SF-ECR (10 GHz) 
J AERI,Takaski Japan OP OCTOPUS 
KVI, Groningen The Netherlands OP Minimafios, KVI-ECRIS-2 
NAC S. Africa TE Minimafios (lOG Hz) 
Uppsala Sweden OP Derived from RT-ECR at MSU 
PSI Switzerland To operate in 1993 
LBL USA OP LBL-ECR (6.4 GHz), AECR (14 GHz) 
MSU USA OP CP-ECR,RT-ECR, SC-ECR 
Texas A&M USA OP 6.4 GHz 
Dubna Russia TE 

Heavy-ion Linacs 

GSI Germany OP CAPRICE 
Argonne USA OP PI-ECR (10 GHz) 
Legnaro Iully TE Alice(l4 GHz) 
RIKEN Japan OP Neomafios (8GHz) 

Synchrotrons 

NIRS-HIMAC Japan Medical Acc., NIRS-ECR(lOGHz) 
GSI Germany OP CAPRICE (14GHz) 
CERN S w i tzerl and OP Minimafios (14 GHz) 

Storage Rings 

Uppsala Sweden OP Derived from RT-ECR at MSU(6.4GHz) 
INS-TARN2 Japan 
GSI Gennany OP CAPRICE 

Radioactive Beam 

TRIUMPH Canada TE TISOL, Isotope Separator 
ISN, Grenoble France PR ERIC, Reactor to Cyclotron 
Louvain-Ia-Neuve Belgium OP 6.4 GHz 
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launch the RF from a rectangular or circular waveguide. 
Pumping is provided by a small turbomolecular pump in the 
injection region. A 14 GHz version of CAPRICE has 
recently been installed at GSI. Another 14 GHz source called 
ECR4 has been built at GANIL,3 which differs in 
engineering design, but follows the general features of 
CAPRICE. 

LBLAECR 

Injaaioo Extraction 

o 40 60 80 100 em 

Fig. 2. Elevation view of the LBL AECR. This Nd-Fe-B sextupole 
has radial slots for pumping the plasma chamber. RF power is fed 
by a transition from rectangular to round waveguide. 

Figure 2 illustrates the design of the AECR built at 
Berkeley.4 This source operates at 14 GHz and differs in 
design from CAPRICE in several features. The plasma 
chamber is 30 cm in length and 7 cm in diameter. In place of 
an RF driven first stage, the AECR has an electron gun 
which can inject up to 100 rna of electrons into the plasma 
chamber. It also has 6 radial slots in the plasma chamber to 
provide pumping to the second stage. This also allows solid 
materials to be injected from ovens located radially. The 
main drawback is that the sextupole strength at the wall is 
only 0.6 T because the radial slots limit the achievable field. 
The peak performance of this source is high, but it has 
proved difficult to maintain the performance for the long 
periods required for operation with the cyclotron. 

The SC-ECR built at Michigan State University is the 
newest ECR to use superconducting coils to produce the 
magnetic field.5 The only other superconducting ECR source 
still in operation is ISIS at Jillich.6 The plasma chamber of 
the SC-ECR is relatively large with a length of 45 cm and a 
diameter of 15 cm, which is characteristic of super
conducting sources. The superconducting coils are designed 
to reach fields sufficient for the source to operate up to 35 
GHz. The sextupole magnet can be adjusted independently, 

which allows the detailed study of how radial field strength 
affects source performance. The source has been operated at 
6.4 GHz and performs better than the MSU RT-ECR. 
Extensive testing at 14 GHz is planned for the near future'? 

INJECTION 

RADIN.. SUPPORT 
UNKS 

EXTRICTION 

/ 'ST 5TI>CE 

./ ./ rOKE / CRY05TAT 

N, RADIATION SHIELD 

He BOBBIN 

HEXAPOLE COILS 

SOLENOID COILS 

·~':>.---2ND 5TI>CE 
RADIN.. PORT 

EXTRICTION ELECTRODES 

XBL 897-2887 

Fig. 3. Cutaway view of the MUS SC-ECR. This source operates 
in the vertical position. An iron yoke strengthens and confines the 
magnetic field produced by superconducting coils. 

In Tables 2a and 2b, the current performance of ECR sources 
is summarized for elements as light as oxygen and heavy as 
uranium. These tables are not meant to be all inclusive since 
the field of ECR sources is so large and diverse and data was 
selected from published results only. It does illustrate how 
ECR sources perform for various ions at frequency from 6 to 
18 GHz and in two modes: (CW) continuous operating and 
(AG) a pulse mode using the plasma after glow. For lighter 
elements we have quoted the performance for gases only, 
while the very heavy elements are by necessity produced 
from solids. The performance of ECR sources with metal 
ions and the techniques for their production was recently 
reviewed14 and will not be repeated here. If we compare the 
values in the tables to those produced a decade earlier it is 
clear how much progress has been made. For example, 0 6+ 
is up from 15 to 800 ellA, Ar12+ is up from 0.3 to 80 ellA, 
and instead of 0.1 e~A of Kr16+ 1.0 ellA of Kr26+ can now 
be produced. 
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Table 2a 
Representative beams for various ECR sources for oxygen to 
krypton. CW indicates continuous power. All currents in ellA. 

ION 6.4 GHz 10GHz 14 GHz 18 GHz 
(CW) (CW) (CW) (CW) 

0 6+ 828 3852 47510 80012 

0 7+ 209 452 131 10 18012 
Ar8+ 1068 5002 50011 

Ar9+ 728 2602 30011 

Arll+ 188 602 141 10 13013 
Ar12+ 138 322 7810 8013 
Ar13+ 58 112 3410 45 13 
Ar14+ 1.48 42 1710 2012 
Ar16+ 1.410 1.413 
Kr13+ 21 8 115 11 

Kr15+ 168 9011 

Kr17+ 78 422 5011 

Kr19+ 28 3610 
Kr21+ 72 1310 
Kr23+ 1.92 6.810 
Kr24+ 12 410 
Kr25+ 2.210 
Kr26+ liD 

Table 2b 
Representative beams for various ECR sources for xenon to 
uranium. CW indicates continuous power. AG indicates the RF 
power is pulsed and the current is measured during a short pulse 
produced in the plasma afterglow. All currents in ellA· 

6.4 GHz 10GHz 14 GHz 14 GHz 18 GHz 
ION (CW) (CW) (CW) (A. G.) (A. G.) 
Xe22+ 38 342 3011 

Xe25+ 28 252 1711 

Xe27+ 8.42 1210 

Xe29+ 1.92 311 

Xe31 + 110 

Pb25+ 162 3011 7CP 
Pb27+ 10.52 25 11 903 
Pb31 + 2.22 811 753 

Pb32+ 1.1 2 553 

Bi23+ 3.1 8 

Bi25 + 3.68 3.810 8013 
Bi27+ 38 5.510 85 13 

Bi29+ 1.68 5.710 9013 
Bi31 + 4.510 8513 
Bi34+ 1.510 3013 
Bi36+ 1513 
U21 + 282 
U23+ 212 2211 
U25+ 142 18 11 
U27+ 82 1011 
U29+ 3.52 

U31 + 12 

Some general characteristics of ECR source performance can 
be observed in the tables. First the intensity for high charge 
state ions improves as the source frequency is increased. The 
results for Minimafios-18GHz are particularly impressive.12. 
13 However. as discussed below, frequency is only one of 
many factors which determine source performance and at a 
given frequency there is a wide range of source performance. 
Second, even though uranium has 92 electrons and xenon 
only 54, the intensities of U29+ and U31 + are not higher than 
those for Xe29+ and Xe31 +. While this is in part due to the 
increased difficulty in producing uranium beams since it is a 
solid, it also indicates the maximum charge state attainable 
increases very slowly with increasing atomic number for 
very heavy elements. 

3. ECR Physics and Source Design 

The basic concepts for high charge state production in 
ECR sources are relatively straight forward. Electrons are 
heated by microwave power on a surface defined by the ECR 
resonance condition 

CDRF = eB/me Eq (1) 

where B is the magnitude of the magnetic field, e the 
electron charge and me the mass of the electron. The 
ionization is produced largely by stepwise electron impact 
ionization and the degree of ionization is determined by ne'ti, 

where ne is the density of hot electrons and 'ti is the ion 
confinement time. Computer codes based on these concepts 
have been developed which incorporate the cross sections for 
ionization, charge exchange and other atomic physics 
processes involved. 15 .16 These models usually require that 
the plasma density, neutral density, confinement time, and 
electron temperatures be specified. With a reasonable set of 
parameters these codes can reproduce measured charge state 
distributions. From these models it is clear that for high 
charge states the sources should run at low neutral pressures, 
high plasma densities, with sufficiently high electron 
temperatures, and long ion confinement times. 

The challenge in understanding, predicting, or 
improving ECR performance comes from the tenuous 
connection between the set of internal variables discussed 
above and the external variables of ECR sources. The 
external variables available in the design stage include size, 
shape and strength of the magnetic field, microwave 
frequency and power, microwave coupling, plasma chamber 
dimensions, and pumping. Once the source is built the 
adjustable variables are axial magnetic field, gas now, and 
microwave power. During the last decade many ideas to 
improve the source performance have been proposed and 
tried. To increase 'tj some sources were made large. This was 
not successful and the trend is to small compact sources such 
as CAPRICE. To reduce the neutral pressure increased 
pumping to the plasma chamber has been used. While this 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

304



may help when producing low density high charge state 
plasmas, it conflicts with the need to increase the radial 
magnetic field described below. 

To increase the plasma density, sources have been built 
to operate at higher frequencies. The idea is that the ECR 
sources must operate below the critical density and since it 
scales as f2, higher densities should be achieved at higher 
frequencies. I7 In order to increase frequency, the ECR 
resonance condition given by Eq. 1 requires the magnetic 
field must also be increased proportionally. While increasing 
the frequency has resulted in improved performance as 
shown in Table 2a and 2b, the improved performance is not 
as great as would be expected if the plasma density was 
increasing as f2.13 Another approach has been to increase 
the magnetic field of both the sextupole and axial mirrors as 
with the CAPRICE source. This was based on a prediction of 
improved microwave to coupling.2 This approach has 
produced very good performance as shown in Tables 2a and 
2b for the 10 GHz Caprice source. Tests with the MSU SC
ECR, on which the radial field strength can be independently 
adjusted, also indicated that increasing the radial field 
strength enhanced high charge state productionJ So it 
appears that both higher frequency and stronger magnetic 
fields improve performance although the connection to 
internal variables remains unclear. The fact that the plasma 
density increases more slowly than f2 indicates some other 
mechanism may be limiting it. This indicates there is still the 
possibility for much better performance if this limitation can 
be overcome. I3 

One external variable which has been largely 
overlooked, is the coupling of microwave power into the 
plasma. This is a complex question since most ECR sources 
operate in multimode configuration. That is the microwave 
modes of the plasma chamber are spaced close together and 
depending on their loaded Q (QL) several modes may be 
excited at one time. In addition, the dielectric constant for 
the plasma depends on the density so the cavity modes are 
shifted in frequency roughly as 

Eq (2) 

where Ulo is the mode frequency in vacuum and Ulp is the 
plasma frequency given by 

Eq (3) 

The typical loaded Q's for ECR plasma chambers are also 
not known. While the cavity Qo can be estimated for any 
single mode, it is difficult to measure or calculate the plasma 
loading. Measurements in Grenoble indicated that in a 
stainless steel cavity only 20% of the microwave power was 
coupled into the plasma. I8 While the question is complex, 
there is considerable evidence that microwave cavity modes 
play an important role in the coupling to the plasma. Much 
of the tuning done with ECR sources involves making small 
changes in the magnetic field and microwave power. Small 
changes in magnetic field can result in large changes in high 

charge state production, total extracted current, and 
bremsstrahlung radiation from the source. Other evidence 
includes instabilities where the plasma jumps back and forth 
between two states, suggesting the microwave field in the 
chamber shifts between two modes. Finally, a hysteresis is 
sometimes observed when a source is carefully tuned to peak 
at high output and then jumps back to a very different state. 
To recover it is sometimes necessary to reset the source 
parameters and work the output back up. 

Table 3 

Calculated frequencies in GHz for all modes in vacuum between 
9.5 and 10.5 GHz for a cylindrical cavity 16.28 cm in length and 
6.6 cm in diameter. 

Mode Frequency Mode Frequency 

TE 3.1.8 9.55394 TE 2.2.3 10.0888 

TE 1.1.10 9.59107 TM 1,2,0 10.1513 

TM3J.3 9.63604 TM 1.2.1 10.1930 

TE 5,1.3 9.68456 TEO.2J 10.1930 

TM2.1,6 9.71339 TE 2J.l0 10.2185 

TE 2.2,1 9.74641 TM 2,1,7 10.2657 

TM 0.1.10 9.84895 TE 3.1,9 10.2815 

TE 2.2,2 9.87620 TM 3.1.5 10.3167 

TM3JA 9.93960 TMl.2.2 10.3172 

TM 1,1,9 9.97518 TE 0,2,2 10.3172 

TE 0.1.9 9.97518 TE 5.1.5 10.3621 

TE 5,lA 9.98665 TE 2.2A 10.3791 

TE4.L7 10.0400 TE LIJ 1 10.4793 

TE 1.2.7 10.0556 

If we accept for the moment this picture of cavity 
modes, then can techniques be developed to determine which 
modes couple efficiently to the plasma at the ECR surface 
and then control those modes? For a simple cylindrical 
cavity it is easy to calculate the distribution of modes 
without plasma. In Table 3 a set of modes are listed for a 
CAPRICE size cavity operating at 10 GHz. The average 
mode spacing is 37 MHz not counting mode degeneracies. 
The half power points for cavity modes are given by 

M/f= I/QL Eq (4) 

Substituting the average mode spacing into this equation 
gives QL of 270. So if the cavity modes have Q's 
significantly higher that this they will not necessarily 
overlap, while if the Q's are lower then there would be a 
significant overlap. It remains to be experimentally or 
theoretically determined what the typical Q's arc for ECR 
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sources. To determine if a cavity mode will couple well to 
the plasma, calculations could be made to evaluate the 
coupling of the RF electric fields to the transverse energy of 
the electrons. By integrating this over the ECR surface the 
relative coupling strength could be determined. These 
calculations could indicate whether it is advantageous to 
excite TE or TM type modes. Some modes will couple only 
weakly to the electrons because their electric field patterns 
don't overlap the ECR surface strongly. Techniques to 
experimentally control the modes include using coupling 
schemes which preferentially excite one type of mode, 
selecti vely loading unfavorable modes, using adjustable 
coupling, or even dynamically tunable cavities. The coaxial 
coupling developed for CAPRICE has an adjustable tuning 
short in the waveguide to coaxial transition section, which 
may allow some mode control.19 Some of these techniques 
have been used for low charge state ECR sources for 
commercial applications. In these sources, they adjust both 
the cavity frequency and the coupling strength and report 
significant improvements in the transfer of microwave 
energy to the plasma.20 

4. Special Techniques 

There are several special techniques which have been 
developed recently to boost ECR source performance. 
Surface coatings with high secondary emission coefficients 
such as Si02, Mb, Ca and Th have been applied to the walls 
of ECR plasma chambers. 17,21 Very recently Al203 has 
also been shown to be very effective in enhancing high 
charge state production.22 Direct injection of electrons into 
the plasma chamber was developed with the LBL AECR and 
it can result in an increase of 2 or more in extracted 
intensities. 4 A similar technique using a bias disk to 
intercept plasma and feed electrons back in has also proved 
effective.23 ,24 The optimum bias voltages and currents for 
the disks are similar in magnitude to those for the electron 
gun. Short intense pulses suitable for synchrotrons have been 
developed by utilizing the beams extracted during the plasma 
afterglow.3,13 Some data is given in Table 2b for afterglow 
currents and it appears that for heavier elements this can 
produce much higher intensities than continuous operation. 
The typical pulse lengths are on the order of 1 ms. 

5. Conclusion 

As we have indicated, the field of ECR sources 
continues to grow and diversify. New applications such as 
radioactive beam accelerators are appearing. With ECR 
sources now operating in 14 countries, the effort has truly 
become international. It is difficult to predict where the next 
major step will come from. It could come from higher 
frequencies, stronger magnetic fields, better coupling 
systems, or specialized techniques. However there are ample 
indications that there is still room for better performance 
from ECR sources. 
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ABSTRACT 

To study the effects of frequency on an electron 
cyclotron resonance (ECR) ion source, the LBL Advanced 
ECR ion source (designed to operate at 14 GHz) has been 
tested at 6.4, 10, and 14 GHz with one plasma chamber (ID 
= 6.0 cm), a permanent sextupole magnet ("closed 
sextupole") with a field strength of 0.84 Tesla at the 
chamber wall, and no radial vacuum pumping. Pure oxygen 
was used as the running gas for a fair comparison. The 
source was tested as a single stage, as well as with cold 
electron injection using an electron gun in place of a 
conventional microwave-driven first stage. Higher 
frequency, with a higher axial magnetic field to ensure a 
closed ECR zone for electron heating, does give better 
performance. As demonstrated before, at each frequency 
electron injection led to about a factor of two increase in the 
high charge state oxygen beam intensity. The 14 GHz 
performance of the AECR source with the closed sextupole 
magnet was compared to the "slotted sextupole" (a plasma 
chamber with radial pumping slots of 7 .O-cm dia and a 
weaker magnet of 0.64 Tesla at the chamber wall). Results 
show that a stronger sextupole magnet alone does not 
automatically improve the source performance. 

1. INTRODUCTION 

Development of Electron Cyclotron Resonance sources 
for production of high intensity and high charge state ion 
beams began in the early '70s. 1 The detailed operation of 
ECR sources involves control of many parameters including 
frequency,2 magnetic field profile and strength, gas mixing,3 
plasma confinement, and microwave heating. How these 
parameters affect performance is still being studied. 
Frequency scaling in ECR sources was first predicted and 
then demonstrated on various ECR sources by Geller, et al.2 
Scaling predicts that the plasma density in ECR sources 
should increase as the square of frequency just as the plasma 
critical density does. Thus, by running at a higher frequency 
the ECR source should produce higher charge state ion 
beams with higher intensities. In the past few years ECR 
development has been centered on higher frequency and 
higher magnetic fields.4 ECR sources around the world 
operate at frequencies between 2.5 and 18 GHz. Sources at 
35 GHz and higher have been proposed.5.6 In general, 
sources operating at higher frequencies with higher axial and 
radial magnetic fields work better. However, the CAPRICE 

ECR7 ion source, which operates at 10 GHz, has produced 
results comparable to 14 GHz sources. CAPRICE has a 
microwave coaxial feed mechanism and very strong mirror 
and sextupole magnetic fields. It has also shown very good 
long-term stability. Therefore the question of whether the 
frequency or magnetic field, either axial or radial, enhances 
ECR performance the most, is still open. 

The ECR Group from Michigan State University 
reported the NSCL (National Superconducting Cyclotron 
Laboratory) superconducting ECR ion source running at 6.4 
GHz. with a sextupole magnetic field strong enough for 
running at 14 GHz, can produce good stability at about the 
same beam intensity as it has at 14 GHz.8 Can higher 
sextupole magnetic fields alone improve the source 
performance on every ECR ion source? If so, new ion 
sources could be built with strong sextupole fields and 
operated at lower frequencies and reduced costs. Clarifying 
the effect of the sextupole magnetic field on the ECR source 
performance would give better understanding of the physics 
process involved in ECR ion sources. 

2. DESCRIPTION OF THE AECR 

Tests at 6.4, 10, and 14 GHz were carried out on the 
LBL Advanced ECR (AECR) ion source, which is designed 
to operate at 14 GHz. Figure 1 illustrates the design of the 
AECR. A detailed description of this source can be found 
elsewhere.9.10 Microwaves are launched on axis by making 
a transition, from a rectangular waveguide to a circular 
waveguide, inside the injection region. An iron plug added 
to the injection region increases peak axial field to more 
than 1 Tesla. The sextupole field is produced by a Nd-Fe-B 
multipole magnet. Pumping for the copper plasma chamber 
and the extraction region is provided by a 240 and a 500 lis 
turbomolecular pumps, respectively. A lanthanum 
hexaboride (LaB6) electron gun is installed at the location of 
a conventional microwave-driven first stage as indicated in 
Fig. 1. It injects cold electrons axially into the plasma 
chamber. 10 

The sextupole magnet was originally designed as a 
slotted sextupole, to accommodate radial vacuum pumping, 
oven access, and solid material insertion. This limited the 
field strength to 0.64 Tesla at the plasma chamber wall as 
shown in Fig. 2. The internal diameter and the length of the 
plasma chamber are 7.0 cm and 30 cm, respectively. During 
the initial tests, using the electron gun, the AECR ion source 
has produced intense, high charge state ion beams.1 0 For 
example, 131 eJlA of 0 7+ and 475 eJlA of 0 6+ were 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

308



Iron Yoke Nd·Fe·8 Sextupole Plasma Chamber 

Injection Extraction 

o 20 40 60 00 

produced. Typically, the gun was biased at 50 to 150 V and 
produced bias currents of 20 to 100 rnA. The source showed 
very good short-term stability, but its long-term stability was 
not sufficient for regular operation with the 88-Inch 
Cyclotron at Lawrence Berkeley Laboratory. Based on the 
reports mentioned in the introduction, we suspected that the 
reduced long-term stability was caused by a weak sextupole 
field. Thus, a modified plasma chamber was built. It 
eliminated the pumping slots and reduced the chamber ID 
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Fig. 2. Two radial field profiles are shown for the AECR. The solid 
lines show the pole field strength and the dashed lines show the gap 
field intensity between two adjacent sextupole bars. (1) indicates 
the case of the plasma chamber with an ID = 7.0 cm (slotted 
sextupole) and a maximum field of 0.64 Tesla at the chamber wall. 
(2) illustrates the case of the smaller chamber of ID = 6.0 cm 
(closed sextupole) and the maximum field strength is increased to 
0.84 Tesla. 

100cm 

Fig. 1. Schematic drawing of the AECR. The 
magnetic field is produced by copper coils in 
an iron yoke. The iron plug on the injection 
side was added to increase the axial magnetic 
field. Electrons from a LaB6 filament flow 
along the axial magnetic field lines into the 
plasma chamber. 

from 7.0 to 6.0 cm. This "closed sextupole" design has 
increased the sextupole field at the plasma chamber wall 
from 0.64 to 0.84 Tesla, a 30 percent increase over the field 
strength shown in Fig. 2. 

3. PERFORMANCE AT VARIOUS FREQUENCIES 

Performance of the AECR at 6.4, 10, and 14 GHz with 
pure oxygen gas for the two mode operations is presented 
below. First, with the electron gun injecting cold electrons 
axially into the plasma chamber; second, the source was run 
as a single stage source. 

Results with the closed sextupole are shown in Fig. 3 
for the cold electron injection and Fig. 4 for the single stage 
mode operation. The source was tuned to optimize the 0 6+ 
and 0 7+ ion beam currents. During the tests, the axial 
magnetic field was scaled in proportion to each frequency to 
ensure a closed ECR surface for electron heating. At 14 
GHz and with cold electron injection, no improvement in 
output was observed for the closed sextupole compared to 
the slotted sextupole. Comparison to the initial tests lO with 
the slotted sextupole shows the output intensities for 0 7+ 
and 0 6 + actually were down by factors of 5 and 3, 
respectively. 

At lower frequencies, the source produced lower 
outputs as can be clearly seen in Fig. 3 and Fig. 4. At 6.4 
GHz and single stage mode operation, the source produced 
virtually no x-rays and the output intensities for 0 6+ and 
0 7+ were down by factors of 20 and 100, respectively, 
compared to the 6.4 GHz LBL ECR.II The explanation for 
reduced output may be that the microwave power was not 
efficiently coupled to the plasma thus the electron density 
and temperature were low. At 6.4 GHz, tests were also done 
to raise the axial field to construct a very high mirror field 
configuration (like the CAPRICE source at 10 GHz), but no 
enhanced beam output was observed. Plasma died out as 
soon as the fundamental ECR zone was eliminated. At 10 
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GHz, the output for 0 6+ and 0 7+ increased, as shown in 
Fig. 4, by factors of 5 and 10 respectively. The x-ray level 
also increased. Such outputs are still lower than other 10 
GHz ECR sources'? At each frequency with cold electron 
injection, compared to the single stage mode operation, the 
high charge state oxygen ions increased a factor of two or 
higher as demonstrated previously at 14 G Hz.l 0 

I~F. ... ~ ... ~ .... ~ .... ~ .... ~ .... ~ .... ~ .... ~ ... ~ .. .. ~ .... ~ .... ~ ... ~ .... ~ .... § .... ~ .... ~ ... ~ .. .. ~ .... ~ .... ~ ... ~ .... ~ .... ~ .... ~ .... ~ .. . ~ ... ........................................................................................................ 

........................................ (}+ .. ~ ................... . 
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...................... / ..................................................................... ... .. 
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.I~~~-.~~~.-~~~~~~-r~~~ 

6 8 10 12 14 16 

Frequency (GHz) 

Fig. 3. High charge state oxygen ions produced by the AECR with 
the closed sextupole magnet and cold electron injection at 6.4, 10, 
and 14 GHz. 
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Fig. 4. High charge state oxygen ions produced by the AECR with 
the closed sextupole magnet operated at a single stage mode at 6.4, 
10, and 14 GHz. 

Tests at these three frequencies have shown the source 
tuning parameters were still very critical to the source 
output. A change less than half percent of the microwave 
power, axial magnetic field, or neutral gas input can cause 
the source become unstable. One could at times tune the 
source into a very quiet mode with above indicated output 
for a period of a few hours. Then, the source would jump 
spontaneously to an unstable mode with very low output and 
a higher x-ray level. In a comparison between the original 
sextupole and the stronger sextupole at 14 GHz, the source 
long-term stability is just slightly improved and still not 
sufficiently stable for regular operation with the cyclotron . 

4. DISCUSSIONS AND CONCLUSIONS 

The motivation for building a stronger sextupole 
magnet is to maintain or enhance the source output and 
improve its long-term stability. As these tests have shown, 
the AECR ion source operating at 6.4, 10, and 14 GHz with 
the stronger sextupole magnet, only minor improvement of 
long-term source stability has been observed. In this study, 
the output of 0 7+ ions is better when the source is operating 
at higher frequency. Maximum beam output of 0 7+ with the 
stronger sextupole actuaJly dropped a factor of 5 compared 
to the AECR performance with the slotted sextupole. Such 
reduced output indicates that the source is running at low 
plasma density. The low density plasma is thought to be due 
to poor microwave coupling, since the plasma chamber size 
has been changed (the cavity r-f operating mode could have 
changed). When the ion source is running at low plasma 
density with no radial vacuum pumping, neutral gas 
pumping is not sufficient. 

The criticality of the source tuning parameters may be 
caused by the high Q of the plasma chamber. It is made 
from copper and the resonances allowed in the cavity may 
not overlap each other. Jumping between r-f modes is likely 
to happen as plasma is produced. The estimated power 
absorbed in the plasma is about 20 percent of the input 
microwave power. 12 This won't load down the cavity 
enough to lower the Q. A lower Q test was carried out by 
inserting a stainless steel liner into the copper chamber to 
reduce the chamber Q by a factor of -7. At 14 GHz the 
source produces about the same output as the copper 
chamber, but the long-term stability is dramatically 
improved, as is the source tunability. The output intensity is 
linear with the axial magnetic field over a few percent of 
field change and, to a great extent, to the input microwave 
power. This could indicate that the ECR source should not 
be operated with a very high Q chamber unless all the 
allowed cavity modes overlap each other. The best Q value 
for an ECR ion source at a specific configuration should be 
given further and more detailed study in future. 

We have concluded from this study that a high 
sextupole magnetic field along does not automatically 
improve the source performance. Source performance can 
benefit from a strong sextupole field if the microwave power 
can be efficiently coupled to the plasma, as does the 
CAPRICE source. For the same strong sextupole field, a 
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higher frequency and a higher axial magnetic field, the ECR 
source can produce more beam output. This is consistent 
with frequency scaling. AECR source long-term stability 
may ultimately depend upon the optimum Q value of the 
plasma chamber. 
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ION SOURCES FOR CYCLOTRON APPLICATIONS 
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ABSTRACT 

The use of a multicusp plasma generator as an 
ion source has many advantages. TIle development of 
both positive and negative ion beams based on the 
multicusp source geometry is presented. It is shown 
that ulese sources can be operated at steady state or 
cw mode. As a result they are very suitable for 
cyclotron operations. 

1. INTRODUCTION 

The Magnetic Fusion Energy (MFE) Group at 
the Lawrence Berkeley Laboratory (LBL) has been 
engaged in ule development of neutral beam systems 
for fusion applications for the last twenty years. 
Large area positive hydrogen or deuterium ion 
sources designed at LBL have been selected and 
employed by various fusion research facilities in ule 
US. In the next generation tok,unak fusion reactors, 
high energy neutral beams will be needed for plasma 
heating and for current drive. In order to meet u1Cse 
future demands, negative hydrogen ion sources are 
also being developed by Ule MFE Group. These 
sources must generate amperes of H-/D- be[uns for 
steady-state operations. 

The research on ion sources for fusion 
applications has led to ule development of oUler types 
of ion sources, such as radio-frequency (RF) driven 
ion sources, high charge state ion sources, and 
multicusp sources capable of delivering almost pure 
11+, N+ or 0+ ions. Most of ulese ion sources can be 
operated in steady-state or cw mode. TIlerefore, uley 
are also useful for most cyclotron applications. 

2. HIGH CONCENTRATION H+ ION 
SOURCES 

Multicusp plasma generators have been used as 
ion sources for the production of positive and 
negative ion bemns. These ion sources are capable of 
producing large volumes of unifoml and quiescent 
plasma WiUl densities exceeding 10 12 ion/cm3 For 
this reason, there was a great interest in ule early 

1980s in applying such devices as ion sources for 
neutral beam injection systems. To increase plasma 
penetration by a neutral beam, a high percentage of 
1[+ or D+ ions is required. We had investigated the 
hydrogen ion species composition in a multicusp 
source with different magnet configurations. 
Experimental results indicated that the presence of 
primary ionizing electrons in the vicinity of the 
plasma electrode increased ule percentage of Ule H2+ 
ions in ule extracted beam. 

To take advanl<1ge of this observation, a magnetic 
filter was incorporated into the multicusp ion source. l 

This filler, generated either by inserting small 
magnets into ule source chamber or by installing a 
pair of dipole magnets on the extemal surface of the 
source chamber, provides a limited region of 
transverse B-field which is strong enough to deflect 
away high energy electrons but allow ule plasma to 
diffuse into ule extraction region. TIle absence of 
energetic electrons will prevent lie formation of H2 + 
or D2 + in ule extraction region and lius enhance the 
atomic ion species percentage in lie extracted beam .. 
It has been demonstrated that atomic species higher 
Ul[m 85% can be obtained routinely if a multicusp ion 
source is operated with a magnetic filter. 

3. RF -DRIVEN POSITIVE ION SOURCES 

A multicusp source can be operated with RF 
induction discharge to generate positive ion beams. 
There are several advantages of the RF driven plasma 
over ule dc filament discharge plasma: (1) the RF 
discharge can be operated Willl all gases (including 
oxygen, which can easily poison tungsten filament 
cathodes); (2) power for heating the cathode is 
avoided; (3) there are no short life components in lie 
source; (4) a clean plasma free from contamination 
from ule caulode material can be maintained; and (5) 
Ule RF power supplies operate conveniently at ground 
potential. 

At LBL, an RF driven multicusp source has been 
operated in bOUl cw and pulsed modes to generate 
various positive ion beams. A schematic diagram of 
a 10-cm-diam RF ion source is shown in Fig. 1. The 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

312



RF antenna is fabricated from 4 .7-mm-diam copper 
tubing and is coated with a thin layer of hard 
porcelain material. The thin coating is slightly 
flexible and resistant to cracking . It has maintained a 
clean plasma in cw operation for periods of a week or 
more; the antenna life expectancy has not yet been 
determined. 

RF 

GAS 

PERMANENT 

MAGNETS 

o 2 
L....-J 

em 

MASS 

SPECTROMETER 

ELECTRODE 

Fig. 1 Schematic diagram of the RF multicusp ion 
source. 

The RF multicusp source has been tested with 
inert gas plasmas such as He, Ne, Ar, Kr and Xe. 
Figure 2 shows Ole extractable positive ion current 
(and current density) as a function of RF power when 
Ole filter rods are removed. The optimum source 
pressure is typically below 1 mTorr. It can be seen 
Olat the output currents increase almost linearly witll 
RF input power. In most cases, Ole extractable ion 
current density can be as high as 1 Afcm2. 

We have investigated Ole hydrogen ion species 
composition in Ole RF driven source with and without 
Ole magnetic filter. Figure 3 shows the hydrogen ion 
species distribution as a function of RF power when 
Ole filter is in place. TIle H+ ion concentration 
increases from 80 to 97% as Ole RF power is varied 
from 12 to 30 kW. The highest current density 
achieved is about l.5 Afcm2. 

We have operated the RF driven source WiOl a 
nitrogen plasma. Similar to Ole hydrogen discharge, 
Ole atomic ion concentration increases WiOl Ole RF 
input power. A nearly pure (>98%) N+ ion beam 
WiOl current densities in excess of 500 mAfcm2 has 
been obtained when Ole magnetic filter is employed. 

In addition to hydrogen and nitrogen, we have 
also operated this ion source WiOl oOler diatomic 
gases such as oxygen. Oxygen plasmas are usually 
produced by eiOler RF or microwave discharges . It is 

difficult to use a dc discharge with tungsten filaments 
because electron emission deteriorates very fast when 
oxygen is present. TIle porcelain-coated antenna has 
been operated very successfully with an oxygen 
plasma bOOl in pulsed and cw modes. Atomic ion 
concentration higher Olan 93% can be achieved with 
approximately 16 kW of RF power. The extractable 
ion current density is found to be greater than 500 
mA/cm2. 
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Fig. 2 Extracted beam current and density as a 
function of RF power for various inert gas 
plasmas. 

4. NEGATIVE ION SOURCES 

H - ions are used extensively in particle 
accelerators such as cyclotrons, tandem accelerators 
and proton storage rings . In order to heat plasmas 
and to drive currents in future tokamak fusion 
reactors, multiamperes of very high energy neutral 
beams will be required. TIle high neutralization 
efficiency of W or D- ions enables Olem to form 
atomic beams with energies in excess of 200 keY. At 
LBL, two different types of W ion sources have been 
investigated and developed by Ole MFE Group. 
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Fig . 3 Hydrogen ion species as a function of RF 
power when the source is operated with tile 
filter. 

4.1 Surface Conversion Negative Sources 

Figure 4 shows a LBL type surface conversion 
source. In this ion source, a water-cooled 
molybdenum converter is inserted into tile multicusp 
plasma generator. By biasing the converter 
negatively witil respect to tile plasma, positive ions 
are accelerated across tile sheati1 and impinge on tile 
converter surface. H- (or otiler negative ions) tilat are 

PERMANENT 
MACNETS 

Fig. 4 A schematic diagram of the multicusp 
surface conversion negative ion source. 

fonned at tile converter are tilen accelerated back 
tilrough the sheatil by ti1e same potential. The bias 

voltage on ti1e converter ti1us becomes ti1e negative 
ion extraction potential. The converter surface is 
normally curved to geometrically focus ti1e negative 
ions tilfough tile plasma to ti1e exit aperture. 

The advantages of ti1e surface conversion source 
are low source operating pressure and very small 
electron content in ti1e self-extracted negative ion 
beam. The source can be operated eitiler in steady
state or pulsed mode. However, source operation 
always requires the presence of cesium which can 
cause voltage breakdown in the accelerator column. 
Nevertileless, steady-state H- beams witi1 currents 
greater tllan 1 A have been generated by ti1is type of 
surface conversion source.2 Production of oti1er 
negative ions (such as Au-) by ti1is type of source 
have been reported by Morl and Alton.3 

4.2 Volume Production Negative Ion Sources 

A hydrogen plasma contains not only positive 
ions and electrons, but also H- ions. In 1983, a novel 
metilOd of extracting volume-produced H- directly 
from a multicusp source was reported by Leung et 
a1.4 In tilis W source, a magnetic filter divides ti1e 
source chamber into a discharge and an extraction 
region. Excitation and ionization of the gas 
molecules are performed by primary electrons in ti1e 
discharge region. In ti1e extraction region, ti1e low 
electron temperature makes it favorable for ti1e 
production and survival of H- ions. 

It was demonstrated in 1984 that the fiIter
equipped multicusp source could provide high guality 
H- beams Witil current densities -38 mNcm2. 5 In 
1988, a small 7.5-cm-diam multicusp source has been 
operated successfully to generate W ions in a pulsed 
mode . From tilis compact volume source, an H
current density greater ti1an 250 mNcm2 bas been 
extracted.6 In order to improve ti1e lifetime of tile 
volume source, RF induction discharge bas been 
employed in a manner described in section 3. To 
date, an W current of -40 rnA can be obtained from a 
5.6-mm-diam aperture witil tile source operated at a 
pressure of about 12 mTorr and 50 kW of RF power.7 

The multicusp source has also been employed to 
generate volume-produced C- ions for Cyclotron 
Mass Spectrometry (CMS) applications. In ti1is case, 
tile C- ions are extracted directly from a CO or C02 
discharge plasma. Thus, tIle tedious graphitization 
process in a surface conversion source is avoided. 
Figure 5 shows tile mass spectrum of the accelerated 
beam when C02 is used in the discharge. Work is 
now in progress to incorporate this new volume
production C- source into ti1e compact permanent 
magnet cyclotron spectrometer. 
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Fig. 5 Negative ion species from a C02 gas 
filament discharge. 

5. HIGH CHARGE STATE MULTICUSP 
SOURCE 

Multicusp generators can confine primary 
electrons very efficiently. Since tlle magneLic fields 
are localized near Ule chamber wall, large volumes of 
uniform and high density plasmas can be obtained at 
low pressure, conditions which favor U1e formation of 
high charge state ions. Attempts have been made at 
LBL to generate multiply charged ion beams by 
employing a modified multicusp so urce . 
Experimental results demonstrate that charge state as 
high as +7 can be obtained with argon or xenon 
plasmas.8 Total ion current densities higher than 63 
mAlcm2 have been achieved WiUI a discharge voltage 
of 400 V and a discharge current of 100 A. However, 
additional work is needed in order to extend tlle 
charge state to values higher tllan +7 . If Ulis is 
successful, tlle muILicusp source will become very 
useful for accelerator and high energy ion 
implantation applications. 

6. METALLIC ION BEAM GENERATION 

We have operated a multicusp source to generate 
positive copper ion beams by using a background DC 
filament argon discharge. TIle plasma electrode was 
made of copper and biased at approximately 200 volts 
negative witll respect to tlle anode allowing the 
neutral copper atoms to be sputtered from tlle plasma 
electrode. These copper atoms are subsequently 
ionized in tlle plasma and become positive copper 
ions. These positive copper ions will fall back 
towards tlle extraction aperture and be accelerated. 
Figure 6 shows an extracted beam spectrum which 
contains Ule background argon ions as well as the 
copper ions. WiUl a total filamel1l discharge power of 
80 volts at 5 amperes, 120 microamperes of positive 

ion current was extracted. The beam was composed 
of 57% argon ions and 43% copper ions, giving a 
total copper beam current of 51 microamperes. 
Extracted U1rough a 1.0mm diameter hole, U1e copper 
ion current density was 10 mAlcm2. 

Fig.6 Spectrum of Cu+ from a small multicusp 
source. 
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A Review of Polarized Ion Sources for Cyclotrons 
P.W. SCHMOR 

TRIUMF, 4004 Wesbrook Mali, Vancouver, B. c., V6T 2A3 

Abstract 

Polarized nuclei have become an important nuclear 
physics probe. Present day experiments are often precision 
experiments measuring rare processes. These experiments 
require that the polarized ion source provide beams with 
high polarization, high beam current, exceptional beam 
quality and long term reliability. The three types of 
polarized ion sources in use on cyclotrons are; a) the Lamb 
Shift source, b) the Atomic Beam (ground state) source and 
c) the Optically Pumped source. Each type can provide 
intense beams of nuclearly polarized light ions which are 
either positively or negatively charged. Heavy ion polar
ized ion sources for cyclotrons are being developed. The 
ideal choice for a particular cyclotron depends on the 
precise experimental requirements. This review article 
presents a brief description of each of these sources, 
outlining the current capabilities and the future prospects. 

1. INTRODUCTION 

Although polarized ion sources have been in use for 
more than 30 years, their performance continues to improve 
to meet the changing demands of current experiments. 
Present day experiments are often precision experiments 
measuring rare processes and require intense, stable beams 
within a small emittance. For example, the measurement 
of the parity violation amplitude in pp scattering at TRI
UMF requires a modest polarized current of only 0.5 p.A 
at 230 MeV but with a challenging spin-flip coherent 
current modulation less than 1 part in lOS at a spin flip rate 
of approximately 100 Hz. Another experiment examining 
pion production in np scattering used cyclotron slits to 
reduce, substantially, the cyclotron emittance and even 
though the experiment required only 0.5 p.A at 475 MeV, 
it was necessary for the ion source to provide more than 
8 p.A of polarized H-. 

There are a number of factors which must be taken into 
account in deciding the best polarized source for an acceler
ator. The experimental programme defines parameters such 
as current, polarization, spatial polarization uniformity, 
stability requirements, spin-flip criteria and polarized 
species. The accelerator defines the allowed beam emitt
ance, the overall source size and the required ion charge 
state. The administration is concerned with the cost and 
risk. The risk is often minimized by purchasing an ion 
source from a commercial company in order to minimize 
the research and development required to meet the experi
mental requirements. 

Polarized ions are generally produced in an ion source 
comprised of three distinct stages. The three components 
are shown schematically in figure 1. The first step is to 
produce an intense high quality atomic beam. Next this 
atomic beam is electronically polarized in a magnetic field 
by selecting the hyperfine states of one of the Zeeman 
levels. Nuclear polarization is achieved by inducing 
transitions from selected remaining hyperfine states (of an 
undesired nuclear spin direction) to the unoccupied 
hyperfme states (of correct nuclear spin). Finally the 
remaining beam which is now nuclearly polarized is ionized 
in the presence of a magnetic field to preserve the polariz
ation. The strength of the magnetic field depends on the 
particular hyperfine states being ionized. 

Fig. 1. A schematic representation of the three distinct 
processes involved in making a polarized ion beam. 

2. LAMB-SHIFT POLARIZED ION SOURCE 

A comprehensive review of Lamb-shift sources, pub
lished six years ago, is still valid. I) The basic techniques 
used in the Lamb-Shift source (LSPIS) to obtain a polarized 
beam are shown schematically in figure 2. Protons at an 
energy of about 550 eV (or 2H, 3H, 3He at the same 
velocity) are directed through a cesium vapour target where 
a large fraction of the ions are neutralized. Many of the 
atoms in the beam emerging from the cesium target are in 
the metastable 2S states. Unwanted hyperfine states are 
quenched to the ground states within the magnetic field of 
a solenoid either by a static electric field (which removes, 
from the four metastable hyperfine states, the two states 
with similar electron spin orientation) or by an rf field (spin 
filter) which allows only one of the four metastable 
hyperfine states to transit the region of the rf field without 
quenching. If two of the hyperfine states are used it is 
necessary to follow the solenoid by a Sona type transition 
to transform from the two states with similar electron 
polarization to two states with similar nuclear polarization.2) 
Selective ionization of the metastable atoms occurs in a 
magnetic field (to preserve the spin direction). The polar
ized atoms in are selectively (compared to the unpolarized 
atoms in the ground states) ionized either to positive ions in 
an iodine vapour or to negative ions in an argon vapour. 
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Fig. 2. A schematic of a Lamb-shift type polarized ion source. Two ionizing options are shown. 

Frequently the selectivity of ions originating from 
metastable atoms (over those from atoms in the unpolarized 
ground states) is enhanced with the use of an emittance 
defining aperture. 

The current from a LSPIS is limited to about 1 J.'A per 
hyperfme state by space charge forces. The beam leaving 
the cesium charge exchange target contains un-neutralized 
ions. These ions give rise to an electric field which 
quenches and limits the flux of metastable atoms. 3) The 
polarization depends somewhat on the current but is 
generally in the range of 0.8 to 0.85. The LSPIS is an 
economical and reliable choice for a cyclotron with its 
relatively small acceptance. However the restriction in 
maximum current limits the source's usefulness for many 
of the present-day precise experiments. 

3. ATOMIC BEAM POLARIZED SOURCES 

Figure 3 depicts schematically the elements of an atomic 
beam ion source (ABIS). H (or 2H) atoms are generated in 
a dissociator by a radio-frequency discharge and then 
formed into a low velocity atomic beam with the aid of a 
cooled nozzle and a system of skimmers. Tapered sextu
pole magnets are used to separate (Stern-Gerlach technique) 
one set of hyperfine states (with the electron spin aligned to 
the magnetic field) from the other set (with the electron 
spin aligned in the opposite direction). Hyperfine transi
tions, to convert the separated atomic states which now 
have a similar electron spin direction (electron polarization) 
to states of similar nuclear polarization, are induced by 
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Fig. 3. Schematic of an Atomic Beam Polarized Ion Source showing several ionizing options. 
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applying the appropriate radio-frequency field. The 
interested reader can find more detailed descriptions in the 
literature. 4) 

There are a number of approaches being used to ionize 
the nuclearly-polarized, neutral, atomic beam. To produce 
positively charged ions, an electron impact ionizer is used. 
This is achieved either by producing an intense electron 
beam with a hot filament in a solenoid magnet or by using 
the electrons generated in an electron-cyclotron-resonance 
(ECR) heated plasma. Space charge forces within the 
intense electron beam give rise to an energy spread in the 
polarized ions which limits the amount of polarized beam 
which can be matched into a cyclotron. The ECR ionizer 
avoids the space charge problems of the intense electron 
beam by using the electrons in a quasi neutral plasma and 
the resulting polarized beam is considerably brighter (more 
current within a given emittance). However, experience 
has shown that the polarization is slightly degraded ( - 5 %) 
by the ECR ionizer. The PSI source, for example, pro
duces about 150 p.A of positive beam with about 79 % 
polarization within a normalized emittance of less than 1.271" 
mm-rnrad. The ETH group has reported positive currents 
as high as 400 p.A. 5) To produce negatively charged ions, 
the positively charged ions are accelerated to about 5 keY 
prior to being directed through an alkali vapour target 
where about 7 % of the positive ions are converted to 
negative ions by double charge exchange. An alternate 
approach to producing the negative ion beam has been to 
use ~harge exchange directly between the slow moving 
pola~zed, neutral atomic beam and a counter-flowing, 
coaXIal, neutral beam of cesium atoms at 40 keY. This 
approach provides a highly polarized beam (> 95 %) of 
excellent emittance (-0.3571" mm-rnrad normalized by (3'Y). 
At the INR in Moscow, very high currents (-6 rnA) have 
been achieved (albeit with 30 p.S long pulses at a 1 Hz 
repe~ition rate within a normalized emittance of 271") by 
making use of the larger charge exchange cross-sections of 
2H+ (compared to electrons) in a plasma to ionize directly 
the polarized atoms.6) A similar arrangement to the INR 
scheme with the exception that the source be designed to 

PROTON 
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~~ 1 
ELECIRON 
CYClOTRON 
RESONANCE 
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TITANIUM 
SAPPHIRE 

LASERS 

OPTICALLY PUMPED 

ALKALI ATOMS 

(-~ B 

make use of charge exchange with 2H- (instead of 2H+) has 
~een proposed for producing negatively charged hydrogen 
IOns. 

4. OPTICALLY PUMPED SOURCES 

A review of the status of optically pumped polarized ion 
sources in 1990 has been given by York.?) The current 
status of the TRIUMF source can be found elsewhere in 
these proceedings.S

) The optically pumped polarized ion 
source (OPPIS) is based on a proposal by Anderson.9

) A 
schematic of an OPPIS using charge exchange is shown in 
fi~ure 4. . Lasers are used to achieve electronic spin 
alIgnment m an alkali vapour. Initially, as proposed by 
Anderson, sodium was pumped with dye lasers tuned to the 
Dl transition at 596 nm, but more recently titanium 
sapphi,re lasers are being used to pump rubidium (or 
potassIUm) vapour at 795 (770) nm. Protons are directed 
at an energy of about 2 to 5 ke V through the polarized 
vapour where by charge exchange they can pick up a spin 
aligned electron. The charge exchange process must take 
place in a large magnetic field (- 2.5 T) in order to 
preserve the spin alignment. After removing any un
neutralized particles by means of transverse electric fields 
, the beam emerging from the alkali vapour is a neutral 
atomic hydrogen beam with two hyperfine states (of similar 
elect~~nic .spin) predominately occupied. A Sona type 
tranSItion IS then used, as in the Lamb-shift source to 
transform the electron alignment to a nuclear alignment 
prior to ionization. The nuclearly polarized atomic beam 
is ionized in either an alkali to form negative ions or in 
helium to form positive ions. 

The OPPIS has limitations on the output brightness (cur-
\

' 2 rent emIttance) as a result of the large magnetic field 
required to preserve (decouple L & S) the electron polariz
ation during charge transfer. It has been proposed to avoid 
this problem by using spin exchange with a neutral hydro
gen beam instead of charge exchange with a proton beam. 

POLARIZER 

SONA 

TRANSITION 

IONIZER 

IONIZER 

(~B) 

Fig. 4. A schematic of an optically pumped polarized ion source. 
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The performance figures of an OPPIS depend on the 
emittance and duty cycle of the ion beam. The current can 
be increased by opening apertures until the ion source 
emittance matches the accelerator acceptance. The effi
ciency for ionization to protons is about a factor of ten 
larger than the efficiency for ionization to H- with the result 
that negative currents from the source are about a factor of 
ten less than positive currents. Both the current and the 
polarization also depend on the thickness of alkali vapour 
that can be polarized. The alkali thickness that can be 
polarized, in turn, depends on the power available from the 
lasers. Peak power from lasers can be substantially 
increased through pulsing. Thus for an accelerator (or for 
a particular experiment) requiring a pulsed polarized beam 
it is possible, under some conditions, to provide higher 
peak currents by matching the laser repetition rate to that of 
the accelerator (or experiment). For a given laser power, 
higher currents at lower polarization result from an increase 
in alkali thickness. With the TRIUMF source operating in 
a dc mode the measured nuclear polarization is about 61 % 
@20 p.A ofH-, 75% @ 10 p.A, 78% @5 p.A and 80% for 
low currents. These currents are for a normalized emitt
ance estimated to be less than 0.7 7r mm-mrad. 

5. POLARIZED HEA VY ION SOURCES 

An ion source for polarized beams of 6Li, 7Li and 23Na 
was developed and used at Heidelberg. IO,I!) An electron 
polarized beam was achieved by passing an unpolarized 
atomic beam through a Stern-Gerlach separation magnet 
(quadrupole). Subsequently, three sets of rf transitions 
were used to popUlate appropriate hyperfine states and 
provide various different vector and tensor nuclear polariz
ations. Positive ionization was achieved through surface 
ionization. These positive ions were converted to negative 
ions in a cesium vapour. With the use of lasers it is 
possible to pump alkali hyperfine states directly. This 
technique has yielded currents in the range of 2 to 6 p.A 
and polarizations of about 80% for beams of 7Li and 23Na. 
Heavy ion polarized ion sources for cyclotrons are under 
development at the Institute for Nuclear Research in Kiev 
and at RCNP in Osaka. 12,13) The INR source is designed to 
provide polarized alkalies and is similar to the Heidelberg 
design. The RCNP source is of the OPPIS design and will 
be used initially to produce beams of polarized 3He. 

6. LOW ENERGY POLARIMETERS 

In order to optimize a polarized ion source, efficiently, 
it is essential to have a dedicated on-line low energy 
polarimeter near the ion source. There is, in general, too 
much competition for accelerator time to allow adequate 
scheduling of the accelerator and its polarimeters for ion 
source optimization. Moreover, experience at TRIUMF 

has shown that the overhead, in terms of time and man
power, in preparing the cyclotron and high energy polar
imeters is a significant fraction of the optimization process. 
At TRIUMF two different low energy polarimeters have 
been extremely useful. The first, a Lyman-a polarimeter, 
yields the polarization of protons in the energy range of 1 
to 10 ke V. 14) This polarimeter measures the asymmetric 
Lyman-a emission of photons by selective quenching of 
polarized hydrogen atoms excited to the 2S metastable 
states. Count rates are of the order of 0.5 MHz. This type 
of polarimeter is, in principle, suitable for deuterium 
beams. The second is a nuclear polarimeter based on the 
6Li(p,3He)a reactionY The analyzing power for detecting 
3He at 130' is approximately 0.21 at 300 keY. For 
deuterons the 3HeH,n)4He reaction has been used for 
energies around 100 ke V. 

7. CONCLUSION 

Table I outlines the main performance characteristics of 
polarized sources which are either in use, suitable for use 
or being developed for use on cyclotrons. Caution must be 
exercised in interpreting the table as the best characteristics 
from a particular source are not necessarily all achievable 
simultaneously. The sources are frequently optimized to 
meet the needs of a particular accelerator or experiment and 
as such the emittance, polarization and/or resulting current 
may be different if the same source were optimized for a 
different accelerator. Much of the recent work on polarized 
internal targets overlaps and complements the work being 
done with sources. Two recent review papers provide an 
excellent overview of polarized ion source and related 
polarized target developmenL I6,17) 

In summary, polarized ion source development remains 
a very active research endeavour and large improvements 
in source performance are still being realized. 
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STATUS OF THE TRIUMF OPTICALLY-PUMPED POLARIZED H- ION SOURCE 

C.D.P. Levy, K. Jayamanna, M. McDonald, R. Ruegg, and P.W. Schmor 
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3 

and 

A.N. Zelenskii 
Institute of Nuclear Research, Russian Academy of Sciences, Moscow 

ABSTRACT 

The TRIUMF polarized H- ion source, based on 
optical pumping of Rb vapour, produces up to 10 p.A 
of 75% polarized H- beam at 300 keY. A 1-10 keY po
larimeter, based on the detect.ion of Lyman-a photons 
from metastable H(2S) atoms, has been used to study 
source parameters affecting polarization, which is up to 
80% at low current. Preliminary measurements of beam 
intensity variations correlated with the Rb polarization 
show that they are likely within the requirements of an 
upcoming parity violation experiment. 

1. INTRODUCTION 

The optically pumped polarized ion source (OPPIS) 
at TRIUMF has been described previously.l,2) It now 
produces up to 10 p.A of 75% polarized H- beam at 300 
keY, half of which is accelerated to high energy by the 
TRIUMF cyclotron. Figure 1 is a schematic drawing of 
OPPIS. Figure 2 shows the downstream section of OP
PIS, containing beam transport. optics and a low-energy 
(1-10 ke V) polarimeter. Bender plates divert polarized 
protons produced (with about 10% of the polarized H
intensity) by the source into the polarimeter, where they 
are neutralized in a Na cell. Electron-spin-down H(2S) 
metastables are quenched in a spin filter (as in the Lamb
shift source), and Lyman-a photons emitted by the re
maining metastables after quenching in an electric field 
are counted. The proton polarization is calculated from 
the asymmetry in photon counts between the polarized 
(lasers on) and unpolarized (lasers off) cases 8 ) Count 
rates are of the order of 500,OOO/s . 

Many factors affect the polarization, and only small 
improvements are possible from each, given that the po
larization is already quite high. The Lyman-a polarime
ter has allowed us to measure smal!' changes in the polar
ization and to begin a program of further improvement 
in polarization. 

Our other interest is the application of the source 
to parity violation experiments. The measurement of 
the parity violation a.mplitude in pp scattering requires 
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Fig. 1. Schematic diagram of the TRIUMF optically
pumped polarized H- ion source. 
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Fig. 2. Schematic diagram of the beam transport op
tics downstream of the ion source, and the Lyman-a po
larimeter contained within the same chamber. During 
normal source operation the H- beam passes through 
a 2.0 em diameter aperture in the first electrostatic ben
der. During polarimeter operation deflecting voltages are 
applied to the benders. Faraday Cups 1 and 3 can be 
moved out of the beam axis. The UV detector is a dual 
microchannel plate protected by a LiF window. 
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extremely high beam stability, especially with respect to 
current modulation (eM) correlated with spin helicity. 
Spin reversal is achieved by reversing the circular polar
ization of the pump laser light and adjusting the laser 
frequency to allow for the Zeeman shift of ~ 85 GHz in 
the Rb neutralizer target, which is immersed in a high 
magnetic field of ~ 23 kG. At least two properties of op
tical pumping of alkali vapour are known that affect the 
polarized ion current. The best understood is the de
pendence of the neutral beam emitted by the Rb cell on 
the Rb polarization. 4) Some neutrals undergo a second 
charge exchange reaction in the Rb to become H-. Since 
H- has a single bound state ISO, it cannot be formed by 
a polarized hydrogen atom picking up an electron from 
Rb polarized in the same direction. The II- yield in the 
Rb is given by 

(1) 

where 10 is the HO yield in the Rb, (J 0- ~ 3 X 10- 16 cm2 

is the cross section for H- productioll, nl ~ 5 x 1013 

atoms cm- 2 is the Rb thickness, P is the Rb polariza
tion, T ~ 1 is the polarization tranfer ratio between Rb 
and HO, and C ~ 0.5 is a correction factor accounting for 
integration of H- production along the length of the cell. 
All the L is swept out of the beam by deflection plates 
between the Rb cell and the Na negative ionizer cell (see 
Fig. 1), giving rise to a dependence of the ultimate po
larized H- source current Oil P. For Rb polarizations 
Pup and P down , and ultimate H- currents f up , Idown, 

and Iunpolarized, the following is true: 

Iup - fdown l{p2 p2 }TC 
f 

~ (J 0- n up - down 
un polarized 

(2) 

For useful parity violation measurements, the asymmetry 
in polarized current is required to be of the order of 10- 5 . 

The above equation implies that the upper limit on Rb 
polarization asymmetry is about 10- 3 , thus requiring a 
thin Rb target with highly saturated polarization. 

A second physical process producing eM is the ion
ization of Rb vapour by resonant D 1 line laser light. eM 
due to this effect was first seen at INR, Moscow. 5) A 
reduction in current of close to 100% was observed when 
the N a density was more than 1013 atoms cm- 3 and high 
pulsed laser power was used. The ionization is caused 
by a process involving collisions between excited state 
atoms, and is highly non-linear with respect to both laser 
power and vapour density. Direct measurements of alkali 
ion production under the action of resonant light were 
first carried out in 1983. 6) Since the ionization process 
decreases the vapour density and hence the final beam 
current, this modulation is opposite in sign to the double 
charge exchange process. 

2. POLARIZATION RESULTS 

A light chopper modulated the laser beams at 100 
Hz, and photon counting was gated with the lasers on 

and off. The gate lengths were identical for both laser 
states and shorter than the laser modulation times so 
that the Rb polarization had time to reach equilibrium. 
Two Ti:sapphire lasers each pumped by a 20 W argon 
ion laser produced up to 9 W of 795 nm light for optical 
pumping of Rb. Because the polarimeter measures pro
ton polarization, it underestimates the H- polarization 
by a few percent, since the proton beam is more affected 
by the unpolarized residual gas background. 

Figure 3 shows the proton polarization and II- cur
rent as functions of Rb thickness. 7) The Rb cell was 
designed to produce a smooth Rb-density distribution 
close to the extraction electrodes. This minimizes the 
effect of background hydrogen gas near the electrodes, 
and allows us to achieve relatively high beam polariza
tion for very thin targets. The smooth distribution of 
Rb prevents the premature reduction of polarization by 
radiation trapping. 8 ,9) Figure 3 also shows the Rb po
larization and the efficiency with which it is transferred 
to the ion beam, after correcting for unpolarized back
ground beam seen at zero Rb thickness. 

Polarization has also been measured as a function of 
laser frequency (see Fig. 4). In principle, the Lyman-a 
polarimeter is superior to the Faraday rotation method 
for optimizing the laser frequency. The polarimeter gives 
a direct measure of ion beam polarization and is aver
aged over the whole beam, rather than just sampling the 
Rb polarization along the small interaction volume of a 
probe laser. 
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Fig. 3. Polarization, and H- current measured at Fara
day Cup 3, as functions of Rb thickness. Triangles; Rb 
polarization measured with the ion beam on. Solid cir
cles; proton polarization measured in the Lyman-a po
larimeter. Open circles; calculated proton polarization if 
the effect of un polarized background current is removed. 
Crosses; n- current, which had a background value of 
(0.32 ± 0.03) J1A when the Rb cell was cold. The pro
ton polarization was measured down to "'30%, at a Rb 
thickness smaller than the estimated error of ±5 x 1011 
atoms cm-2

. 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

323



80 f-

•• • • r--. • 
!;'2 60 f- • 
Z • 0 • 
i= 
« 
N 

40 e::: I-
« 
-.J • 
0 
Cl... 

+ 20 :r: f-

o 1 1 

, 2580.20 .30 .40 

LASER FREQUENCY (em -1) 

Fig. 4. Proton polarization as a function of pump laser 
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(FWHM) of 0.1 em-I. The laser frequency was measured 
with a Burleigh WA-10 wavemeter. 

Figure 5 shows the dependence of proton polariza
tion on the magnetic field in the Rb cell. We observe that 
contrary to spin-orbit depolarization calculations,10) the 
polarization is still rising significan tly above 22 kG. Fur
ther study is required to decide if T is increasing at the 
highest fields, or if other factors are at play. 

Figure 6 shows the polarization as a function of mag
netic field in the ionizer cell. The theoretical difference 
in polarization between 1.5 and 2.0 kG is 1%, whereas 
we observe 2.5-3%. This is because the ionizer mag
netic field drops at the edges of the N a vapour-density 
distribution, and the H- ions produced there lose more 
polarization. The ionizer solenoid is being lengthened by 
8 cm to improve the field uniformity. 
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Fig. 5. Proton polarization as a function of magnetic 
field in the Rb cell. 
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Polarization was also studied as functions of hydro
gen gas flow rate, beam energy and trim coil current 
(controlling the magnetic field gradient in the Sona tran
sition region). At 25 kG in the Rb cell and 2.3 kG in 
the ionizer cell, at a beam energy of 2.8 keY, the high
est proton polarization measured with the Lyman-a po
larimeter was (80.1 ± 0.5)%, after optimizing all source 
parameters for polarization only. 

3. eM RESULTS 

When measuring CM, the voltage on the bender 
plates is reversed so that H- beam enters the polarime
ter. Current is measured either with Faraday Cup 3, 
or with Faraday Cup 2 (see Fig. 2). In the latter case 
CM can be measured simultaneously with polarization, 
while the current signal is applied as a normalizing cor
rection to the polarimeter counts. The current signals 
were measured with a 4 MHz linear current digitizer and 
gated with the laser modulation as described above. 

The results ofCM measurements as a function ofRb 
thickness are shown in Fig. 7, where the CM is defined 
as 

II Mer on - II Mer off 

IIMer off 
(3) 

Over the thickness range 3-8 x 1013 atoms cm- 2 

the CM rises linearly as expected for the double charge 
exchange process and shows quantitative agreement with 
the estimates above. At higher thickness the modulation 
of opposite sign is observed and at a thickness of 9 x 
10 13 atoms cm- 2 has a maximum magnitude of about 
1 %. The sudden change from one dominant process to 
the other is surprising, as is complicated behaviour below 
3 x 10 13 atoms cm- 2 . 
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In practice, one is interested in the difference of cur
rent between opposite spin states. We cannot measure 
such modulation directly, since the fast 100 Hz spin re
versal system suitable for parity violation experiments 
has not yet been completed. We measured CM sepa
rately for up and down helicities. Figure 8 shows CM as 
a function of Rb polarization. A least squares quadratic 
fit shows that the CM is symmetric with helicity, as im
plied by Eq. 2, within an error of ±1.0 x 10-4 p2. Further 
measurements will be required to test this down to the 
10-5 level. 
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Fig. 7. Modulation of H- source current between un
polarized and polarized conditions, as a function of Rb 
thickness. 

. 5+------L------+---~----__+ 

o+--------.--------~------~------_+ 
-1.0 -0.5 0.0 0.5 1.0 

Rb polarization 

Fig. 8. Modulation of n- current between polarized and 
unpolarized conditions, as a function of Rb polarization. 
The data were taken at a 11b thickness of 4 x 1013 at.oms 
cm -2. The polarization was varied by adjusting the fre
quency tune of the pumping lasers. The curve is a least 
squares fit to the data. of C~!=(/+bP2, where a and bare 
adjustable parameters. The standard error of b is ± 1.0 
x 10-4
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4. CONCLUSION 

The TRIUMF optically pumped H- source has be
come a reliable producer of microamps of 75% polarized 
beam. The construction of a low-energy polarimeter al
lows us to further optimize and study OPPIS in an accu
rate and efficient way, showing that 80% polarization or 
more is within reach. Preliminary results on the modu
lation of ion current with spin helicity show that OPPIS 
is promising for use in parity violation measurements re
quiring modulation at or below the 10-5 level. 
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ABSTRACT 

An ECR ion source for multiply-charged heavy ions 
was designed and constructed by using a 14.25-GHz mi
crowave power source based on our experiences obtained 
by development efforts on other sources. In addition to 
the high frequency, it has high axial and radial magnetic 
field strengths over 10 kG. The diameter of the plasma 
chamber is 50 mm and the diameter and length of the 
ECR zone is 30 mm and 70 mm, respectively. Prelimi
nary tests show good performance. The ion yield turned 
out to be 36 eJi,A for 07+, 1.5 eJi,A for Ne9+, 350 eJi,A 

and 190 eJi,A for Ar8+ and Ar9+, respectively, without 
using special technique such as electron injection or elec
tron repeller. This paper describes the design concept 
and preliminary performance. 

1. INTRODUCTION 

Many ECR sources for multiply-charged heavy ions 
have been constructed and are working at various heavy
ion accelerators. The basic structure has been developed 
by R. Geller and his collaborators at Greno ble.I} Among 
them, one of the best performance has been attained, 
to the authors' knowledge, by the CAPRICE2) and its 
modifications. 3 ) 

At the Institute for Nuclear Study, University of 
Tokyo, we developed four sets of ECR ion sources in 
these five years. The first was SF-ECR for the SF cy
clotron of our institute working at 6.1 GHz microwave 
frequency, now serving for experiments.4) The second 
was a test machine developed in collaboration with 
Tokyo Institute of Technology, named HiECR, without 
its own microwave and coil power supplies.5,S) The third 
one is a 10-GHz source for heavy-ion medical acceler
ator complex at the National Institute of Radiological 
Sciences(NIRS). This source was designed at NIRS and 
tested at our institu te according to a collaboration pro
gram between the two institutes.7) 

The source reported in this paper is the fourth one 
developed at our institute, named HyperECR. This was 
designed, constructed and tested in collaboration with 

the Research Center for Advanced Technologies, the 
Japan Steel Works, Ltd .. 

According to the experiences based on the develop
ment of the above mentioned sources, ECR sources of any 
design can surely produce beams, but we are not certain 
why one source works well and another not. Moreover, 
we can not predict how much beam a source of a certain 
design can prod uce before testing it. In the design of the 
present source, we have made efforts to make the design 
principle as clear as possible so as to evaluate each item 
after testing. The primary aim is to construct a compact 
and powerful source at low cost. 

2. DESIGN AND CONSTRUCTION 

We started our design based on an existing mi
crowave amplifier purchased from a Japanese company, 
which has a frequency of 14.25 GHz and a maximum out
put power of 2.0 kW. According to the Geller's scaling 
law,l) the higher the frequency is, the better the per
formance. In addition, we assumed that both axial and 
radial magnetic field should be as high as possible at a 
given frequency in order to make the confinement of the 
plasma better. 

Since the frequency is rather high and, consequently, 
the ECR field is high, the diameter of the plasma cham
ber was chosen to be 50 mm in order to produce a high 
sextupole field by using permanent magnet material com
mercially available. We adopted Nd-Fe-B alloy with a 
trade name NEOMAX35, whose maximum BH product 
is about 280 kJ 1m3

• This diameter is one of the smallest 
one ever used in ECR sources but still more than twice 
of the wavelength of the microwave. 

From our experience concerning other ECR 
sources,5-7) the ECR surface was designed to be 10 mm 
apart from the wall of the plasma chamber. We searched 
for a magnetic configuration which makes the diameter of 
the ECR surface less than 30 mm. The distance between 
the two coils was determined mainly from this require
ment. The ampere-turns of the coils were determined to 
produce as high peak fields as possible on the axis with 
sizable coils and power supplies. 
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TURBO MOLECULAR PUMP 
500 Lisee 

TURBO MOLECULAR PUMP 
150 Lisee 

Fig . !. Schematic drawing of the HyperECR and the measured axial-field distribution on the axis . 

In order to increase the field on the axis, pole tips 
are used near the axis to guide the lines of force of the 
magnetic field. Various shapes of magnetic material can 
be inserted at both ends of the plasma chamber to tune 
the axial field distribution. In addition, the vacuum 
chambers outside the sextupole magnet and extending 
the plasma chamber into both directions are made of 
iron, while the plasma chamber itself is made of cop
per. These iron chambers also contribute to collect the 
magnetic lines of force on the axis. 

Taking into account that at a high magnetic field 
above 10 kG iron might saturate locally and could not 
produce the field shape intended, the return yokes for 
the mirror coils were made from pure iron 4 cm thick. 
A ferro-cobalt alloy was used as the material of the pole 
tips where the lines of force concentrate. 

Magnetic material such as yokes and pole tips in
serted near the axis to increase the axial field reduces 
the conductance of the pumping. We assumed that the 
working pressure in the plasma chamber should be less 
than 1.0 x 10-6 Torr. The conductance for pumping was 
made as large as the above-mentioned conditions permit; 
for example, the pole tips were made axially asymmetric 
in order to provide space for pumping, and for inserting 
a wave guide and a gas feed pipe. In this context, we did 
not employ the axial injection of microwave power as is 
done in CAPRICE: the microwave power is led into the 
plasma chamber through an ordinary wave guide set a 
li ttle off-axis. 

The effective pumping speed for the plasma chamber 
is estimated to be about 10 lis although two turbomolec
ular pumps evacuate the chamber from its both ends and 
some efforts are paid to make the conductance large. 

The resultant size of the expected ECR zone turned 
out to have a diameter of less than 30 mm and length 
of 50 mm, as shown in Table 1. In addition, the mirror 
ratio has been made variable by varying the distance of 
the two mirror coils, reaching a value of about 3 at the 
largest. 

Field measurements after assembling the parts have 
proved that field calculations with the computer code 
PANDIRA predicted well the strengths of the fields, al
though some difference has been found concerning the 
details, because some local saturation points appear due 
to the sharp edges of the ferromagnetic material, which 
the calculations could not predict accurately; further, the 
program cannot calculate the axially asymmetric field. 

We can approximate the strength of the mirror field 
near the axis in the center of the two coils as 

where Bo is the minimum field, z is the length along the 
axis and a is a constant. The sextupole field can also be 
approximated as 

Br = br2, 

where b is the field gradient and r is the radius. The 
length (L) and the diameter (D) of the ECR zone can 
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Table 1. Design and measured values of the ECR zone 
parameters. 

Designed Measured 

min. field Bo(kG) 4.21 4.13 
mirr. field grad. a(kG/cm2

) 0.129 0.074 
sex. field grad. b(kG/cm2 ) 1.34 1.30 
length of ECR zone L(cm) 5.34 7.35 
dia. of ECR zone D( cm) 2.96 3.00 

be expressed as 

and 

D = 2 (B~C~2- B~) 1/4 

respectively, where BECR is the ECR field for 14.25 GHz. 
The design and measured values of these param

eters are summarized in Table 1. The design values 
were calculated by the program PANDIRA and the mea
sured values were taken from one of the configurations 
in which the beam intensity was optimized. It should be 
noted that the design value of the diameter agrees very 
well with the measured one, while the agreement for the 
length does not have much meaning since the mirror ra
tio is adjustable. 

An example of the measured field distributions is 
shown in Fig. 1 and the main parameters of this source 
are summarized in Table 2. The field distribution on 
the axis has a sharp peak between the anode and the 
extraction electrode. This is a result that the extraction 
electrode is made of soft iron. In the design stage, we 
tried to set the position of this peak just on the anode, 
but it was unsuccessful. This may be due to the iron 
configuration near the axis. An additional peak in the 
extraction electrode is also a result of using iron for this 
electrode and we don't believe it plays any essential role 
on the performance. 

It should be remarked that the surface field strength 
of the NEOMAX was measured to be 11.8 kG on the 
average when it was virgin; after putting it in the mirror 
field of about 12 kG, however, the strength was reduced 
to 10.6 kG on the average, resulting in about a 10 % 
reduction. It is supposed to be one of the initial effects, 
because no remarkable reduction has been noticed ever 
since. 

The two coils, the plasma chamber and a vacuum 
box containing the extraction electrode and an einzel 
lens are mounted on an accurate common rail, so that the 
position adjustment of these components along the axis 
can be easily made. The axial position of the extraction 
electrode is adjustable without breaking the vacuum. All 
components of this source, namely, the plasma chamber, 

Table 2. Main parameters of HyperECR. 

Microwave power source 
frequency 
max.power 

Plasma chamber 
diameter 
length 

Multipole magnet 
multipolarity 

Field strength on the surface 
material 
inner diameter 
length 

Mirror field 
Max.field strength on axis 
max. Current 
max.Power 

Turbomolecular pumps 

14.25 GHz 
2.0 kW 

50mm 
190 mm 

Sextupole 

10.6 kG 
Nd-Fe-B 
57mm 

150 mm 

12 kG 
600 A 
72 kW 

500 l/sec 

150 l/sec 

the vacu urn chamber on both sides of the plasma cham
ber, the coils, the extraction electrodes and sextupole 
magnet, can be easily disassembled and replaced to make 
the system highly flexible for future modification. 

3. PRELIMINARY PERFORMANCE 

The beam test started in February, 1992. Argon ions 
were chosen as a target at first; we have obtained so far 
350 eJ-LA of Ar8+ and 190 eJ-LA of Ar9+, for example, with 
20 kV extraction voltage without such special technique 
as electron injectionS) and electron repeller.9 ) 

Some different behaviours have been found on this 
source from those of other sources we have tested. 
Firstly, the best performance is obtained when the diam
eters of the anode hole and the extraction electrode are 
18 mm and 14 mm, respectively. These are larger than 
those of other sources(10mm to 12 mm). This may be 
related with the field distribution on the axis: the peak 
of the mirror field is just between these two electrodes. 

Since a large extraction hole usually results in a large 
emittance of the beam, we tried to estimate it by mea
suring the beam spread after a thin slit. The width of 
the beam 30 cm downstream of a 2-mm slit was found 
to be about 2 cm. Although this measurement is rough, 
we can say that the emittance is not worse than other 
sources. 

Secondly, the gas flow rate required for the best 
performance is very small: it is of the order of 0.001 
atm·cc/min. This is consistent with the value estimated 
from the observation that the gas flow increases the vac
uum pressure by about 5 x 10-7 Torr and the estimated 
pumping speed of about 10 lis. The gas flow rate affects 
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Table 3. Examples of ion yield. 

4 5 6 7 8 9 10 11 12 13 14 
N 315 300 57 
0 480 330 245 36 
Ne 240 195 115 65 32 1.5 
Ar 351 195 - 43 13 11 2.2 

the beam intensity so much that its control is very diffi
cult with our present regulator. The third point is that 
this source can produce large drain current: it sometimes 
reaches more than 5 mA while others do not exceed 2 
mAo The third one may also be related to the large holes 
mentioned above. 

The fourth point of the difference is that the gap 
between the anode and the extraction electrode for op
timum operation is smaller than our other sources: it 
is about 30 mm while it is more than 40 mm in other 
sources. The best axial position of the anode was 
searched and found to yield larger drain current exceed
ing 6 rnA and higher ion yields at an inner position than 
the designed. The best performance has not been at
tained, however, due to the limited current capacity of 
our present high-voltage power supply. 

The axial field near the design value turned out to 
give the best performance although some fine adjustment 
was needed, but the distance between the two coils seems 
to be larger for better performance. This fact suggests 
that a longer ECR zone is better. 

A list of ion yield obtained in the preliminary survey 
is shown in Table 3. 

4. DISCUSSIONS 

The HyperECR ion source has been proved to have 
a high performance, although the results are still pre
liminary and the emittance has not been measured ac
curately. One of the reasons of this good performance is 
certainly attributed to the higher frequency of the mi
crowave and the higher axial and radial magnetic fields. 
Various efforts to make them high resulted in a sharp 
peaks and valley of the axial field distri bu tion keeping 
the diameter of the ECR zone within the reasonable size. 
In addition, this valley allows us to use an 18 GHz mi
crowave frequency without changing the magnetic con
figuration, because the length and the diameter of the 
ECR zone are estimated to be 11.2 cm and 3.9 cm, re
spectively, according to the formulae in section 2. 

The high peak axial field around the extraction 
seems to have effects on the ion yield. Rather large drain 
current is apparently inconsistent with the low gas flow 
rate: if all of the gas input of 0.001 atm·cc/min were 
to be ionized and extracted from the source, the drain 
current would be about 70 pi-LA. We must assume that 
a large amount of electrons should be injected into the 
high voltage side from the extraction electrode. If most 

of the electrons pass through the anode hole and get into 
the plasma since the diameter of our anode hole is large, 
we are injecting electrons effectively without any special 
device for it. It is interesting to see if the electron injec
tion improves the ion yield as reported in refs.8,9) in our 
source. 

Emittance measurement, metallic ion production, 
electron injection, inj ection of low-charge-state ions from 
another ion source and pulse operation to produce after
glow3) are being prepared as well as searching for better 
working parameters. 
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ABSTRACT 

The IUCF High Intensity Polarized Ion Source has 
been completed and is being tested before its installation 
in a new terminal scheduled for September of this year. 
The design is based on the source in operation at TUNL, 
which employs cold (-30 K) atomic beam technology and 
an electron cyclotron resonance ionizer. It is expected to 
produce 100~A DC 11+ and 6+ ion beams with a 
polarization of 75% or greater. Coupled with a wideband 
and resonant bunching system and a high-transmission 
beam line into the injector cyclotron, the source should 
allow 1010 protons to be stored in the electron cooled 
storage ring in a few seconds. Results from operation of 
the source and studies of atomic beam properties will be 
described. 

RF Transition Cavity Shuttle 
with Compression Tube 

1. INTRODUCTION 

A major fraction of the experimental program at the 
Indiana University Cyclotron Facility (IUCF) has always 
concentrated on studies of spin degrees of freedom. Most 
recently, the first data witJt low intensity polarized beam on 
an internal polarized 3He target has been taken with the 
IUCF Cooler ring!). To further enhance the unique 
opportunities in spin physics research using the Cooler 
ring, circulating beam intensities near the limit of ring op
eration, 1016 particles/sec, are required because target 
densities and/or reaction cross sections are very low. 

In order to meet these experimental requirements a 
modern, high intensity source of polarized ions has been 
constructed. The source, which will be coupled by a high-

+20 kV Einzel Lens 

Weak Field RF Transition 

Strong Field RF Transition 

1 Meter 

Fig. 1 General layout of the IUCF High Intensity Polarized Ion Source showing the atomic beam section, ECR ionizer 
and the low energy, high efficiency bunching system. The source is now complete as shown and is being commissioned 
off line. 
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efficiency bunching system and a high-transmission beam 
line2) to the first cyclotron, should allow 1010 protons to be 
stored in the Cooler ring in a few seconds. 

The High Intensity Polarized Ion Source (HIPIOS)3) 
built at IUCF is iilustrated in Fig. 1. It is similar to the 
system recently built and brought into successful operation 
at TUNL by T.E. Clegg and associates.4

) Based on TUNL's 
experiEnce, Hg'IOS should produce in excess of 100 IJ.A 
DC, H+ and D+ ion beams. The atomic beam section, 
which employs cold (-30 K) atomic beam technology, is a 
close copy of the TUNL design. The ionizer is an electron 
cyclotron resonance (ECR) device similar to those used at 
TUNL, PSI and Bonn for ionization of polarized atomic 
beam. 

This paper describes the recent operating experience 
with the completed ion source and the status of the ion 
source installation in the new high voltage terminal. 

2. OPERATION OF THE ATOMIC BEAM SECTION 

2.1. Velocity Measurements 

Measurements of atomic and molecular beam veloci
ties with W. Gruebler's (ETH) atomic beam chopper 
allowed us to gain considerable experience during the 
initial operation of the dissociator. The beam velocity 
distribution was measured while operating the dissociator 
using different nozzle temperatures, flow rates, RF power 
levels and types of gas. This data5

) is consistent with the 
velocities measured by W. Gruebler et al. when different 
dissociator operating conditions are taken into account. 
Figure 2 shows plots for atomic hydrogen for different 
nozzle temperatures. 

(f) 
f-

Z 
:::J 

>-
0:: 
< 
0:: 
f-

m 
0:: 
< 

>
f-

(f) 
Z 
W 
f
Z 

0.4 

0.3 

0.2 

0.1 

A TOMIC HYDROGEN 
60 SCCM 

(1) 31.5K 
(2) 35k 
(J) 45K 

0.0 'l"":csLJ
o 
OL-L.~-'---'-:I oc':o-=-O-'--'--'---L-:-IS=-'0=-=0-'--'---L--'-:2,-JOOO 

VELOCITY IM/S) 

Fig. 2 Velocity distributions for atomic hydrogen for 
different nozzle temperatures. Relative beam intensities 
between distributions is arbitrary and not a true compar
ison. 

2.2. Flux Measurements 

For measuring the atomic beam flux from the diss
ociator, the TUNL design for a compression tube was used 
with changes suggested by W. Haeberli et al. The Bayard
Alpert gauge previously used to measure pressure changes 
in the compression tube was replaced with a cold cathode 
gauge in order to eliminate systematic changes dependent 
on exposure to H2. 

Beam fluxes from 3x1014 to 1.5x1015 atoms/sec were 
measured at the end of the second sextupole chamber with 
both sextupole chambers empty. A range of flow rates and 
nozzle temperatures were investigated. These measure
ments when compared with those with the sextupoles 
installed, showed little evidence of beam attenuation due 
to their aperture. The peak intensity was observed with 
210 Amps applied to sextupole #1, which corresponds to 
an integrated pole tip field of 108 kG-cm. The integrated 
pole tip field in sextupole #2 with 200 Amps applied is 60 
kG-cm. Maximum beam intensity observed was on the 
order of 1.Ox1016 sec-I. 

A smaller compression tube has been added to the 
sextupole #2 chamber RF transition shuttle in order to 
allow for atomic beam measurements with the source in 
operation. This tube has not been calibrated, but the 
relative pressure differential is extremely useful for opti
mizing the atomic beam flux density in the ECR ionizer. 
The maximum ~P observed to date is 8.OxlO-6 Torr, 
corresponding to a sextupole power of 12 for atomic beam 
measured with sextupoles on versus sextupoles off. 

2.3. Operating Experience and Improvements 

Temperature of the cold nozzle is regulated by a 
heater mounted on the clamp that holds the nozzle in 
place against the accomodator. A copper braid leads from 
this clamp to the He refrigerator cold head. Modifying the 
heater mount in order to more evenly heat the nozzle has 
improved temperature stability and reproducibility of 
atomic beam output. 

A drop in atomic beam intensity with time of 30% in 
the first 3 hours and 60% in 24 hours has been observed 
and is concluded to be due to the coating of the cold 
nozzle with a white powdery substance analyzed to be Si02. 
Several groups that have long term operating experience 
with RF dissociators with cold nozzles report varying 
degrees of accumulation of white powder correlated to the 
time integral of the RF discharge power.6-B) It is clear that 
the Si02 is being eroded from the glass dissociator tube. 
We have tried a quartz tube and an alumina tube in place 
of the standard Pyrex one. The quartz showed little change 
in accumulation of white powder whereas the alumina tube 
would operate for less than an hour before the H2 dis
charge became unstable. At the suggestion of T. Clegg 
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(TUNL), we also extended the Pyrex tube through the 
MACOR accomodator into the copper nozzle so that the 
atomic beam does not come into contact with the MA
COR. We are continuing to determine optimum parame
ters for the most reliable long term operation of the 
dissociator. 

3. ECR IONIZER 

3.1. ECR Operation 

The ECR ionizer (Fig. 3) was installed and ready for 
testing in early November of 1991 and beam was extracted 
shortly thereafter. The ECR sextupole magnet structure is 
biased at a high positive DC voltage for ion extraction. 
During initial operation of the ECR it was noted that the 
proton beam output increased as the plasma volume was 
increased. Current draw on the extraction supply also 
increased with plasma volume as did the pressure in the 
ECR. When the source was disassembled, there was 
evidence of ion beam incident on the RF transition units 
upstream of the ECR. Evidently, ions were being extract
ed from the plasma axially in the upstream direction, as 
well as radially through the gaps in the permanent magnet 
sextupole. In order to decrease the extraction current on 
the ECR, a cylindrical copper screen was installed around 
the permanent magnet sextupole and a cone inserted at the 
entrance to the ECR, both of which operate at a few 
hundred volts above the sextupole potential. This produces 
a potential barrier to eliminate extraction of the ion beam 
radially and axially upstream of the ECR. The original RF 
horn was substituted with a design using a microwave 
choke flange which can be floated at the sextupole poten
tial and therefore come into contact with the magnets 
eliminating ion extraction through the horn. The choke 
flange horn design also is about twice as efficient in 
directing power into the plasma region of the ECR as 
measured by the temperature rise of a water sample in air. 

Operation above 15 kV ECR bias has not yet been 
achieved due to current limitations of the power supplies. 
This problem is attributed to ions extracted from ECR 
onto the buncher electrodes through areas other than the 
extraction electrode. To eliminate this excess current 
draw, these areas will be covered. A quartz tube liner for 
the inside of the ECR sextupole also will be tested, which 
may eliminate the need for the screen and further reduce 
the current draw on the ECR, but at the cost of reduced 
radial pumping of the plasma region. 

3.2. Ion Extraction 

Beam has been successfully extracted from the ECR 
at the design energy of 2 ke V which is intended to be 
accomplished by operating the ECR sextupole at 20 kV 

and the buncher electrodes at 18 kV. A second accelera
tion gap after the buncher provides the source output 
energy of 20 keY. To date, best beam extracted from the 
ECR was observed with the sextupole operating at 10 kV 
and an extraction potential of 3.5 kV. 

The ECR was first operated with the atomic beam 
valve closed and gas injected directly into the ECR vacuum 
chamber. Introduction of hydrogen gas produced about 
100 !-LA of proton current. With helium as an injection gas 
25 IlA of doubly charged and 200 IlA of singly charged 
beam has been extracted and measured after mass analysis. 
The ECR ionizer will replace an arc source when doubly 
charged He beams are required. 
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Fig. 3 ECR Ionizer and buncher assembly showing RF 
horn with choke flange, biased screen, entrance elec
trode cone and low energy (2keV) buncher. 

3.3. Performance with Atomic Beam 

With atomic beam injected into the ECR, over 90 IlA 
of proton current was measured downstream of a 90° mass 
analysis magnet. The best 'real' beam to background ratio 
was observed with 68 IlA of total proton current and 6 IlA 
of background current measured by turning the focussing 
sextupoles off. After 18 hours of operation the total 
current drops to 35 IlA with 8 IlA of background. The 
drop in intensity is due to a deterioration of the perfor
mance of the dissociator while the increase in background 
is from loading of the sextupole #2 chamber and ECR 
cryopumps with hydrogen. 
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4. IN-TERMINAL BEAM TRANSPORT 

4.1. Beam Bunching and Acceleration 

The energy of the beam extracted from the ECR is 
relatively low (2 ke V) to permit efficient prebunching 
before leaving the ion source. The ECR solenoidal 
magnetic field is continued through the buncher section 
following the ECR (Fig. 3) to avoid the large emittance 
increase that would be associated with passage of such a 
low-energy ion beam through a termination of the ECR 
solenoidal field. Immediately after extraction from the 
ECR, the beam passes through the short, gridded RF gap 
of the buncher. RF power from a 500 W wide-band 
amplifier, fed through a 20 kV DC capacitive RF feed
through, provides the 200 Vpp linear sawtooth bunching 
waveform. The conical geometry of the buncher electrode 
effectively results in a single gap nonresonant buncher. 
The energy modulated beam drifts in the uniform solenoid 
field of the buncher section for - 35 cm to achieve bunch 
formation at an acceleration gap where the beam energy is 
raised to 20 ke V just prior to exiting the solenoid field. 
The strength of the solenoid field is chosen to provide 
focussing of the proton beam at this acceleration gap while 
unfocussed nitrogen ions from the N2 plasma buffer gas are 
intercepted, allowing for early rejection of much of the 
sizeable nitrogen component extracted from the ECR. 

4.2. Beam Transport System 

The 20 ke V ion beam emerging from the buncher 
section is focussed and steered in the source exit section 
into the 4 m long beam transfer line to the 600 kV termi
nal acceleration column entrance. Aside from the usual 
electrostatic focussing, magnetic steering, and beam 
diagnostic elements, this beam transport line (Fig. 4) 
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Fig. 4 In-terminal beam transport line showing the 
features described in the text. 

incorporates three principal systems of note. A combina
tion of a 90° bend, spherical electrostatic channel and a 
pair of spin-rotation solenoids placed at beam waists, is 
used to change the spin alignment axis of the polarized 

beam from axial orientation at the source exit to vertical at 
the end of the transfer line. A doubly focussing, doubly 
achromatic magnetic beam translation system produces a 
0.5 m vertical parallel drop of the ion beam in the terminal 
to match source beam height to the acceleration column. 
A unit magnification electrostatic zoom lens system 
matches the fixed transfer line optics to the variable 
acceleration column optics to provide controlled ground 
potential beam line injection over a wide range of terminal 
voltages. 

5. PROJECT STATUS 

The ion source is complete up to the transfer beam 
line and is now in the testing stages. The controls system 
using HP workstations and X-windows software, interfaced 
to a VME and a PLC, is partially implemented.9

) The 
buncher hardware and RF drive system is ready to be 
tested with beam. Fabrication of all transfer beam line 
elements is nearly complete. Installation of the source in 
the new terminal will take place in September of 1992. 
The 600 ke V beam transport line2) will begin to be in
stalled during a 6 week shutdown and first beam trans
ported to the Injector Cyclotron is expected to take place 
in late spring of 1993. 
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Abstract 

A new scheme of ion source based on a dielect.ric surface 
sliding discharge is descri bed. The condi t.ions to form t.his 
t.ype of discharge are analyzed and experiment.al result.s are 
shown. The main paramet.ers of t.his ion source are: acceler
ating voltage U = 1- 20 kV; cont.inuous extracted ion beam; 
current. density j = 0.01 - 0.5A/cm2

; ions of Cl, F, C, H; 
residual gas pressure P = 10- 6 Torr. A magnet.ic system 
is used to separate the different types of ions. The dielectric 
material in the discharge circuit (anode plasma emi tter) de
fines the type of ions. The emission characteristics of plasma 
emit.ter and the discharge parameters are presented. The ion 
current yield satisfies t.he Child-Langmuir law. 

1 INTRODUCTION 

The development of different kind ion sources is going 
intensively nowadays. It is connected with a number of 
problems concerning the forming of the plasma - the ion 
emitter in known ion sources. Discharge schemes based 
on gas discharges are used to get continuous ion beams. 
Many difficulties exist in the production of the ions of 
the dielectric materials due on the demand to form a 
plasma which components are the ions of needed kind. 
In this article it is suggested to use a sliding discharge 
[1] on the dielectric surface for receiving of continuous 
ion beams of: carbon, chlorine, fluorine, hydrogen etc. 
from different dielectric materials 

2 CONSTRUCTION AND SCHEMATICS 

The ion source, shown schematically in Fig. 1, consists 
of two main blocks. The first one is the discharge block, 
formed by dielectric body 1, with a dielectric ring 2 con
nected to the body 1. On the surface of ring the 2 sliding 
non-finished discharge is ignited by the voltage, applied 
to the grid electrode 3. The second block is for ex
traction of the ion beam. It consists of a ring-shaped 

isolator 4 and high voltage electrode 5. The voltages 
igniting the discharge and extracting the ion beam are 
fed through vacuum sealed connectors 6 of the flange 7. 
The whole construction is enclosed in a vacuum cham
ber which may be connected to an external system by 
a flange. The main(principal) element of the discharge 
device is the dielectric ring. From the opposite to the 
grid electrode 3 side of the ring there is a contact elec
trode from copper or other conductive material. This 
contact electrode, as well as the grid electrode, may be 
attached to the dielectric surface of the ring by evapo
ration or other electro-chemical technique. For dielec
tric surface discharge stabilization an external magnetic 
field, produced by a permanent magnet, is applied. The 
ion charge/mass state separation is fulfilled also by the 
magnetic field of permanent magnets, changing appro
priately the distance between the magnets by a mechan
ical device. The ion source may be powered by one of 
the next supply schematics, shown on Fig. 2. Residual 
gas pressure in the source is 10- 6 ...;- 10- 5 Torr. The ion 
source is not complicated . It. may be produced and 
assembled easily and may be tuned quite fast. 

3 PRINCIPLE OF OPERATION 

The ion source principle of operation may be described 
as follows: by applying a voltage from the power sup
ply to the discharge block a sliding discharge is formed 
on the dielectric surface between the contact and the 
grid electrode over the grid cells. This discharge be
comes plasma ion emitter. The discharge forming de
pends on the electric field strength in this interval which 
by residual gas pressure in the above mentioned limits 
is 2 x 106 V / cm in average. Further processes in the 
plasma discharge consist in primary dusting and further 
disintegration of the dielectric material in the needed 
plasma components to reach the required current den
sity. The upper level of the density is limited by the 
resource of the stable glowing of the discharge, con
nected to the dielectric erosion and the instability of 
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the plasma discharge between the cells of the grid elec
trode.The experiments show, that for stable discharge , 
supported by discharge block voltage between 4 and 15 
kY, best results are received with grid cell size from 1 x 1 
to 2.5 x 2.5 mm x mm. The dielectric ring material de
termines ions type.To receive ions of fluorine the best 
is to use foil-covered teflon, of chlorine - vinyplast,of 
carbon or hydrogen -polyethylen,etc. Ion extraction is 
provided by electric field, formed in the ion beam extrac
tion block, fed by dc high voltage supply source. The 
needed voltage is from 1 to 20 KY. 

4 RESULTS 

The emission characteristics of the described ion source 
show that the value of the extracted ion beam for dif
ferent ion sort satisfies the Child- Langmuir law. By 
the above mentioned voltages on the extraction block 
the value of the current in the continuous extracted ion 
beam is from 0.01 to 0.5 A. The value of the ion cur
rent strongly depends on ion mass accordingly to the 
Child-Langmuir law.The measurements of the formed 
ions charge state in the source showed that it is equal 
to 1. At present study and work to increase the charge 
state are carried out.The source life time is limited by 
the time of stable discharge forming and reaches 6 hours 
in the best cases. Additional research and development 
work is needed to increase the ion source life time. This 
concerns first of all the dielectric ring parameters and 
the search for its most suitable components. 

5 CONCLUSIONS 

The presented source works on a new principle and al
lows the receiving of continuous ion beams from solid 
state dielectric materials with any wanted form of the 
beam cross-section. Additional work is needed to in
crease its life time and to determine its emittance pa
rameters. 
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ABSTRACT 

Two ion sources, a multi-cusp ion source for light 
ions and an ECR ion source for heavy ions, were in
stalled for the JAERI AVF cyclotron. Operation of the 
sources at JAERI started in February 1991. The abil
ity of ion generation required for beam injection into the 
cyclotron has been attained. Some characteristics, test 
generation of metal ions and results of beam transport 
to the cyclotron are described. 

1. INTRODUCTION 

A multi-cusp and an ECR (OCTOPUS) ion source 
manufactured at Ion Beam Applications s.a. in Belgium 
were tested and connected with the computer control 
system at the Niihama Works of Sumitomo Heavy In
dustries, Ltd. in 1990. 

The sources and the cyclotron were installed at 
JAERI in early 1991. The beam generation tests of the 
sources, acceleration by the cyclotron and transport of 
beams to the end of beam lines have been conducted. 
In these days, the sources supply ion beams mainly for 
beam study of the cyclotron and some experiments at 
beam course ends.1,2) Improvements and developments 
have also been carried out mainly for higher beam trans
mission to the cyclotron and metal ion generation. Emit
tance of Ar beam from an ECR ion source was measured 
in detail. 

2. ECR ION SOURCE OPERATION 

The ion generation test at JAERI has been made 
for 0 6+, Ar8+, Ar 13+ and Kr 20+ to ensure that beam 
currents more than 1 eJ1A were generated, and the test 
was successful for every ion species. 

The beams except for 0 6+ were injected into the cy
clotron, and acceleration and beam extraction tests have 
been carried out. The currents measured at beam course 
ends also satisfied those expected. The He2+ beam was 
also produced by the JAERI ECR source and was sup
plied for the cyclotron. The results were reported for ion 

beam generation from gaseous materials by the JAERI 
ECR source elsewhere.3) 

2.1. Metal Ion Generation 

We tried to generate metal ions of AI, Mo and B 
by direct insertion of a rod into plasma. Rods of Ah03, 
M02 C and BN were inserted radially into the 2nd stage 
plasma by remotely controlled motor drive and could be 
positioned by 50 J1m steps. Though the insertion depth 
has not been optimized, we observed these ion beam cur
rents as listed in Table 1 enough for acceleration by the 
cyclotron. Beam currents of Al ions were stable and the 
maximum currents were easily attained. The Mo ion 
beam currents were less stable and the total currents of 
all the isotopes were similar to the Al ion beam currents. 
Ion beam of B was unstable and small compared with 
the other two metal ions in spite of low charge state. 
The averaged beam currents are listed in Table 1. The 
performance on metal ion generation and beam stability 
appear to depend on physical and chemical characteris
tics of rod materials. 

2.2. Charge State Distribution and Main Gas 
Feeding 

The J AERI ECR source had been operated by feed
ing main and support gases into the 1st stage chamber. 
VVe examined the difference of charge state distribution 
of Ar ions by feeding Ar gas into the 1st and the 2nd 
stage. We used O 2 as the support gas and fed it into the 
1st stage in all cases. When feeding into the 2nd stage, 
the beam current sensitively depended on the operat
ing parameters, such as mirror coil current, microwave 
power, etc., and the plasma fired in narrower range of 
mirror coil current at the 2nd stage. The gas flow range 
of Ar reduced down to one tenth. These indicate that the 
plasma condition is different between the fed chambers 
of the 1st and the 2nd stage. Further experiments and 
data are necessary to assign the cause of the difference. 
However, it may come from the change of pressure distri
bution of Ar gas with feeding position, for example. The 
difference of the plasma condition clearly appeared in 
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Table 1. Maximum beam currents of metal ions. 

material support gas IOn current( ef-lA) 
Al20 3 O2 AI8+ 5 

AI6+ 17 
AlH 43 
AI3+ 62 

M02C N2 98Mo17+* 5 
98Mol5+ 6 
98Mo13+ 7 
98Moll+ 2 
98MolO+ 4 
98M09+ 4 

BN N2 11B3+ 5 
11 B2+ 5 

* natural abundance of 98Mo is 24%. 

the charge state distribution of Ar. Figure 1 shows that 
beam currrents are lower for the 2nd stage feed than for 
the 1st stage one. On the other hand, decrease of cur
rents at high charge state is smaller for the 2nd stage 
feed. We expect from the data that feeding into the 2nd 
stage provides higher performance in generation of high 
charge state ions. The contribution of the performance 
will be significant in generation of heavier ions. 

2.3. Emittance of Ar Ion Beam 

Measurement of emittance for 80% current density 
of Ar ion beam was carried out at an extraction voltage of 
10 kV in a wide range of mirror coil current. It was mea
sured by an emittance monitoring system at a diagnosis 
chamber (ES2, see Fig. 3), consisting of a pair of a slit 
and a multi-wire detector. When Ar gas was fed into the 
1st stage, the horizontal emittance of Ar8+ beam varied 
from 100 7Tmm·mrad to 170 7Tmm·mrad, while the ver
tical emittance was almost constant at 100 7Tmm·mrad. 
The horizontal and the vertical emittance must be equal, 
since the ECR ion source and the beam extraction sys
tem is cylindrically symmetric. It may be only a rea
son for the observed phenomenon that emittance growth 
comes out in horizontal direction at the analyzing mag
net due to momentum spread of ions. It is generally 
said that the momentum spread of ions from an ECR 
ion source is small because ion temperature is very low 
in ECR plasma. However, if extraction voltage flutters 
by hundreds of volts, growth of the horizontal emittance 
at the analyzing magnet is not negligible. We observed 
that extraction voltage fluttered by a few hundreds of 
volts when the plasma was very unstable. This result 
supports the above assumption. It is necessary to inves
tigate the relation between fluctuation of the extraction 
voltage and the emittance. 

When Ar gas was fed into the 2nd stage, the hor
izontal emittance was almost equal to the vertical one 
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Fig. 1 Charge distribution of Ar ions, comparing 1st and 
2nd stage feeding of Ar gas. 

about 100 7Tmm·mrad, and was independent of the mir
ror coil currents. This also suggests that the condition 
of the plasma depends on the location of the inlet to 
feed Ar gas. The dependence of the beam emittance on 
charge state was not observed clearly. 

It is found as a result that the emittance of beam 
from the JAERI ECR source depends on mirror coil cur
rents and is a quarter to half of the beam acceptance of 
the injection line. 

3. MULTI-CUSP ION SOURCE OPERATION 

The multi-cusp ion source is of the same type as 
that installed at Orsay.4) The side view of the source 
and specifications are shown in Fig. 2 and Table 2, re
spectively. The cylindrical source chamber, 15 cm in 

Table 2. Specifications of Multi-cusp source. 

Chamber diameter 
length 

Parmanent magnet 
Filament voltage 

current 
Arc voltage 

current 
Extraction voltage 

Puller voltage 
H+ beam current 
D+ beam current 

10 cm 
15 cm 
SmCo 46 pieces 
o to 15 V 
o to 100 A 
o to 400 V 
o to 15 A 
3 to 20 kV 
o to-3 kV 
1.3 rnA (maximum) 
1.0 rnA (maximum) 
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Fig. 2 Side view of the multi-cusp ion source. 

length, 10 cm in diameter, is made of copper. A tung
sten filament, 15 cm in length, is set along the central 
axis in the chamber. The arc plasma is confined by four 
rows of ten SmCo magnets mounted on the outer side 
of the chamber and six SmCo magnets at the end of the 
chamber. The beam extraction system consists of an ex
traction and movable puller electrodes, between which 
the gap is variable. The extracted beam is focused by a 
Glaser lens. The source can be simply operated mainly 
by arc voltage, arc current, gas flow, puller voltage and 
position. 

The extraction voltage of the source is designed to 
cover a wide range of 3 k V to 20 k V to meet a wide ac
celeration energy range of the cyclotron. When the orig
inal extraction and puller electrodes with a single hole 
of 6.5 mm diameter were used, sufficient beam current 
was not obtained from the source at low extraction volt
ages. Plenty of beam current was lost around the puller 
electrode because of a large divergence of the extracted 
beam. To reduce the divergence by using a smaller as
pect ratio of the diameters to the gap between the ex
traction and the puller electrodes, they were replaced by 
multi-hole type electrodes with nineteen holes of 1.8 mm 
diameter. This increased beam current by ten times at 3 
kV extraction voltage. The maximum beam currents of 
H+ (1.3 emA) and D+ (1.0 emA) were stably extracted, 
in which the short term flutter was less than 5% by peak
to-peak. 

However, the multi-hole puller electrode is damaged 
by spattering of beams. The effect of spattering turned 
out to be serious when high current of He 2+ beam was 
extracted, and partition of holes got thin and melting 
also occured. Therefore we now generate IIe2+ beam 
usually by the JAERI ECR source. 

Table 3. Beam transmission along the injection line. 
Beam currents are normalized by that measured at ES2. 
See Fig. 2. 

a) JAERI ECR source 

IOn Vex(kV) ES2 lSI IS3 
10.0 

8.5 
8.5 

1.00 
1.00 
1.00 

0.91 
0.94 
0.91 

0.83 
0.92 
0.91 

* ) Beam currents at ES2 (eJ-lA). 

b) Multi-cusp source 

IOn Vex(kV) lSI IS3 IS5 
H+ 12.5 1.00 0.99 0.96 
H+ 8.7 1.00 1.00 0.94 
H+ 8.7 1.00 0.84 0.58 
H+ 3.1 1.00 0.79 0.68 
H+ 3.1 1.00 0.60 0.48 

*)Beam currents at lSI (eJ-lA). 

IS5 
0.78 
0.84 
0.86 

58 
255 

22 

1*) Vac") 

16 2.8·10 4 

1.6 6.3.10- 5 

760 6.8.10- 4 

96 2.0.10- 4 

500 9.2.10- 4 

** )Pressure measured at a diagnosis chamber MSI (Pa). 

4. BEAM TRANSMISSION TO CYCLOTRON 

A scheme tic layout of the ion sources and injection 
line to the cyclotron is shown in Fig. 3. It consists of a 
90 degree analyzing magnet (EAM) for the JAERI ECR 
source, an inflection magnet (IIM) as an analyzer for 
the multi-cusp source, a 90 degree bending magnet for 
vertical injection into the cyclotron and eight solenoid 
lenses. Eight chambers, each of which are equipped with 
a Faraday cup, X-Y slits and a beam profile monitor, 
were installed for beam diagnosis. The beam acceptance 
of the line is designed at 400 7rmm·mrad to maximize the 
transmission of large emittance from the ECR source.5 ) 

The beam transmission to the cyclotron has been 
improved by careful optimization of beam transport. An 
example of the transmission is listed in Table 3. As 
described above, emittance (80%) of the JAERI ECR 
source beam is a quarter to half of the acceptance and 
expected to be improved up to 95%, which is estimated 
to be a limitation by collision with residual gases in the 
line. 

The transmission of the beam from the multi-cusp 
source is strongly dependent on the extraction voltage 
and beam current. The transmission is quite satisfactory 
for low beam current and at high extraction voltage. The 
transmission is very low along all the injection line when 
extraction voltage is low and/or beam current is high. 
This is attributed to large beam divergence beyond the 
beam acceptance of the line. Space charge in the extrac
tion region also may have considerable effect on beam 
divergence. In addition, contribution of gas pressure af
ter extraction may not negligible. When we extract high 
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Fig. 3 Schematic layout of the ion sources and the injection line. 

current beam from the source, gas is fed into the source 
at high flow rate, and gas pressure around the extract 
region increases; it is assumed to be much larger than 
monitored value measured at a diagnosis chamber MS1 
(see Fig. 3). This contributes to growth of beam di
vergence through collision with the gases. In the case 
of the JAERI ECR source, gas pressure at extraction is 
about 5.10- 5 Pa, and at high current of He2+, lowering 
of transmission was not observed at all as shown in Table 
3. 

5. SUMMARY 

Three years have passed since the J AERI ECR and 
the multi-cusp sources started ion beam generation. The 
performance of the sources has been improved by several 
minor changes. Beam transmission also has been im
proved step by step for many ion species. For the ECR 
ion source, metal ion has been successfully generated by 
direct insertion of a rod into the plasma. We are planning 
to diversify metal ion species. For the multi-cusp source, 
further improvement will be necessary for transmission 
at low extraction voltage and high beam current. 

Further data collection and investigation should be 
continued to improve performance and solve remaining 
problems of the sources and the injection line. 

We would like to thank M. Ide of Denki Kagaku Ko
gyo Co. for preparing the rods for metal ion generation 
in the ECR ion source. 
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SPIN DYNAMICS AND POLARIZED ION SOURCES ON ISOCHRONOUS 
OYOLOTRON U-240 
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Ukraine, Kiev, 252028, Ukraine. 

ABSTRAOT 

A matrix method approach to treat 
spin dynamics in electromagnetic fields of 
a beam line is developed and some results 
of calculation for Kiev's isochronous 
cyclotron U-240 are presented. Spin 
depolarization resonance conditions of 
various polarized ion acceleration at this 
cyclotron are analyzed. Polarized light 
and heavy ion sources for the cyclotron 
are discussed shortly. 

1. INTRODUOTION 

A great progress in development of 
isochronous cyclotrons, external injection 
systems and polarized ion sources caused 
applications of these accelerators for the 
mean energy polarized beam production to 
investigate various polarization phenomena 
in the field of nuclear physics. 
Contemporary high requirements to a 
precision of such investigations. 
particu1arly at symmetry laws studying, a 
necessity to have different spin states of 
the beam on a target, and perspectives to 
use isochronous cyclotron as first stage 
of facilities producing intermediate and 
high energy polarized beams. stimulate to 

study ion beam spin dynamics and 
depolarization from a source to a target. 
In present work the results of 
investigations and elaborations for 
production. acceleration and 
transportation of various polarized beams 
(p, 1 H-, d, 2 H-, t, 3 H-, 3 He2+, 6,7Li3+, 

14Ns+ ,7+ , 23NaSH ) wi tIl energy 120 q2 I A 2 

MeV/u at the isochronous cyclotron U-240 
of Institute for Nuclear Research in Kiev 
are discussed. 

2. SPIN DYNAMICS IN BEAM TRANSPORT LINE 

A spin precession of polarized ions 
at passing through electromagnetic fields 
results on final spin orientation. Because 
of different ion trajectories and 
different magnetiC field component 
directions, the movement through such 
fields affects an absolute value of the 
beam polarization, and during acceleration 
the beam may be fully depolarized if 
corresponding resonance conditions take 
place. For spin dynamics calculation of 
the ions passing through transportation 
system units a matrix method was used with 
following expression of a rotation matrix 
(a,~" are Euler's angles) 

cosacos~cos,-sinasin, 

R= sinacospcos,+cosasin, 
-sinpcos, 

-(cosacos~sin,+sinacos,) cosasin, 
sinasinp 

cosp 
-sinacospsin,+cosacos, (1 ) 

sin~sin, 

The matrix elements are essentially 
simplified at decreasing of the Euler's 
angle number. Such simplifications are 
accomplished for consideration of spin 

dynamics in right-hand frame with Zll k and 
vertical axis y, what is convenient 
accelerator and transport line 
horizontal symmetry plane. 

for an 
with 
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A final spin state Sn(Sx'Sy,Sz) is a 
result of successive actions of the type 
(1) matrices R, inherent to each of 
transport line units: 

S(S",Sy,Sz)=RnRn-t···R2RtS(S S S) (2) 
Xo Yo Zo 

One unit may be represented by several 
matrices in accordance with peculiarities 
of the magnetic field (for example, input, 
central and output parts of a dipole 
magnet). There are among R matrices free 
path matrices and matrices needed at a 
plane change of the initial beam line. 
Thus one has opportunity to calculate spin 
dynamics in the transport line with any 
number of units and any trajectory in 
accordance with a specially developed 
TRANSPIN program. The angular (x' ,y) and 
spatial (x,y) trajectory parameters one 
takes from corresponding transport line 
calculations on the base of TRANSPORT 
program. A knowledge of the angles of spin 
axis orientations permits to determine ion 
polarization component values t what is kg 
realized in TRANSPIN using appropriate 
formulas of work t) for spins 1/2 and 1 • 
The expression of Euler's angles for some 
typical magnetic units of a transport line 

)f! Unit 

1 Dipole magnet(DM) 

as the functions of ion properties 
(g.A.q.v), unit parameters (B.L,e,p) and 
trajectory parameters (x.y.8 .8) are 

o 
demonstrated in Table 1. Formulas for 
other possible units and their detailed 
treatment are considered in references 
2,3). Analysis of the Table 1 expressions 
shows that edge fields of transport line 
units do not affect on ion polarization 
values only for the central trajectory 
(8

0
=8=0, x=y=O). The ions moving on side 

trajectories get spin precession around 
field components which do not coincide 
with main field direction. The difference 
in precession angles finally causes the 
beam depolarization. Calculation data for 
different transport lines always show 
decreasing of the depolarization effects 
at even crossovers independently on a unit 
set. The same takes place at decreasing of 
the beam emittance. 

3. DEPOLARIZING RESONANCES IN THE 
CYCLOTRON 

The second cause affecting on the ion 
beam depolarization is the horizontal 
component of magnetic field in the 
acceleration region. A periodical 

Table 1. 

a ~ 

- ~q(gA/2q-1 )±(8-80 )gA/2q 
2 Input of DM ygAcos(E)/2pq ygAsin(E)2pq 
3 Output of DM ygAcos(E)/2pq ygAsin(E)2pq 
4 Quadrupole lens (F) - ±(8-80 )gA/2q 
5 Quadrupole lens (D) - ±(8-8o)gA/2q 
6 Wien til ter (WF ) - ~oBLlhv+(e-eo)gA/2q 

7 Input of WF Y&l.oB/hv -

8 Output of WF y~oB/hv -

Notes: g-factor, atomic weight (A), charge (q). velocity (v) of ion; 
magnetic induction (E), length of unit (L), angle between normal to magnet 
edge and system axis (E), trajectory radius (p); trajectory coordinates 
(x,Y), input and output angles between central and treated trajectory, 
correspondingly (80 ,8). 
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structure of the isochronoUB cyclotron 
U-240 magnetic field (3 sectors) is a 
rotating field in particle bound frame. 
Such field may induce transition between 
spin substates m and m' with probability 
Pmm'. which is described by Majorana's 
formula 4). It gives opportunity to 
determine a transition probability for the 
particles of any spin value taking into 
account the probability for spin 1=1/2 
particles Pj./Z-1/Z at the same 
gyromagnetic ratio. UnhomogeneoUB magnetiC 
field of the cyclotron in the right-hand 
frame (z is vertical. yllk) has components 
Bx and By in horizontal plane. They 
deviate ion spins from vertical direction 
because of precession around horizontal 
components. 

Owing to distortion of ion orbits 
depolarization resonance conditions may 
appear which in general relativistic case 
are determined by an equation 

'YG=±k±mv ±nv (3) 
I '" r 

where k. m. n - are integers including 0. 
v"'. Vr are numbers of horizontal and 
vertical vibrations per one turn. 
correspondingly. ,=:&/Eo=1 + ~/Eo wi th 
Eo=mc2• G is Larmor to cyclotron frequency 
ratio G=vl /vc =gA/2q-1. 

An application of the equation (3) to 
the isochronous cyclotron U-240 shows 

o 13 MEN p 
o -50 ~ '" 
<> 80" " 
• 64 '" ~ 

20 30 40 so 60 

Fig. 1. 

existence of several resonance 
at acceleration of each of 
mentioned polarized ion types. 
important cases are shown in 

conditions 
the above 
The most 

the Fig.1 
where full lines represent solutions of 
the eqlffition (3) for 1'2; pOints are 
experimental data for different field 
levels of the cyclotron U-240 as the 
functions of orbit radiUB (ion energy). 

An influence of resonance conditions 
on the ion polarization depends on 
resonance width r and a strength w. It may 
be shown following the works 5,6) that 
after passing of resonance the ion 
polarization P2 will be 

P' =P [2exp (- '1tWzr2] -1] =P (1-2P ) • z :z z t./Z-1/Z 

(4 ) 

As it is obvioUB from (4). at w2/r«1 
resonance is weak and P'=P , at w;1'»1 

z z 
it is strong and P'=-P. at intermediate z z 

conditions the depolarization takes place. 
As in general form 

w2/r- (1+GJ)2 (B IB )2 (5) 
- Gd,1 8 r 0 

besides the individual properties of the 
ion type G, acceleration rate d,/d8 and 
magnetic field level Be, the resonance 
strength depends on horizontal component 

70 80 
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of the field in the resonance Br 

To determine Br values in different 
resonances. the harmonic analysis of the 
magnetic field was carried out like 
reference 6) taking into account 
experimental data of the magnetic 
measurements for cyclotron U-240 and 
radial dependence of the field harmonics 
(details will be published elsewhere). 

Upper and lower limits of Br/Bo were 
determined from expression (5) for all ion 
types at the assumption that the 
resonances did not affect polarization if 
Gl/r<1/3 or Gl/r>3. Although values of 
these limits depending from G and j can 
differ by an order for various ion types. 
at Br /Bo <0.43 10-3 the resonance is weak 
and at Br /Bo >1.25·10-z it is strong for 
all mentioned ions. The field expansion 
coefficients, their derivatives and the 
BJBo limits permit to neglect all 
resonances of the jG=±vz±vr type. Bx 
components for k=6. 9 resonances. and all 
k=1. 2. 4. 5 resonances due to small 
contributions of these harmonics in the 
real magnetic field of the accelerator. 
This approach proves the absence of 
d for z3Na9+ • angerous resonances 
Comparisons of real field Br/Bo ratios and 
their limits for every ion type in details 
testify that. excluding 3 Hez+ ions. 
resonances shown in Fig.1 are also not 
dangerous. Therefore it is possible to 
produce almost all polarized ion beams 

without resonance depolarization at the 
accelerator. 

4. POLARIZED ION SOURCES 

To accelerate polarized ions at 
cyclotron U-240, ion sources of stable 
hydrogen isotopes and 6 M were elabOTP:l:ed. 
using classical method of polarization 
7,6). Last years a new atomic beam unit 
including two sextupole magnets and a 
cooled nozzle for the polarized proton 
source. a new alkali atom source and 
diagnostic devices are developed. 
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ABSTRACT 

The magnetic field modification and source test are 
presented. A preliminary test on a cold cathode used for 
the second stage of CAPRICE is reported. 

1. INTRODUCTION 

The HIRFL injector cyclotron SFC is a K69 en
ergy variable multi particle one-Dee machine.Originally,a 
radially inserted PIG source was used as its internal 
source. To increase significantly beam energy ,variety of 
ion species, operation efficiency and reliability,an ECR 
source has been coupled to SFC as an external source. 
HIRFL then will be able to accelerate ions from C to 
Ta upto energy of about 120 and 7.5 MeV/A respec
tively. The ECR source is a CAPRICE type introduced 
from CENG.Lab. France in 1988. Over the next year 
the source worked on IMP test bench. During this time a 
test on the magnetic field modification was carried out. 
In 1990 an atomic physics experiment using the high Z 
ions from CAPRICE was performed 1). At the end of 
1991 CAPRICE was coupled to SFC by a injection beam 
line. Some more tests on the source were done also. Re
cently,another CAPRICE -like source was designed and 
machined. Now it is assembled and ready for tuning. 

2. CAPRICE ION SOURCE 

The 10GHz ECR source CAPRICE is a very com
pact source suitable for producing high Z ions of gaseous 
and solid elements 2-3). As it is shown in Fig.1,only one 
microwave generator is used for both first. and second 
stages. The microwave is fed from waveguide 6, passing 
through microwave window 11, the coaxial line around 
the first stage ,and finally is fed into the multimode cav
ity 12. A cold dense plasma is ignited inside the quartz 
tube 14 ,then diffuses into the second stage,where the 
working gas pressure is much lower and a good magnetic 

confinement is produced by the combination of the ax
ial field and the hexapole field. Even more,a closed ECR 
surface can promotes to produce plasma electrons of Kev 
energIes. The main features of CAPRICE source are: 

l.magnet 
2.two coils 

~~~~~~~~~3.ECR surface 
4,5.entrance and exit 

of cooling water 
6.wave guide 
7.gas feeding 
8.T.M. pump 

15 

9.plasma electrode 
IO.gas tube 
II.microwave window 
I2.plasma cavity 

~~~~~~~~~13.magnet assembler 

Fig. 1. CAPRICE. 
I4.quartz tube 
IS.conical ring 
I6.puller 

(1) The solenoids are shielded wi th iron flanges on both 
sides and the hexapole is surrounded by an iron cylinder, 
which are helpful to decrease the electric power consump
tion in the mirror solenoids. 
(2) Some iron parts are used to form the needed mag
netic field. This makes the source compact,especial short 
distance between the two stages and between the ECR 
zone and extraction hole. As a result, a better diffusion 
of plasma from first stage to second stage and high ex
traction current are achieved. 
(3) There are no pumps, no microwave window in the 
main stage. The plasma cavity is all in one piece for 
both stages. It is easy to be assembled and disassem
bled. These features make CAPRICE source convenient 
for operation, tuning and maintenance. 
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3. SOURCE STUDY ON TEST BENCH 

CAPRICE had been well tuned at CENG . 
Lab. typically for oxygen ions with excellent result,and 
then was also hIlled on IMP test bench. The result 
showed the extracted ion currents were essential the same 
as got in CENG. This implied the good reproducibility of 
the source and that the supplementary equipments dis
posed in our Lab . worked normally. 

To satisfy the needed ion yields for heavy elements, 
we tried a possible modification of the source. As we can 
see in Fig.l,a conical iron ring 15 plays an important role 
for the formation of first magnetic mirror peak. The po
sition of this ring can be adjusted along the axis and op
timized for each ion species . Based on the magnetic field 
calculation,a more suitable ring shape was found out. 
Figure 2 shows the original iron ring and new one, while 
in Fig.3 the magnetic field B on the source axis is given 
for these two cases. It can be seen that this new ring 
provides a higher peak value and narrower width . The 
results of ion yields for N e,Ar and Xe for both the origi
nal and new shaped conical ring are presented in Tab.I. 
A considerable increasing in extracted currents with fac
tors of about 1.5 and 2 is got for N e and Ar ions respec
tively. Figure 4 shows the ion-spectrum optimized for 
.. 1.7.8+ with He as a supporting gas. It is worth notice 
that the benefit is mainly based on the improvement of 
the CSD (charge state distribution) in plasma. 

Table 1. Ucam curren I wilh lhe Jrlod iiical.ed ring 
0 - ~TA;:---r- Xe 

__ uu ___ • ---- - -----i-------. 
;l :1 [" j:l91l 1--.J 
4- -- 12473(0)---+: ------

5 -~~~Z1~ij' --.:=-~~_L__=t= __ 
(3 206/20:' 100/15:, ! I 

7 25..1 / 35 108/183 
8 --- . 110/220 ---
9 - - - -----TS6TiiiSl------

U~ --h 2/ i5-r-
: [5 ~--122725 

:t. Oatil 011 left -tnp rue for origin.,.! ring 

Fi~ _ 2. Th" shap" of nri~inall'ing (a) and new ring (h) 

As it is shown in Fig.3,the new iron ring makes the 
mirror peak a little narrow,and so the first resonance 
point closer to the second stage. In this case a certain 
increment of the injected plasma from first stage is got . 
This plasma contains mainly low Z ions. It is helpful 
in igniting and sustaining plasma in second stage at a 

lowest possible neutral gas density. Therefore, the loss 
rate from charge exchange, especially for higher Z ions,is 
reduced, and better CSD can be expected. On the other 
hand, this new mirror peak with higher peak value may 
drive the plasma in second stage to be concentrated into 
the area near extraction hole. 

10000 .. • 
- -origl1:1al Dng ! _ ..... 
___ _ new r 1 ng ...;..( \ 

/;1 \ \ 
8000 r- ~ I! \ \ 

/1 ~ \1. '/ . f. \ 

.Ii· t \ 
6000 r-

S 
'-' /" i '\ 
'" 4000 ~.c~ .......... +...... .. \ .... : 

2000 i- ! \. \ 
f \. , 
f. "',~_ 

f OL-________ L-l ____ L-__ L-______ --J 

25 .. 0 30 . .0 

Z(cm) 
Fig.3. i\Iaplf'ti(' field n along SOll!,(',' axis . Coil cur

rent Il = 1120A., h = 11 lOA.. 

9 8 7 6 5 

Fig.-!. Ion spectrum optilllized for A.r"+ . 

4 . SOURCE OPERATION WITH 
INJECTION BEAM LINE 

When CAPRICE was coupled to the injection beam 
line of SFC, the source had to share high pressure cooling 
water with other elements of the beam line .It proved that 
the cooling water pressure for solenoids of CAPRICE is 
lower than it should be .Meanwhile,the coil currents for 
solenoids usually exceeded 1100 A, and these were very 
near to the upper limit of the power supplies. The only 
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feasible solution is to decrease the electric power consum
pion in the solenoids without any losses in the extracted 
beam. After the calculation of the magnetic field distri
bution inside soft-iron elements of the source, we found 
that some of them were saturated very much. In this 
case three options have been taken. 
(1) Changing the material of the conical ring from soft 
iron to cobalt-steel with much higher saturation magne
tization. Figure 5 shows the cross section of the new 
ring. It is expected to increase the first mirror peak by 
this change. 
(2) Putt.ing a soft-iron flange attached to t.he end flange 
at source extraction side. It should be responsible for 
the increasing of the second peak value. 
(3) Using a puller with a special structur as shown in 
Fig.5. It consists of two parts,stainless-steel and soft-iron 
for each. Figure 7,8 show the magnetic field n distri
butions,especially in the extraction side, for the original 
stainless-steel puller and the new one with optimized coil 
currents for both solenoid groups. 

cobalt-steel 

Fi!!;.5. N"1\' couical ring with cohalt-steel. 
Fig.G. Nny pnll('r wit.h hm kinds of luatcrial. 

-----original 
new 

8000 

2000 i-

o 5 .. 0 10.0 15 .. 0 

Z(cm) 

-

Fi!!;.7. Axis llla!!;nctic field n('ar th" extraction. Uriginal: 
I, = 11211.-l.h = 1111lA.. Nny: I, = lOG2.·l..h = 97·L-1. 

6001,1 

5751,1 

------original 
new 

.--//// 

~ 
-----.:~ -- "' .... '. 

//,1 
,.." 

Original: Il=1120A, 12=1110A 
New: Il=1062A, 12=974A 

S5~1~--~--~--~--~--~--L-~ 
0.50 "1.00 1.50 2.00 2.50 30·.00 

R(cm} 

Fi!!;.8. :\Iaglldi(' fid" YS radins ncar tIll' ,'xtractioll. 

In Fig.7 the curve is refered to n data along sOllIce 
axis. while Fig.8 is for the total mirror n data along 
a radius at the axial position of a few mm before the 
extraction hole. It can be seen that new puller gives a 
better field configuration with magnetic fields appropri
ately increased both on the source axis and on the large 
radius at the extraction region. 

After all these changes, the magnetic field B on the 
source axis is shown in Fig.9. The source is then op
erated with a satisfactory result. The average electric 
power consumption for solenoids is decreased by 10% for 
the injection side and more than 20% for the extract.ion 
side. In addition,the gas feeding is decreased remarkably. 
The benefit in .-1.1'8+ beam current of approximate 20% 
is achieved. 
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5. PRELIMINARY TEST ON A COLD 
CATHODE FOR ECR SOURCE 

Under the inspiration of using a electron gun for 
ECR at LBL 4),a study on the use of a cold cathode 
for CAPRICE type source has been carried out. Figure 
10 shows the schematic drawing with a cold cathode of 
position-adjusted along the axis by a piece of permanent 
magnet. 

Ta disk Ta wire 
\ /r-----

! 
inner tube; 

insulator 

Fip;.10. TIl<' cold cathode for CArD ICE. 

U sing this method only . .{,.8+ was tested for 
the ready optimum parameters of the beam line from 
CAPRICE to SFC. All the data quoted below for beam 
current are in microampere and measured at the third 
faraday cup, which is located in the position about 1 me
ter before the bottom of SFC and about 6 meters from 
the source. 

The source was operated in the following cases: 
(1) The source worked in the ordinary fashion with two 
stages. Beam current was about 140. 
(2) U si ng single stage mode and extending the in ner 
coaxial tube into the second stage. Beam current de
creased to 70. 
(3) The source was operated in the fashion similar to 
that as shown in Fig.10,but without the Ta disk. In this 
case/fa wire of Imm in diameter was used. Beam current 
came up gradually until 135 when the negative voltage 
increased upto 800 volts. 
(4) Using the cold cathode as shown in Fig.l o. When the 
biased negative voltage was only put to about 10 volts, 
beam current increased considerably and then reached to 
saturation condition. Beam current could get the maxi
mum of 24() when the biased voltage was about 50 volts 
negati ve. That meant about 70% increasing of beam cur
rent in this case than the usual case 1. The operation 
parameters of the source were changed much. The opti
mum microwave power was decreased from the ordinary 
value of 500 watts to 360 watts. The gas feeding was 
critical and decreased obviously. 

The increasing of ion current is attributed to the 
ext.ra direc1.ional electron emission from the Ta cathode. 
These primary directional electrons from the disk are 
mainly concentrated around the source axis. This makes a 
favourite increase of the plasma density around the 

axis. In this case,as it is pointed out 4), an additional 
electrostatic trap may be got. 

In principle, the emission area of the cathode is im
portant. From the results of case 3 and case 4, we may 
deduce that with proper increasing of the emission area 
of the cathode, a more benefit could be got. 

In addition, for the single stage operation mode the 
magnetic field configuration must be slightly changed. 
To reach the maximum magnetic field near the end of 
coaxial feeder, the conical iron was found 10mm into thE' 
source body by calculation and experimentallv. 

Until now, we have not yet made the source to pro
duce metallic ions. According to the test in the case 3, 
it may propose a possible method of metallic material 
feeding for metallic ion production. In this case,instead 
of sample position adjusting by a mechanical way,a bi
ased voltage adjusting is possible for tuning the sam pie 
feeding in a accurate way. 

6. CONCLUSION 

During our tests and operation with beam line, we 
found CAP RICE is an efficient source, though our source 
has only a 0.4 T permanent. hexapole. Based on th", 
magnetic field calculation we have made some magnetic 
structure innovations for CAPRIC~~. At the moment the 
maximum ..1,.8+ ion current extracted from the source is 
estimated to be 350 microampere or more when a cold 
cathode is used. 
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THE SUPER GAS MIXING TECHNIQUE FOR HIGHLY CHARGED URANIUM IONS 
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ABSTRACT 

Producing uranium ions in an ECR ion source 
is problematic. Uranium hexafluoride is highly cor
rosive and hard to handle. It also poisons the ion 
source. Metallic uranium has a low vapor pressure 
versus temperature profile- with direct insertion 
into the plasma, it melts before adequate vapor is 
produced. Uranium oxide is more refractory, aiding 
direct insertion vaporization, but the position sen
sitivity is sharp-either too much or too little ura
nium is produced. We have found a new technique 
that is based on the insertion of uranium metal pow
der into a high pressure oxygen plasma. The ura
nium concentration is low, hence the moniker 'super 
gas mixing', but the uranium charge state distribu
tion is peaked around 30+ in a 6.4 GHz ECR source. 
The uranium consumption rate is a low 100-250 
Jigms / hr, and no source poisoning is observed. This 
technique has general applicability-we have tried 
it for magnesium, vanadium, nickel and molybde
num with equal success. Since small quantities of 
powdered metal are consumed, enriched isotopes, 
most generally available in powdered form, require 
no special handling. 

1. Super Gas Mixing Technique 

The origin of this technique was not actually 
the production of a uranium beam but rather a re
quest to make an intense 92 M 0 25+ beam for an iso
tope search experiment at the K1200 cyclotron[lJ. 
The natural abundance of 92 M 0 is 15%. Our start
ing point therefore was 100% enriched 92 M 0 metal 
powder. We tried various techniques to turn this 
powder into a metallic fluke for direct plasma inser-

tion, but had trou ble either with material consump
tion (too high), or the charge state distribution (too 
low). We did find that powder would stick to the 
end of a small diameter (4mm) alumina rod. This 
alumina rod could be directly inserted into the oxy
gen plasma in the RTECR main stage with very 
good results, if the oxygen plasma is set up in the 
following manner: 

1. The RTECR is initially tuned on Xe + O2 to 
optimize the high charge state Xenon ions (27-
31+ ). 

2. The Xenon gas feed is shut off 

3. The oxygen feed is raised above that of the 
O2 + X e mixture, until the pressure has risen 
approximately ~ order of magnitude above the 
optimum value for the high charge state Xenon 
tune. 

4. The microwave power is approximately dou
bled, but the magnetic field of the ion source is 
held constant. 

5. An alumina rod is coated with approximately 
lOmg of 92 M 0 powder, then inserted radially 
into the RTECR, just until molybdenum ions 
are observed in the plasma. 

With this technique, one has a relatively un
critical oxygen plasma. The details of the sample 
radial insertion scheme are shown in Figure 1. The 
resulting charge state RTECR distribution is shown 
in Figure 1. (In this case, the mixing gas is 90% en
riched 180). As the upper spectrum shows, on the 
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Alwnin. 
Rod 

Figure 1. The metal powder doped alumina feed 
rod is inserted radially into the main stage plasma. 

intensity scale of the oxygen ions, the molybdenum 
ion peaks appear as impurities. But with the scale 
expanded, in the lower spectrum, highly charged 
molybdenum ions are observed. One sees also that 
the oxygen charge distribution is rather poor. 

We have now used this technique for V, Ni, Mo, 
and U ion production. When applied to 238U ion 
production, we obtain the spectrum shown in Figure 
3. To see the significance of this technique, the U ion 
performance of the 18 Hz ECRIS in Grenoble is also 
shown in Fig. 3 [2J. One can see that the RTECR 
actually exceeds the 18 GHz source performance for 
the highest charges. 

Enriched isotope materials are used in pow
dered form with no special handling. Material 
consumption is low, with an upper limit of about 
2Jlgm/min for uranium and other materials have 
rates of 2 - 5Jlgm/min. With such small mate
rial consumption rates, source poisoning is not an 
issue, and metallic species chemistry hardly plays 
a role in the behavior of the plasma. The plasma 
appears to be an uncritical, high pressure oxygen 
plasma with a poor oxygen charge state distribu
tion. However, the charge state distribution of the 
heavier metallic species comes automatically peaked 
at highly charged ions with very little tuning. The 
sample is not generally moved after initial contact 
with the plasma, and only the tip of the alumina 
rod is observed to be running hot. 
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Figure 2. An 180 +92 M 0 spectrum for a 'super gas 
mixing' tune of the RTECR is shown, normal scale 
and expanded to show the molybdenum charge state 
distribution. 

2. RTECR Overall Performance 

The other curious feature of this tune is that the 
metallic ion performance for highly charged ions is 
the same as nearby gaseous feed species, including 
the noble gases. Further, as Figure 4 illustrates, 
the leJlA output level of the RTECR is regular and 
smooth from Nitrogen to Uranium, and appears to 
be predictable on the basis of the ionization po
tential, which for all of these ions is approximately 
lkeV. 

3. Ionization Difficulty 

The smooth performance of the RTECR has 
lead to a model for the ionization difficulty in the 
plasma. The mechanism for the production of 
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highly charged ions is Successive Impact Ionization 

(1) 

The ionization rate Vi,i+! for a single step is 

therefore, the step ionization time Ti,i+! is 

Ti,i+1 
1 _ ( -1 

-- - neO'i i+1 Ve ) 
Vi,i+1 ' 

(sec) (3) 

If we take 

~i,i+1 = < O'i,i+! (Ee)ve >T. (4) 

Then the ionization step time averaged over the 
electron distribution would be 

1 
Ti,i+1 = (5) 

ne~i,i+1 

Suppose T is the average ion lifetime in the plasma. 
We then make the assertion that, for the step i ~ 
i + 1 to be feasible, we should have 

7> 7i,i+1 (6) 

Then we have finally 

- > ,-1 
neTi,i+1 _ '>i,i+1 (7) 

If we choose optimum conditions for a partic
ular ion, Eq.(7) can be solved for the optimum 
charged state of other species that would be pro
duced under equivalent conditions. Table 1 shows 
such a calculation for the noble gas charge states 
that would be produced when conditions are opti
mum for N 7+ or N e10+. Table 1 also includes the 
actual performance achieved with the RTECR (in 
PILA). Hence on the basis of purely ionization rate 
considerations, the N 7+ performance is a good pre
dictor of the RTECR performance for other species, 
as was shown in Fig. 4. As Table 1 shows, this scal
ing breaks down somewhat as a predictor of heavy 
ion species having ionization difficulty equal to that 
of N e10+. However, at present this model only in
cludes ion production, and the inclusion of ion loss 
mechanisms in this calculation, particularly charge 
transfer processes, will correct the inherent over es
timation of very highly charged ions as shown for 
Ne10+. 

Table 1. RTECR Performance vs. Theory 
Opt . Ion Teopt Ne Ar Kr Xe U 

N 7+ 3.8 keY 9 14 20 28 34 
RTECR O.IPILA 9 14 19 26 28 
N e10+ 7 keY 16 26 35 47 

RTECR O.OIPILA 16 22 29 35 
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Figure 3. A comparison of uranium charge state 
distributions for the 18 GHz minimafios ECRIS in 
Grenoble [2], and the RTECR tuned via the super 
gas mixing technique. 

4. 14.5 GHz Metallic Ion ECRIS 

For the super gas mixing technique, the ion 
source mode is simple- a high power, high pres
sure oxygen plasma with little or no magnetic field 
tuning. Since tuning is so simple, the source de
sign can be simplified as well. This design simplic
ity would then allow more operational flexibility. A 
projection of this technique to 14.5 GHz is shown 
in Figure 5. The estimated cost of hardware (sans 
transmitter) is 100k$ . The main difference in this 
design is that the metallic sample is fed into the 
main stage through a microwave coax. Why 14.5 
GHz? A further improvement in intensity and ion
ization efficiency would be expected on the basis of 
improved confinement at the higher operating fre
quency, at least for intermediate charge ions. 
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RECENT DEVELOPMENT OF INTERNAL H- /D- SOURCE 
FOR COMPACT CYCLOTRONS 
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ABSTRACT 

Small internal H- /D- sources based on Ehler's PIG 
source1) design have been used in recent years for a num
ber of compact cyclotrons of various sizes needing only 
50-200 pA external beams. Source performance has been 
optimized in terms of H- /D- production and survival 
geometry, gas efficiency, arc requirement, mechanical tol
erance and thermal stability. Data were obtained with 
RF extraction method using the central region of several 
cyclotrons as test facilities. The DC equivalent output 
was deduced from the information ofRF phase width and 
the vacuum characteristics. The compact source tech
nology has been transferred to several cyclotron manu
facturers and about 30 H- or H- jD- cyclotrons using 
compact internal source are in service today worldwide. 

1. INTRODUCTION 

In 1965 Ehler described the performance of his H
PIG source with a plasma expansion gap using DC ex
traction. Since then several H- cyclotrons used his 
source for external injection, among them the TRIUMF's 
H- ion source and injection system (ISIS) is the most 
advanced and most successful. 2) In 1976, it was discov
ered that the plasma expansion gap can be generated 
by a special rotation of a compact internal positive PIG 
source.3 ) The method allows the cyclotron to be oper
ated in proton mode or in H- mode without changing 
the ion source. Likewise, a source with an anode designed 
for H- production can also be used as a proton source. 
Variations in anode design coupled with the rotational 
control provide a large range of proton/H- ratio. High 
current irradiation on internal targets can be done by 
protons or by H-s, while the irradiation on external tar
gets can be done by 100% extraction of H- using charge 
exchange, provided that the cyclotron vacuum capability 
is suitable for H- operation. Similar statements apply 
to d/D- production. In short, it is possible to have a 
single source which can supply protons, deuterons, H-s 
and D-s with compatible intensity. 

In this report we shall concentrate on the optimiza-

tion of the performance of a compact internal H- /D
source which leads to the development of a series of com
pact H- /D- cyclotrons using this source. While the op
tion of external H- /D- cusp source4)5) provides much 
higher beam currents with minimal stripping loss6)7)8) 
the compact internal source does find their usefulness in 
many medical cyclotrons needing only 50-200 pA of ex
ternal beams. The following sections describe the basic 
test facility and parameter optimization. A summary of 
source performance is also presented. 

2. TEST FACILITY 

2.1. Source Structure and H- Formation 

The compact internal H- /D- source is identical 
to a postive cold cathode PIG source used for protons, 
deuterons, He1+ and He2+ productions, except that a 
plasma expansion gap is added between the arc column 
and the extraction slit. This design was suggested by 
Ehler to facilitate the production and survival of the H
ions from the reaction: 

e + H2 -+ H+ + H- + e. 
The arc column is the intense electron source but no H
survive within the column. The collisions of the low en
ergy electrons with the molecules ofH2 gas on the surface 
of the arc column produce the H-. Only those ions cre
ated behind the anode slit are available for extraction. 
The molecular density of the hydrogen gas and the den
sity of low energy electrons in the gap region are two ba
sic variables which control the H- production. However, 
the production probability and the extraction capability 
behind the slit are related strongly as we shall see the 
section of parameter studies. 

2.2. RF Extraction 

A DC test stand was originally planned for the 
source development but later the central region of sev
eral cyclotrons were used. If the RF phase width can be 
measured using Smith-Garren method and the stripping 
loss can be deduced, the DC equivalent output may be 
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inferred with reasonable confidence. In order to opti
mize the transmission efficiency from the first extraction 
to the beam current probe, sufficient electric and mag
netic focusing are provided. The vertical dee alignment 
is also very important. A set of inner harmonic coils is 
used for beam centering and the adjustable source-puller 
gap can compensate the ion flight-time problem for the 
second or fourth harmonic operation. 

2.3. Gas Stripping 

When the internal source performance is monitored 
by the negative beams which have completed several tens 
of turns in a cyclotron central region, the knowledge of 
gas stripping loss becomes important. While the details 
of gas stripping calculation will be presented in a future 
publication, a very brief mentioning here should be help
ful. If the relativistic and the radial dependence effects 
are neglected, it can be shown that the H- /D- beam 
current ratio between two radii is of a simple exponen
tial form: 

I(rd/I(r2) = exp( - F . P eJ! . (1/ LlE) . (r2-rl)) 
where F is the simplified stripping coefficient containing 
gas stripping cross-section and all other constants, LlE is 
the energy gain per turn, P eJ J is the effective pressure. 
For r in cm, LlE in KeV and P in 10-6 torr, the empirical 
value of F for H2 gas is 0.054. The effective pressure is 
given by 
PeJ! = P(H2) + P(H20)·5 + P(02)·8 + P(N2)·7 + '" 
where the partial pressures are calibrated values from 
a gas analyser. One notes that the pressure is not a 
static parameter because gas composition might change 
between arc off and arc on; gas outgassing from the tar
get probe and many other effects. Nonetheless this ap
proximation is useful in obtaining the stripping loss ex
peditiously. 

3. PARAMETER STUDIES 

3.1. Plasma Expansion Gap 

In order to investigate how critical an effect on H
production and survival in the plasma expansion gap, a 
mechanism to rotate the source anode orientation is in
stalled, as shown in Fig. 1. The axial angle of the anode 
with respect to the main magnetic field is adjustable for 
±5°. When the angle is deviated from 00

, the arc column 
moves away from the extraction slit and the gap width 
is varied. 

The effect of the gap width is illustrated in Fig. 2. 
On the left is the source with a positive beam anode 
(gap=O at 00

). At 00
, the H- beam is about 0 but grad

ually climbs to a maximum at about ±2.5°. Larger gap 
results in lesser beam current. 

We used this ±2.5° to measure the optimal gap, 
which turned out to be about 1 mm. Then we fabricated 
a negative beam anode which provided a 1 mm gap at 00

• 

As we can see, interesting results appear. The peak cur
rents for both H- /D- occur at 00 and falls off at either 
directions of rotation. The D- beam is less sensitive to 
the rotation and the nature of the higher peak at 4.50 is 
not quite understood. In the event that the initial source 
installation does not get the gap at its optimal value, this 
rotational drive can be used to make corrections. 

Main Field 

Fig. 1. A rotation mechanism to adjust the 
value of the expansion gap. 

~ •...... 

/f~j' 
/ . . "--

/ H-

/ 
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Fig. 2. H- /D- output measured as a function 
of axial angle 

3.2. Chimney Slit Opening 

One of the more complex source parameters is the 
Slit Opening, which faces the extractor. For a higher 
H- /D- current, one would like to have a wider open
ing for a larger ion emission area and a deeper electric 
field penetration. As the first result, the extracted elec
tron current increases as well in a much higher electron 
to negative ion ratio because the molecular density be
hind the slit decreases. The arc column would have to 
be placed further from the slit in order to make this ra
tio manageable, i.e., without overloading the extraction 
circuit. If not so, the extractor would have to be moved 
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away from the slit to avoid the excess of electrons, or 
the space charge loading effectively decreases the electric 
field between the source and the puller. Thus, the gain 
of the total H- /D- emission area is somewhat cancelled 
by the drop of electric field. 

In addition, the gas pressure inside the discharge 
volume drops accordingly, resulting in a decrease of neg
ative ion production. One can step up the gas flow to 
compensate this drop, but the extra gas increase the vac
uum chamber pressure which in turn decreases the final 
beam by the extra stripping loss. If one chooses to elon
gate the vertical slit length to increase the emission area 
the constraints are mainly the allowable vertical beam 
size developed later in the acceleration process and the 
maximum stripping loss permitted. 

For a cyclotron system having 104 l/s effective 
pumping speed, 30% stripping loss at extraction, the slit 
size optimized is about 0.6 mm x 4 mm while the plasma 
expansion gap is set at 0.6 mm. 

3.3. Geometry Optimization 

After the critical plasma expansion gap has been 
established, we also searched for the optimum relation
ship between the inner anode wall and the arc column. 
Fig. 3 shows some of the representative geometry tested. 
The diameter of the inner anode wall is fixed at 6.3 mm, 
while the diameter of the arc column varies from 3 mm 
to 5 mm. In all cases from [A] to [G], the H- /D- out
put is best with gap dimensions about equal to the slit 
width. For an arc column length (cathode to cathode) 
of 30 mm and a permissible gas flow up to 7 sccm, the 
H- /D- output is best with an arc column diameter of 
4.25±0.25 mm. 

@@(Q)© 
c 

G H 

Fig. 3. Examples of arc column geometry optimization 

For the cases of E, F, G, J, and K, the anode inner 
structure is less straightforward. Such design favors the 
electron flow near the extraction slit thus improving the 

arc current efficiency. We found that the combination of 
F and J is the best, while K is used if the fabrication of J 
is not feasible. Cases B, D, and H were expected to give 
less output but were explored as well for the purpose of 
completeness. 

3.4. Gas Passage 

There has been suggestion that gas efficiency can 
be improved if the H2/D2 gas is sent directly into the 
chimney near the extraction slit. An alternative passage, 
where the gas is passed through the larger opening of the 
bottom cathode chamber, is also used (as shown in J or 
K). We compared these two methods by providing two 
gas lines with valves controllable externally. One can 
choose either gas line or an adjustable combination of 
these two gas passages. However, for a given gas flow, 
we did not detect any differences in H- output. On 
the other hand, when the opening of the lower cathode 
chamber is closed down to the same size as that of the 
upper chamber, all gas molecules must pass through the 
hot plasma if this route is taken. The H- beam output 
drops about 15% to 20%. The vacuum gauge also reads 
lower when the arc is turned on and set at higher arc 
currents. 

When gas molecules flow out of the internal source 
slit, they immediately become destructive. Thus gas uti
lization must be optimized and any leakage other than 
slit opening must be sealed off. 

4. SOURCE PERFORMANCE 

4.1. Gas Flow and Arc Current 

With the parameters optimized as described in the 
previous sections, the H- ions achievable measured at 
r=15 cm ("-' 3.0 MeV) with a 32 kV RF dee voltage and 
a 0.6 mm x 4 mm slit opening is plotted as a function 
of gas flow and arc current. This is shown in Fig. 4. The 
plot is organized either by fixing the arc current while 
adjusting the gas flow or vice versa. It is interesting to 
point out that with the angular position set at the easiest 
arc generating orientation (about 0°), the beam current 
is continuously adjustable from picoamp range to several 
hundred microamps by a current regulated power supply. 

Please note the H- beam rises rapidly as the arc 
current increases at the low end and gradually saturates 
at high arc currents in all cases except for the very high 
gas flow. Also note that at arc currents below 0.5 A, the 
H- goes through a maximum, then decreases as the gas 
flow increases. As an example, if one wants only 30 J-lA 
of H-, one could use only 1.5 sccm gas flow with 0.2 A 
arc rather than 7 sccm at 0.2 A. Likewise for a 160 J-lA 
H-, one could choose 4 sccm instead of 7 sccm. For a 
300 J-lA demand, one has to use 6-7 sccm at 1.5 A or 
higher. 

The behavior of these gas flow and arc current in
terdependence can be understood if one realizes that the 
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production and the neutralization of H- ions takes place 
simultaneously in the same environment by different re
action mechanisms. Take the case of 0.2 A arc, for ex
ample. The maximum H- production is reached at 3 
sccm. Beyond that, the electrons having suitable energy 
for production are exhausted and the high gas pressure 
inside the source decreases the survival of the H- al
ready produced. The increase of stripping loss before 
reaching 15 cm also contributes to the trend of decrease, 
but only about a 10% drop from 3 sccm to 7 sccm. For 
each gas flow, the saturation at higher arc current might 
be due to the insufficient supply of gas molecules, the 
increased percentage of neutral gas being positively ion
ized, the over supply of electrons with destructive energy 
and greater H- neutralization rate in the vicinity of a 
hotter plasma. 

..Arr; Current 

H- .tl5cm 
-2.SA 

400 Vd 32 kV 

0.5x4 mm Slit 
-2.0A 

4.5 mm Arc Column 

Funnel Chimney 

~I.SA 

300 

~A 
-I.OA 

200 

-O.SA 

100 

-0.3A 

-O.2A 

0 2 3 Lj 5 6 7 8 

Gas Flow (Scc/m) 

Fig. 4. H- output as functions of gas flow and arc current. 

The H- beam dependence on gas flow and arc cur
rent is also tune dependent. The plot obtained in Fig. 4 
is the result of a high arc current tune. The ion source 
is fed with high gas flow first and set at 1.5 A arc. The 
H- beam is optimized with adjustments of ion source 
positions. At this tune mode the source slit to puller 
gap is larger ( ....... 3.0 mm) than that from a lower cur
rent tune mode (H- beam is optimized with lower gas 
flow at 0.3 A arc). The high current tune mode already 
includes the space charge effect. The low current tune 
mode would suffer the space charge effect when the arc 
current is ramped up. The high or low current tune also 
affects the gas pressure behind the slit because of the 
restriction of gas passage between the source and puller. 

500 
H output 

400 

- 300 
~ 

CP42 __ C.R. 

Vdee 32 KV 

a:I 200 
I 

Gas Flow 

:r: Base Pressure 

100 

0.5 1.0 1.5 2.0 2.5 
Arc Current (A) 

Fig. 5. H- output as a function of arc current. The beam 
is adjustable from a fraction of a p,A to a few hundred 
p,A. 
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Base Pres. ax 10. 6 

100 

14 15 16 17 18 19 

VOEE (KV) 

Fig. 6. D- output as a function of dee voltage or RF 
phase width. Note that the result was obtained with a 
discrete current P.S. 

4.2. DC Equivalent H- /D- Output 

3.0 

20 

Figure 5 shows another H- output curve as a func
tion of arc current with a fixed gas flow of 7 sccm. The 
beam available at the cyclotron center is traced back to 
be ....... 500 /-lA. The RF phase width is calculated to be 
....... 64°. Since the negative ions extractable are emission 
limited at rather low voltage, the ion density per unit 
phase is considered constant. The DC equivalent output 
is then inferred to be 2.8 rnA, the current density is 144 
mA/cm2 . 

cr 
w 

u 
o 
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Figure 6 shows the D- output traced back to the 
cyclotron center as a function of dee voltage. The DC 
equivalent is already fixed but the beam available is RF 
phase width dependent. The inferred DC D- output is 
about 2 mAo 

4.3. Source Reproducibility 

The source head assembly tolerance has been within 
0.1 mm in critical area. Gas leakage in the head was to 
be checked by means of pressure bubbling in an alcolhol 
bath. The cooling path should take into account of differ
ential thermal expansion such that the source dimension 
and position will remain constant and independent of arc 
power and RF power used. The cathode stems must be 
cooled to maintain accurate arc column and expansion 
gap relationship. Using a precision central region posi
tion calibration fixture and four dimensional ion source 
position drives, the beam current output reproducibil
ity has been excellent. For a properly assembled source 
we have not yet encountered the situation of beam fall
off phenomenon, short term or long term at high or low 
beam currents. 

5. SOURCE TECHNOLOGY TRANSFER 

Several commercial cyclotron producers have 
adapted the internal source technology just described 
through the authors of this report. 

• CP-42 series cyclotrons: uses H- only. The routine 
extractable external proton beam has been in excess 
of200 J-lA at 30 MeV. 300 J-lA at 30 MeV on external 
target has also been achieved. 9) 

• An 11 MeV H- cyclotron: uses a miniture source 
with 4 dimensional position controls. Peak proton 
beam on target is 100 J-lA. An axial source geometry 
has also been developed for a four sector version. 

• A 10 MeV H- /5 MeV D- cyclotron: adopts a 2-
source central region which accepts H- source on 
one side of the dee center linkage and the D- source 
on the other. Initial orbits must clear both sources 
and the central region. The sources are not movable 
and the pumping speed is limited thus the source 
performance has been compromized. 10) 

• An 18 MeV H- /9MeV D- cyclotron: an extension 
of the 10/5 cyclotron, but two dimensional source 
drives are added. 

• A 16.5 MeV H- /8.5 MeV D- cyclotron: also 2-
source central region. The source structure has been 
simplified to eliminate cathode stems. The source 
output from a test stand is strong and the RF ex
traction output is more than adequate for 50 J-lA on 
targetY) 
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Plan for the Ion Source Emittance Measurement 
Under the RF Extraction 

J.W. Kim and H.G. Blosser· 
Cyclotron Laboratory, Michigan State University, East Lansing 

MI, 48824, USA 

ABSTRACT 

An experiment is planned to measure the emittance 
of a cyclotron ion source under rf extraction and in mag
netic field up to 8 Tesla. Preparing for that, compu
tations have been done to choose the slit locations and 
the shape of the extraction electrode. Computer simu
lation of many particles produces current distributions 
for various slit positions, which can be compared with 
experimental results . The sensitivity of the experiment 
may not be sharp due to tight requirements(8 Tesla, D+ , 
50kV rf), but a careful experiment will apparently mea
sure emittance as a function of rf time. 

1. INTRODUCTION 

Initial conditions of ions from the internal source in 
the cyclotron needed for computer studies of orbits have 
usually come from emittance measurements under dc ex
traction; possible effects of the oscillating radio frequency 
extraction voltage on the source emittance have been ne
glected, which is likely to be a significant error . Using 
an appropriate slit system, it appears that rf phase can 
be selected within some degrees, and the emittance mea
sured as a function of rf phase directly inside of the mag
net after extraction by the rf electric field. This method 
requires orbit calculations to interpret the results since 
an emittance effect on the orbits must be separated from 
the spread by phase, and a special central region design 
with ion source and slits is needed to meet this purpose. 
Three slits are employed to separate the three coordi
nates, phase, and emittance, i.e., including one more slit 
than the usual two slit method. 

Another way of measuring the rf phase dependence 
of the emittance would be to observe the time depen
dence of current as a function of rf time, but this would 
be difficult due to the rf noise picked up with the current 
signal which has the same frequency. A PIG source( cold 
cathode) shown at Fig. 1 similar to one being used at 
Harper cyclotron!) will be built. Measurements will be 
made for different plasma conditions controlled by arc 

·Work supported by the U.S. National Science Foundation. 

current, gas flow, etc., and magnetic fields up to 8 Tesla, 
which will be provided by the test magnet under con
struction .2 ) 

Cooling Line 

Boron Nitride 

Tantalum Cathode 
Gas Feed Line 

01.20ej'U.05 em) 

Fig. 1. PIG source designed to fit on the central 
hole of 8-Tesla magnet 

2. CENTRAL REGION DESIGN AND CALCU
LATION RESULTS 

The design of the central region for the emittance 
studies, including PIG source, puller, and ground plate, 
is done with an aim of spreading the beams having dif
ferent rf starting time so that the emittance can be com
pared for different rf ranges selected by a phase slit . The 
general arrangement of central region electrodes in the 
test apparatus is shown in Fig. 2. The rf provides a 
two gap acceleration with a flight path of about 90 0 be
tween the two gaps so that orbits with different initial 
phase are sharply spread . Three slits(Sl ,S2, and S3) ap
proximately equally spaced, are located on the grounded 
dummy dee side of the system which allows easy con
trol. The motions of slits are limited as the beam stop
ping area in slit touches the wall, so different slits with 
aperture close to the end have to be used for rf phase 
below 200 0

• The proposed extraction voltage of 50 kV 
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and peak electric field of200 (kV fcm) at 5 - 8 Tesla mag
netic fields come from previous experience l ) at 4.6 Tesla. 
For exploratory calculations initial total energy(Et ) and 
incident angle( Q') from the PIG source as initial condi
tions of design calculation are inferred from dc emittance 
results.3

) Several such orbits are shown in Fig. 2 for dif
ferent rf starting time using deuterons( D+) as a test par
ticle with 250 eV initial energy and 8 tesla flat magnetic 
field. 

I-O.5cm-1 

Fig. 2. The orbits on the schematic view are 
shown, calculated for 4 different rf phases (270· is 
peak voltage on the first gap) . The initial energy 
of D+ is 250 eV, and ions are started at the center 
of the source with zero divergence angle. 

As we study the emittance, rather than a few particles, 
part I of CYCLONE program4) is modified to handle 
many particles effectively and to include the slit actions . 
Since transmission will be measured in slit coordinate 
space, we need to compute the relationships between 
two spaces to obtain the emittance. The boundary of 
a rectangular shape in source phase space for different 
emittances described at Table 1 is projected into the slit 
coordinate space in Fig. 3. The spread by larger emit
tance appears to include smaller ones in a defined manner 
as the boundaries in two spaces are qualitatively related 
as shown in Fig. 4. The ions having different rf start
ing times go to fully separated regions in the slit space 
for starting time intervals differing by 10 degrees, i.e . rf 
time is well separated at slit S3 . The resolution of the 
measurement depends on the area occupied by the beam 
in the slit space. In this sense the slit S2 has less orthog
onality relative to Sl and S3 than might be desired. An 
increase in the S 1, S2 spacing might be helpful and will 
be investigated. The actions of each slit are described, 
even though all three slits together select the rf phase 
space and the emittance coordinates. 

Table 1. The initial conditions used for orbit calculations 
in figures 3,6 , and 7. source opening size, and normalized 
emittances( Eo,B,)(mm.mrad) 

E 
$ 

2 
0 
c: 

'U 
0 
0 
u 
N 
(/) 

Et(eV) Q' Opening En Fig.3 
250 ±22° 0.381 mm 0.15 solid 
250 ±22° 0.762 mm 0.30 dash 
250 ±44° 0.762 mm 0.60 dot 

.77+---~~---L----L---~----~--~L----+ 

.73 (a) 

.29+----.-----,----,----.----.----.-----+ 
.43 

.67+---~-----L----L---~----~--~L----+ 
.48 .53 .78 .58 .63 .68 .73 

.65 

.63 
.61 
.59 
.57 
.55 
.53 
.51 
.49 
.47 
.45 
.43+----.-----.----.----.----.----.-----+ 

.43 .48 .53 .58 .63 .68 .73 
51 Coord inate (em) 

Fig. 3. The projection of the rectangular initial 
phase space into the slit coordinate space for five 
different rf starting time in the interval of 10 de
grees. The dashed line is for a larger source width , 
and the dotted line is for an increased divergence 
angle, which are described in Table 1. The area 
occupied in the slit coordinate space shrinks for 
the same emittance as the rf starting time rises. 

.78 

The slit Sl makes a cut angled in phase space be
cause the rectangular source emittance is deformed to 
a parallelogram in the slit coordinate (Figs. 3,4) . The 
emittance with rf phase selected by slit S3 spreads well 
along S 1 axis allowing relatively fine selections. The slit 
S2 selects emittance in a very close angle to the selection 
by Sl. The dashed and dotted lines in Fig. 4 roughly 
shows the selection angles by two slits . 

The slit S3 functions similar to the 1800 slit( S2 in 
Fig. 5) of the dc measurement, since the S3 coordinate 
is a combination of transverse position in the emittance 
rectangle and rf phase, but is not sensitive to initial di
vergence, as seen from Fig. 3 (a) . 
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SLIT COORDINATE SPACE SOURCE PHASE SPACE 

Fig. 4. Sketch of the transformation of boundaries 
from source emittance to slit coordinate space, 
The rectangular shape is deformed to a parallelo
gram. 

To simulate the current distributions which will be 
actually measured in the experiment, a group of rays hav
ing uniform distribution in a rectangular phase space has 
been computed. The current distributions in Fig. 6 are 
obtained using the initial conditions in the second and 
third lines of Table 1 and actual slits of finite width. The 
phase slit S3 of 0.254mm wide is assumed fixed for both 
figures, and the scanning of slit S2 generates individual 
curves for a given SI position. In Fig. 6 each point is the 
current measured at particular S2 position, and points 
are connected by straight lines (solid or dashed to reduce 
visual confusion). 

, , , , , , , 

S2~~ 

Fig. 5. The usual two slit method in the de exper
iment. 3

) The slit Sl selects the divergence, and 
the slit S2 scans the beam size. The S3 in our 
central region functions similar to S2 as initial di
vergence becomes less sensitive, while the beam 
spreads well by phase difference. 

The distribution for the higher emittance( Fig. 6 
, (b)) broadens along the S 1 and S2 coordinates as ex
pected from Fig. 3. The selections by slit SI and S2 
of 0.05 mm wide is demonstrated in Fig. 7 showing an
gled cuts in the source emittance, which is originated 
from the deformed transformation to the slit coordinate 
space. The selection by slit S2 is not as sharp as SI 

as mentioned . The combined selections by two slits IS 

sketched in (c) of Fig. 7. 
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Fig. 6. The current distributions simulating the 
measurement are calculated for the initial condi
tions in the second and third lines of Table 1. The 
individual curves are obtained at different Sl loca
tions as slit S2 is scanned. (a) has 19 curves(O.191 
em wide spread in S 1 coordinate) , while (b) has 
24 curves(O.267 em wide spread). 

The current and three slit locations measured in the 
experiment are the data to trace back to the correspond
ing emittance phase space and rf time. A large rectan
gular emittance which can cover the measurement and 
with a half degree step of rf phase, for instance, can be 
transformed to the slit coordinate, so the 3 dimensional 
meshes in slit coordinates will have the emittance and rf 
phase space range selected. (All calculations presented 
here are done at 8 tesla field which asks the most re
stricted design.) 

3. DIFFICULTIES OF EXPERIMENTS 

Since the planned magnetic field range is high(5-
8 Tesla), and many ions do not clear the ion source, 
all dimensions in design are very tight. The difficulties 
anticipated in the experiments are; 

1 )The phase space coupling of radial and vertical 
motion may be a problem. We will try to minimize axial 
field in the central region by using structures which are 
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high compared to the beam height. 
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Fig. 7. The source phase space selected by slit 
81 and 82 of 0.05 mm wide. The initial condi
tion is same as the second line of Table 1 and 
with 83 fixed selecting T around 215 0 

- 225 0
• The 

three separated regions in each figure correspond 
to three different locations of 81 in (a), and 82 in 
(b) with the other slit scanned, respectively. (c) 
shows the sketch of pixels selected by both slits. 

2)The space charge effect is not considered in 
present calculations, so the emittance measured includes 
the distortions which the space charge induces. (The rms 
source emittance usually appears worse than it is due to 
this effect.) 

3)The deuteron used for calculations will contain 
molecules and other species in the real source; relative 
intensity is a function of plasma condition, and can be 
made small. We will check this with a dc measurement 
and tune the source to minimize other ions. 

4. CONCLUSION 

This study has the objective of measuring the time 
dependence of the characteristics of the ion source and 
the central region of the cyclotron. The central region of 
the study apparatus is designed to spread the beam by 
both emittance and phase. The radial source emittance 
(r ,Pr) can be projected for the selected rf starting time 
by connecting the slit coordinates and the rf phase with 
a calculated map. The resolution of this method is lim
ited by the available physical space at 8 tesla field, and 
as the rf starting time becomes late, the resolution de
creases since the area occupied in the slit space shrinks. 
The selection angles by slits SI and S2 are not orthogo
nal, and S2 doesn't separate the emittance space sharply. 
As a result the ideal resolving power is not achieved . 
In the situation of 8 tesla field and 50 kV maximum 
RF voltage, the present central region is believed to be 
an optimized one (even though further study may show 
other possibilities). In conclusion the three slit method 
works in calculation, but the actual resolution will de
pend on the slit size and an overall stability of the ap
paratus. We acknowledge the discussion with Dr. D.J. 
Clark(LBL) about the three slit system in the beginning 
of this project . 
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ABSTRACT 

The k= 11 MeV injector cyclotron under construc
tion at the NAC will produce beams of light and medium 
heavy ions. Both the ECR source and the atomic beam 
source for polarized protons and deuterons are now in 
operation. Magnetic field mapping has been completed 
and the data processed. The central region of SPC2 has 
a fix~ geometry for the three constant orbit patterns 
required for acceleration of ions with orbital frequencies 
between 1 MHz and 13 MHz. Harmonic numbers 2 and 
6 will be used. Diagnostic equipment includes 2 diffe
rential probes, 2 sets of radial and axial slits, a movable 
harp, a phase probe and a quartz viewer plate with a TV 
camera. A versatile vacuum pumping system will allow 
pressures down to the 10-5 Pa range. 

1. INTRODUCTION 

The second injector facility for the 200 MeV 
separated-sector cyclotron at the NAC consists of a 
k= 11 MeV solid-pole cyclotron, an ECR source for the 
production of light and medium-heavy ions and an 
atomic beam source for polarized protons and deuterons 
(Fig. 1). The cyclotron itself is very similar to the 
existing injector cyclotron for light ions, SPCll). 
Major deviations from the SPC 1 design are an axial 
inflection system, a vacuum system designed for the 
lower pressures required for the acceleration of heavy 
ions, modifications to the rf-system to decrease the low 
frequency limit from 8.6 MHz to 6 MHz and improved 
beam diagnostics. 

SPC1: Sol id - pole injector cyclotron 
for light ions 

SPC2: Solid-po le injecto r cyclotron 
for heavy or polarized ions 

SC: Separa ted-sector cyclotron 

Ee R: 
L: 
P: 

10 20 m 

ECR ion source (basement) 
Low-energy experimental area 
Polarized - ion source (basement) 

Fig. 1. Layout of the cyclotron vaults showing the second injector 

SPC2 and its ion sources. 

Tables 1 and 2 show typical beams and intensities 
which should be available once the injector is in 
operation in December 1993. 

Table 1. Beam energies and intensities expected from the 200 MeV 

separated-sector cyclotron with SPC2 as injector. 

Element Energy Intensity 

(MeV/nucleon) (pnA) 

Min. Max. 

'-H 30 200 5000 
500 

66 30000 

4He 40 220 500 

15N 2.6 32.7 >1 

40Ar 2.0 19.8 >1 

84Kr 2.0 11.25 >1 

129Xe 2.0 4.76 >1 

Table 2 . Available polarization states for proton and deuteron 

beams. 

protons deuterons 

pz *1 -2/3 2/3 0 0 1 -1 

pzz 0 0 -2 1 -1 1 

2. ION SOURCES 

The 10 GHz minimafios ECR source is performing 
well. Minor modifications were implemented and, apart 
from the vacuum pumps and valves, it can now be 
operated via the accelerator control system. 

Computer software and hardware were also 
developed for quick identification of ion spectra behind 
the analysing magnet, tuning of the source to the 
requested beam specifications, monitoring and recording 
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of the beam stability, and to keep a database for all the 
important parameters 2 ) • 

The ion source for polarized protons and deuterons 
is of the atomic beam type. Six 1500 LIs fomblin 
lubricated turbopumps are used for differential pumping. 
The atomic beam is formed by a 25 mm long sapphire 
nozzle which is cooled to 30 0 K. Two sextupole mag
nets are used for deflection of unwanted electron spin 
components and for beam focusing. The rf-units used to 
induce transitions between different spin states are 
located between the sextupoles and/or behind the second 
sextupole. Table 2 shows the various polarization states 
that can be obtained. The ionizer is of the well-known 
ANAC-CERN design. 

During the acceptance tests in December 1990 a 
28 p.A proton beam with an emittance of 13511" mm mrad 
was measured behind the analysing magnet. The polari
zation of the beam could not be measured as yet. How
ever, the electron polarization is between 80% and 90%. 

3. MAGNET 

The main magnet of SPC2 is almost identical to 
that of SPC1 3) . The modifications to allow for the 
stronger magnetic fields have been described before4) . 

Small modifications to the field measuring equip
mentS) used for SPC1 were necessary. A new PC
based program has been implemented to make the system 
more reliable and user-friendly and to improve the 
protection of the system and the accumulated data. 

The following field-setting procedure, which 
ensures stationary fields before the start of the measure
ments and reproducibility of the fields in future runs, 
was used: starting from any value the excitation current 
is first set to -800 A for 6 min to eliminate remnant 
fields; then the final current is set via an overshoot of 
6 min duration for critical damping of eddy currents. 

Field maps, each consisting of 7381 points in the 
median plane, were measured for 12 values of the main 
coil excitation current. This covered an average field 
range at extraction from about 0.3 tesla to 1.1 tesla. In 
addition, fields were also measured for each of the 
8 pole-gap coils (6 trim-coils and 2 cone-coils) at two 
excitation currents. In total 138 fields were measured. 

As a fmal test, we compiled fields for the reference 
particles (3. 15 MeV protons representing the beams for 
neutron therapy, 8 MeV protons i.e. maximum energy 
protons and 47 MeV krypton ions representing the heavy 
ion beams). The SPC2 power supplies were then set 
according to the predicted currents for each reference 
particle and the corresponding fields were measured. 

The calculated rf-phase excursions of the reference 
particles in these fields from injection to extraction do 
not deviate by more than 2 degrees, indicating good 
agreement between the requested and the measured 

fields. The vertical betatron frequencies for these par
ticles are shown vs. the orbital radius in Fig. 2. 

Although there is adequate focusing, we found that 
small deviations from the calculated current settings in 
the outer trim-coils could cause axial defocusing near the 
extraction radius. 

0.8.-,.---------;:::==========:::::;, 
3.148 M.V Prolo ... 

B.O M.V Proto ... 
0.6 

0.4 

~ 
0.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . ---_ .... -- ...... 

°O~----~I~O------~~~----~~~------~~----~ro 

Radius, om 

Fig. 2. Graphs showing liz vs. orbital radius for 3 .148 MeV and 

8 MeV protons respectively . 

4. CENTRAL REGION 

The central region (Fig. 3) has been designed for 
the acceleration of protons and heavier ions up to xenon. 
The cyclotron will be operated in constant orbit 
geometry mode. Three orbit patterns are used, namely 
34 turns for protons, 17 turns for the lower-energy 
proton beams (e.g. beams for neutron therapy and 
radioisotope production) and for the higher energies of 
ions such as argon and krypton, and 9-turns for the 
heaviest ions (i.e. xenon) as well as for the lower 
energies of the lighter ions. Other design requirements 
were an acceptance of at least 20011" mm.rnrad, a vertical 
betatron frequency liz of at least 0.1 and a maximum dee 
voltage of 60 kV. 

SECONO AXIAL SLIT 

QUARTZ PLATE 

(VISUAL DISPLAY) 

Fig. 3 . Layout of the central region of SPC2 showing the first two 

turns of the 34-tum orbit pattern and the various slits and beam 

diagnostic equipment. 
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Switching between orbit modes can be accom
plished without ventilating the cyclotron. The entrance 
slits in the first dee are fixed and the spiral inflectors can 
be exchanged or serviced in a parking chamber. Those 
components that have to be adjusted (i.e. diagnostic slits 
in the central region and extraction elements) are 
remotely controlled. 

The preliminary orbit calculations were carried out 
using the measured magnetic and electric fields of the 
first injector cyclotron. From these orbits a model of 
the central region was designed for measurements in the 
electrolytic tank 6). The measured electric and magnetic 
fields were then used to refme the calculations and 
obtain the fmal design orbits. The design particles used 
for the 34-, 17- and 9-tum orbit patterns were 8 MeV 
protons, 3.15 MeV protons and 49 MeV Kr16+ Ions 
respectively. 

The fmal design orbits were found with the 
requirement that in the field-free region of the inflector 
housing, the ion energy must match the injection energy 
concomitant with the dee potential. Studies of the 
electrical focusing at the first few gaps showed 
acceptable results for the 17- and 9-tum orbits, but the 
re-entry of the 34-tum orbit into the housing proved to 
be defocusing. The geometry at this crossing was 
changed so that the condition liz > 0.1 was met. The 
acceptance of the design, excluding the inflector, was 
determined and proved to be adequate. 

The inflectors decided on are of the spiral type. 
The first designs were studied using the analytic model. 
The physical limitation imposed by the pole gap 
necessitated tilting of the inflector electrodes. Form 
factors for the electric field seen by the design particle 
were evaluated by means of the code RELAX3D7). 
This field was then used by the code SPICE to calculate 
the orbit for a specific set of inflector parameters. The 
program uses either the steepest descent or the Broyden 
algorithm to optimize the fit of the inflector design orbit 
to the cyclotron design orbit. The program requires the 
inflector to inject the ion in the median plane of the 
cyclotron with no vertical component of momentum and 
with a radius of curvature matching that of the cyclotron 
design orbit. The inflector parameters allowed to vary 
are the inflector electrical radius, the electrical field 
strength, and the electrode tilt. The resultant design is 
then rotated to match the centres of curvature, and the 
parameters found are inspected to verify that they are 
physical acceptable. The electrode surfaces are approxi
mated by a set of ruling lines. These can be visually 
inspected on the microcomputer screen. 

5. RF -SYSTEM 

Most components of the SPC2 rf-system, including 
the phase and amplitude stabilization systems and the 

control system, are similar to those of SPCl. The two 
power amplifiers have been redesigned to cover the fre
quency range from 6 to 26 MHz. Two ports were 
provided on each resonator for the additional stub 
lines4) required for covering the 6 to 8.6 MHz range in 
two steps. This results in lower current densities 
compared to the use of a single stub line. 

6. DIAGNOSTICS 

All the diagnostic equipment installed in SPC1, i.e 
two differential probes, two radial slits and two axial 
slits as well as various collimators and insulated 
components on the extraction channels, are duplicated in 
SPC21'3). However, some modifications to the original 
designs, as well as additional diagnostic equipment were 
required. The second differential probe, with current 
measurement on three fmgers and the body itself, was 
modified to include a phase probe head on the tip of the 
probe (Fig. 3) and the indirectly water-cooled second 
radial slit situated in the second dee is replaced by a 
directly water-cooled slit. 

The additional diagnostic equipment is a stepping 
motor driven harp consisting of 47 vertically mounted 
wires, spaced 1 mm apart, which will enable us to 
determine the horizontal beam profile and position of the 
orbits from a radius of about 200 rom right up to the 
extracted orbit in front of the second extraction channel. 
A quartz plate situated in the central region, viewed 
through a TV camera and pivoted into the beam plane 
will provide this information on the first turns. 

A four-segmented aperture will be installed in front 
of the inflector to restrict the beam size and provide 
limited position information. We also intend to install a 
four-segmented capacitive pick-up probe in the magnet 
pole which will be used as a non-invasive beam position 
and intensity probe. 

7. VACUUM SYSTEM 

Detailed calculations were made in an attempt to 
improve the efficiency of the SPC2 vacuum system 4) • 

Pressures in the 10-5 Pa range will only be needed 
occasionally for the acceleration of highly charged heavy 
ions and an expensive pumping system cannot be 
justified for this purpose. The pressure distribution for 
the previously proposed system was first re-calculated, 
using more realistic values for the conductance, aperture 
and applied pumping speed. This result was compared 
with pressures computed for a new system consisting of 
one 2.2 m 3/s turbopump, a 10 m 3/s cryopump and a 
liquid nitrogen (LN 2) cryopump with a pumping speed 
of 18 m 3/s for water vapour at the far end of each 
resonator. It shows that a negligible increase in the 
pressure at the cyclotron centre will result from using a 
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10 m 3/s cryopump on the main vacuum chamber instead 
of the 18 m3/s cryopump specified previously. 
Secondly, a more significant reduction in the pressure is 
predicted if the two 2.2 m 3/s turbopumps at the 
resonator ends are replaced by two LN 2 cryopumps. 

Figure 4 depicts results of calculations for both 
systems. The effect of three different pump combi
nations on the pressure distribution for the new system is 
also shown. A pressure of 6.3 x 10-4 Pa will be 
obtained in the beam region using only the 2.2 m 3/s 
turbopump. This pressure will suffice for acceleration of 
protons. With the help of the 10 m 3/s cryopump the 
pressure will be reduced to 2.9 x 10-4 Pa, for the 
acceleration of light heavy ions. Adding also the LN 2 

cryopumps will result in the lowest operational pressure 
of 8 x 10-5 Pa. This pressure is necessary for adequate 
transmission of heavy ions. For the LN 2 cryopump 
option, two additional inexpensive pumps which have a 
high pumping speed for air are required. Oil-diffusion 
pumps with a pumping speed of 1.75 m 3/s should be 
adequate for this purpose. 

1 E·03 ..------.-----,----,----n 

SE·04 

3E·04 

SE·a5 

3E.a5 

2E.a5 

1 E·a5
0 
L ---,---L

2 
---'-----L4---'----L6---L.-~9 

Distance, m 

Fig. 4. Calculated pressure distribution in SPC2 for various 

pumping combinations. The zero length indicates the position of the 

resonator far end. 
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PLASMA CATHODE METHOD FOR RIKEN ECRIS 

T. Nakagawa, T. Kageyama, M. Kase, A. Goto, and Y. Yano 
The Institute of Physical and Chemical Research (RIKEN), Hirosawa 2-1, Wako-shi, Saitama 351-01, Japan 

Abstract 
A negatively biased electrode was set in the first

stage chamber of the RIKEN 10 GHz ECR (electron 
cyclotron resonance) ion source. By use of this electrode, 
the beam intensities of highly charged ions have been 
markedly increased. We studied the mechanism of this 
phenomenon, investigating the dependence of highly 
charged ion intensity upon the electrode bias voltage and 
current as well as the gas pressure of the first-stage 
chamber. Based on the results of this method, we changed 
the structure of the first stage. The frrst stage was isolated 
from the second stage electrically and negative bias was 
supplied to the frrst stage(plasma cathode method). We also 
observed that the beam intensity of highly charged ions was 
enhanced by using this method. 

1. Introduction 

In the last decade, ECRISs (electron cyclotron 
resonance ion sources) have been developed from a complex 
type into a compact and high performance ion source for 
accelerators and atomic physics experimental apparatus. The 
coupling of the ECRIS to heavy ion accelerator, in 
particular, has brought about a significant upgrade of their 
performance in energy, intensity and variety of ions. 

Many laboratories have made an effort to upgrade 
the beam intensity of highly charged ions produced by 
ECRISs, using several methods. 1-6) In order to increase 
the electron density in the plasma, the Lawrence Berkeley 
Laboratory group has used an electron gun to supply 
electrons to the plasma of advanced ECRIS2). On the other 
hand, the Grenoble group has put a negatively biased probe 
near the gas injection of MINIMAFIOS to push electrons 
into second stage plasma. 4) The latter method is very 
useful for an ECRIS which consists of two stages, such as 
the RIKEN ECRIS.7) 

In the previous study on the RIKEN lOG Hz 
ECRIS, we examined a method on setting up negatively 
biased electrode placed in the first stage.S) This method has 
allowed us to significantly upgrade the beam intensity of 
highly charged ions: 160e~A 14NS+, IS0e~AI6,1806+, 
60e~ 40 Arll + and 6e~A 84Kr20+ have been successfully 
obtained. We have thus been supplying experimentalists 
with intense intermediate-energy heavy-ion beams from the 
A VF-Ring cyclotron complex.8 ,9) In this paper, we 
present the mechanism of the phenomenon mentioned 
above, investigating the dependence of the output intensity 
of highly charged ions upon the electrode bias voltage and 

current as well as the pressure of the first stage chamber. 
Based on these results, we tried to change the structure of 
the first stage itself as an electron source (plasma cathode 
method). We also present this method and results in detail. 

2. Negatively biased electrode 

We measured the dependence of intensity of highly 
charged ions upon the bias voltage of the electrode , gas 
pressure and electrode current. The experimental set up is 
the same as described in Ref. 5. Figure 1 shows the 
schematic drawing of the frrst stage. The electrode is made 
of copper . The diameter and thickness are 10 and 2 mm, 
respectively. 
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Fig.l Schematic drawing of the electrode placed in the first 
stage 
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Fig. 2. Output intensitY,!b ,of 14N5+ (open circles) and 
electrode current,! ,(closed circles) measured as a 
function of bias voltage, V ,at different pressures 
of2 and 4xl0-S Torr in the first stage. 
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Figure 2 shows the beam intensity (Ib)of 14N5+ 
and electrode current(J) as a function of the bias voltage (V). 
To clarify the dependence of the gas pressure of the first 
stage. only N2 gas was fed into without any mixing gas; 
the other parameters such as microwave powers to the rust 
stage and second stage and mirror magnetic fields were kept 
constant. Ib shows the same tendency as I. Ib saturates at 
-400V at a gas pressure of 2xlO-5Torr in the first stage. 
while the saturation occurs at -250V at a pressure of 4xl0-5 
Torr. In order to investigate this correlation of Ib vs I 
systematically. we examined several gaseous elements such 
as He. C02. N2. 02. and Ar. In this study. gas mixing 
was used. because it is very effective to obtain a higher 
intensity of highly charged ions for elements heavier than 
carbon. The optimum mixing ratio of the main gas to the 
auxiliary gas was nearly 1:5. the measurements were made 
at the pressure between 2-4xl0-5 Torr in the first stage. 
Figure 3 shows the beam intensity as a function of 
electrode current. where the highest intensities are saturated 
ones. Almost the same correlation has been observed for 
these ions except 4He2+. 

4He2+ 

12C4+ 

, .. " " 
, 

, " 1''' 

, 
" " 

1808+ 

. 1L---~~~~~L---~~~~~ 
.1 1 10 

Current (electrode) (rnA) 
Fig. 3. Correlation between Ib and I observed for typical 

high-charge states of different ions. Highest 
intensities correspond to saturated ones. Dashed 
lines are guidelines. 

The interpretation of the experimental results is 
illustrated by a schematical diagram shown in Fig. 4. It is 
well known that highly charged ions are produced in the 
successive ionization process. The production probability is 
assumed to be proportional to the product of T e· zi.ne, 
where T e. Zi, and ne are the electron temperature, ion 
confinement time and electron density in the second-stage 
plasma, respectively. Since the microwave power, gas 
pressure and gas mixing ratio were kept constant in the 

second stage. T e and 1j were considered to be constant. 
Thus Ib oc ne. The density ne is expressed by ne = neO + 
L1ne• where neO is the density of electrons generated in the 
second stage and L1ne is that of electrons (Ie') entering over 
the mirror field barrier in the first stage. Figure 2 shows 
that when V ~ 0 V, Ib decreases to a faint intensity. This 
indicates that ne == L1ne• and thus Ib oc ne == L1ne oc Ie'. 

On the other hand. the relationship observed 
between I and V inheres in the so-called Langmuir probe. 
If Ii and Ie are the currents of ions and electrons plunging 
into the electrode. then I = Ii - Ie. When the microwave 
power and the pressure. P .in the first stage are kept 
constant. the ion density remains the same. and accordingly 
Ii is constant. As V increases. Ie decreases to zero. 
because leis the current of electrons plunging over the 
repulsive potential wall. and then I saturates to the 
constant value of Ij. The P-dependence on the saturation 
bias voltage seen in Fig. 2 implies that with increasing P 
the electron temperature in the rust stage drops. 

Since the plasma is always electrically neutral. I 
is proportional to the current of electrons escaping from the 
plasma. These electrons partially enter the second stage 
over the mirror field barrier, which leads to Ie' oc I . Thus, 
Ib DC Ie' DC I . This consequence contradicts the experimental 
results of Ib DC Ik (k= 1.2 - 1.3). To explain the 
contradiction, we should assume that the production 
probability of high-charge states in the successive 
ionization process is proportional to the product of 
T e. Zi.nek except for 4He2+, but further investigation of 
this is beyond the aim of the present study. 

SoleDold 

!Ei~-~t~~d~--C~~-~~~i-1 

' ... _-----------
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Fig. 4. Schematic diagram of the RIKEN 10 GHz ECR ion 
source equipped with a negatively biased electrode 
in its first stage, the electrode serving as the so
called Langmuir probe. Details are given in the 
text. 

3. Plasma cathode method 

If we make the potential difference between the 
first stage and second stage, we do not need the biased 
electrode in the rust stage, because it is the same condition 
as that of negatively biased electrode method. In order to 
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make this condition, we have changed the structure of the 
first stage for the plasma cathode method as shown in 
Fig.s. The first stage is isolated electrically from the 
second stage by the insulator. The negative bias is supplied 
to the first stage. The aperture plate placed in front of the 
fIrst stage is isolated from the first stage electrically and 
connected to the second stage. 

Insulator 

10cm 

RF IOGHz -7_~ _____ ., 
Quartz Tube 

~"'"~~-~~. 
Insulator 

Fig.s. Schematic drawing of the first stage for plasma 
cathode method. 

We investigated the beam intensity of 40Arll+ 
ions upon the bias voltage. The current increased very 
steeply between 0 to -100 V , whereas between -100 to 
-200 V the increase is about 20 % and then above -200 V 
the beam intensity is constant. Figure 5 shows the beam 
intensity as a function of current of the first stage. The 
intensity increases with increasing the current of the fIrst 
stage. This tendency is the same as that observed when we 
used the negatively biased electrode. 
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Fig.6Beam intensity measured as a function of current of 

the first stage 

Figure 7 shows the charge state distribution of 
argon ions as a function of the analyzing magnet current. 
The source was tuned to maximize the beam intensity of 
40ArII+. Usually the best beam intensity can be obtained 
by using the gas mixing method. To produce the Ar-ion , 

for example, the intensity is enhanced by using oxygen gas 
as a mixing gas. When we used the plasma cathode method, 
however, we needed no oxygen gas as a mixing to obtain 
the best result of 80 eJl.A. Another advantage of the 
plasma cathode method is the low consumption rate of gas. 
In order to obtain the best results for 40Arll+, the pressure 
of the fIrst stage had to be 4-6xlO-6 Torr using this method 
(Before using the plasma cathode method the optimum gas 
pressure was 2-3xlO-s Torr). 
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Fig.7Charge state distribution as a function of analyzing 
magnet current. 

Figure 8 shows the beam intensities of Ar and Ne 
ions as a function of charge state. Open and closed circles 
are without and with using the plasma cathode method, 
respectively. It is clear that the highly charged ions are 
strongly enhanced by using this method. 
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Fig. 8. Beam intensity of Ar and Ne ions as a function of 

charge state. 

The plasma cathode method has several advantages. 
In principle, the plasma cathode method plays the same role 
as that of the biased electrode method. The fIrst stage 
supply the second stage with electrons in the first stage 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

367



plasma. One advantage of the plasma cathode method is its 
long lifetime compared to the biased electrode method. The 
lifetime of the electrode is about 2 months in routine 
operation. This is due to the sputtering of the electrode by 
the ion impact. In the case of the plasma cathode method, 
there is no such a limitation. Furthermore, as we 
mentioned above, plasma cathode method has other two 
advantages: low consumption rate of the main gas and no 
gas mixing. However, the reason for last two phenomena is 
not yet solved. 

4. Conclusion 

We measured the correlation of the beam intensity 
of highly charged ions with the electrode current, gas 
pressure, and bias voltage. This work led us to conclude 
that the beam intensity, Ib, of highly charged ions 
obtainable by use of the electrode is bound by the amount 
of electrode current I produced by the ECR discharge in 
the first-stage. 

Based on the results of method of negatively biased 
electrode we change the structure of the first stage ( plasma 
cathode method) and tested it . The tendency of beam 
intensity as a function of current of the electrode is the 
same as that by using the biased electrode. We could obtain 
the best result of 80 ellA for 40 Ar 11 + ion without gas 
mixing method. It also has two other advantages: long 
lifetime and low consumption rate of gas. 
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PERFORMANCE OF THE TEXAS A&M ECRIS 

G.Mouchaty, R.C.Rogers, P.Smelser and D.P.May 
Cyclotron Institute, Texas A&M University, College Station 

Texas, 77843-3366, U. S. A. 

ABSTRACT 

The Texas A&M ECRIS (Electron Cyclotron 
Resonance Ion Source) is a two stage, 14.5-6.4 GHz, 
source in operation since August of 1989. Injection in the 
K500 cyclotron was accomplished 3 months later. Since 
then minimal development time has been available and 
only essential modifications have been made. The source 
has produced beams as diverse as H-He+ molecules to 
181Ta24+ for acceleration by the cyclotron. After a brief 
description of the source and the injection line we report 
on their performance. Our plans and their development 
are then discussed. 

1. DESCRIPfION OF THE SOURCE 

The Texas A&M ECRIS is a production source. It 
was conceived1) as such and built!.3) at the Cyclotron 
Institute for injection into the K500 cyclotron. Figure 1 
shows a sketch of the principal elements of the magnetic 
structure and the associated field profiles. The 
microwaves are provided by a 14.5 GHz transmitter for 
the first stage and a 6.4 GHz transmitter for second stage, 

10 
1 (a) 

thus the magnetic bottle is inherently tilted. Both stages 
are injected at the high field side and extraction is done 
through a Pierce system. 4) The minimum B configuration 
is achieved by the superposition of a permanent magnetic 
hexapole field made from Sm-Co, [Cf. Fig 1(b)], onto a 
mirror field produced by 9 coils separately adjustable [A 
to I in Fig. l(a)]. This allows ample tuning capacity and 
provides reasonable margin to upgrade the source and test 
new ideas. The radius of the plasma chamber is 2.5 
inches. 

2. OPERATION AND PERFORMANCE OF THE 
SOURCE 

In day-to-day operations, the best solution for the 
mirror field is always very close to the one shown in Fig. 
l(a). Minor adjustments for different beams usually result 
in a better production and higher stability. In Fig. l(a), 
the mirror ratio on axis is approximately 2.1, and the total 
dissipated power is about 69 KW. 
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Fig. 1. A sketch of the principal elements of the magnetic 
structure and the associated field profiles. (a) The mirror 
field. (b) The hexapole field. The radius of the plasma 
chamber is at 2.5· . 

Figure 2 shows typical extracted currents for several 
ions ranging from 14N5+ to NaIPb33+. Keeping in mind the 
scaling laws of ECRIS5) one can compare this source to 
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other 6.4 GHz ECRIS. (e.g. Refs. 6, 7, 8). It is clear that 
the orthodoxy observed in the design of this source l ) paid 
off. The data in Fig. 2 show a very good production 
capacity. As for its stability, once this source has been 
tuned, it usually stays stable until the injected gas pressure 
drops significantly. 
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Fig. 2. Typical extracted currents for several iOns 
ranging from 14N5+ to Natpb33 + measured on a plate 
intercepting the beam after the analysis magnet (ILe02). 

3. DESCRIPTION OF THE INJECTION LINE 

As shown in Fig. 3, the output of the source is 
analyzed in a 90 0 magnet. A small bend (marked BM 15-
H in Fig. 3), aUows for injection of another source into 
the cyclotron. The second 90 0 magnet bends the beam 
into the vertical part of the beam line which ends in a 
spiral inflector. The exit of the latter is in the median 
plane of the cyclotron. The beam size along the injection 
line is controUed by five solenoids with the last two being 

ECRIS Injection Line 
Composite View 

1--- -----, 
1 ~ 1 

1 Top view of horizontal elements ) 
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1 IT-I 1 
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: t-: laOt,-a I L Side view ~ verti~ elements _-~ ..J 

_us~ f I ) 

Fig. 3. The injection line components. 

naked. Another 90 0 magnet (marked BM-AT) can bend 
the beam to be used before acceleration. It is usuaUy used 
for atomic physics experiments. 9) 

4. TRANSMISSION 

Since the plate ILC04 is in the fringe field of the 
cyclotron, one expects to read less current on ILC04 than 
on ILC02 even for 100% transmission. The ratio of these 
two currents is shown in Fig. 4 for different beams 
accelerated since August of 1991 (solid circles). The ratio 
of the beam measured at the extraction radius of the 
cyclotron to that measured at ILC04 is indicated by open 
circles. And finaUy, the ratio of the beam extracted from 
the cyclotron to that measured at the extraction radius is 
shown by solid squares. We use data since August 1991 
because the buncher was mounted on the injection line at 
that time. Also, the last time the main coil was moved 
was in July of 1991. Although the position of the main 
coil has been optimized for better extraction, one can see 
the dependence of the ratio of extracted beam to internal 
beam on gamma (E/EO) (solid squares). (*) 
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Fig. 4. The ratio of the current measured on the plate 
ILC04 to that measured on ILC02 (solid circles). The 
ratio of the beam measured at 26.5" to that measured on 
ILC04 (open circles). The ratio of the beam extracted 
from the cyclotron to that measured at the cyclotron 
extraction radius (solid squares). (Cf. paragraph 4) 

5. PLANS 

Since 1986, when this source was designed, I) several 
significant developments happened in the ECRIS field, 
two of which have direct bearing on our plans. 

5.1. Permanent magnet material 

NdFeB is now widely used and has proved to be at 
least as safe as the Sm-Co. Since it can be magnetized 
to much higher values than Sm-Co, the space needed to fit 
a hexapole of a given strength is smaller and so is the 
inner radius of the coils. This point is among (if not the) 
most important point to be considered in any attempt to 
design a better source (whether for production or 
stabili ty). 
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S.2. First stage 

Among several questions that have to be addressed 
when upgrading our source, is the necessity of the first 
stage and, if at all, what should replace it. Experiments 
with biased plates lO•ll ) and with an electron gun I!) have 
shown substantial increase of the output of the source 
when these devices are used with a main stage only. We 
have tested a 3.5 cm diameter copper plate in our source 
and found very encouraging results. 13) In Table 1 the 
results obtained with the plate and the main stage are 
compared to those obtained with both stages. An effort is 
under way to compare the usage of an electron gun to that 
of a plate. 14) 

(*) Depending on the charge state and the beam velocity 
the vacuum in the cyclotron can become another major 
source for beam loss. 

Table 1 

with first stage with plate 

~e8+ 12.0 p.a 17.5 p.a 
~e9+ 0.75 p.a 1.11-'a 
40Arll + 5.1 p.a 18.0 p.a 
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ADVANTAGES OF USING DIFFERENTIAL ALGEBRA AND 
LIE ALGEBRA IN THE ORBIT DYNAMICS OF CYCLOTRONS 

Walter G. Davies 
AECL Research, Chalk River Laboratories, Chalk River Ontario, KOJ lJO. 

ABSTRACT 

There have been significant developments during 
the past few years in both numerical and analytic tools 
for computing and understanding the orbit dynamics of 
accelerators. In particular, differential-algebraic tech
niques can result in unprecedented accuracy in comput
ing the nonlinear behaviour of accelerators. In addi
tion, Lie-algebraic techniques provide powerful methods 
of simplifying and understanding this behaviour. The 
application of these techniques to the design and analysis 
of cyclotrons should improve their quality, predictability 
and ease of operation. 

1. INTRODUCTION 
METHOD 

THE TRADITIONAL 

Traditionally, calculations of the orbit dynamics of 
cyclotrons have been done by numerically integrating the 
relativistic equation I) 

d my 
F= - . 
dt~' 

,6 = bJ 
c 

(1) 

with a Runge-Kutta integrator, where the Lorentz force 
is F = q(E + y x B); here E is the electric field, B the 
magnetic field, c is the speed of light and q, m, and y 

are the charge, the mass and the velocity of the par
ticle, respectively. Also, the usual practice is to inter
polate the measured midplane field component, B., by, 
for example, Aitken's method or some combination of 
Fourier analysis and interpolation; we shall see that such 
interpolation schemes restrict both the order and the ac
curacy of higher derivatives of the field, which are ex
plicitly and/or implicitly required for the analysis of the 
nonlinear behaviour and resonances. Finally, extrapola
tion of the magnetic field off the midplane is achieved 
by expanding Bz in a Taylor series and using Maxwell's 
equations plus midplane symmetry to determine the co
efficients as follows: assume B may be derived from a 
magnetic scalar potential <I>(r,8,z) via B = -V<I>; from 
V . B = 0 we see that <I> satisfies Laplace's equation, 
V 2 <I> = o. In cylindrical coordinates, the Laplacian may 
be split into "transverse" and z-pieces, V2 = [Vi + an 
where V 1. and az commute. Since Bz = az<I>, it therefore 
follows that V2 Bz = 0 also. Assuming midplane symme
try, we expand Bz about the midplane as a Taylor series 
In z, 

The B 2m may be determined by substituting Eq. 2 into 
Laplace's equation and setting like powers of z to zero. 
We find that B2 = - Vi Bz Iz=o, B4 = + V1 B.lz=o, etc.; 
in other words, we must take high-order derivatives of 
the interpolated midplane field B z • Since differentiation 
of interpolated data rapidly results in total loss ofnumer
ical significance, we are in practice limited to m = 0,1, 
i.e., expansion of the field only to sextupole order. Fur
thermore, we see why we must require midplane symme
try: it is impossible to infer az Bz Iz=o if given only Bz 
on the single plane z = o. 

With this approach, it is very difficult to analyse 
resonances with much accuracy. Typically, the determi
nant of the l't order transfer matrix obtained by differ
encing the principal rays is only accurate to about 5%, 
and higher order maps will be much less accurate. Thus 
the symplectic condition is violated, and hence Liouville's 
theorem is not satisfied and phase-space is not preserved. 

2. DIFFERENTIAL ALGEBRA - THE NEW 
METHOD 

The limitations discussed above can be overcome 
with the use of differential algebra (DAF)' which allows 
us to accurately calculate the high order behaviour. The 
advantage of DA is that it automatically generates a Tay
lor series expansion of Eq. 1, or the Hamiltonian of the 
system, about any point in space. The derivatives in the 
expansion are computed to machine precision; there is 
no truncation error. Also, an arbitrary number of vari
ables with derivatives to arbitrary order can be accom
modated. 

However, for DA to be used, the electromagnetic 
fields must be expressed in terms of analytic functions. 
This has pros and cons. Extrapolation of an interpo
lated magnetic field off the midplane does not allow us 
to accurately calculate high order effects in any case, so 
a better approach is needed even without DA. Unfortu
nately, a realistic and analytic magnetic (and RF) field 
model is in general difficult to achieve and will be much 
more computationally intensive than the traditional ap
proach. Fortunately, use of a Bulirsch-Stoer3 ) integrator 
wins back much of this 'lost time' plus the bonus of much 
greater numerical accuracy than can be achieved with the 
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traditional Runge-Kutta integrator.* At Chalk River, 
we have developed accurate 3-dimensional models of the 
magnetic and RF fields4 } for the TASCC superconduct
ing cyclotron, which do not require midplane symmetry; 
the midplane field data is only needed to fix parameters 
of the model. 

2.1. How DA Works 

DA2} is a special algebra that replaces ordinary mul
tiplication with a new kind of vector multiplication de
signed to achieve automatic differentiation. Space does 
not permit an extensive exposition of DA, so the rudi
ments will be illustrated by the following example; the 
interested reader is referred to ref. 2 for details. A DA of 
order n in v variables is denoted nDv and the DA vec
tor DI = (fo,h,/2""ln), where 10 denotes the scalar 
value of 1= I(x) at x = Xo, (x E RV). The h, h,'" In 
are themselves sub-vectors containing the l,t, 2nd , and 
nth order derivatives of I, respectively. The unit element 
of the algebra is (1,0,···,0) and the unit differentials are 
di = (0,61,6;,···,0) where i = 1··· v and 6i is the Kro
necker 6. For 2nd derivatives of functions of one variable, 
2DI, the rules of the algebra are: 

(3) 

A*B = (AoBo, AoB1 +BoA 1 , AoB 2 +A 1 B 1 +A2 Bo). (4) 

We see that d = (0,1,0), d2 = (0,1,0) * (0,1,0) = 
(0,0,1) and d3 = (0,1,0) * (0,1,0) * (0, 1,0) = (0,0,0); 
i.e. the algebra is nilpotent at order n. Thus if 
I(z) = z2 at z = 5, we obtain (5,1,0) * (5,1,0) 
(25, 5·1 + 1·5, 5·0 + 1·1 + 0·5) = (25,10,1), but 

DI = (25,10,1) == (/(Z), d:~) , ~ d:fx(;)) x=5 (5) 
which are the coefficients of a Taylor series to 2nd order 

about z = 5. Note: only one function evaluation was 
needed. 

2.2. Application of DA to Cyclotrons 

As we wish to preserve the symplectic condition, 
canonical coordinates must be used, and it is conve
nient to use the Hamiltonian formulation. The relativis
tic Hamiltonian in cylindrical coordinates, the "natural" 
coordinate system for cyclotrons, is5} 

{ (
Po +'f')2 }1/2 H = -erAo - r --c- - m 2 c2 

- [P.l - A.l]2 

(6) 

*In our tests Bulirsch-Stoer was from 3 to 5 times faster than 
Runge-Kutta and 106 times more accurate. B-S is ideal for inte
grating DA problems because all the functions are analytic. 

where H is the momentum in the azimuthal direction, 8 
is the independent variable, r is the radius of curvature, 
Po is the total energy, 'f' is the electromagnetic scalar 
potential, and P.l and A.l, are the transverse compo
nents of the momentum and the electromagnetic vector 
potential, respectively; Ao is the azimuthal component 
of the vector potential. We make a DA expansion of the 
Hamiltonian 

where q' = r i p/zk p1Tmpr, lsi = i+i+k+l+m+n 
and s! = i!i!k!l!m!n!. In this expansion, the deriva
tives are with respect to the canonical coordinates, Z = 
(r, P" Z, Pz, T, PT ), of the fundamental cylindrical coor
dinate system. The differential quantities dq' are mono
mials of the DA basis vectors which represent the mono
mials C' appearing in the usual expansion of the Hamil
tonian (see Eq. 10), where C = (x,Px,z,Pz,t,Pt) are the 
familiar differential canonical coordinates. Hamilton's 
equations in Poisson bracket form are 

Z' = -[H,Z] (8) 

where the ',' denotes differentiation with respect to 8. 
The usual form of Hamilton's equations are readily ob
tained from Eq. 8. The DA expansion of Hamilton's 
equations have the form 

r' = a~r (H, H" Hpr, Hz, Hpz , HT , HPT"') 

= (Hpr, H pr" H prpr , Hprz, HprpZ ' HprT, HPrPT"') 
(9) 

for the r' equation and similarly for the other coordi
nates. The straightforward method of obtaining Eq. 9 
is to differentiate the Hamiltonian "by hand" and eval
uate the "right-hand-side" of Hamilton's equations in 
DA. The resulting DA vectors are integrated numeri
cally. The result is the reference trajectory, along with 
the usual Taylor series map, or aberration expansion, 

"FIN _ R "IN T. "IN "IN U "IN "IN "IN . 
"i - ij"j + ijk"j "k + ijkm"j "k "m +"', 

(10) 

repeated indices are summed. The superscripts, IN and 
FIN, refer to the initial and final coordinates connected 
by the map. Since DA can expand functions to arbi
trarily high order, unlike conventional "transfer-matrix" 
codes the order of the Taylor-expanded map Eq. 10 is 
not fixed, but may be freely chosen at run-time. 

One might naively assume that it is easy to use DA 
to take the derivatives of the DA-Hamiltonian, Eq. 7, 
but this is not the case, because the a-operator in DA 
maps n Dv on to n -1 Dv, so that expansion of the Hamil
tonian to order n results in an expansion of Hamilton's 
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equations only to order n - 1. Thus the nth order terms 
will be in error after the first integration step, the n - 1 
order terms are in error after the second step and so on. 
However, it can be shown (see Eq. 7 and 4) that if the 
first derivatives of H are zero then the problem is circum
vented and we have a consistent algebra. We can make 
the derivatives zero by explicitly making the canonical 
transformation to the reference trajectory.g) 

A further problem (and difference between DA and 
ordinary calculus) is that the a-operator in DA gives the 
values of the derivatives with respect to the expansion 
variables whereas the usual a-operator generates a func
tion of the phase space variables at a general point. Be
cause in our case the expansion variables are the phase 
space variables at the initial azimuth 80 , we do not di
rectly obtain the derivatives needed for the standard 
form of Hamilton's equations. The Poisson bracket form, 
Eq. 8 allows us to circumvent this problem, because the 
map from initial to final phase-space variables is a canon
ical transformation, and the Poisson bracket is invariant 
under canonical transformations. Thus the penalty for 
generating Hamilton's equation with DA is that we must 
evaluate H to one order higher than the desired map, 
plus we must make a canonical transformation at each 
step, both of which increase the computation time. 

Eq. 10 plus the reference trajectory are sufficient if 
we are interested only in the behavior of the reference 
trajectory, tunes or phase-space plots. For the study 
of the non-linear behavior, especially resonances, it is 
helpful to transform to a Lie-algebraic representation, 
whIch by presenting the dynamics in a simpler and more 
compact form greatly facilitates understanding. Further
more, many powerful and elegant theorems of Lie al
gebras, symplectic groups and symplectic geometrylO) 
are immediately applicable, aiding in the simplification, 
analysis and understanding of the problems under study. 

3. LIE-ALGEBRAIC ANALYSIS 

The Poisson bracket [H, ZJ in Hamilton's equations, 
Eq. 8, satisfies the requirements of a Lie alge bra, namely, 
the commutation relation 

A * B = (A, B) = AB - BA (11) 

and the Jacobi identity 

(A, (B, C)) + (B, (C, A)) + (C, (A, B)) = o. (12) 

Note: This algebra is neither commutative nor associa
tive. 

The Taylor series map Eq. 10, written as (FIN = 
M(l N, can be transformed6 ) with the help of DA into 
an equivalent Lie-map 

(13) 

where 

.J. def LOO 

:f:n e·· = -_. 
I ' n. 

n=O 

:/:
0 = I = {identity map}, (14) 

and [.,.J is the Poisson bracket7) with respect to the 
canonical coordinates (x, Px, Z, Pz, t, pd. The Lie-map, 
M J, can be factored6 ) into 

where M J and Mn are symplectic maps and In are ho
mogeneous polynomials of degree n. 

In a circular accelerator, it is desirable that the ref
erence orbit be a closed orbit (i.e. a "fixed point" of 
the one-turn map); this is, in fact, necessary for the 
transformation to normal form. If the reference tra
jectory is not a closed orbit, the map, M J, will have 
an Ml factor. The closed orbit can be found from the 
map by solving for the fixed point given by the relation 
(. = MJ( •. If the non-linearities are small and/or the 
initial conditions are not too far from the fixed point, the 
problem converges in one iteration. However, if the non
linearities in the map are large and we truncate the map 
(which we must invariably do), then the solution of the 
fixed point equation will not be exact, and the process 
must be repeated until convergence is obtained. Once 
the fixed point has been found, the map can be trans
forme:! by a canonical change of variables ( = A(, such 
that (. = A(. = a => (. = AMJA-l(. = MJ(. = a 
i.e. MJ maps the origin onto itself. 

The Lie-polynomials provide a much more compact 
representation of the map than Eq. 10, and preserve 
the symplectic nature of the map, M, exactly, which 
Eq. 10, when truncated, does not do. With the help 
of DA, Eq. 15 can be transformed into normal form6 ) 

which provides a very powerful method for identifying 
and analysing non-linear behaviour and resonances in 
particle accelerators. 

3.1. Normal Form 

The normal form is the transformation JI 
AMA- I such that JI is in its "simplest" form; M must 
be expanded about a "closed orbit" i.e. no HI terms in 
H, which implies no MI terms in M. The symplectic 
map A is an nth order canonical transformation that iso
lates the tune shifts and resonances to nth order. Using 
the factored map or alternatively the Taylor map and 
DA, we can normalize M order by order to obtain6 ) 

JI = An·· ·At {AdA2MA21 }A3 1
} A.t l 

.. . A;;-l 

(16) 
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We proceed as follows: From the eigenvectors (they 
must be distinct) of R, Eq. 10, we get a canonical trans-

formation that rescales and block diagonalizes Rj t 

where 

R. _ ( COS(J.Li) 
,- - sin(J.Li) 

sin(J.Ld) (1 
COS(J.Li) , ° 

Next, we normalize M3 

L.) ( 1 
I' ,or ai 

=Rexp{: -(I-R- 1 )G3 +g3 : }.... (18) 

A further simplification results if we expand (I - R -1), 
and g3 in a complex or 'resonance' basis as follows: h± = 
z±ipx,v± =z±ipz' Hence, 

(I-R- 1)ln,m>=[1- L ei(n-m)·J.L]ln,m>, 

and 

g3 = L Anmln,m>, 
n+m=3 

n+m=3 
(19) 

(20) 

n, m, J.L are vectors with components (nl' n2) etc. Sub
stituting Eq. 19 and Eq. 20 into Eq. 18 and solving for 
G3 , we obtain 

'" Anm G3 = ~ . 
n+m=3 {I - exp[ i(n - m)·J.L J} 

(21 ) 

All terms in g3 can be incorporated into G3 except when 
n - m = 0, or (n - m) . J.L = 27rl, l = integerj i.e. 
(nl - mt}J.Lx + (n2 - m2)J.Lz = 27rlj l = 0, ±1, ±2···. 
The integer l characterizes the resonance. In a similar 
fashion, we could proceed to find G4 etc. 

tThe matrix R is the evaluated representation of the Lie-map e: h :. 
As is common in the literature we will use R to represent both 
the Lie-map and the matrix itself, the choice being determined 
from the context. In fact, if canonical coordinates are used, the 
matrix R obtained from the Lie-map is always identical with that 
obtained from the Taylor-series, Eq. 10, and satisfles the symplectic 
condition exactly (i.e. detlRI = 1). 

A further transformation to action-angle variables, 
h± = ";2Jxe~i"'~, v± = ";2Jze~i"'., leads to 

N exp: {(J.Lx + J.L~PI + J.L~P~·· ·)Jx + 

(J.Lz + .. ·)Jz + ax]; + az ]; + ... }: (22) 

where we have assumed no acceleration and no explicit 
resonanceSj Jx and Jz are the action invariants with as
sociated angles '{)X and '{)z, J.L are the phase advances, J.L' 
etc. are the chromaticities, and all terms proportional 
to In are non-linear tune shifts. That we can incorpo
rate all the other non-linearities into A. and "get rid of 
them" makes the analysis of the tune-shifts and reso
nances much easier! If explicit resonances occur with 
(n-m)·J.L = 27rlj n, m, l = integers, these must be added 
to Eq. 22. Because [J[', Ji] = 0, that is all powers of the 
actions commute, the transformation from factored to 
single-exponent form is straightforward in Eq. 22. How
ever, if there are resonances in the system, the Campbell
Baker-HausdorfJformula7 ) or DA must be used to con
vert to single exponent form. Finally, the normal form 
has the remarkable property that 

(23) 

where n is the number of times the map is concatenated 
with itself. Use of Eq. 23 results in an enormous saving 
of work when applicable. 

4. EXAMPLES AND DISCUSSION 

Cyclotrons are only quasi-periodic and one should 
ideally work with accelerated maps, which our DA ap
proach allows us to do. However, the dominant features 
of resonance topology can be studied using a simplified 
autonomous (8-independent) Hamiltonian. 

In isochronous cyclotrons, £Ix ~ 1, and the az

imuthally averaged ("bulk") field Bz ex "( = (1 - /32r
1

/
2 

can be approximated as a constant plus a term pro
portional to r2j this generates radially increasing bulk
quadrupole and bulk-sextupole terms when the field 
is expanded about the reference trajectory. The bulk 
quadrupole term is defocusing in the z-plane and is 
overcome by increasing the spiral angle of the hills, 
which produces additional local quadrupole and sex
tupole terms near the hill edges ("edge" fields) which 
approximately compensate the defocusing effect of the 
bulk field radial variation. Expanded through 3Td order 
about the reference trajectory, the combined effects of 
the bulk and edge fields can be modelled by the vector 
potential 

x+ro 1{ 2 2} Sx{Z3 2} Ae=----Bo-- Qxz +Qzz -- --zz 
2 ro ro 3 

(24) 
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where Qx, Q%, SX, are the effective quadrupole and sex
tupole strengths, respectively. Inserting this vector po
tential into the Hamiltonian, Eq. 6, we will investigate 
the leading order nonlinearities and outline the analysis 
of the Walkinshaw or Vx = 21.1% coupling resonance, which 
occurs near extraction in many cyclotrons. As a final il
lustration of the power of this type of analysis, we will 
show the effect of an octupole field on the orbits in the 
vicinity of the "one-third integer" sextupole resonance in 
a 3-fold symmetric cyclotron. 

Because Eq. 24 is independent of B, the Hamiltonian 
Eq. 6 has the solution 

M(B) = e- 9 :H : (25) 

which can be factored into the form of Eq. 15. As we 
are neglecting acceleration, the energy of each particle is 
conserved and Pt = (Eo - E) / Poe, where E is the particle 
energy, and Eo and Po are the energy and momentum of 
the central trajectory, respectively. 

4.1. Non-resonant Non-linear Behaviour 

We will now apply the normalization procedure de
scribed in section 3.1 to the map given by Eq. 25. Since 
we assume no explicit resonances, the normal form con
tains g2 = - [J-Lx Ix + J-L% lz]' the Lie-generator of the "ro
tation matrix" R, Eq. 17, and 

1 - {32 3 2k; 3 
+ 7rkx --{3- Pt + 7rSx 3 3{33 Pt (26) 

Vx Vx 

Eq. 26 has four chromaticity terms proportional to Pt 
and two time-of-flight aberration terms proportional to 
p~. Here kx = ro/vx , kz = ro/vz . 

If, for the moment, we make Vx = 1 (i.e. the system 
is resonant in the radial plane) then the first term in 
Eq. 26 vanishes. If we also adjust the spiral such that 
Sx = 0 then all the chromaticity terms vanish except the 
second one involving (1- 1.1% ). Under these circumstances 
Rl = Rx = Ix, R2 = R z , and we find that 

= .A3
1Rz e:g,:.A3 (27) 

where 
,(I-vz ) 1-{32 3 
g3 = 4v

z
{3 lzpt + 7rkx v

x
{3 Pt 

and the .A now contain only terms involving z; i. e. all the 
non-linearities involving only the x coordinate cancel! 

In reality, Vx ::::: 1, Sx ::::: 0 (at least on the aver
age but not necessarily locally) and V z ~ lover most of 
the accelerating region. Hence there is a large vertical 
chromaticity term in the map as is well known, but all 
the radial plane nonlinearities will be small through 3Td 

order. What happens at 4th order is another story! How
ever, as we pass (adiabatically) through the resonances 
in the horizontal and vertical plane, this cancellation will 
be punctuated by terms with small denominators which 
must be retained (locally) in the normal map. In par
ticular, in a 3-sector cyclotron, the residual sextupole 
can excite the "one-third integer resonance" in the radial 
plane (see section 4.3). Similarly, a one-forth integer res
onance can be excited by the octupole field in a 4-sector 
cyclotron, but this is usually much weaker. This analysis 
demonstrates why a 4-sector cyclotron is less affected by 
non-linearities than a 3-sector machine. 

4.2. Walkinshaw Resonance 

In the fringe-field region near the extraction radius, 
we have large sextupole and octupole strengths and the 
magnetic field is no longer isochronous. We will ignore 
the octupole component for the purposes of this discus
sion, but it can have a profound effect on the stabil
ity of the orbits. At the Walkinshaw resonance, where 
Vx = 2vz (i.e. (n - m) . J-L = 27rl with l = 0), we have 
a vanishing denominator in Eq. 21. This resonant term 
must be retained in the normal map. We can write the 
normal map, which now includes the resonance term, in 
factored form as follows: 

where g2 = -J-L. I = -[ILx1x + ILzlz] and g; = J-L~Ptlx + 
IL~Pt I., the chromaticities, Eq. 26. The factorization 
of e: Y': into e:Y~:e:Y3: can be done trivially because we 
restrict ourselves to 3Td order in the map. Because 
[lr, IF] = 0, we can easily combine g2 and g; into a 
single exponent as -jl . I = -IL· I + PtIL' . I where 
jl = IL - PtIL', i.e. the new tune is energy dependent. 
The tune-shifted resonance occurs when (n - m) . jl = o. 
The sextupole driving term, 93 is given by 

-S 7r yl2kx k 1 1 / 2 [e i '{'& + e- i '{'&] x 
x 4 z x 

lz [e 2i '{'. + e- 2i ,{,.]. (29) 

In order to understand the topology of this resonance it 
is convenient to transform to the "co-moving" frame 8 }. 

This transformation is defined by the expression 

cPl = k· cp; (n - m) = )'k, ). = integer (30) 

and 

k·l 
Kl = 1fklT2' (31) 
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Figure 1. Phase-space plots for the 1Ix = 211. resonance where Vx = 1.195, V. = 0.6025 and the normalized sextupole 
strength is 1.700 units; Jx = 0.0004, J. = 0.0025. a) shows the position of the fixed point at ¢l = 11", the separatrix, 
and trajectories inside and outside the separatrix in order to illustrated the topology. b) J: VS z projection in the 
original space. The parameters place the orbits very close to the separatrix. 

where a is orthogonal to k, (k·a = 0). In our case>. = 1. 
Hence, 

where k = (1, -2) and a = (2,1). Thus, 

K _ Jx -2J. 
1 - 5 ' K 

_ 2Jx + J. 
2-

5 

(32) 

(33) 

The transformation to the co-moving frame is effected 
by the transformation8 ) 

(34) 

where 211"£ = k . 1'. In our case l = 0, and the transfor
mation is the identity map. We want to expand about 
the resonance, that is we assume that we are not quite 
on resonance, and write k· I' = 211"(1Ix - 211.) = o. Hence 

(35) 

where !/s is in the co-moving coordinates; 

(36) 

We note that there is no ¢2 dependence. Thus we have 
reduced the apparently two-dimensional resonance into a 
one-dimensional form with parameter K 2 • If we combine 
exponents in Eq. 34 so that 

(37) 

we obtain the "pseudo-Hamiltonian" h. The fixed points 
of the resonance can be found in the usual way by setting 
, = Me, which reduces to 

8h 8h 
8K

1 
= 0 and 8¢1 = 0, (38) 

the usual condition for a fixed point if h were the real 

Hamiltonian. This leads tot 

1 - cos(o) 1 
tan(¢l) = - . (0) := -0 «: 1 

SIn 2 
(39) 

and 

21l"k.~Sx[6Kl + 7K2]- oJK1 + 2K2 = 0 (40) 

JKl + 2K2 

which has the solutions 

¢1={0,1I"} and ( 41) 

where we have neglected terms of order 02 in the ex
pansion of the trigonometric functions. The topology of 
this resonance is rather complicated, being a function of 
0, Sx, and K 2 • The level sets of the pseudo-Hamiltonian 

tIn the non-Lie-algebraic treatment one usually obtains a sine 
rather than a tangent; since 8 is assumed small the two results 
are equivalent to first order. 
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define the contours of normalized phase space and the 
level set that passes through the hyperbolic fixed point 
defines the separatriz of the resonance. 

A phase-space plot for the Vx = 2vz resonance where 
Vx = 1.195, Vz = 0.6025 is shown in Fig. 1; v is the tune 
associated with the chromaticity-shifted phase advance 
fL. Fig. 1 shows the position of the fixed point at <PI = 7r 
and the separatrix, along with trajectories inside and 
outside the separatrix in order to illustrate the topol
ogy. Here we are working in the Cartesian equivalent of 
K 1, <PI space. This plot was generated by iterating the 
map, M, 3000 times, which is approximately equivalent 
to Eq. 23, 

except that the iterated map generates higher order non
linearities by "feed-up" which Eq. 42 does not do. 

4.3. One-third Integer Resonance 

In a 3-sector cyclotron, we have 3-fold symmetry 
in the magnetic field. Since Vx ~ 1, the radial phase 
advance per cell is J.Lx ~ 27r/3 and we see from Eq. 21 
that if ni - mi = 3, we will have a resonant condition. 
For the purposes of this discussion, we will treat the (J

dependence of the sextupole and octupole fields in the 
"kicli' approximation. In this approximation, the map 
for 1/3 of a turn can be written immediately in factored 
form as 

where 

3 

f 
- SxX 

3---
3ro 

and f - Oxx4 
4 - 6ro ' 

( 43) 

and Ox is the octupole strength; we assume that z = o. 
If we transform M(27r /3) into normal form, we obtain 

Sx V; 1;/2 [e3i 'l'x + e- 3i 'l'x] 

4 [Ox + II:S;] 1; ( 44) 

where II: is a factor that comes from "feed-up" from the it
erated sextupole field (i. e. the generation of higher order 
non-linearities or aberrations from the repeated passage 
through lower order non-linear elements). The octupole 
component has no resonant term for a 3-fold symmetric 
machine, but does generate a tune-shift term. Note also 
that the "feed-up" term is of order S;,. If we neglect the 
g4 component for the moment, and carry through the 
transformation to the co-moving frame as was done in 
section 4.2, we obtain the pseudo-Hamiltonian and the 
equations for the fixed points of the one-third integer 
resonance, 

h~6J _S03V2cos(3rpx)sin(30) 0(S2) 
- x x 4 1 _ cos (30) + x , ( 45) 

sin (3rpx) = 0, 

1 _ Sx 9";21 x cos (3rpx) sin (30) = 0 (46) 
8 l-cos(30) 

where 0 = 27rf. - k·J.L with k = (3,0), and f. = 1. (Here, 
Kl = Ix and <PI = 3rpx, but it is convenient to work with 
the original variables) This has the well-known sol utions 

rpx = {7r/3,27r/3,57r/3}, I = [2V20]2 
x 3Sx 

( 47) 

A phase space plot for the one-third integer reso
nance is shown in Fig. 2a, where we have truncated the 
map to third order, i.e. only the g3 term is included. 
Addition of the octupole component just adds the term 
ax J'; = 4[ Ox + KS;,]J; to the pseudo-Hamiltonian, h, 
Eq. 45. This term is a "tune-shift with amplitude" term 
(see Eq. 22) and as can be seen from Fig. 2b has a pro
found effect on the stability of the orbits in this example. 
(The strength of the octupole was chosen to be very large 
in the example so as to clearly illustrate the effect.) It is 
clear from Eq. 46 that the angles of the fixed points are 
unchanged by addition of the octupole, but their actions 
are altered. The latter are given by 

9S;, + 32ax02 
- 3 I Sx I )95'; + 64ax02 

Ix = 64a;02 (48) 

Equation 48 reduces to Eq. 47 as ax ---> o. Although there 
are two solutions to the fixed point equation, Eq. 38, only 
one of them is physically meaningful. 

In this section, we have used simplified models of 
the magnetic field of a cyclotron in order to illustrate the 
power of the Lie-algebraic method. In a real cyclotron, 
Ae is a complicated function of (J, rand z. However with 
DA, we can accurately calculate the non-linear behaviour 
to high order, and transform the Taylor series into nor
mal form in the Lie-algebraic representation; this gives 
us precise values for the tune shifts and resonance driv
ing terms. These terms along with the type of analysis 
discussed above allows us to analyse and understand the 
effects of the non-linearities on the orbit dynamics of the 
machine in a very sophisticated manner. 

5. CONCLUSIONS 

In conclusion, we believe that the symbiosis of dif
ferential algebra and the Lie-algebraic methods provides 
a box of very powerful tools for analyzing and under
standing the orbit dynamics of cyclotrons up to very 
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Figure 2. Phase-space plots for the "one-third intege";' resonace where Vx = 1.014 (J-L x = 0.338(271")) for various 
values of the initial action, lx . a) normalized sextupole strength Sx = -0.372, and octupole strength Ox = O. b) 
Sx = -0.372" and Ox = -2.0. 

high orders. Although cyclotrons are only quasi-periodic 
devices, maps still provide significant advantages over 
tracking in terms of speed, accuracy, and the ability to 
analyse many orbit-dynamical properties and in partic
ular resonances. The analysis of resonances is accom
plished very elegantly by the normal form transforma
tions. Differential algebra is essential for the efficient 
computation of the maps and of the normal form trans
formation . 
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ABSTRACT 

The Hamiltonian formalism is used to derive toler
ances for the magnetic field errors in an H- cyclotron in 
order that emittance growth due to precessional mixing 
or vertical amplitude growth stay below specified limits. 
The resonances Vr = 1, 2vr = 2, 2vz = 1, Vr = 2vz and 
Vr + 2vz = 2 are considered. Emittance growth mainly 
results from the Vr = 1 and 2vr = 2 resonances. The 
other resonances may cause vertical beam blow up. The 
30 MeV isotope production cyclotron TR30 1

) is used as 
an example. All resonances studied have in common that 
Vr ::::J 1 and V z ::::J 0.5 as is the case for all the important 
resonances in TR30. 2) The resonances are driven by er
rors in the vertical field. Besides that, the effect ofradial 
field errors in the median plane on emittance is consid
ered. 

1. INTRODUCTION 

Magnetic field errors in a cyclotron excite coherent 
oscillations of the beam because they displace the central 
orbit or they distort the transverse phase space. The to
tal phase advance of these oscillations at extraction will 
differ for different turn numbers. In an H- cyclotron, be
cause of rf phase spread, there usually are a number of 
different turns in the extracted beam and therefore the 
coherent oscillations cause an apparent increase of the 
emittance (precessional mixing or betatron phase mix
ing). This is of importance also because a larger emit
tance gives a larger energy spread in the extracted beam. 
The effect does not only depend on the magnitude of the 
field errors but also on the radial area in which they oc
cur. 

2. THE /1,.= 1 RESONANCE 

The Vr = 1 is a one-dimensional resonance that is 
driven by a first harmonic field error. The Hamiltonian 
describing this resonance is given by3) 

H = (vr - 1)1 + 1 v2I(Al cos ¢ + Bl sin ¢), (1) 

where the azimuth B is the independent variable, the 
action variable 1 is the generalized coordinate, the angle 
variable ¢ is the generalized momentum, A1 = C\ cos 1/)1, 

and B1 = C 1 sin 1/)1 are the relative first harmonic field 
components and Vr is the radial oscillation frequency. In 
most important order the radial phase space coordinates 
a:, Px and the orbit centre coordinates ;z:c, Yc are related 
to the action-angle variables by 

x = rov2Icos(¢ - B) Px = v2I sin(¢ - B), 

Xc = rov2I cos ¢ Yc = rov2I sin ¢. 

From Eq. (1) it follows that the first harmonic excites a 
coherent oscillation with an amplitude 

(2) 

The phase advance per turn of this oscillation is Ci¢ = 
2?T(vr - 1), so for a turn spread at extraction of Cin = 
1/ (vr - 1) there is complete mixing (Ci¢ = 27T). If the 
beam is initially matched and t is the initial emittance, 
then the circulating emittance after complete mixing is 
(see Fig. 1) 

where Xo is the initial beam size, related to the normal-

Xo 
initial emittance 

circulating 

emittance 

x 

Figure 1. Emittance growth due to a first lJarmonic 
perturbation 

ized injected emittance tn = f3,t as 

1 1 

Xo = (~)2 = (.\t1l)2 
?TVr 13, ?TVr 

where.\ = moc/qBo. If the maximum allowed emittance 
growth factor is denoted by 1m = (tc/t)max then the 
maximum allowable beam shift is 

(3) 

This formula together with Eq. (2) gives an upper limit 
for the first harmonic amplitude, assuming a coasting 
beam. 

If the beam is not coasting but accelerated to an 
outer radius then the field properties may change with 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

380



radius. In order to take this effect into account the or
bit centre equations are derived with turn number n as 
independent variable. These are given by 

where fJ = 27l'(vr - 1). Assuming smooth acceleration4
) 

and an isochronous magnetic field, nand 1'0 are related 
as follows 

n = Q'1'5, with Q' = ~ q2 132 /(moD..Eturn ), (4) 

where 13 is the average magnetic field and D..Eturn is the 
energy gain per turn. Note that D..Eturn still depends 
on the rf phase of the particle. The orbit centre equa
tions can be integrated for arbitrary radius dependence 
of V r , Al and B 1 . Assuming an initially centered beam 
(xc(O) = Yc(O) = 0), the orbit centre at radius 1'0 is 

Xc = -27l'Q' iro r2C1 (7') sin [D..<p(1'o) - D..<p(r) -1/>1 (7')] dr, 

Yc = -27l'Q' iro r2C1 (f) cos [D..<p(ro) - D..<P(f) -1/>1 (f)] dr, 

where D..<p(1'o) is the total phase advance of the betatron 
oscillation between l' = 0 and 1'0 

D..<p(ro) = 47l'Q' iro r(vr(r) - l)dr = in 7](n)dn. 

The distance at radius 1'0 of the orbit centre to the origin 
is given by 

R 27l'C't[(i
ro 

r 2C1(r)sin(D..<p(r) -1/>I(r))dr) 2 

+ (i
ro 

r 2C1(f) cos(D..<p(r) -1/>I(r))drr]~. (5) 

This represents a circle in orbit centre space which is 
covered with beam, if we assume complete mixing. The 
quantity R is equivalent with D..xe used in Eqs. (2) and 
(3) but it will give a more accurate result. From Eqs. 
(3) and (5) it followed for TR30 that a constant first 
harmonic of 2 gauss would give a total emittance growth 
in the order of 50% .2) 

3. THE 21Jr = 2 RESONANCE 

The 2vr = 2 is a linear one-dimensional resonance 
that is driven by a second harmonic field error and its 
gradient. The Hamiltonian describing this resonance is3 ) 

H = I[(vr -1 )+( ~ A2+t A;) cos 2<p+( ~ B2+t B~) sin 2<p], 

where the prime denotes rd/dr and with I and <p defined 
in the previous section. It is convenient to put B2 == O. 
The equations of motion for the orbit centre are given 
by 

where Co = Vr - 1 and C2 = ~ A2 + t A~. Thus, the 
frequency of the perturbed motion in orbit-centre space 
is given by 

Vc = (cg - Cn~ . 

The motion becomes unstable if IC2 1 > ICol . For TR30 
the resonance is not crossed and therefore this instability 
is not expected to occur. 

A more important effect is the distortion of the 
phase space. In the ideal case the orbit centre tra
jectories are circles, but with a second harmonic field 
error these become ellipses with aspect ratio Yo/ Xo = 
((Co + C2)/(Co - C2))~' To obtain a worst-case esti
mate of the emittance growth assume that at injection 
the beam is matched and there is no field error . The 
beam is accelerated through a region where there is a 
finite error and then again enters into an error free re
gion. Assuming complete mixing the emittance growth 
becomes (see Fig. 2) 

f - Cc _ 7l'Y6 _ Co + C2 

- C - 7l'X6 - Co - C2 . 

For TR30 it followed that, for the emittance growth to be 
smaller than 100%, the second harmonic should be less 
than 50 gauss and the gradient less than 10 gauss/cm 
everywhere in the cyclotron . 

space 

x 
c 

area 1tX~ 
matched beam 

x 
c 

Figure 2. Emittance growtlJ due to a second lJarmonic 
perturbation 

4. THE 21Jz= 1 RESONANCE 

The 2vz = 1 is a linear resonance that is driven 
by the gradient of a first harmonic field error. Close to 
the median plane such a gradient produces a radial field 
component which is proportional to z. This component 
combines with the azimuthal velocity to give a vertical 
force that drives the Hill equation for z. The Hamilton
ian for this resonance is 

H = G[(vz - ~ ) - A; cos 21/> - B; sin 21/>]. (6) 
4vz 4vz 

The vertical phase space coordinates z, pz are related to 
the action angle variables G, 1/> as 

z = 1'oy/2G/vz cos(1j! - ~ B) , pz = y/2Gvz sin(1/> - ~ B) . 
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The Hamiltonian is a constant of motion. The curves 
H =constant describe the flowlines in phase space. For 

Ivz - ~ I < _1_ (A? + B~2) ~ , 
4vz 

the flowlines are hyperbolas and the motion is unstable. 
The width 6.1' of the radial area that corresponds with 
this stopband of the resonance is given by 

The number of turns in the resonance is 6.n = 2ar6.r 
with a defined in Eq. (4). The amplitude of the vertical 
oscillation is Az = roJ20/vz. The amplitude growth 
per turn in the stopband is therefore determined by the 
Hamiltonian equation of motion for O. From this it fol
lows that 

1 dA, 7rC. 
--" = --sm(21/> - ad, 
Az dn 2vz 

where we introduced A; = C cos aI, and B; = C sin al. 
For a worst-case estimat.e we can put sin(21/) - ad = -l. 
Then 

with 6.n the number of turns in the resonance. If one al
lows a maximum amplit.ude growth am = (6.A z / Azo)max 
then t.his determines an upper limit for C which is given 
by 

1 dvz am 
C< ---

I' dr' 27ra' 

at. t.he radius where V z = 0 .. 5. For TR30 the resonance is 
crossed at 30 em wit.h 6.1'=6.5 cm and 6.n=15 turns; for 
an amplitude growth less t.han 50%, the gradient of t.he 
first harmonic at 30 em should be less t.han 5 gauss/cm. 
At larger radii V z st.ays above but rat.her close to 0.5. 
Therefore there will again be emittance growth due to 
precessional mixing. Since V z ~ 0.5, the Hamiltonian H 
as given in Eq. (6) can be used to study this effect. This 
Hamiltonian has exactly the same shape as the Hamil
tonian for the 2vr = 2 resonallce and t.herefore the same 
analysis as given in section :3 applies. 

5. THE //,.= 2//z RESONANCE5
,6) 

The Vr = 2vz is a two-dimensional nonlinear res
onance that is driven by radial derivat.ives of the main 
field. The resonance does not cause instability but it ex
changes energy between the horizont.al and vert.ical bet.a
t.ron oscillat.ions. Therefore, it may become dangerous if 
t.he horizontal beam quality is bad. In that. case the ver
t.ical oscillation amplitude can become large and beam 
can be lost. at the dees. If both Vr ~ 1 and V z ~ 0.5 then 
the Hamiltonian for the resonance is 

q" 
H = (vr - 1)1 + (vz - ~)O - ~0v2i cos(¢ - 21/,), 

Vz 

where 1, ¢ and G, 1/> are the action-angle variables for the 
horizontal and vertical motion respectively, as defined in 
the previous sections. The quantity gil is defined by 

II 1 (_/ _II 2) _/ l' dB _II 1'2 d2 B 
9 =4' J1. +11 +vz , II = Bdr' It = B dr2' 

where B is the average magnetic field. 
The quantity 21 +G is a constant of motion. To show 

this, introduce new variables via the canonical transfor
mation 

1 = 1, ¢ = ¢ - 21/>, G = 21 + G, 1/> = 1/>. 

The new Hamiltonian is given by 

H- - A 1- ( 1 )C~ 11(0 - 21)V2J ;: 
- uV + V z - 2' r - 9 cos "', 

V z 

where 6.v = Vr - 2vz . This Hamiltonian does not depend 
on ;{; and therefore G is a constant of motion 

(7) 

where Xo and Zo are the amplitudes of the betatron os
cillations. It is convenient to scale the action variable 1 
as follows 

21 (xo/ro)2 
p = J

o 
= J

o 
' (0 < p < 1). 

Then, for ~given value of G = Jo the scaled Hamiltonian 
for p and ¢ becomes 

2H -
f{ = - = 6.vp - KJP(l - p) cos ¢, (8) 

Jo 

where the parameter K = 2g'\(J~/vz is the excitation 
width of the resonance. It is related to the radial width 
of the stopband by 

2K • dVr dvz 
6.1' = d(6.v)/dr = 2K/( ~ - 2~). 

The number of turns in the resonance is 6.n = 2ar6.r 
with a defined in Eq. (4). The amplitude growt.h per 
turn in t.he stopband is determined by the Hamiltonian 
equat.ion for p. From Eqs. (7) and (8) we obtain 

d 2 d 2 II Xo IIZO';: Zo 7rg xozo . -
- = 7rg -SIn"" - = -----sm¢. 
dn 1'0 dn Vz 1'0 

The worst case estimate is obtained if the right-hand
sides of these equations are at maximum. This gives 
with V z = 0.5 

(
dXo) 
dn max ( dYO

) = 47rg"roJo. 
dn max 
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From the previous analysis it is clear that the properties 
of the resonance depend on the beam sizes. For the initial 
design of TR30 the resonance would be crossed at 62.5 
cm. For an estimated initial horizontal betatron ampli
tude of xo=5 mm and a vertical amplitude zo=3 mm the 
maximum vertical beam size after crossing the resonance 
(as obtained with Eq. (7)) would be zmax=10 mm, i.e. 
a maximum vertical blow-up with a factor three. Since 
the resonance was not in the fringe field, the value of 
g" was relatively small (g" ~ 0.4). This resulted in an 
excitation width K, ~ l.5 X 10- 2 a stopband-width of 3 
cm, 13 turns in the stopband and a maximum amplitude 
growth per turn of 0.25 mm. Although the resonance 
did not seem to be too dangerous, it nevertheless was 
decided to avoid it by lowering the vertical tune. 

G. THE 1/,. +2 V:; = 2 RESONANCE 

The Vr + 'lvz = 2 is a two-dimensional nonlinear 
resonance which is driven by a second harmonic field 
error and its gradients. If Vr ~ 1 and V z ~ O..'i then the 
resonance is described by the Hamiltonian 

H = (vr - 1)1 + (vz - t)O - a"Ov2I cos(2V! +,p - 0:), 

where a" and 0: are defined by 

" A" + AI - 2A2 I' B~ + B~ - 2B2 a cos 0: = 2 2 , a I sin 0: = ---='---,--=---__ 
8~ 8~ 

The treatment is similar as for the Vr = 2vz resonance. 
Now, the quantity J = 21 - 0 is a constant of motion. 
The resonance is a sum resonance and therefore the mo
tion can become unstable (i.e. unbounded). For TR:30 
it was not considered a dangerous resonance because it 
is not driven by the main field but by perturbations so 
that a" is small. Assuming the same initial beam sizes as 
for the Vr = 2vz resonance and a" < 0.1, then is fl.r < 2 
cm, fl.n < 4 turns and fl.zo < 0.06 mm/turn. 

7. RADIAL FIELD COMPONENTS IN THE ME
DIAN PLANE 

A radial component of the magnetic field in the me
dian plane comhines with the azimuthal velocity to give 
a force in the vertical direction. The ktlt cosine cornpo
nent Br,k in the Fourier expansion of the radial llledian 
plane field drives the Hill equation for z as follows 

(9) 

where 1'0 is the radius in the cyclotron and B is the av
erage magnetic field. The solution of Eq. (9) for a beam 
that initially is in the median plane (z(O) = i(O) = 0) is 
given by 

roBr k 
z(O) = 2' 0 (cosk(J - COSv,(J). (10) 

B(vz - k-) -

Thus, the radial field perturbation induces a vertical co
herent oscillation. If V z approaches an integer (vz ~ k), 
then a resonance can be excited. For TR30 this is not the 
case since V z ~ 0.5 everywhere in the cyclotron. How
ever, emittance growth due to precessional mixing once 
more is of importance. Since V z ~ 0.5 only a few turns 
in the extracted beam will already give complete mix
ing. The phase advance of the cos k(J term in Eq. (10) is 
equal for different turns and therefore this term can be 
ignored. The phase advance of the second term cos vz(J 

in Eq. (10) depends on turn number. The same analysis 
as given in section 2 for the horizontal motion applies for 
the vertical motion. Thus, if the maximum allowed emit
tance growth factor is fm = (fe/f) max then the allowable 
vertical beam shift is 

1 

fl.z = rOBr,k < (fj _ 1) (Afn)' 
B(v; - 1.:2) 7rVz 

The effect of the perturbation rapidly drops with increas
ing k. For TR30 only the cases k = 0 (an average ra
dial field component) and k = 1 (a first harmonic radial 
field component) are important. Allowing 50% emittance 
growth the average radial field value at extraction (where 
the effect is most pronounced) should be less than 5 gauss 
and the first harmonic less than 12 gauss. 
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EMITTANCE GROWTH IN NONLINEAR BEAM GUIDING AND FOCUSING ELEMENTS 

W.J.G.M. Kleeven, J.L. Delhez, J.I.M. Botman, G.A. Webers, C.J. Timmermans and H.L. Hagedoorn 
Eindhoven Univ. of Technology, Cyclotron Lab., P.O. Box 513, 5600 MB Eindhoven, Netherlands 

ABSTRACT 

An analytical calculation is presented of rms emit
tance growth. The main assumption made is, that the 
beam divergence is small so that a thin lense approxi
mation can be used when integrating the beam through 
the optical element. General results are obtained for 
an optical element with dipole, quadrupole, sextupole 
and octupole field components. Even higher order mul
tipoles can easily be included. The effect of momentum 
spread in the beam on emittance is also considered. The 
results are applicable to all kinds of beam guiding sys
tems, including cyclotron injection lines. As an example, 
a special azimuthally varying racetrack microtron dipole 
magnet is considered. 

1. INTRODUCTION 

It is well known that the emittance of a beam, de
fined as the phase space area divided by 7r, is conserved. 
However, when the phase space deviates considerably 
from an elliptical shape, then the phase space area is not 
such a useful quantity to express the quality of the beam. 
A more practical quantity is the so-called root-mean
square (nns) emittance. The rrns emittance is not always 
conserved. We will consider two sources of rms emittance 
growth namely nonlinearities in the beam guiding system 
and momentum spread in the beam. In the first case the 
emittance growth is caused by a nonlinear deformation of 
the phase space due to the fact that the transverse kick 
experienced by a particle is not proportional to its trans
verse position . In the second case the emittance growth 
is due to the fact that an off-momentum particle expe
riences a deviating bending angle and/or focusing force 
as compared to the reference momentum. The different 
sources of emittance increase are illustrated in Fig. 1. 

2. ROOT MEAN SQUARE PROPERTIES OF 
THE BEAM 

We consider t.he transverse phase space of the beam 
with the variables x = (x,Px,y,Py), where l: and yare 
the spatial coordinates and Px and Py the divergences, 
i.e. the transverse kinetic momenta, scaled with respect 
to the total kinetic momentum of the particle. The rms 
sizes x and y of the beam are defined by x = (x 2 ) 1 /2 

and y = (y2)1/2 where the brackets denote averaging 
over the phase space. Note that for an unbunclled beam 
with uniform elliptical cross-section the actual beam size 
is twice the rms value. The rms emittance in the X-Px 
phase plane is defined as 

(1) 

Figure 1. A graphical illustration of three causes for 
emittance growth 

A similar definition holds for the y-Py phase plane. To 
relate this definition with the phase space area occupied 
by the beam, we assume that the projected distributions 
have elliptical symmetry. For example in the X-Px phase 
plane 

f(x,Px)=f(U) where U=cx2+2axpx+bp;, (2) 

with a, band c arbitrary constants. For such an elliptical 
distribution, the number of particles N that is enclosed 
by an ellips with area A = 47r€x, is given by 

_ Arnax 00 

~ = J f()')d)' with ).max = 2 J Af()')d)', (3) 
o 0 

where N is the total number of particles and where the 
normalization Jooo f()')d)' = 1 is assumed. In Table 1 the 

values of N / N are given for five distributions. A defini
tion of these distributions has been given by Sacherer. 1

) 

For a uniform elliptical phase space distribution the ac
tual area is 47r times the rms emittance. Therefore, the 
'ordinary' emittance is approximately four times the rms 
emittance. 

The beam envelopes x and y involve second order 
spatial moments of the beam. One can also define higher 
order spatial moments like (x4), (x 2y2), (x 6) etc. If the 
beam density profile is symmetric with respect to x and 
y, then the spatial moments odd in x or yare zero. The 
even spatial moments can be expressed in terms of the 
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Table 1. parameters N / N, ~ 1 and 6 as defined in Eqs. 
(3), and (6), respectively, for five distributions. 

distribution N/N ~l 6 
uniform 1 1 1 
linear 0.889 1.13 1.35 
parabolic 0.914 1.07 1.19 
gaussian 0.889 1.18 1.57 
hollow 0.983 0.884 0.785 

beam envelopes x and y. For later use we calculate the 
spatial moments up to sixth order. For a beam profile 
with ellipt.ical symmetry these are 

(x4) = 2~lX\ (x 2y2) = HIX2 jf , (4) 

(x 6
) = 56x6

, ('J.: 4y2) = 6x4jf, (5) 

with 6 and 6 given by 

00 

I,\2n('\)d'\ 
3 a 

6 ="4 2' (I ,\n(,\)d,\) 

(6) 

and where n represents the beam density profile with 
1000 

n('\)d'\ = 1. The values of ~1 and 6 for five profiles 
are given in Table 1. We note t.hat the moments (y4), 
(x 2y4) and (y6) are easily obtained from Eqs. (4) and 
(5) using symmetry considerations. 

3. EMITTANCE GROWTH DUE TO NONLIN
EAR OPTICS 

To calculate the emittance growth of the beam we 
treat the optical element as a nonlinear thin lense. In 
this assumption the transverse coordinates stay constant 
when the beam passes through the element and the di
vergences change by an amount that only depends on 
the initial transverse displacements. In most cases this 
approximation is accurate if LEx /x ~ x, where L is the 
length of the optical element . The left-hand-side of this 
unequality represents the transverse displacement of a 
particle with divergence Ex/X, after passing a drift of 
length L. This displacement must be small compared to 
the beam size . 

Within the thin lense approximation the transfor
mation of the phase space through the optical element 
can be written as 

x=x, Px=Px+g(x,y), 

y = y, Py = Py + h(x,y), 

(7) 

(8) 

where x,Px,y,Py are the initial variables and x,Px,y,Py 
the final variables. If the initial and final variables are 
canonical variables (which is the case for example if the 

entrance and exit are in a field-free region) then the Jaco
bian of the transformation must be a symplectic matrix. 
This then puts the condition ag / ay = ah/ ox on the 
functions g and h. 

We can calculate the new emittance Ex in the X-Px 
plane by substitutings Eqs. (7) into Eq. (1) . This gives 

E;-E; = (x 2 )(l)-(xg)2+2(x2)(Pxg)-2(xPx)(xg). (9) 

This expression simplifies if the initial phase space distri
bution function (written in terms of the variables x and 
Px - 7]x) possesses the following symmetry property 

where 7] is an arbitrary parameter. This symmetry prop
erty is illustrated graphically in Fig. 2. Note that the 
elliptically symmetric distribution given in Eq. (2) obeys 
Eq. (10) by choosing 7] = -a/b. For distributions obey
ing Eq. (10), the terms involving Px in Eq. (9) cancel 
and the expression for emittance growth becomes 

(11) 

A similar expression holds for the y-Py phase plane. Since 
the function g depends on spatial coordinates, the right
hand-side of Eq. (11) only involves spatial moments . 
These are determined by the density profile ofthe beam. 

/ 

_ /px=1lx 
P, ...... . . . .. ;;< /. 

P _nx: /"/ ...... / , ., r:: / 
//:-p,+11x 

-p +2f]x .... ·7 .. ··· .. .J' 
------~~'--~/~~./~~:-----.x ./ ./ / :x 

./ / 
/ / ./ 

/ // ....... / 

)...-::::.....- ...... 

Figure 2. Graphical illustration of tlle symmetry 
property of the pllase space distribution function as 
assumed in tile calculation of emittance growtll. 

As an example, we calculate the emittance growth 
for an optical element that has the y = 0 plane as a 
symmetry plane. Then the function g must be even in 
y and the function h must be odd in y. These functions 
are expanded into a power series with respect to x and 
y. The most general expansion upto third degree is 

g(x, y) = Ax + Bx2 + Cy2 + Dx3 + Exy2, 

hex, y) = Fy + Gxy + H y3 + Ix 2y, 

(12) 

(13) 

where the quantities A, B, .. . , I are arbitrary constants. 
For a symplectic map they must obey the conditions 
G = 2C and I = E. We insert Eq. (12) into Eq. (11) 
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and assume that the beam density profile has elliptical 
symmetry so that Eqs. (4) and (.'j) apply. The emittance 
growth formula then becomes 

E; - c:; 2~I[B2x6 + ~ BCx4'iP + C2x2y4] + 
+ (56 - 4~nD2xR + 2(6 - ~ ~nDEx6~ + 
+ (6 - Hi)E2x4~, (14) 

with the parameters ~I and 6 defined in Eqs. (6). As can 
be seen from this expression the emittance growth only 
depends on the nonlinear parts in the function g. This 
is true in general as can easily be shown from Eq. (11). 
Further note that there are no cross-correlations between 
sextupoles and octupoles. It. can be shown in general 
that for an expansion upto arbitrary degree, there are 
no correlations between odd and even multi poles. The 
emittance growth in the v-direction is calculated in the 
same way as in the ;r-direction. For this we find 

E; - c:~ HI C; 2 X2 y4 + (~2 - H~)I2x4y4 (15) 

+ 2(6 - H?jH IX2~ + (.56 - 4~nH2YS. 

The results obtained so far will now be further specified 
for a nonlinear bending magnet. 

4. EMITTANCE GROWTH IN A BENDING 
MAGNET 

VVe use the Hamilton formalism to solve the equa
tions of motion for a non-linear bending magnet within 
the thin-Iense approximation. The transverse motion of 
a particle with respect to reference trajectory lying in the 
symmetry plane y = 0 is described by the Hamiltonian 

where p is the radius of curvature of the reference trajec
tory, P is the kinetic momentum of the particle, Px and 
Py are the transverse canonical momenta and Ax, A y, As 
are the components of the magnetic vector potential. 
The independent variable s is the distance along the ref
erence trajectory. The scaled kinetic momenta Px, pyas 
introduced in section 2 are related to the canonical mo
menta Px , Py by the equatiolls 

px = 
Py - qAy 

Py = P (17) 

In order to obtain equations of motion for the diver
gences Px and py we first derive the canonical equations 
of motion from the Hamiltonian given in Eq. (16). The 
right-hand-sides of the canonical equations for Px and 
Py still contain the canonical momenta. These are elimi
nated in favour of dx/ds and dy/ds by using the canoni
cal equations for;r and y. Then the equations for dPx/ds 
and dpy / ds are obtained by differentiating Eqs. (17) with 

respect to s. The resulting equations express dPx/ds and 
dpy/ds in terms of x, y, dx/ds and dy/ds. Since in the 
thin-Iense approximation the transverse coordinates stay 
constant, we can insert into these equations dx / ds = 0 
and dy/ds = O. The final result is then 

~+~ [As _ oAx +(I+~/A.] ,(18) 
p P p os p ox 

~(1+~)oAs. (19) 
P p oy 

Expansions of the magnetic vector potential upto fourth 
degree have been given by Corsten. 2

) The phase space 
map is obtained by inserting these expansions into Eqs. 
(18) and (19) and then integrating the particle through 
the magnet. Assuming that the entrance and exit are in 
a field-free region we get * 

Px Px - (a + a)x - ~ «(3 + 2:B)x 2 + ~ «(3 + :B)y2 

t (, + ~"'Y + ~ b)x3 + ~ (, + ~"'Y + ~ b)xy2 ,(20) 

Py Py + ay + «(3 + :B)xy - t (! + ~ "'Y - ~ b)y3 

+ ~(!+~"'Y+~b)x2y, (21) 

with the definitions 

~J (OBy
) ds 

P ox 0 ' 

- q J Bo 
a = P pds, 

(3 q J (0 2 

By) P ox 2 0 ds, :B = ~ J ~ (OB y
) ds, 

P p ox 0 

q J (0 3 

B ) q J 1 (0 2 

B ) P ox3Y 
0 ds, "'Y = P P ox 2Y 

0 ds, 

~ J (B~ + J.- (OBy
) ) ds, 

P P p2 ox 0 
(22) 

where the integration runs from the entrance to the exit 
of the magnet and where the prime denotes differenti
ation with respect to s. The quantity Bo is defined as 
Bo = By(x = y = 0). The map through the magnet is 
symplectic. A comparison of Eqs. (20) and (21) with 
Eqs. (12) and (13) gives the relations between the pa
rameters A, B, ... , I as introduced in section 3 and the 
field quantities a, (3, ... , b. 

For a pure sextupole (only (3 f. 0) and a round input 
beam (x = Y) the emittance growth is given by 

(23) 

So, in order that the effects are small we must have (3 <t: 
c: /x3 . If the input emittances are upright then this can 
be written as (3 <t: Px/x2 where Px = (p;y/2 is the rms 
divergence of the beam. For a pure octupole (only If. 0) 
and a round input beam the emittance growth is given 
by 

(24) 

* A sufficient assumption would be that at the entrance and exit 
first order derivatives of the field quantities with respect to s are 
zero, as is the case for example in a symmetry point of the magnet. 
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5. THE INFLUENCE OF MOMENTUM SPREAD 

So far, a mono-energetic input beam was assumed. 
Moment.um spread gives additional emit.t.ance growth, 
even if the optics in the bending magnet is linear. If 
the deviating momentum is 8 = f:.P I P, then the func
tions g and h defined by Eqs. (7), (8), (20) and (21) 
should be replaced by functions g and h as follows: 

_ 8f:.¢ + g 
g= 1+8 ' 

- h 
h=--, 

1 + 8 
(25) 

where f:.¢ is the tot.al bending angle of the reference par
ticle. To calculate the addit.ional emittance growth it is 
convenient to assume that the distrihution functions for 
the momentum spread and the transverse phase space 
are uncorrelated. Furthermore, since 8 is small, only the 
most significant terms in 8 and only the linear parts of 
t.he functions g and h are taken int.o account. Then the 
addit.ional emittance growt.h due t.o moment.um spread is 

E; - E; = 82x2[f:.¢2 + (a + 0')2x2], E~ - E~ = a 2{J2y4, 
(26) 

where {J = (8 2 ) 1/2 is the rms momentum spread and with 
a and 0' defined in Eqs. (22). 

6. AN EXAMPLE 

As an application we consider the case of a race
t.rack microt.ron dipole magnet with an azimuthally vary
ing median plane field. A minotron wit.h such magnets 
is currently under const.ruction in our laborat.ory.3) In 
general, we may write the field map of such a magnet in 
polar coordinates (T', B) as follows: 

(27) 

with By t.he nominal field st.rength and f( B) defining the 
(small) perturbing field profile. The orbit.s through this 
magnet start at T' = B = 0 and it is assumed that t.he 
deviating field still provides for a 1800 bend. 

The Hamilton formalism has been applied to obtain 
an expression for t.he reference orhit t.hrough the above 
field map. From t.his we can derive expressions for the 
field gradient.s as a function of orbit. length .s. Since f(B) 
is assumed t.o be srnall, all calculations are done first or
der in f. The coefIicients Ct, ;3, ... ,6 are calculated using 
Eq. (22). From these, the parameters A, B, ... , 1 can be 
found and hence t.he ernittance growth as described by 
the Eqs. (14) and (1.5). For a round beam we may write 

where Sx, Ox, Sy, Oy define the sextupole and octupole 
contributions to t.he emit.t.ance growth in t.he a: and y 
directions. As an exarnple, we take t.he field profile 

f(B) = jsin 10(2B), (29) 

describing a smooth hill or valley, centered ~ around B = 
t 7r with a height or depth determined by f. Assuming 
a uniform distribut.ion (6 = 6 = 1), we get 

where R = PI(qBy ). The values for the y direction are 
of the same order of magnitude, so we will only consider 
the x direction. First of all, we note that the octupole 
component becomes significant when x ::::::: JSxlOx ::::::: 
O.IR. From this it may be concluded that in practical 
cases the octupole term can be neglected. Assuming that 
the emittance growth is small with respect to the initial 
emittance, we may rewrite Eq. (28) as follows 

f:.Ex ::::::: Sx~6 = 9]2 ~2 (~) 6, 

Ex 2Ex 2Ex R 
(31 ) 

expressing the relative change of the emittance as caused 
by the sextupole component only. For a numerical exam
ple, we choose values appropriate for our own microtron 
at injection energy, viz. Ex = 6 mmmrad, R = 0.10 m, 
and j = 0.5. The result is plotted in Fig. 3. As can be 

Ell = 6 mm.mrad 
10° .......................... . 

R = 0.10 m 

f = 0.5 

.. __ .. __ .......... . 

.... _ .. octupole 

-total 

-' 

10'" L......~"-o.--'-~~~.J........o.~~'--'-~~---'---' 
.01 .02 .03 

x .... / R 

.04 .05 

Figure 3. Relative clJange of emittance in the 
x-direction as a function of scaled rms beam radius 
for a smootlJ hill or valley field profile. 

seen, the change of emittance is small for xl R < 0.02, or 
a beam diameter of less than 8 mm. For completeness, 
the octupole term has been drawn as well, which has 
an effect that is approximately an order of magnitude 
smaller. 
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ION_TRACKER, A TRACE TRACKING PROGRAM FOR CYCLOTRON DESIGN 
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ABSTRACT 

ION _TRACKER is an interactive program for the 
design of axial injection and central region of cyclotron. 
The ions can be tracked from the beginning of the cyclo
tron axis through a single gap buncher and an inflector, 
and then inside the cyclotron until to extractor. Tracking 
can be done separately in every part or through the whole 
system at once. It uses the predictor-corrector method 
to solve equation of motion of charged particle in a cyc
lotron. We shall introduce restrictions of the program 
and show some examples of its use. 

1. INTRODUCTION 

As is well known to cyclotron builders, numericalor
bit studies are an important step in cyclotron construc
tion. In fact, orbit studies serve initially as the basis 
of the design of central region and extraction elements. 
Furthermore, the support from the numerical orbit stud
ies to the beam development work during the machine 
operation helps to guide over the possible problems con
sidering about beam optics. 

The beam optics of central region and axial injec
tion of the K130 cyclotron have been extensively studied 
numericallyl) for the purpose of design and understand
ing of the beam injection. For the numerical calculations 
we have used a self written program ION _TRACKER. 

In this report, we present the program 
ION _TRACKER which has been developed during the 
design of the K130 cyclotron. We shall introduce the 
method to solve the equation of motion of a charged 
particle in the electromagnetic field of a cyclotron. In 
particular, we draw attention to the macro programming 
feature of the program. 

2. INTEGRATION METHOD AND FIELD CAL
CULATION 

ION _TRACKER integrates numerically the equa
tion F = q(.if + v x iJ) using a cartesian coordinates with 
a time as independent variable. Used integration method 
is a predictor-corrector method of order h5 . Integration 

method provides one measure of the error being made at 
each step and it is used to control the step size employed 
in the integration. Another attractive feature of this in
tegration method is that only two evaluations of the force 
F need to be computed at each integration step. More 
details about predictor-corrector methods see for exam
ple R.W. Hamming, "Numerical Methods for Scientists 
and Engineers". 2) 

Ions can be tracked all the way from the beginning of 
the axial injection line to the extractor of the cyclotron. 
Magnetic and electric fields of the cyclotron are given 
to the ION_TRACKER in field maps. Using predictor
corrector method with variable integration time step we 
need to have a method to calculate the fields at arbitrary 
point. Fields and their first derivative, at locations lying 
between the given data points, are obtained through a 
double three-point Lagrange interpolation.3) This inter
polation scheme provides that the fields as well as their 
first derivative will be continuous. 

Since ION _TRACKER has been developed for the 
beam optics study of the K130 cyclotron it has some 
"machine dependent" restrictions which will be outlined 
below. Some attempts has been paid to make the code, 
especially for field calculations part of it, so that it is 
easy to modify if needed. 

2.1. Axial Injection Line 

The axial injection line may be consist of axially 
symmetric magnetic fields, like axial magnetic field of 
the cyclotron and solenoids, and a single acceleration 
gap buncher. The buncher can be excited by combining 
an rf sine wave and its second harmonic. 

The electric field of the buncher is obtained by using 
a hard edge approximation. Electric field is assumed 
to be zero outside of the gap, and inside to have only 
axial component which is calculated from the formula 
Ez = V;/d, where d is the gap length and V; is the voltage 
of the i:th harmonic. 

The axial magnetic field is given along the magnetic 
axis of cyclotron and it can be combined from three sub
fields. The subfields, for example the axial magnetic field 
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of the cyclotron and two solenoids, can be replaced and 
rescaled interactively while running the program. Out
side of the axis of the cyclotron the magnetic field will be 
calculated from field expansions, which are derived using 
Maxwell's equations and assuming the perfect axial field 
symmetry. We shall get the expansions 

Be(r, z) 

ION _TRACKER uses the axial magnetic field and 
its first three derivatives to calculate magnetic field out
side of the symmetry axis. 

2.2. Spiral Inflector 

The electric field of the spiral inflect or is computed 
from an electric potential map. We have used RE
LAX3D4) to calculate the potential map. Our RE
LAX3D calculations are done with the aid of an un
named program which prescribes to RELAX3D the in
flector electrode locations around an analytical central 
ray. The assumption of the hard edge field has been 
used in solving the shape of inflector electrodes. Since 
a real inflect or will have fringe fields, which increase its 
effective length, we have included to the program the 
possibility to shorten the electrodes. 

The magnetic field is calculated in the same way as 
in axial injection line. 

2.3. Cyclotron 

ION _TRACKER is limited to use of two rf systems 
with straight dees and the acceleration gaps have to be 
in constant azimuth angles. The electric field produced 
by the dees in the median plane of the cyclotron is cal
culated in two different ways. In the central region the 
electric field is obtained from a three dimensional rect
angular potential map which can be calculated by using 
RELAX3D. Outside of this region the field will be cal
culated from a gaussian approximation. 5) In Fig. 1 are 
shown the electric field components calculated in both 
methods along the ion path for one gap crossing. 

In order to describe the gaussian approximation we 
shall define the right handed cartesian coordinate sys
tem, which has its origin at the middle of the straight 
accelerating gap. The X and Y axis will lay on the me
dian plane of the cyclotron and the Z axis is oriented 
axially. X axis is parallel and Y axis is normal to the 
gap. 

The normal field component in the median plane is 
obtained from the gaussian function 

Ey(Y) = Emaxe-l/2(y/Ay)', 

where the width t!..y is related experimentally to the gap 
width Wand the dee-aperture H by 

t!..y = O.2H + O.4W 

Assuming the perfect median plane symmetry the axial 
field component can be calculated from the formula 

yz 
Ez(y, z) = Ey(Y) t!.. y2' 

The parallel field component is assumed to be zero. 
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Fig. 1. Electric field components with time modu
lation along the ion path for one gap crossing. In 
solid line are drawn the field components obtained 
from potential map data and in dashed line from 
gaussian approximation. 

The cyclotron magnetic field is given on the median 
plane in a polar map. Outside of the median plane the 
magnetic field will be calculated from field expansions. 
Using Maxwell's equations and the assumption of the 
median plane symmetry we shall get the expansions 

t (_1)n iJB(n)(r, (J) z2n+l 

n=O (2n + 1)! or 

Be(r, (J, z) 
f: (_1)n oB(n)(r,(J)z2n+1 

n=O(2n+1)! o(J 

B( (J) ~(_1)nB(n)(r(J)z2n 
z r, , z = ~ (2n)! ' , 

where B(O)(r,(J) = B(r,(J), B(1)(r,(J) = V 2B(r,(J), 
B(2) = V2 B(1)(r, (J) and so on. 

In ION_TRACKER the magnetic field off the me
dian plane can be obtained correctly to first or fourth 
order in z. For the fourth order calculation in addition 
to the median plane magnetic field map B(r, (J) the corre
sponding maps for B(1)(r, (J) and B(2)(r, (J) are required. 
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These maps must be calculated and stored in advance. 
Since the maps B(l) and B(2) contain high derivatives of 
the B, they exhibit much more noise than the original 
field data. Even though the integration routine will act 
as averaging process in filtering out the high frequency 
components of the noise some caution is required. 

We should note that for the fourth order calculation 
the used field expansions are the same as in code SPIRAL 
GAP. 6) 

3. PROGRAM INPUT AND OUTPUT 

ION _TRACKER is a command driven program. 
The terminal interface routine, that closely mimics the 
DCL command recall facility, as well as many other gen
eral purpose routines, has been taken from TRIUMF li
braries. For this reason the program has a lot of common 
features with the graphic code PLOTDATA.7) Some ex
amples of the features provided by ION _TRACKER: 

• basic mathematical functions 

• expression evaluation 

• allow scalar variables (100) 

• dynamic and static 20 line input recall buffers 

• macro capability with parameter passing 

• looping, branching and conditional statements 10 

macros 

• create your own commands by "aliasing" 

• allow you to define keypad keys 

All input is fed to ION 3RACKER by commands. 
Field maps and other long input like equilibrium orbit 
and central region geometry data are read from files. The 
commands can be entered from three sources: 

1. interactively via the terminal keyboard 

2. non-interactively via a DCL command file 

3. non-interactively via an ION _TRACKER command 
macro file 

In interactive mode the status of the input of 
ION_TRACKER can be displayed on terminal screen 
when desired. 

An important part of the beam optics calculation 
is the graphical visualization of the numerical data. 
ION _TRACKER itself has no graphics but it writes an 
input file for PLOTDATA. The absence of the graphics 
is not a real disadvantage: the orbit data can be read 
and drawn in PLOTDATA easily and fast. 

6.0~-----~-~---~ 

E 
s o. 0 f----<L--~ 

-6.0 -I-~~~~~~----'-----~~~~---.-------I 
-6.0 0.0 6.0 

x (em) 

-500.0 --t,-~~~-~----,----~-~~~----i 
-5.0 0.0 5.0 

x (mm) 

Fig. 2. In the upper picture is shown the layout 
of the central region. The obstacles on the central 
region are specified in places numbered in the pic
ture. In the first harmonic acceleration mode the 
puller electrode is the dee with a 45 degrees nose. 
In the lower picture is shown the result of the ac
ceptance calculation. The different line types indi
cate the limiting places in the central region. The 
matched beam, ( = 10011" mmxmrad, is drawn in 
solid line. 

4. EXAMPLES 

4.1. Acceptance Calculation 

ION _TRACKER can calculate transverse accep
tances ofthe central region. Radial and axial acceptances 
are calculated independently and they are determined by 
calculating a group of ion trajectories starting from the 
boundary of the acceptance. In radial acceptance cal
culation the central region geometry is given as input. 
The obstacles on the central region are specified in az
imuth angles (Jj. When the ion reaches the angle (Jj it 
will be checked if it passes the obstacle or not. Into the 
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output file ION.TRACKER writes the starting values of 
the ions which have been able to go through the central 
region and in radial case also the place where the "near
by" ion has been lost. In Fig. 2 we have an example of 
the result of a radial acceptance calculation of the first 
harmonic acceleration mode in the K130 cyclotron. 

4.2. Macro Program.ming 

Especially macro programming feature makes 
ION .TRACKER powerfull and fast to solve various kind 
of problems. Macros can be applied for example to gen
erate different kind of beams, to search accelerated equi
librium orbits, to calculate spiral acceptance and to tune 
cyclotron parameters. 

ION 3RACKER can utilize calculated orbit data. 
Orbit data is not stored in a memory while tracking 
the ions but it can be read from the output file of 
ION .TRACKER. From the orbit data several statistics 
can be calculated. In addition to the one variable statis
tical computation, you can do a fit of regression line and 
ellipse to the given data. The results ofthe computations 
will be assigned to the specified variables. 

Calculated orbit data can be made use of a feed
back to tune cyclotron parameters like strengths of the 
axial solenoids, buncher parameters, spiral voltage and 
rf-frequency. It is essential that those parameters are 
well tuned when studing the beam dynamics in the cyc
lotron. The tuning is straight forward but it can be time 
consuming and tedious work. If macros are applied to 
do the tuning, then it can be done by entering a single 
command. 

As an example of beam simulation we shall present 
the part of macro program which generates realistic dc
beam and track it through the axial injection line into 
the cyclotron. Results of this calculation are presented 
elsewhere in this Proceedings.!) The beam has been gen
erated and tracked by executing following macro loop: 

DO 1=1,1000 
EXE BEAM.TCOM 100 2.5 0.25 100 2.5 0.25 
TAU = RAN*360 
LOCATION X Y -160.0 
TRANSVER XP YP 
LONGITUD 9.7E-3 TAU 
RUN AIC 

ENDDO 

The command macro file BEAM.TCOM is executed 
on the first line of the loop. In this macro one point 
(X,XP,Y,YP) is picked randomly from a four dimen
sional gaussian distributed phase space. The macro has 
six parameters which defines the Twiss' parameters of 
the uncorreleted subspaces (X,XP) and (Y,YP). In this 
specific case both subspaces have the same Twiss' pa
rameters: (= 10011' mmxmrad, f3 = 2.5 mm/mrad and 
0:' = 0.25. On the second line of the loop a random num
ber from the interval 0 - 360 is assigned to the variable 

TA U. RAN is a random number function which will get a 
value from 0 to 1. In the following three lines the start
ing values which have been calculated on the previous 
lines will be set to the ion. Starting location is 160 cm 
from the median plane of the cyclotron, injection energy 
is 9.7 ke V and phase is TAU. The tracking will be done 
on the last line of the loop. The parameter AIC (Axial 
Inflector Cyclotron) of the command RUN specifies the 
tracking area. 

5. FUTURE DEVELOPMENTS 

We have been planning to implement also electro
static deflector, electromagnetic channel and focussing 
bars to our code. If we succeed in that we shall have 
a single code which can handle all the beam dynamics 
from the beginning of the axial injection line to out of 
the cyclotron. 

Another aim is to make better documents and user 
guide to the program. Up to now we have just up dated 
our command reference manual and made sufficent com
ments in the code. 
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ABSTRACT 

Beam behavior in the K130 cyclotron and in the in
jection line has been studied numerically. Beam forma
tion in the ECR ion source with space charge was cal
culated using a 3D code in order to re-design the puller 
electrode. The code TRANSPORT was used in the in
jection line. From the axial injection to extraction the 
code ION_TRACKER1) was used. 

In this paper, results from the ion optical studies 
from the ion source to extraction will be presented. 

1. INTRODUCTION 

The Jyviiskylii K130 cyclotron2) was built to accel
erate mainly heavy ions from an ECR ion source for nu
clear physics experiments. Part of the beam time will 
be used for radio isotope production. The assembly of 
the cyclotron started in May, 1990, and the first beam 
extraction took place in January 28, 1992. 

2. INJECTION LINE 

The injection line from the ECR ion source to the 
K130 cyclotron is based on solenoids. The beam line 
elements to the last Faraday cup before the axial part 
of the line are shown in Fig. 1. The solenoids S2-S5 
between the two double focusing 90 degree dipoles were 
originally planned to be used as two telescopes. In the 
example shown in Fig . 1 solenoids S3 and S4 act as a 
telescope while S2 and S5 are stronger. This setup is a 
result of manual optimization of the beam current in the 
spiral inflector . The initial divergences in Fig. 1 roughly 
correspond to the acceptance of the line with the specific 
setup. 

Numerical studies with a 3D tracking code of the 
beam formation in the ECR ion source with tranverse 
space charge forces predict larger divergences. The lon
gitudinal space charge forces were not included. The 
treatment of space charge effects is similar to that by 
Xie at MSU .3) Experiments also indicate that we lose 
beam before the first solenoid which is located 88 cm af
ter the ECR extraction hole. We have therefore planned 

to add some extra focusing after the extraction electrodes 
- possibly an Einzel lens . 

The original 45 degree puller electrode of the ECR 
ion source has been replaced with a Pierce puller in order 
to improve the beam quality from the source. 

The quadrupoles Q1-Q4 are used for emittance 
matching . 

• (m) 

Fig. 1. The injection line elements and beam 
envelopes. 

For the first couple of months of running the injec
tion line we had severe problems with aligning the beam 
until we found out that the missing iron in the solenoid 
endplates (about 10 cm wide sector for current leads) 
caused a dipole component to the fringing field . Hence, 
changing the focusing strength of a solenoid resulted to 
a different dipole component in the field. The effect was 
also highly non-linear , and that disturbed the transverse 
phase space so that the beam had a crescent shape in 
the (x, y) space. N ow the non-symmetric endplates of 
three solenoids have been removed , and the tuning of 
the injection line is much easier . 

3. AXIAL INJECTION 

There are two solenoids on the cyclotron axis, the 
first being outside the yoke and the second as close as 
possible to the median plane (23- 63 cm from the me
dian plane). The axial hole starts as a 474 mm x 474 
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mm rectangular hole, reducing to a 300 mm x 300 mm 
rectangular hole in the return yoke. In the pole piece 
(76 cm from the median plane) the hole is round with 
a diameter of 200 mm until the center plug which has a 
40 mm diameter hole. The strengths of the solenoids are 
determined by tracking particles backwards from a 100 7r 

mm mrad phase space ellipse that fits into the inflector 
acceptance to the Faraday cup which is located after the 
second dipole (D2). The optimum condition has been 
found to be such that the beam size is big between the 
last solenoids (almost parallel beam) . A typical case of 
axial injection is shown in Fig. 2 where also the corre
sponding axial field has been plotted. 

0.0 -r----'--.L..--+----L-f---1..---L--....l.-_.L....-.._1-

-0.5 
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B (T) 
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r (mm) 

Fig. 2. Tracked beam in the axial hole of the K130 
cyclotron and the corresponding axial magnetic 
field with solenoids S6 and S7. 

3.1. Buncher 

A buncher has been installed in the vertical hole 
of the cyclotron yoke, 145 cm from the median plane. 
It uses both first and second harmonic RF frequencies. 
The mechanical design has been adapted from MSU 
with minor modifications. Some parts of the electron
ics are still under construction . Numerical studies with 
ION _TRACKER have shown a beam intensity increase 
with a factor of 4 using only the first harmonic frequency. 
An example of such calculation is shown in Fig. 3 where 
only the first harmonic frequency has been used. The 

figures below show the effect of the spiral inflector to the 
longitudinal phase space . 

Before the buncher 

1O.2t-----'-----'--"------t 

~ 1 

j I.·i-------l 
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Fig. 3. Beam simulation with the buncher, before 
the buncher (above), before the inflect or (middle) 
and after the inflector (below). 

3.2. Spiral Inflector 

The spiral inflectors for the three different harmonic 
modes were designed using analytic formulae and the 
electric fields for ION _TRACKER were calculated with 
RELAX3D.4) The acceptances of the inflectors have been 
determined both using linear transfer matrices and track
ing particles using 3D fields. The transfer matrices were 
determined tracking four different particles through the 
inflector with moderate amplitudes (each component of 
the four dimensional phase space non-zero at the time) . 
The results from these calculations for the second har
monic inflector are shown in Fig. 4. The acceptances 
correspond to non-correlated beams in the (h , u) space 
in the entrance of the spiral inflector. The horizontal 
phase space in the frame of the inflector gap is (h, hp) 
and the vertical one (u, up). 
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Fig . 4. The transverse acceptances (entry) of the second harmonic inflector using a) transfer matrices, and b) 
tracking particles with ION _TRACKER. Each point in the entry sub phase space contains several particles: same 
(h, hp) but different (u, up) and vice-versa. 

The effective length of each spiral was determined 
with RELAX3D fields in ION _TRACKER so that the 
central ray leaves the inftector with zero axial velocity on 
the median plane. For example, the mechanical length of 
the second harmonic inftector is about 2 % shorter than 
that of a hard edged analytical spiral. 

4. CENTRAL REGION 

The central region has been designed so that only 
the inftector has to be changed when switching from one 
harmonic mode to another . This has lead to a tilted gap 
in the second harmonic inftector, the tilt parameter k' 
being 0.19 which corresponds to a final angle of 10.76 
degrees. Also the maximum injection voltage must be 
limited in the first and third harmonic mode. The spiral 

inftector parameters are listed in Table 1. 

Table 1. The spiral inftector parameters. 

Harmonic mode 
Max injection voltage (k V) 
Spiral height (mm) 
Gap height (mm) 
Gap width (mm) 
k' 
Injection radius (mm) 
Max spiral voltage (k V) 

1 
15.0 
30.0 

5.0 
10.0 
0.00 
13 .1 

±2 .5 

2 
20 .0 
30.0 

5.0 
10.0 
0.19 
18.8 

±3.3 

3 
13.3 
29.0 
5.0 

10.0 
0.00 
18.8 

±2.3 

The longitudinal phase acceptances for the central 
region are of the order of ±20 degrees in the second and 
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third harmonic modes and somewhat less for the first 
harmonic mode. The transverse phase space acceptances 
have been found to be larger than 100 7r mm mrad for 
the inflector and the central region. 

The simulated transmission from a DC beam 
through the spiral inflector and the central region is 
about 8 %, and the largest observed one has been about 
7 %. 

5. ACCELERATION 

5.1. Trim Coil Settings 

The trim coil settings have been determined with 
a slightly modified version of FIELDER.5) A constraint 
not to allow big changes in currents between two subse
quent trim coils was added. This leads to a "smooth" 
behavior of the trim coil currents when increasing the 
beam energy. Originally, FIELDER runs result to many 
discontinuities in trim coil currents as a function of beam 
energy when it tries to add a small local bump to the field 
with currents of opposite sign in two neighboring coils. 

5.2. Extraction 

The extraction consists of an electrostatic deflector, 
an electromagnetic channel EMC and two passive focus
ing channels. Precessional extraction method is used. 
Figure 5 shows the increase of turn separation for He1+ 
beam at 6 MeV lu. 

3+-__ ~ __ ~ __ ~ __ -L __ -L __ -L __ -L __ -+ 

He1+ from 19 MeV to 24 MeV 
2 

s-
o 
'-' 

~o 

-1 

-2+---,---~---.---.---r---r---.---+ 
84 86 88 90 92 94 96 98 100 

r (em) 

Fig. 5. Radial phase space of a He1+ beam prior 
to extraction at B = 280 deg. The tracked par
ticles started at an energy of 10 Me V and at the 
same RF phase (0 deg) on an eigen ellipse. 

Beam trajectories through the deflector, EMC and 
the passive focusing channels were tracked with the MSU 
Z4 orbit code. 6 ) In the MSU code, the focusing bars are 
assumed to be saturated. In our version, the magneti
zation of the iron bars depend on the main field at the 
trajectory so that they get saturated at 1.07 T (round 
iron bars). Since the main field changes along one chan
nel the magnetization in the code changes linearily with 
the main field. This assumption was used in the channel 
design. Field measurements showed that the magnetiza
tion differed somewhat from the assumption but the field 

gradient can be set to the design value by changing the 
radial distance of the bars. The observed beam shape 
after the cyclotron is horizontally wide which is also the 
result from orbit calculations where the focusing channel 
fields have been corrected to the measured values. 

The experimental transmission through the extrac
tion system shortly after the first extracted beam was 55 
%, the transmission through the deflector being 74 %. 
This can be increased with proper centering of the ac
celerated beam and the transmission through the rest of 
the extraction system will be increased after correcting 
the focusing channel geometries. 

6. DISCUSSION 

Numerical ion optical studies have served as a tool 
to design some essential parts of the K130 cyclotron fa
cility. The problems in the injection line originated from 
non-symmetrical end plates in the solenoids. In the axial 
injection line as well as in the inflector, in the central 
region and in the acceleration, the pre-calculated values 
for the settings have proven to coincide fairly well with 
those that have resulted to highest beam currents. Some 
small adjustments for the pre-calculated focusing bar ge
ometries have to be done. 
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ABSTRACT 

Accelerator beam is a nonlinear dynamic system, 
and the phase space transport of it means the variation of 
the phase space shape from the initial state .\"o = S(to) 
to the final state S,. = S(t). Mathematically, this vari
ation is the transform from the initial boundary equa
tion of phase space F(So) = 0 to the final equation 
F(So(S,.t)) = f(St , t) = O. This transform is non
linear. The any order analytical solution for the motion 
differential equation of a general nonlinear dynamic sys
tem has been derived out l , namely, the function relation 
S(t) = .\",(So, t) was given. Based on the result, the in
verse transform of the any order solution of the motion 
differential equation was completed in this paper, and 
the function relation S(to) = So(S" t) was obtained, 
thus realizing theoretically the nonlinear transport for 
the phase space of nonlinear dynamic system. 

1. INTRODUCTION 

With the development of modern science, more and 
more science areas have broken through the linear cat
egory and involved the studies of nonlinear category. 
The phase space transport of nonlinear dynamic sys
tems is a general nonlinear problem. At the initial state 
Xo = .\"(to), if the boundary equation of the phase space 
IS 

F(So) = 0 , (1) 

then, at the final state .\", = S(t), the boundary equa
tion of the phase space becomes 

F[So(X"t)) 
f(S"t) = 0 , 

(2) 
the process bet ween the initial phase space Eq.1 and 
the finial one Eq.2 is the very phase space transport of 

the nonlinear dynamic system considered. Mathemati
cally, this physical process is the nonlinear transforma
tion from the given initial Eq.1 to the finial Eq.2. For 
a general nonlinear dynamic system, reference 1) gives 
the phase point S(t) = [:t:}, :I:t , ··· ,:r:t' )'" = .\",(.\"o ,t) 
at the time t as the funtion of the initial phase point 
Xo = [:1:6, ;z: ~ , .. . , :r~!F" and the time t. So, our task is to 
find out its inverse transformation, i.e. the initial phase 
point S(to) = So(S, . t) as the funtion of the phase point 
.\",. and the time t. Then, substitution of the inverse 
transform S(to) = .\"o(S"t) into the initial Eq.1 yields 
directly the final state Eq.2. 

2. DERIVING THE INVERSE 
TRANSFORMATION OF 
S(t) = .\"t(Xo, t) 

In N-dimension phase space, the motion differential 
equation of a general nonlinear dynamic system is 

X i -
t- ni, (t)x{' + n:.l'h (t)x'{' ;I:i' 

+a i ... (t) :r]'x.1'x]3 
]1l']3 t t t 

+ ... 
+o.i.. . (t):,j,x.i, .. . :,)" 

.11.12 .. . J II. Itt, 

+ ... 
(3) 

where, i = 1, 2, ... , N, and the any order analytical 
solution l

) of the above equation with initial phase point 
.\"b is 

xi = Ti, (t ).7;b' + r.i,h (t ):r:b' xb' 
+ Ti,),} 3 (t )xb' :rb' :l:b3 

+ ... 
+Ti. . (t) .. .f, ",,;, '1)" 

,/1),,,.,111 "0'0" "0 

+". , 
(4) 
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Express the inverse transform of Eq.4 ill serIes: 

:1"0' 51 (f)"';' + 51 . (f)'ri'T i , 
J '1 " . , . ' 1 ~ ;3 . .' " " f 

or: 

"

j, 
, '0 

,,)3 
'0 

"
.I" 

, 0 

+ 51 (t)r" '1"''1''3 'i]i2i'J ,., "I "t 

+" , 
+51 . . (t):,.;' :ri, ,;1';" 

, ]'2 ... , /I I f 

+" , 

51" (f);/,i' + 51" (f):,.i, :,.i, 
'1 t ')'2 t t 

+ 5'·i " (f)".i",';",';3 +'" ;.1 ,. 2" J '. t . , .. , 

5,)" (t)"i, "i, "i" + ., " "', "" ""', '1
'

2 ",. It 

giving the fundamental terms: 

",./1 ",.I> 
'0'0 

5:: (t)5:: (f):I';' ;/:;, 
+{o5)' (f)8" . (f) '] '2' J 

+5/,'" (f)o5:: (f)};,.;, :,.;' :1';3 
+" , 
+{o5l' (f)8'2 . (f) 

. '1 ';2' J ."" n 

+5}1 (f)8" . (f) 
'1'2 'J' 4 .•• 1 11 

+" , 
+5'1 . (t)8i ' . (f) 

'1'2 ••. 1 11-2 'n_l 1 " 

+S::i2 ... i,,_, (f)S:~ (f)}:,.;':,.;' '" :,.;" 
+" , 
Chh (f).,.i, ",;, 

T; 1;.2 ,.,. '. . . 

+(·'II.I' (f).,"I,,"'o"3 T,. 1" '2 i J .,. I .f., 
+" , 
+CII.l' . (f):,.i""i", ,:,.;" 

'1' 2 ... 1 
YJ " 

+" , 

(5) 

(6) 

(7 - 1) 

oj, xi, xi> 
'''0 '0 0 

rb'rb' , .. :/'6" -1 :rb n 

= (.,.b' :rb' '" :1'6,,-1 ):"6" 
_ {C l1h ... .i,,-1 (t) "l."i, ",;,,_1 
- i t i 2 "';n_l .1" I .... " 

(7 - 2) 

+C.II.I, .. ,j"-'(f)·,,;,,,i, ,,;,, +., ,} 
". , , , , " .. , 

{ SI:,I(';)')'~ + S}" (f),,.i 1 :l'i, 
'1. '.'.1' '2 . ' f 

+8'" . (f):,.',I,,.,,,,/,;3 +'" 
'1'2' J 

+5.1" (f) ';, ,i 2 ,;" + ,,} i,i, ... i " ,I, ", '" " '. '. 

- C)J.12"'I"-'(f)8' " (f),"',." '/"" - ;]12 ... 1,,_1 in 'I""" t 

+." 
- 0' I.i>, .. } " (f)7'il .,.i, ... :,.,' " 
- ;1;2 ... in "1' I 

+ ... 
(7 - 3) 

where, the coefficients O::::::,t" (f) with m < 11 are of the 
following form: 

O:;:: ... i" (f) Sf,
1 (f)5/;i3' ,i" (I) 

+8'1 (f)o5" . (f) + 
'] '2 'J' 4·,·' 'I 

+811 
. (f)5" . (t) 

'I '2·'" ,,- 2 '/1_ 1 , It 

+5)1 . (t)5)'(t) 
'1 '2··,1" -I '/I 

CIt .l2,i, (t) 
'1':2 ... , II 

C It12 . (f)SI3(t) 
']' 2 ... 1 n -1 '" 

+C/J.1'· (t)SI3 (t) + 
'1' 2 ... 1 /1 - 2 ',I _lin 

+CltJ'(t)S)3 . (t) 
'1' 2 'J'4 •.• 1 II 

0
'

1.1' ... 1,,-, (t) 
, l' '2 ••• '" 

CI J.1, ... I,,-, (t)5' ''-' (t) , l' '2 ••• 1" - 1 1 n 

+ Gill' .. ') " - , (t) 51" - 1 (t) 
'1'2 ... 1/1 -:2 I" _ J '11 

CIl/' .. ln-1 (t)o5l .. (t) 
'112 ... 1 n - 1 I" 

(8) 
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Substitution of Eqs. 7-1, Eq. 7-2 and Eq. 7-3 into Eq. 4 gives 

(9) 
Combination and comparision of the coefficients in Eq.9 
yield the following coefficient equations: 

Ti, (t)S:: (I) 
yi (t)S'l (t) + Ti . (t)G' I/2(t) 

.J 1 , )12 .11.1:2 , )l2 

~i, 
o 

o 

(J 0) 
which, in turn, yield the coefficients of the inverse trans
form Eq.5: 

S!,(t) = [T-l(l)li~!, 
s' . (t) = _[T-l(t)]'Ti . (t)G.lI.l'(t) 

, 1':2 , .J 1.12 '1 r:;} 

(ll ) 
Arranging above equation with Eq.8, obtain the 

coefficients of Eq.5 as the following formulae: 

S' . (t) 
'1' :2 

Sf, (t) = [T-1(t)]f, 

-[T-1(t)]! 
T' . (t)SI' (t)SI2 (t) 

.11):2 'I ':2 

-[T-1(t)]! . 
{2Ti . (t)S" (t)SI2 (I) 

.J 1}2 , 1 . '2' J 

+Ti .. (t)S" (f)S'2 (t)SIJ (t)} 
.1 t.12.13 '1 ':2 1 J 

(12 - 1) 

(12 - 2) 

(12 - 3) 

SI (t) 
r 1'213"& 

= ~[T-l(tn: {2TJU,(t) 
[Sll (t)SI' . (t) + 1 Sii (t)S12 (t)] 

, 1 ''2' J' -I 2 . ' l' '2 . ' J' 4 

+3T' .. (t)S'l (t)S" (t)SIJ. (I) 
. .11.7 2./ J , l ,~ ,:), 4 . 

+T' ... (f)SII (t)S" (t)SlJ (f)S" (t)} 
.1 1.1 2.J J.J 4 I) , 2 'J '4 

(12- 4) 

SJ .... (t) -
Ill:z'J l 4'5 -

- [T- 1 (t)]! {2TJIJ2 (t) 
[Sll (t)Si2 .. (t) + S'l (t)SI2 . (t)] 

'1 12'3'4'5 '1'2. 13;4'5 

+3Ti . (t)[SI' (t)SI2 (t)SIJ . (t) 
.}l}l.1J '1. '2 '3'4'0 

+SI' (t)SI2 (f)S'J (t)] 
'} '2' J . '4'5 

+4Ti ... (t)S'l (t)S'2 (t)SIJ (t)S" (t) 
.J1l2}3.14 It '2 1:, '4't; 

+T' .. . (t)S'l (t)S'2 (t)S'J (t) 
.11.l2.lJ)4.J5 '1 '2 13 

S:;(f)S:;(t)} 
(12- 5) 

Carrying out the recursive process, the coeffi
cients in the inverse transform Eq.5 are finally expressed 
in terms of those in the system solution Eq.4: 

(13-1) 

SI . (t) 
'1' :2 

-[T-1(tn: 
T' . (t)[T-l(t)].1' [T-l(t)]'2 

.11.J 2 , 1 ''2 
(13 - 2) 

(13 - 3) 

(13 - 4) 
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3. 

s' .... (t) = -[T- 1(t)J.I '1' 2' J' 4' n l 

{-2T . (t){[T-1(tHi' [T- 1(t)]',' 
) I.J:2 1 r:2 

{-2T',~, (t)[[T- 1un:; [T-1(tn'~ 
.11.12 :;! ':3 

(-2T,'?,., (t)[T- 1(t)J:'; [T-1(t)]~;, 
, 1 ''2 :3 4 

T;'~/;, (t)[T-1(t)]~4; [T-1(t)J~,; 
+ T,;; ~I2/;2) (t )[T-1 (t) ]~)' [T- 1 (t )J~.: [T- 1 (t )J;:,») 

+ ~ [T- 1 (t H:,; T;~ /;' (t )[T-1 (t )J~·2; [T- 1 (t )J~: 
I '2 ./ 1 '2 I , 

[T- 1 (t H': T' f, (t )[T- 1 (t)J'" [T- 1 (t)J/;2J 
, 4 kIf.. '2 '4 'ti 

-3T'~ ,,(t)[T-1(t)1'; [T- 1(t)l';[T- 1(t)],,; 
.l 1 .1 2}3 '2 '3 '4 

T~i: ", (t )[T- 1 (t )J;-,' [T- 1 (t) J:'52 

+T'~" ,(t)[T-1(tn:; [T-1(tH:~ 
.11.12.1 J.I 4 

[T- 1 (f) 1: ~ [T- 1 (t) 1:: } 
+ [T- 1 (t)]:~ T:(;, (t )[T-1 (t n:: [T- 1 (t n:: 

..2, ./ ./ 
[T- 1 (t )l'n - 2T';' , (t )[T-1 (t )]h [T- 1 (f)]',' 

1'J .J 1.12 ''J '4 

Ti~. (f)[T- 1(t)J'" [T- 1 (t)J/;2 
J, 1/' '2 '4 't> 

+ T',~" (t )[T- 1 (t)l'; [T- 1 (t H'; [T- 1 (t ni;]) 
.J t .1 2 )J . '3 '4 'f> 

-3T:"21) (t){ [T- 1 (t Hi: [T- 1 (t Hi~ [T- 1 (t H:~ 

[- 2T'~, (t )[T-1 (t)l:; [T- 1 (t W,; 
.7 1}:2 3 , 4 

T~:: "'2 (t )[T- 1 (t) t.' [T- 1 (t)] :': 
+ T;[,;,; (f )[T-1 (t)]:~ [T- 1 (t H:: [T- 1 (t n::] 

+[T- 1 (t)]!: [T- 1(t)]:7:;}; (t) 
[T-1(tH:~ [T-1(t)]:~ 

[T- 1 (t )1';' Ti,~, (t )[T- 1 (t)l'; [T- 1 (t H';} 
'4 .J 1.J:2 '4 '5 

-4T . (t)[T- 1(t)JI'[T- 1(t)JI2[T- 1(f)J}) 
.11)2.13.14 11 '2 13 

[T- 1 (t)]:~ T;:,; (t)[T-1 (t H:: [T- 1 (t H:: 
+Ti ... (t)[T-1(t)]./J [T-1(t)].I2[T-1(t)]') 

.Jl.l2.13}4.1r.. '1 '2 13 

[T- 1 (tHi: [T- 1 (t)]!:} 
(13 - 5) 

NONLINEAR TRANSPORT FOR THE 
PHASE SPACE OF DYNAMIC SYSTEMS 

Substitution of the inverse transform Eq.5 into the 
boundary Eq.1 at the initial state -\0 = _\(fo) to get 
the boundary Eq.2 at the final state _\( = _\(f) com
pletes theoretically the nonlinear transport for the phase 
space of a general nonlinear dynamic system. As both 
the system solution Eq.4 _\(t) = _\((So.f) and its in
verse transform Eq.5 _\(to) = -\o(S" t) are nonlinear, 
the phase space transport of a general nonlinear dynamic 
system is a nonlinear process. 

As a typical example, in accelerator, the nonlin
ear beam phase space transport reveals essential differ
ences from the traditional linear beam phase space trans-

port. In Hamiltonian linear transport system, if the ini
tial boundary equation of the accelerator beam phase 
space is an elli pse 2

): 

\ -1' -1 \- 1 
- 0 (To - 0 = ( 11) 

then, it evolves through any time still to an ellipse with 
its area unchanged: 

(15) 

where, 10"(1 = 10"01· 

But in Hamiltonian nonlinear transport system, the 
substitution of Eq.5 into Eq.14 gives a equation with in
finite number of power terms, showing that the beam 
phase space boundary is sophistically distorted but still 
with its volume conserved through Hamiltonian nonlin
ear transport system. 

4. DISCUSSION 

Based on the above developed theory, an expert sys
tem can be implemented on IBM 286 to output automat
ically the analytical expressions of any order coefficients 
of the inverse transform Eq.5 for a general dynamic sys
tem Eq.(3), as well as the numerical formulation of any 
order coeffients of the inverse transform Eq.5 for a con
crete given nonlinear dynamic system. Finally the expert 
system demonstrates the evolution process of the phase 
space boundary from a given initial state to the final 
state at any time through a given Hamiltonian nonlinear 
transport system. All these works will be published in 
other articles. 
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ABSTRACT 

The transport of accelerator beam phase space is 
a nonlinear theoretical problem. Recently, a new theory 
for the nonlinear transport of accelerator beam phase 
space has been developed, and a mathematical model of 
the nonlinear beam transport was provided. It is diffi
cult to establish the model because of considerable and 
complex symbol calculations. In this paper a computer 
program in the logic programming language of artificial 
intelligence Arity /Prolog was made on IBM-PC 286 or 
386 machine to derive automatically the general expres
sions of any order phase space transport coefficients. 
By this method, the concrete mathematical model of 
beam transport was established easily from the nonlin
ear t.ransport theory. The prospect of the a.pplication of 
artificial intelligence can be seen, people will be further 
saved out from the chore of symbol calculation. Finally, 
the ninth order transport coefficient was given as a typi
cal example of high order result obtained from machine. 

1. INTRODUCTION 

The phase space transport of accelerator beam is 
a nonlinear dynamic theoretical problem. Recently, a 
new theory has been developed for the nonlinear phase 
space transport . By using this new theory, the concrete 
mathematical model can be established for the nonlin
ear transport of beam phase space, but it is very diffi
cult to establish the model by manual deriving because 
the mathematical derivation is a very complex work and 
needs a unusual carefulness and much more time. The 
main work of the calculation is deriving the general ex
pressions of nonlinear transport coefficients. Now, many 
new techniques of artificial intelligence have been devel
oped, symbol calculations can be done by computers with 
logic programming languages, such as, Lisp , Prolog etc. 
So, the complex manual work of mathematical calcula-

tions can become a simple computer process by using 
artificial intelligence, thus relieving scientists from 
the chore of symbol calculation. In this paper a com
puter program in the artificial intelligence language Ar
ity/Prolog was made on IBM-PC 286 or 386 computer to 
derive automatically the general expressions of any order 
phase space transport coefficients. 

2. MATHEMATICAL THOUGHT 
OF DERIVING ANY ORDER 
TRANSPORT COEFFICIENTS 
BY ARTIFICIAL INTELLIGENCE 

In the new theory, the phase space transport of 
nonlinear dynamic system is such a mathematical pro
cess that the initial state equation of the system phase 
space boundary F(_\o) = 0 transforms to the final 
state boundary equation F[To(T,. t)) = f(T" t) = O. 
Where, the initial phase point of dynamic system To = 
[":6, x~, ... , x~V is related with the final phase point T, = 
[xL x~, ... , ;t:ivjT by the motion differential equation l) of 
the system in N-dimension phase space. The solution l ) 

of the differential equation is 

X i -
1-

(1) 
then, the inverse transform of Eq.1 can be expressed as 
following: 

(2) 
here, i.i 1 ,i2 , ... , in ;j,.h,h, .. .. j" = 1. 2 •... , N . The 
any order aberration coefficients R i (f) (Jl . . (f) had 

J .J 1.12 ··· .1 11 

been obtained 1) from the motion differential equa-
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tion. Here, deriving the any order transport coefficients 
SL2 ... ;jt) is the work of this paper by artificial intel
ligence. The following is the mathematical thought of 
deriving the transport coefficients by computers. 

Rewrite Eq.l : 

.t'b = [R -1 (t)]!,",;,' - (J:i'h(t)rb':r:b2 
_." 

-iJ' (f).,..I' '{".I 2 '1"'3 - ... J,hh "'0 ','0 ', ' 0 , 

_ Ii}, , (f) :,,}' ,,/' ... :1'" n - ••• 
}J./>" ,}.. 0 0 0 

(3) 
where, the sum calculating of tensor is used: 

(4) 
Substituting Eq,2 in the left of Eg.3 and eliminating the 
first order terms in two sides of the equation, Eg,3 be
comes: 

Si , (t)" ,;, :"i> + Si , , (f),l,i, "J, :1)3 + ... 
, l' 2 I. t, ', 1 r' 2' J I. ' t 

+si (f) ',,i, oJ> o.in + " , " ' / ,' " ... ,VI ... 
,'}' 2· ··' II . . ' . •.• 

- -I l' (f),/",I , " ,.I> _ rJl (t):I'}' '1"'2 :1,,13 - , . . 
- ' i,j, "0"0, ', j,hh , ' '0 '0 "0 

-IJ' , (f) """ '1"1, :("In - ... .ILI""}n ' "0 "0 .... ' 0 , 

the coefficients of the first order term ;r;:' IS 
(5) 

(6) 

With replacing the up-mark j by up-marks h, 12, "' , jn 
respectively, substituting Eg.2 into the right of Eg.5; 
then arranging the right; finally, comparing the coeffi
cient of every order term at left with that of the same 
order term at right, so, the expression can be obtained 
of any order transport coefficiects . The obtained expres
sions are recursion formulae, that is, if these coefficients 
from first-order Sf, (t) to the (n-l)th-order S{,i,,,.i

n
_, (t) 

are known, the (n)th-order coefficient S!,;, .,.i
n 
(t) can be 

obtained. Above three procedures, namely, substitut
ing; arranging and comparing are the logistic thought of 
deriving transport coefficients by artificial intelligence. 
Where, the arranging is the most difficult and important 
procedure of computer derivation. The mathematical 
methods of this procedure are as follows: 

(a), making maltinomial multiplications in every 
order terms of the right of Eg.5 become the multiplica
tion of two multinomials, namely: 

"..i",.';' ----> "..i,( ,/.h) , 0 "0 "0' '0 , 

the 2th order term is the multiplying of two multino
mials :rb' and :r:'b> ; 

X.iI xh x';' ----> (0";' ".h ) xh 
• 0 • 0 "0 " '0 "0 '0 

the 3th order term is the multiplying of two multi
nomials (:';'b':rb') and :"b> , where, the first multinomial 
(:Db' xb') is the multiplying result of the 2th order term; 

o../'o,h xin-"t../" ( '1.,1, '1'';' '1)" - ') '1../" 
,L 0 " '0 .. . , 0 '0 ----> '0' '0 .. , '0 '0' 

the (n)th order term is the multiplying of two mult.ino

mials (3'6'J'6>" ':/'6"-' ) and T'b" , where, the first multi-
. I ( j,), i" - ') ' th It' I ' It f h nomla ;/:0 ;/';'0 , ,' :/'0 IS e mu Ip yIng resu 0 t e 

(n-l )th order term; 

(b), After every multiplying of two mult.inomials, 
combining the same terms and the symmetrical terms, 

To summarize, above two procedures are such a 
process of processing every order terms of the right of 
Eg.5 one by one, and in every processing, the two math
ematical procedures (a) ,(b) are done, 

(c), After all multinomial multiplications In the 
right of Eg,5, combining same order terms, 

In conclusion, the three procedures (a),(b),(c) are 
the main mathematical thoughts of deriving any order 
transport coefficients by artificial intelligence , 

3. DERIVING ANY ORDER 
TRANSPORT COEFFICIENTS 
BY ARTIFICIAL INTELLIGENCE 

Prolog is a logic programming language of intel
ligence , By using it, a practical artificial intelligence 
system can be established facili tately, In this paper, a 
computer program in Arity /Prolog was made which de
rive automatically the general expressions of any order 
phase space transport coefficients, With the support
ing of Arity / Prolog interpreter or Arity /Prolog compiler, 
this program can be operated on IBM PC 286 or 386 
machines . The following is the block diagram of the pro
gram structure. 
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c ____ ~~in (orde~:_~l_~ 
N > 2 

N > 2? not 

yes, n=2 

Approximating to N-order; 
Combining same and symmetrical terms; 
Storing result into structure date base. 

s~s _____ _ 

not 

Arranging results and Getting 51';2 ... ;" (t) 

End (output results) 

Block (lia.gralll of t he program strudure 

As the block diagram shows, the mathematical 
thought of deriving any order tramsport coefficients is 
comprised in the infereme procedure of this program. 

With the using of many programming techniques2 ), 

su ch as backtracking, structure database, etc., this de
riving program with a tight structure can be read easily. 
The key technique of replacing recursion with interation 
broke through the 640k RAM limit and realized the prac
tical operating of the program on IBM-PC 286 or 386 
computer. By using this intelligent system , any order 
transport coefficients can be derived out automatically 
and fastly. The following are 2th,3th,4th,5th and 9th 
order transport coefficints output directly from a com
puter , and where, the results of2th,3th,4th and 5th order 
are showing no difference with those by manual doing. 
The symbol corresponding relations between computer 
output and mathematical formulae are : 

5U; £(1), i(2) ,···, i(n)) ¢::=> 51,i
2 

... ;" (t) 
bcta(j; j(1) , j(2) . ... , j( 11)) ¢::=> /J!,J, .. . .i Jt). 

N = 2 

S<j ;i(i) ,i(2»= 
-beta<j;j(1),j(2» 

*[S<j(1);i(1»*S<j(2);i(2»] 
N = 3 

S<j;i(1),i(2),i(3» = 
-beta<j ;j(l) ,j(2»*[2*S<j(1) ;i(1» 

*S<j(2);i(2),i(3»] 
-beta<j;j(1),j(2),j(3»*[S<j(1);i(1» 

*S<j(2);i(2»*S<j(3);i(3»] 
N = 4 

S<j ;i(1) ,i(2) ,i(3) ,i(4» = 
-beta<j;j(1),j(2»*[S<j(1);i(1),i(2» 

*S<j(2);i(3),i(4»+2*S<j(1);i(1» 
*S<j (2) ;i(2) ,i(3) ,i(4»] 

-beta<j;j(1),j(2),j(3»*[3*S<j(1);i(1» 
*S<j(2);i(2»*S<j(3);i(3),i(4»] 

-bet a < j ; j (1) ,j (2) ,j (3) ,j (4) > * [S< j ( 1) ; i( 1) > 
*S<j(2);i(2»*S<j(3);i(3»*S<j(4);i(4»] 

N = 5 

S<j ;i(1) ,i(2) ,i(3) ,i(4) ,i(S» = 
-beta<j;j(1),j(2»*[2*S<j(1);i(1) ,i(2» 

*S<j(2);i(3),i(4),i(5»+2*S<j(1);i(1» 
*S<j(2);i(2),i(3),i(4),i(5»] 

-beta<j;j(1),j(2),j(3»*[3*S<j(1);i(1» 
*S<j(2);i(2),i(3»*S<j(3);i(4),i(5» 
+3*S<j(1);i(1»*S<j(2);i(2» 
*S<j(3);i(3),i(4),i(5»] 

-beta<j;j(1),j(2),j(3),j(4»*[4*S<j(1);i(1» 
*S<j(2);i(2»*S<j(3);i(3» 
*S<j(4);i(4),i(5»] 

-beta<j;j (1) ,j (2) ,j (3) ,j (4) ,j (5» 
*[S<j(1);i(1»*S<j(2);i(2»*S<j(3);i(3» 
*S<j(4);i(4»*S<j(5);i(5»] 

N = 9 

S<j;i(1),i(2),i(3),i(4), 
i(5) ,i(6) ,i(7) ,i(8) ,i(9» 

-beta<j;j(1),j(2» 
* [2*S<j (1) ;i(l) ,i(2) ,i(3) ,i(4» 
*S<j(2);i(5),i(6),i(7),i(8),i(9» 
+2*S<j(1);i(1),i(2),i(3» 
*S<j(2);i(4),i(5),i(6),i(7),i(8),i(9» 
+2*S<j(1);i(1),i(2» 
*S<j(2);i(3),i(4),i(5), 

i(6) ,i(7) ,i(8) ,i(9» 
+2*S<j (1); i(1» 
*S<j(2);i(2),i(3),i(4),i(5), 

i(6) ,i(7) ,i(8) ,i(9»] 
-beta<j;j(1),j(2),j(3» 
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* [S<j (1) j i(1) ,i(2) ,i(3» 
*S<j(2)ji(4),i(5),i(6» 
*S<j(3) ji(7) ,i(S) ,i(9» 
+6*S<j(1)ji(1),i(2» 
*S<j(2)ji(3),i(4),i(5» 
*S<j(3)ji(6),i(7),i(S),i(9» 
+3*S<j (1) ji(1» 
*S<j (2) ji(2) ,i(3) ,i(4) ,i(5» 
*S<j(3)ji(6),i(7),i(S),i(9» 
+3*S<j(1)ji(1),i(2»*S<j(2)ji(3),i(4» 
*S<j (3) ji(5) ,i(6) ,i(?) ,i(S) ,i(9» 
+6*S<j(1)ji(1»*S<j(2)ji(2),i(3),i(4» 
*S<j(3)ji(5),i(6),i(7),i(S),i(9» 
+6*S<j(1)ji(1»*S<j(2)ji(2),i(3» 
*S<j(3);i(4),i(5),i(6),i(7),i(S),i(9» 
+3*S<j(1)ji(1»*S<j(2);i(2» 
*S<j (3) ;i(3) ,i(4) ,i(5), 

i(6),i(7),i(S),i(9»] 
-beta<j;j(1),j(2),j(3),j(4» 

*[4*S<j(1);i(1),i(2» 
*S<j(2);i(3),i(4»*S<j(3);i(5),i(6» 
*S<j(4);i(7),i(S),i(9»+12*S<j(1);i(1» 
*S<j(2);i(2),i(3» 
*S<j(3);i(4),i(5),i(6» 
*S<j(4);i(7),i(S),i(9»+12*S<j(1);i(1» 
*S<j(2);i(2),i(3»*S<j(3);i(4),i(5» 
*S<j (4) ;i(6) ,i(?) ,i(s) ,i(9» 
+12*S<j(1);i(1»*S<j(2);i(2» 
*S<j (3) ;i(3) ,i(4) ,i(5» 
*S<j (4) ;i(6) ,i(?) ,i(S) ,i(9» 
+12*S<j (1) ;i(1»*S<j (2) ;i(2» 
*S<j(3);i(3),i(4» 
*S<j (4) ;i(5) ,i(6) ,i(?) ,i(S) ,i(9» 
+4*S<j (1) ;i(1» 
*S<j(2);i(2»*S<j(3);i(3» 
*S<j (4) ;i(4) ,i(5) ,i(6) ,i(?) ,i(S) ,i(9»] 

-beta<j;j (1) ,j (2) ,j (3) ,j (4) ,j (5» 
*[5*S<j(1);i(1»*S<j(2);i(2),i(3» 
*S<j(3);i(4),i(5»*S<j(4);i(6),i(7» 
*S<j(5) ;i(S),i(9»+30*S<j(1);i(1» 
*S<j(2);i(2»*S<j(3);i(3),i(4» 
*S<j(4);i(5),i(6» 
*S<j (5) ;i(7) ,i(S) ,i(9» 
+10*S<j(1);i(1»*S<j(2);i(2» 
*S<j(3);i(3»*S<j(4);i(4),i(5),i(6» 
*S<j(5);i(7),i(S),i(9»+20*S<j(1);i(1» 
*S<j(2);i(2»*S<j(3)ji(3» 
*S<j (4) ; i(4) ,i(5» 
*S<j (5) ji(6) ,i(?) ,i(S) ,i(9» 
+5*S<j(1)ji(1»*S<j(2);i(2» 
*S<j (3); i(3»*S<j (4) ;i(4» 
*S<j (5) ;i(5) ,i(6) ,i(?) ,i(8) ,i(9»] 

-beta<j;j (1) ,j (2) ,j (3) ,j (4) ,j (5) ,j (6» 
*[20*S<j(1)ji(1»*S<j(2)ji(2» 

*S<j(3)ji(3»*S<j(4)ji(4),i(5» 
*S<j(5);i(6),i(7»*S<j(6)ji(8),i(9» 
+30*S<j(1)ji(1»*S<j(2);i(2» 
*S<j(3);i(3»*S<j(4);i(4» 
*S<j(5)ji(5),i(6) 
*S<j(6)ji(7),i(8),i(9» 
+6*S<j(1);i(1»*S<j(2)ji(2» 
*S<j(3)ji(3»*S<j(4);i(4»*S<j(5)ji(5» 
*S<j(6)ji(6),i(7),i(8),i(9»] 

-beta < j ; j (1) ,j (2) ,j (3) ,j (4) ,i (5) ,j (6) ,j (7) > 
*[21*S<j(1);i(1»*S<j(2);i(2» 
*S<j(3);i(3»*S<j(4);i(4»*S<j(5);i(5» 
*S<j(6)ji(6),i(7»*S<j(7);i(8),i(9» 
+7*S<j(1);i(1»*S<j(2);i(2» 
*S<j(3);i(3»*S<j(4);i(4»*S<j(5);i(5» 
*S<j (6) ji(6»*S<j (?) ;i(7) ,i(8) ,i(9»] 

-beta<j jj (1) ,j (2) ,j (3) ,j (4) ,j (5), 
j(6) ,j(?) ,j(8» 

*[8*S<j(1);i(1»*S<j(2);i(2» 
*S<j(3);i(3»*S<j(4);i(4»*S<j(5);i(5» 
*S<j(6);i(6»*S<j(7);i(7» 
*S<j (8) ;i(8) ,i(9»] 

-bet a < j ; j (1) ,j (2) ,j (3) ,j ( 4) ,j (5) , 
j (6) ,j (?) ,j (8) ,j (9» 

*[S<j(1);i(1»*S<j(2);i(2»*S<j(3);i(3» 
*S<j(4);i(4»*S<j(5);i(5»*S<j(6);i(6» 
*S<j(7);i(7»*S<j(8);i(8»*S<j(9);i(9»] 

4. DISCUSSION 

By using the artificial intelligence, any high order 
transport coefficients can be obtained fastIy and accu
rately. Obviously, with this new method man's brain 
will be extended and more time can be saved for many 
physicists. 

Based on the transport coefficient expressions ob
tained from machines, a numerical calculating program 
can be generated and will be applied in the practical 
beam transport. 
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Evaluation of Third-Harmonic Voltage 
Flattopping for a Superconducting Cyclotron" 

M.M. Gordon and Dong-o Jeon 
National Superconducting Cyclotron Laboratory 

Michigan State University 
East Lansing, MI48824-1321,U.S.A. 

ABSTRACT 

As demonstrated in the PSI-SIN 600 MeV cyclotron, 
third harmonic voltage flattopping can lead to great im
provements in the phase width and energy homogeneity 
of the beam. The field of that cyclotron is, however, 
almost perfectly isochronous, and to determine whether 
this condition is a prerequisite for flattopping, we have 
investigated whether similar results could be obtained 
for superconducting cyclotrons like ours where the phase 
deviations can become quite large in the nonisochronous 
extraction region. Our calculations show that for phase 
deviations up to 30°, the beam improvements are quite 
comparable to those obtained for a perfectly isochronous 
field provided the third harmonic amplitude can be in
creased by about 25%. However, the benefits of flattop
ping decrease significantly and the third harmonic ampli
tude increases rapidly as the maximum phase deviations 
rise to about 60°. 

1. Introduction 

Among cyclotron designers who aim at single turn 
extraction, the use of third harmonic voltage flattopping 
has long been recognized as a valuable tool for achieving 
higher beam currents while fulfilling the requirement of 
energy homogeneity within the extracted beam.!) A very 
successful application of this technique has been achieved 
in the 600 MeV cyclotron at PSI(SIN) near Zurich. 2) 

More recently, experimental results have been reported 
on the use of a fourth harmonic voltage at the TRIUMF 
cyclotron.3 ) 

The K500 and K1200 superconducting cyclotrons at 
our laboratory have three magnet sectors with three dees 
in the intervening valleys. The interiors of two of these 
dees are occupied by cryopanels, while the remaining dee 
is vacant so that this space could be used to house a 
smaller dee that would provide a third harmonic volt
age. The calculations reported here were designed to 

"Work supported by the National Science Foundation under Grant 
No. 89-13815 

determine whether this project might be worth pursu
ing. 

We used the simple differential equations for the lon
gitudinal motion to find the energy E and the phase 1> 
as a function of turn number from given starting con
ditions. We then determined the range of initial phases 
1>i for which the energy values on the final turn exceed 
the maximum energy of the previous turn. Within this 
phase range, the functional dependence of the final en
ergy on the initial phase was optimized by adjusting the 
three available parameters: the amplitude and the rela
tive phase of the third harmonic voltage, and the fun
damental RF frequency. The availability of three pa
rameters (rather than one) enables one to overcome the 
difficulties arising from the nonisochronous character of 
the magnetic field. 

The electrode structures at the center of our cy
clotrons are designed using the CYCLONE program 
which integrates orbits starting from the source (or in
fiector) using realistic electric fields. This process is 
based on the concept of a "central ray". That is, the 
central ray orbit is the one having the particular start
ing time which leads to the best overall energy-gain and 
which ends up with optimum centering. We assume 
that the current density as a function of starting time 
is symmetric about this value, and that the peak cur
rent density is associated with the central ray. When we 
compared the actual phase versus energy curve obtained 
from the CYCLONE program with curves obtained from 
the longitudinal motion equations for different starting 
phases, we found that the best match occured for an 
assumed central ray starting phase 1>ci = -10°. The 
calculations reported here therefore assumed this value. 
We also carried out calculations using 1>ci = 0°, but the 
results were not significantly different. 

2. Procedure 

The deviation of the magnetic field from isochro
nism, as determined from the equilibrium orbit code, is 
specified by the frequency error: 

/l(E) = wo/w - 1 = lIor(E) - 1, (1) 
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where 110 = wo/27r is a given reference frequency, and 
r(E) = 27r/w is the orbit period for a given energy. Fig

ure 1 shows a plot of this function as derived from the 
K1200 field data for two cases: 

EI/A = 40 MeV with q/A = 0.25, and 

EJiA = 200 MeV with q/ A = 0.5, 

where EI is the final energy, qe is the ion's charge, and 
A is its mass number. These curves show especially large 
values of Ll(E) near E = EI which result from the ions 
being accelerated out into the non-isochronous edge re
gion of the field during the pre-extraction process. Such 
curves can, of course, be shifted up or down by changing 
the reference frequency 110' 

During cyclotron operation, the RF frequency is ad
justed as part of the optimization of the extracted beam 
current. We therefore set 

IIrl = h(1 + f)1I0, (2) 

where h is the harmonic number and f is an adjustable 
parameter. Note that f values are generally very small 
and are given below in parts per million(ppm). Although 
we assume that the magnetic field is fixed, one could 
choose instead to make such adjustments by shifting the 
central field level. 

The nonzero values of Ll(E) and f produce a phase 
change per turn given by 

d<p 
dn 

= Wrlr(E) - 27rh 

27rh [(1 + f) Ll(E) + fl. (3) 

This equation would have an additional term if the dee 
voltage depended on the energy (or radius), 4) but we 
decided to ignore this effect for the present. Also note 
that h = 1 for the cases considered here. 

10. 0 1:'""T-'-~r-r~'r""'T~""'-T""'T'-'-~r-r~'r""'T~~T""'T'~ 
7.5 
5.0 
2.5 
0.0 

-2.5 

40 MeV Field 
~(E) x 103 

- 5. 0 "-'-.......... ....L..J. ........... '-'-......L. ........... --'-JL-L. ...................... -L....'-'-~ 

10.0~~~~~~~~~~~~~~ 

7.5 
5.0 
2.5 
0.0 

-2.5 
-5.0~ ............ ~~~~~ .......... ~~~~~~~ 

0.0 0.2 0.4 0.6 0.8 1.0 
E/E f 

Fig. 1. Plots of the frequency error ~ = wo/w - 1 
as a function of energy for two fields used to produce 
ions having the following final energies and charges: 
EJlA=40 MeV with q/A=0.25(top), and E,/A=200 
MeV with q/A=0.5(bottom). The 200 MeV field is the 
least isochronous of all our fields. 

When the effect of a third harmonic voltage is in
cluded, the increase in energy per turn is given by 

dE 
dn =qVdCOS<p-Acos(3<p-1I»]' (4) 

where V1 is the peak voltage gain per turn produced by 
the first harmonic, A = V3/Vl is the voltage ratio of the 
third to the first harmonic, and 11> is the relative phase. 
Because of the electrode structures in the center of the 
cyclotron, the turn pattern is approximately fixed. We 
therefore set 

(5) 

where no is the nominal turn number. For the present 
calculations, we chose both no = 500 and no = 800, 
which are approximately the values appropriate for the 
K500 and K1200 cyclotrons. Also, changing no from 
500 to 800 allowed us to investigate the effect of increas
ing the phase deviations without changing the magnetic 
field. 

The above differential equations for <p and E were in
tegrated starting from n = 0 with E = 0 and initial phase 
values <Pi which were distributed symmetrically about the 
central ray value <Pci. For any parameter set (A, 11>, f), the 
integration proceeds until the central ray energy exactly 
matches the given final energy(e.g., 40 MeV), and this 
determines the final turn number n I. The energy val
ues for n = n I and different <Pi values are then examined 
to see if they meet certain criteria, and if not, a lin
ear projection technique is used to obtain an improved 
parameter set. The entire process is iterated until the 
desired results are obtained. 

For the special case A = 0 where the third harmonic 
is completely absent, only the frequency parameter f is 
available, and this is adjusted so that the central ray has 
the maximum energy on the final turn. This condition 
has long been recognized as providing the best situation 
for single turn extraction. 5) 

As A increases above zero, the curve showing the 
final turn energy as a function of <Pi becomes broader and 
flatter, and when A exceeds a critical value Ac , this curve 
exhibits two peaks rather than one. In this case, the 
parameters 11> and f are chosen so that the two peaks have 
the same height with the central ray in the valley midway 
between them. These conditions are consistent with our 
previously noted assumption concerning the symmetry 
of the current density as a function of starting time. 

Finally, when A increases to Amax, the central ray's 
final energy declines enough to reach the maximum en
ergy on the previous turn. At this point, the calculation 
stops. Although results were obtained over the complete 
range of A values, only those of particular interest will 
be discussed below. 

3. Results 

Single turn extraction requires turn separation only 
at the final energy where the ions must clear the septum 
and enter the extraction channel. This radial separation 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

405



of the turns at the final energy can be obtained provided 
the ion bunches are clearly separated in energy. That 
is, even if these bunches overlap spatially because of the 
radial oscillations, they can in principle be separated ~y 
a suitable dispersive process. In our cyclotrons as III 

many others, turn separation is generated by passage 
through the lIr = 1 resonance, and the amount of this 
separation is restricted by vertical stability requirements. 
This process has therefore limited dispersion. 

In presenting our results here, we shall assume an 
energy spread within the bunch on the final turn, 6E, 
which is just one-half of the peak energy gain on this 
turn. In this case, the energy gap between successive 
bunches is equal to 6E. 

Consider first the results obtained when the third 
harmonic is absent, i.e., A = O. For an isochronous field 
and a central phase cPc == 0, one finds that the acceptable 
initial phase width is given by 

6cPi = 2/Fo (in radians), (6) 

where no is defined in Eq. 5 above. For the two cases 
considered here, no = 500 and no = 800, this yields 5.10 
and 4.10, respectively. 

The corresponding results were computed for the 
40 MeV and the 200 MeV fields whose deviations from 
isochronism are shown in Fig. 1. For no = 500, we found 
6cPi = 4.80 and 4.70 for the 40 MeV and 200 MeV cases, 
while for no = 800, we obtained 6cPi = 3.20 and 2.80 

for the same two cases. Considering how small these 
values are, and considering also that the beam current is 
roughly proportional to 6cPi, one can easily recognize the 
potential value of flattopping. 

The greatest amplification of 6cPi is obtained for val
ues of A in the range Ac < A < Amax where the curve 
showing the final energy as a function of cPi has two 
peaks. Following the procedure described near the end 
of the last section, and imposing the condition discussed 
above on the energy spread 6E within the bunch, we 
found the results that are summarized in the tables be
low, one for no = 500 and the other for no = 800. In 
each table, data are presented for the two fields (40 Me V 
and 200 MeV) described in Fig. 1, and as a reference, 
for an isochronous field (~ == 0). 

Note that the actual final turn number nJ exceeds 
no as A increases, mainly because the energy gain per 
turn is roughly proportional to q VI (1 - A). Following 
nJ in the tables are the values of A, the fractional third 
harmonic voltage parameter, and the relative phase 1/; of 
the third harmonic. These are followed by the values of 
(, the fractional change in the main RF frequency. The 
next row lists the resultant values of 6E/qVI , where 6E 
is the energy spread within the final bunch as well as the 
energy gap between bunches, and qVI is the peak energy 
gain per turn produced by the main harmonic. Finally, 
the values of 6cPi are given. 

The values of A given in the tables show that the 
required percentage of third harmonic voltage rises from 
12 for the isochronous field up to 14 or 15 for the two 

Table 1 Results for no = 500 
Field Isoc 40 MeV 200 MeV 

nJ 
A 

1/;( deg) 
(ppm) 
6E/qVI 

6cPi (deg) 

570.1 579.1 582.3 
0.123 0.140 0.146 

0.0 2.0 2.9 
97.5 91.6 101.3 

0.438 0.430 0.430 
35.4 34.2 33.5 

Table 2 Results for no = 800 
Field Isoc 40 MeV 200 MeV 

nJ 
A 

1/;( deg) 
(ppm) 
6E/qVI 

6cPi( deg) 

910.5 962.0 980.4 
0.122 0.180 0.201 
31.4 24.9 22.8 
61.1 66.5 85.9 

0.439 0.421 0.397 
31.4 24.9 22.8 

other fields when no = 500. For no = 800, however, this 
percentage rises from 12 up to between 18 and 20 in the 
same cases. These differences are quite significant when 
one considers the RF power requirement, and are due 
mainly to differences in the phase deviations. That is, 
the central phase cPc ranges from -100 to +100 for the 
isochronous field, and from about -300 to +200 for the 
two nonisochronous fields when no = 500. For no = 800, 
on the other hand, the values of cPc range from about 
-500 to +300 for the latter two fields. 

The most impressive numbers in these tables are 
the values of 6cPi. For no = 500, the values for the two 
nonisochronous fields are less than 20 below the 6cPi for 
the isochronous field, and for all three fields, the val
ues are about seven times larger than those given above 
for A = O. On the other hand, for no = 800, there are 
significant differences between the 6cPi values for the 
isochronous and nonisochronous fields. One finds never
theless that all these values are roughly eight times larger 
than those cited above for A = 0 in the corresponding 
cases. 

To illuminate the results further, plots of the final 
energy versus the initial phase are shown in Fig. 2 for 
all three fields when no = 800. These curves show the 
two peaks of equal height with the central ray point 
(cPci = -100

) in the valley midway between them. A 
horizontal broken line divides the full height into two 
equal halves each of height 6E, as defined above. That 
is, the top half represents orbits within the final bunch 
while the bottom half shows the gap between successive 
bunches. The width of the curve where the straight line 
crosses it then defines 6cPi, the acceptable initial phase 
width given in Table 2. Including the central ray itself, 
we therefore find three orbits which end up at n = nJ 
with exactly the same energy. 

Plots of the phase cP as a function of energy from 
E = 0 to E = EJ are shown in Fig. 3 for the same three 
cases used in Fig. 2. The three solid curves correspond 
to the three orbits just mentioned which end up with the 
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Fig. 2. Plots of the final energy as a function of the 
initial phase ljJi obtained under optimized conditions us
ing the RF parameters given in Table 2 for three dif
ferent fields: isochronous(top), 40 MeV(center), and 200 
MeV(bottom). Here 1::.E is the difference between the 
energy on the final turn and the maximum energy on the 
previous turn, and qVi = Edno with no = 800. 

same final energy. The two intervening broken curves 
correspond to the orbits that end up with the peak en
ergy. These sets of curves show in detail the evolution 
of the phase deviations mentioned above. Curves similar 
to those shown in Fig. 2 and Fig. 3 were obtained for 
no = 500, but these are less dramatic and are omitted 
here to save space. 

4. Conclusions 

While the K1200 cyclotron is fully occupied at 
present with carrying out nuclear physics experiments, 
the K500 cyclotron is available and could be used to test 
the effect of a third harmonic voltage on beam proper
ties. As noted above, this cyclotron is characterized by a 
no = 500 turn geometry and would, according to Table 1, 
require a third harmonic voltage which is about 14% of 
the first harmonic. Since only one of the three dees is 
available for the third harmonic voltage, this percentage 
rises to 42%. The design of a possible RF system is now 
under way. 

We are indebted to H. Blosser and F. Marti for many 
useful discussions and to the latter for assistance with the 
field data. We should also acknowledge that somewhat 
similar calculations were carried out for the TRIUMF 
cyclotron by C. Kost as reported by M. Craddock. 6) 
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Fig. 3. Plots of the phase IjJ as a function of energy 
obtained for the same fields and RF parameters as those 
used for Fig. 2. The three solid curves all lead to the 
same final energy as defined by the horizontal broken 
line in Fig. 2, and the two broken curves lead to the two 
energy peaks in Fig. 2. 
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CROSSING OF RESONANCES 

L.A. Sarkisyan and A.L. Sarkisyan 
Moscow Institute-Internate, 107150, Moscow, Russia 

ABSTRACT 

The equations for particle motion in accelerators are 
considered, taking into account energy gain per turn, for the 
investigation of integer and half-integer resonance crossing. 
Formulas are presented estimating amplitude behaviour when 
crossing resonances. 

A correct analysis of integer resonance crossing in 
cyclotron or synchrotron accelerators leads to equations 
for the radial and vertical oscillations of the forml,2) 

"Q2 ,eV, . r + rr+ ~r = -REusmSlj;, 
HVI2 -1 

(1) 

where rand z - radial and vertical coordinates of the 
particle, r' = dr/dlj;, z' = dz/dlj;, lj; - azimuthal coordi
nate, I - relativistic factor, e V - energy gain per turn, H 
- the mean magnetic field at radius R, Ez ., Er • - relative 
values of the Sth harmonic vertical and radial magnetic 
field components respectively. 

In contrast to the shortened equations, equations (1) 
have a term of the form 8 = ,e V /[H J72=1], which is a 
friction term ("electromagnetic" friction) and is caused 
by energy gain per turn in explicit form. 1 ,2) 

The amplitudes of the oscillations excited when 
crossing the integer resonance are of the forml ,2) 

REz r. 
r, Z = I' 

)(Q2 _S2)2+82Q2 . 
r,z r,z 

(2) 

In the case of a half-integer resonance crossing the 
equations for radial and vertical oscillations are of the 
forml ,2) 

z" + Q; z + 8z' = -ZoEr. sin Slj; , (3) 

where ro and Zo are the initial radial and vertical coor
dinates. 

Insofar as the half-integer resonance is far less haz
ardous than the integer one, shortened equations with
out the friction term can be used to calculate to a first 
approximation. In this case the maximum value of the 
amplitude excited in the half-integer resonance zone IS 

approximately in explicit forml ,2) 

H (E )
1/2 

7r. 0 
Y ~ 1.2yo-=- -- , 

H. 2eV 

y = r, z (4) 

where H. = Hzs is the amplitude of the Sth harmonic 
of the vertical magnetic field component in the case of 
radial movement and H. = Hr. is the amplitude of the 
Sth harmonic of the radial magnetic field component in 
the case of vertical movement; Eo is the particle rest 
energy. 

Knowledge of the particle resonance crossing mech
anism allows the particle energy in cyclotrons to be in
creased above Eo, the integer resonance to be used as 
the basis for resonant beam extraction, and the injected 
beam intensity to be increased.3 ) 

REFERENCES 

1) L.A. Sarkisyan, The Relativistic Cyclotron 
(Moscow University Press, Moscow, 1990). 

2) LA. Sarkisyan and A.L. Sarkisyan, Nonstationary 
Forced Oscillations (Chuvash University Press, 
Cheboksari, 1991). 

3) L.A. Sarkisyan and A.L. Sarkisyan, '~Increase of 
Beam Intensity", these proceedings. 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

408



INCREASE OF BEAM INTENSITY 

L.A. Sarkisyan and A.L. Sarkisyan 
Moscow Institute-Internate, 107150, Moscow, Russia 

ABSTRACT 

A method of particle injection into ring accelerators (cy
clotrons, synchrotrons) with strong focusing is given and an
alytically substantiated. The given method ensures about 
three fold increase as compared with existing ones. 

The maximum mean beam current in ring acceler
ators (cyclotrons, synchrotrons) determined by the de
crease in free vertical oscillation frequency under the in
fluence of space charge is calculated from the formula1,2) 

1= 3.2 x 1O_197rQzo!lQz{32,3a2BmF/, (1) 
Rro 

where Qzo is the frequency of free vertical oscillations 
with the mean beam current I(A) = 0, !lQz is the 
shift in free vertical oscillation frequency produced by 
the beam current, {3 - relative particle speed, I - rela
tivistic factor, a - beam radius (cm), I = loq - operating 
frequency (MHz), 10- - rotation frequency, q - harmonic 
number, B - bunching factor, m - number of bunches 
on the orbit, F - the factor regarding beam image on 
vertical conducting walls of accelerator, R - accelerator 
radius (cm), ro - classical particle radius (cm). 

When substituting Qzo and !lQz by Qro and !lQr 
in formula (1) it is possible to calculate the maximum 
beam current in the radial direction. 

One usually chooses the initial frequency value in 
the range between the resonance frequency values (in
teger or half-integer or vice versa) with a permissible 
frequency shift of about 0.15-0.2. This conclusion was 
drawn when estimating shortened equations of motion in 
explicit form disregarding the energy gain per turn. 1,2) 

As has been discussed in papers2 ,3) in the case of the 
integer resonance Q = S dynamic crossing the amplitude 
of vertical particle oscillations is 

(2) 

where 8 = ,e V /rJl J12=l1 is the coefficient of friction 
("electromagnetic" friction), eV - energy gain per turn 

(MeV /turn), f. = H r ./ H - relative value of the Sth 

harmonic of the radial magnetic field component Hr , H 
- the mean magnetic field at radius R (cm). 

The half-integer resonance is less hazardous com
pared with the integer one. As a first approximation re
gardless of the coefficient of friction, the maximum am
plitude in the half-integer resonance zone is calculated 
from the formula2,3) 

(3) 

where Eo is the particle rest energy. The amplitude ex
cited in the resonance zone will be considerably smaller 
depending on the coefficient of friction. 

In ring accelerators the injection of considerable 
beam current is possible ifthe frequency shift is increased 
from 0.15-0.2 up to 0.6. Let us consider this method of 
particle injection for use in cyclotrons and synchrotrons 
with strong focusing. 

In ring cyclotrons the orbit radius is continuously in
creasing during injection. Calculations for the PSI ring 
cyclotron with proton energy 590 MeV at the injection 
energy 72 MeV, R=200 cm, H = 5940 G, Qzo = 0.95, eV 
= 2.4 MeV /turn4

) in the case of Q = 0.5, Hr. = 0.5 G 
show that the value of the incoherent vertical amplitude 
z = 0.007 Zo cm, which is insufficient. As formula (1) 
shows, the frequency shift decreases in a cyclotron when 
the beam current is conserved and the particle energy 
increases, through the factor {32 , 3. Because of this the 
growing frequency Q will cross the half-integer resonance 
of 0.5 for the second time, but the amplitude increase 
will be less compared with the first crossing. The in
jected beam current is increased by a factor of 2 for a 
permissible frequency shift of 0.5 instead of 0.25. 

During injection the frequency decrease caused by 
the beam load is partially compensated by the frequency 
increase for the particles with amplitude different from 
zero. 

Injection into a synchrotron (proton, electron) is 
quite different due to the fact that at a constant value of 
magnetic field the particles in the dynamic regime will 
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have a bigger radius after the first turn. This method 
allows the energy to be decreased by the value of en
ergy gain per turn, leading to a little bit smaller radius. 
The radius increases after one turn. Then the magnetic 
field increases over the period in which the particles are 
accelerated up to the full energy. 

So, in the case of a proton synchrotron - the TRI
UMF KAON Factory booster project with injection en
ergy 450 MeV (;3 = 0.737, ,0 = 1.48), R = 348 cm, Qzo 
= 7.22, eV = 0.21 MeV /turn5 ) calculation from formula 
(2) with Qz = S = 7, Hr. = 0.5 G shows the value of 
the excited vertical amplitude z = 0.86 cm. When the 
energy increases, the frequency also increases and will 
cross the integer resonance for the second time, but the 
amplitude increase will be less compared with the first 
crossing. When the booster is at the full proton energy 
of 3 GeV, (;3 = 0.971, , = 4.8) the frequency shift will 
decrease to 0.01 and the coherent amplitude of forced 
oscillations will be 0.17 cm. Assuming a frequency shift 
of 0.6 instead of 0.15 one has a four-fold increase in the 
injected beam current. 

In the case of the IHEP booster proton synchrotron 
with a proton energy of 1.5 GeV at the injection energy 
of 30 MeV (, = 1.03), R = 1600 cm, H = 500 G, Qzo = 
3.8, e V = 0.043 Me V /turn6) calculations from formula 
(3) with Qz = 3.5 and Hr. = 0.5 G show the value of the 
incoherent amplitude z = 0.77 Zo cm. With a permissible 
frequency shift of 0.6 instead of 0.2 the beam current can 
increase by a factor of three at injection. 

Figure 1 shows the change of Qz frequency at injec
tion and as the kinetic energy W of the particles increases 
in the PSI, TRIUMF and IHEP accelerators. 

1. CONCLUSIONS 

An injection method for accelerators is suggested 
and analytically substantiated. The method is as fol
lows. In the dynamic regime the initial frequency of 
free vertical oscillations placed between integer and half
integer resonances or vice versa, decreases with beam in
tensity increase during injection, crossing the resonance, 
but increases with subsequent acceleration, crossing the 
resonance for a second time and approaching the initial 
frequency value at the full particle energy in the acceler
ator. The given maximum increase over the space charge 
in an accelerator can be used at initial frequency values 
Qz and Qr > 0.5. This method allows the beam inten
sity of operating accelerators to be increased several-fold. 
The method can be used in storage rings when some ac
celeration of the particles takes place. 
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DEVELOPMENTS IN RELAX3D, 
A 2D/3D LAPLACE AND POISSON EQUATION SOLVER 

H. Houtman, F.W. Jones, and C.J. Kost 
TRIUMF, 4004 Wesbrook Mall, Vancouver, 

British Columbia, Canada V6T 2A3 

ABSTRACT 

The widely used program RELAX3D, in continual 
development at TRIUMF since its inception in 1973,1) 
employs the finite-difference algorithm known as sym
metric successive over-relaxation (SSOR) to solve the 
three-dimensional second-order elliptic partial differen
tial equation V' 2V(x, y, z) = F(x, y, z), which includes 
the Laplace (F == 0) and Poisson (F # 0) equations. 
After a brief review of other solution techniques, the 
program is described and a variety of sample usages is 
given. Recent enhancements were made in the use of 
various grid stencils (molecules), graphics facilities, and 
portability to UNIX systems. The dependence of errors 
on grid spacing, stencils, and machine precision are pre
sented. The investigation of higher-order relaxation for
mulae (stencils) has shown promising results. Using a 
27-point stencil, the solution accuracy can be dramati
cally improved with only a modest increase in execution 
time. 

1. INTRODUCTION 

The solution of Laplace's equation has been pro
vided in the past by a variety of techniques2 ,3) such 
as curvilinear squares, resistor networks, conducting pa
per, electrolytic tank, magnetic analog, separation of 
variables, conformal transformation, and a wide vari
ety of numerical methods (especially finite-difference and 
finite-element techniques). Some of these techniques are 
applicable also to Poisson's equation. These equations 
arise in steady state electric fields, heat flow, laminar 
flow in fluids, and certain magnetic field problems. 

RELAX3D4- 7 ) solves for the potential V on a reg
ular grid, approximating the differential equation by a 
finite-difference equation, defined for each grid point in 
terms of its neighbours. This set of equations is solved 
using the iterative method of successive over-relaxation. 
Boundary potentials of arbitrary shape, and the ar
bitrary function F (representing charge density, heat 
sources, etc.) are supplied by a user-coded subroutine. 
Various other options and features are provided, mak-

ing the program convenient, flexible, and easy to use. 
Table 1 shows the current scope of the program. 

Table 1. Problem types solved by RELAX3D 

PROBLEM TYPE I DIMENSION I COORDINATES 

Laplace and 2D Cartesian 
Poisson Equation 3D Cartesian 

2D Polar 
2D' Cylindrical 
3D Cylindrical 

Laplace Equation 2D Cartesian 
(multi-dielectric) 2D' Cylindrical 

• Assumes cylmdrIcal symmetry. 

2. RELAXATION ALGORITHM 

Once the initial values of F and the boundary values 
have been specified, RELAX3D performs the relaxation 
algorithm (SSOR) in which the potential Vo at the cen
ter of the N-point stencil (molecule) is discarded, and re
placed by an appropriately weighted average Vo' of N -1 
neighbouring potentials Vijk according to 

h 2 

Vo ---;. Vo +w(Vo' - 6Fo - Vo), (1) 

where Fo is the value of the function F at the center 
of the stencil, and w is the relaxation factor. 3 ,8) Each 
problem type in Table 1 has a different formula, each of 
which has been derived individually from Taylor series 
expansions.3 ,7,8) For example, for the 3D Cartesian 7-
point stencil shown in Fig. l(a) we have 

11,* - '" Vijk 
o - ~ 6 ' (2) 

d=h 

which is simply the average of the potential at the six 
nearest neighbours to the central point of the stencil, all 
of which are at a distance h from the central point. 

The relaxation subroutine sweeps the entire grid in 
this manner until the residuals (changes in the poten
tials) are within a user-specified tolerance, typically 1 
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(0) (b) 

Fig. 1. Three dimensional shapes for (a) 7-point 
stencil and (b) 27-point stencil. 

part in 106 or 107. The values stored in the 3D arrays 
for V and F are addressed using an efficient addressing 
technique,I,7) without the use of compiler-based 3D ad
dressing. This I-dimensional addressing technique needs 
only one addition per address, and detailed tests have 
shown that the program execution is considerably faster 
than with the standard " (1, J ,K)" technique, although 
recent FORTRAN compilers are closing the gap. 

3. RELAX3D APPLICATIONS 

Center regions of cyclotrons,1,9,10) cyclotron mag
netsll ) and racetrack microtrons for free-electron 
lasers l2

) have been designed with the aid of RELAX3D 
solutions. Cyclotron infiectors, detectors, cyclotron RF 
systems, Einzellenses, electric and magnetic quadrupole 
lenses, corona rings, coaxial transmission line termina
tions and ultra-violet triggered spark gaps have been 
modelled and designed using RELAX3D.7) As an ex
ample, in Fig. 2 is shown a typical slice through a 
121 x 61 x 33 = 243573 point solution of the TRIUMF 
center region; this run took 600 iterations, and 660 sec
onds of CPU time on a DecStation 3100. 

4. STEADY-STATE HEAT CONDUCTION 

There are two classes of problems that RELAX3D 
can deal with for steady state heat conduction. 

One, in which the thermal conductivity k is constant 
throughout the volume, represented by the Poisson equa
tion,13) 

82t 82t 82t q"I(X, y, z) 
8x2 + 8y2 + 8z2 = - k ' (3) 

where t(x, y, z) is the temperature and qlll(X, y, z) repre
sents any heat sources or sinks in the volume with typical 
units for q'll and k of W 1m3 and W l(mOK) respectively. 

Two, which solves cases involving no heat sources 
or sinks but where regions with different thermal con
ductivities k are allowed (assuming there is no interface 
resistance) . The boundary conditions between these re
gions are treated analogously to those between regions 
of different permittivity Co 

K 

31 

21-r----

11 

11 21 31 
J 

41 51 

Fig. 2. RELAX3D contour plot at I = 118 (radius 
90cm) of 121x61x33 run for TRIUMF center re
gion, showing electric lens formed by cyclotron 
dees. 

61 

As an example of the first case we discuss a simulation 
based on a report l4 ) dealing with proton beam heating of . 
a copper, water-cooled beam probe. In this simulation, 
in addition to taking account of the variation with depth 
of the proton beam energy loss (assuming a negligible 
energy loss in the water cooling ducts) and the resulting 
proton beam radial spread, we allowed for non-uniform 
beam profiles (using a binomial distribution15)) as well as 
the variation of thermal conductivity k with temperature 
t. 

Fig. 3 shows the results of such a 3D simulation for 
a 100/lA beam on a copper probe with cooling ducts 
at 100°C and the beam density p(x, z) assumed to be 
rotationally symmetric of the form: 

(4) 

where 1'2 = x 2 + Z2 and 1'1 is the limiting beam radius 
given by 1'1 = 1'bJ(m + 1)/2 and 1'b is the 2/T nominal 
beam radius. 

5. MAGNITUDE OF ERRORS 

The 7-point relaxation formula for Laplace's equa
tion is formed from a sum of Taylor series expansions for 
the potentials V of the six points at distance h from the 
central point. In this sum all odd-order terms cancel and 
the second-order term h2 V 2V is either zero (Laplace's 
equation) , or h 2 F (Poisson's equation) , leading to a net 
truncation error of order h4. However, when one consid
ers that the potentials at the six outer points will also 
be subject to such a truncation error, it is seen8

) that 
the solution values of the entire system of equations will 
have a total error of order h2 . 

We have demonstrated this h2 error propagation ef
fect by comparing RELAX3D solutions to the exact, an
alytical solution of the following problem: a unit box 
(0 :S x,y,z :S 1) has the bottom and four sides held at 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

412



CONTOURS 

Fig. 3. Energy loss and temperature distributions 
in median plane (m=4.). 

potential V = 0, while the top has a sinusoidal potential 

Vex, y, 1) = sin(7rX) sin(1ry), (5) 

Inside the box, the exact solution to Laplace's equation 
is16 ) 

We compared the exact solution at the center of the box 
to RELAX3D solutions for a series of progressively finer 
grids, ranging from h = 1/2 (n 3 = 27 points) to h = 
1/96 (n 3 = 912673 points). In each case the iteration 
was carried out until zero residual was reached, i.e. the 
system of equations was satisfied exactly in the context 
of the finite precision of the computed potentials. 

Fitting a power law to the solution errors resulted in 
a clear h2 dependence, as shown by curve (1) of Fig. 4. 
However, as the grid is refined there is an additional 
effect due to machine precision and round-off. By fitting 

an additional term for the bottom of the error curve, we 
found that the total error was of the form Ah 2 + B h -1. 

Tests at other points in the solution domain also revealed 
the same error trend, although the coefficients A and B 
depend on the location in the grid. 

6. HIGHER-ORDER STENCILS 

The 3D relaxation "stencil" described above incor
porates the six nearest neighbours to the central point . 
By including additional neighbouring points and form
ing additional Taylor expansions at these points, one can 
derive relaxation formulae that are more accurate, due 
to strategic cancellation of higher-order terms in the se
ries. Numerous 2D examples of these larger stencils are 
treated in the literature, but the 3D counterparts are 
rarely dealt with. 

One possible extension of the 7-point stencil is to 
include the next-nearest neighbours along each axis, the 
6 points at distance 2h from the central point, to give a 
13-point stencil. The truncation error for this stencil is of 
order h6

. For our investigations, however, we considered 
a more complex stencil consisting of all points whose · 
array indices differ from those of the central point by 
at most ±1. This includes the central point , 6 points 
at distance h 12 points at distance V2h and 8 poin.ts 
at distance .j3h, resulting in a stencil with 27 points as 
shown in Fig. 1(b). This stencil was implemented as a 
special option for the Laplace equation in RELAX3D. 

Deriving the relaxation formula for such a stencil is a 
non-trivial task. For example, while a detailed derivation 
of the relaxation formula for the 2D, 9-point (square) 
stencil is given in one recent book,3) the 3D, 27-point 
stencil is considered only in passing. 

Using the program Mathematica, R . Balden17) has 
studied this type of problem and has recently found the 
optimum relaxation formula for the 3D, 27-point stencil 
of Fig. l(b) which has a truncation error of V(h8 ): 

v;* = 21 '" Vijk ~ '" Vijk 2 '" Vijk V(h8) 
a 32 ~ 6 + 32 L...J 12 + 32 L...J 8 + 

d=h d=V2h d=V3h 

where Va· is the potential at the central point and the 
averages are taken over the points at distance h, V2h, 
and V3h from it. 

By an argument similar to that for the 7-point case, 
one can surmise from the V( h8

) truncation error that 
the net error in the solution values would be V(h 6 ). To 
confirm this, we again performed runs for the sinusoidal 
potential problem described in the previous section . As 
shown by curve (2) of Fig . 4, the error decreases as h6 

until the effects of machine precision (32 bits) cause an 
increasing trend as in curve (1) . Fitting an additional 
term for these effects revealed a l/h 2 dependence instead 
of the 1/h dependence seen with the 7-point stencil. Also 
shown in this figure are the results of the same 27-point 
computations done in double precision (64 bits), which 
effectively eliminates the precision component of the er-
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ror and illustrates the extremely high accuracy that can 
be obtained with this stencil. 

Even in single precision, it is seen that for a given 
grid spacing one can achieve a significant improvement 
in accuracy by using the 27-point stencil. Of course, the 
larger stencil requires more cpu time per iteration, but 
the presence of the additional neighbouring points in the 
calculation tends to accelerate the convergence process. 
For the example shown in Fig. 4, we compared the net 
cpu time required to achieve a fully-converged solution 
(zero residual) at various grid spacings, and found that 
the 27-point stencil requires only about 50% more cpu 
time than the 7-point stencil on the same grid. 

7. CONCLUSION 

RELAX3D continues to be a useful and effective 
program for a variety of problems, of which some exam
ples have been shown. Tests of the program show that 
the errors in the solution exhibit the expected trends as 
the grid is refined, and that errors can be reduced to 
negligible proportions by the use of higher-order stencils 
coupled with higher machine precision. 

Recent upgrades to the program include the ad
dition of polar grids and support for new graph
ics output devices including X Window displays and 
PostScript printers. The code, formerly available only 
on VAX/VMS systems, has been ported to DECStations 
running ULTRIX, allowing one to take advantage of the 
high performance of these RISC systems. Now that the 
code has been adapted to one UNIX environment, im
plementing it on other UNIX-based platforms should be 
straightforward. The continuing trend offaster, more af
fordable computing hardware is expected to assure RE
LAX3D's future and even widen its scope of applicability. 
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Abstract 

The direct extraction of high intensities of H- ions from 
the TRIUMF cyclotron and their injection into an accu
mulator ring will impose demands on beam quality and 
thereby on the fields of the added extraction hardware and 
on the operation of the cyclotron. The fields of each of the 
extraction devices have been simulated in computer codes 
to estimate their influence on the final extracted emittance. 
Parameters controlling vertical emittance have been exper
imentally investigated to devise an optimum tuning proce
dure. Results of both computer simulations and experi
mental beam tests will be given. 

I. INTRODUCTION 

The proposed TRIUMF KAON Factory [ 1] requires 
that the cyclotron deliver 1.50 ILA of H- ions within a lon
gitudinal emittance of 0.003 eV-s (±10° ,±0.6 MeV) and 
transverse emittances of 3.571pm radially and 27rpm verti
cally. A larger emittance will reduce the efficiency of the 
injection process leading to greater beam loss in the accu
mulator and subsequent rings. 

The cyclotron must accelerate at least 165 pA to achieve 
the required in tensity. Space charge at the cyclotron cen
ter limits the current to about 10 ILA/" rf [ 2]. Measure
ments show that the majority of particles in a well tuned 
beam lie within 17rpm normalized emittance in both trans
verse planes. Hence the cyclotron capabilities and KAON 
requirements are matched but there is little margin. In par
ticular current routine operation demonstrates drifts and 
jitter in the phase of the extracted beam of ±7.5° at fre
quencies slower than the 50 Hz accumulator cycle and ±5° 
at frequencies faster than ,50 Hz. The former can be tracked 
by the accumulator rf but may present problems to the 
H - extraction system while the latter require stabilization 
both for cyclotron extraction and KAON injection. 

The changeover from extraction by stripping to direct 
extraction has been discussed elsewhere [ 3]. In summary 
nine new pieces of hardware are required, including two 
electrostatic deflectors (DCD), six channels (MC) and an. 
rf deflecting device (RFD) to generate the large coherent 
radial oscillation required for precessional extraction. An 
auxiliary accelerating cavity (AAC) operating at 92 MHz 
is not strictly necessary for extraction but is available to 
modify beam behaviour. 

II. COMPUTER SIMULATIONS 

Ensembles of particles have been tracked using the lin
ear motion code COMA. Single particle motion was studied 
with the ray-tracing program GOBLIN. In COMA trans
verse emittances of 17rpm and a longitudinal emittance 
of (6.E,6.¢)=±0.2%,20° were specified at 380 MeV, well 
before the extraction resonance at v r =3/2 (E=428 MeV). 
The extraction process was simulated by intercepting those 
particles with radial positions beyond the septum radius 
(~4.52 MeV) at the azimuth of the first DCD and recording 
their positions in transverse and longitudinal phase space. 
Transverse extracted emittances were determined by fit
ting ellipses enclosing 99% of the particles in the x - Px, 
z - pz distributions. These circumscribing ellipses do not 
necessarily match the cyclotron acceptance. In both codes 

extraction devices were modelled by including in the cal
culation either a measured, calculated or analytic repre
sentation of the fields. 

III. MULTI-TuRN EXTRACTION 

In the TRIUMF cyclotron at peak intensity separated 
turns are lost within the first few MeV as the large phase 
band generates energy spread in the turns. At energies 
above 100 MeV the incoherent radial width 2Ai exceeds the 
radius gain per turn (dR/ dn) and turns composed of parti
cles of the same phase (single phase condition) overlap. A 
wide stripping foil or septum extracts all beam accelerated 
to its radius with different phases requiring different num
bers of turns during acceleration, and extraction of any 
single phase occuring over two or more turns. A well cen
tred beam matched to the cyclotron acceptance will give an 
extracted beam whose vertical emittance is that of the cir
culating beam and whose radial emittance depends largely 
on A; and the radius gain per turn (dR/dn). Fluctuations 
in turn number have little effect. 

To improve the efficiency of H - extraction a large co
herent radial oscillation (amplitude Ac) can be introduced. 
The ensemble of particles is displaced in phase space from 
the equilibrium orbit (A EO) and precesses about it, in
creasing dR/ dn (often beyond 2A;) at the septum. Even 
though certain ideal phases can be extracted in a single 
turn other phases with slightly different initial positions 
entering the resonance region will be split by the septum 
and require two passes. Particles with phases further re
moved take up to three passes. The extracted radial emit
tance of anyone phase depends on Ai, the values of dR/ dn 
and dPr/dn (which are increased due to Ac) and the num
ber of passes necessary for extraction. The extracted ver
tical emittance is largely the circulating emittance pro
vided the ensemble is centered and matched with respect 
to the cyclotron acceptance. For anyone phase a centred 
but mismatched ensemble will produce a larger extracted 
emittance due to rotation between turns. 

Both the magnitude of Ac and the rate of motion of the 
precession center (AEO) can be phase-dependent causing 
phase-dependence both in the precession paths in radial 
phase space and in the numbers of turns between resonance 
and extraction. The former results in an increase in the 
extracted radial emittance since different phases end up in 
different regions of phase space. The latter increases the 
variation in orientation of a stretched ellipse at extraction 
hence the extracted emittance (see Fig. 4(a)). 

IV. RF DEFLECTOR 

A. Radial Growth 

The RFD produces a radial electric rf field at the Vr 

= 3/2 resonance. The frequency is 11..5 MHz, 5/2 the 
particle rotation frequency, so that the radial deflections 
alternate in sign for successive turns adding to produce 
the large coherent oscillation (amplitude ,5 cm for a field 
of 110 V /mm·m) required for extraction. The amplitude 
gained is proportional to the product of the average ra
dial kick and the number of turns in the resonance; this 
varies as cos( ¢ /2)/ cos ¢ while the rate ofradial advance of 
the center of precession (AEO) varies as cos ¢. The phase
dependent precession leads to growth in the extracted ra-
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Figure 1: COMA simulation result showing the final position of par
ticles in E - x, E - Px and x - Px phase spaces for a beam with 
circulating radial emittance of 17rJ.Lm, phase band of 40°, and RFD 
voltage of 110 V /mm.m. An ellipse of 41rJ.Lm encloses 99% of the 
extracted particles. 

dial emittance as outlined above. COMA simulations indi
cate that for a 40° phase band1 the extracted emittance 
will be 2.5 to 4 times that of the circulating emittance for 
moderate to high RFD voltages respectively. Fig. 1 sum
marizes one such simulation showing E - x, E - Px and 
x - Px distributions of the extracted particles. 

The 4th harmonic accelerating cavity (AAC) installed 
in the TRIUMF cyclotron reduces stripping losses in the 
radial range corresponding to 370-520 MeV but its perfor
mance as a flattopping cavity has also been demonstrated 
[ 4). Simulations show that when the cavity is powered, 
at low voltage, the phase-dependent emittance broadening 
can be almost eliminated. The study summarized in Fig. 1 
was repeated for an AAC voltage of 18 kV and the ex
tracted radial emittance and energy spread were found to 
be reduced from 41TJ-lm and l.5 MeV to 31TJ-lm and 1 MeV 
(Fig. 2) . In addition, the resulting strong correlation be
tween E and Px may possibly be used to advantage in the 
accumulation process. 

B. Vertical Growth 

GOBLIN studies indicate that an initially matched en
semble in vertical phase space is stretched when traversing 
the RFD, increasing the vertical extent of the beam en
velop e (Fig. 3) . The growth occurs due to vertical fields 
fz, associated with the dfr/dr gradient in the RFD field. 
These alternate in sign each turn and drive the IIz=0.25 
resonance at 419 MeV. The magnitude of the stretching 
is proportional to the RFD strength. Increases in the ex
tracted vertical emittance due to phase-dependent mixing 
of the elongated ensemble were calculated with COMA. 
For an RFD voltage of 110 V /mm·m the extracted ver
tical emittance of a 40° band is three times that of a 5° 

1 KAON requirement with allowance for jitter and tuning 
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Figure 2: COMA simulation same as for study summarized in Fig. 1 
only with fiat topping cavity powered (18 kV) to reduce phase de
pendent effects. An ellipse of 31rJ.Lm encloses 99% of the extracted 
particles. 

band, Fig. 4(a). This is primarily due to differences in ro
tation in phase space between RFD and extraction since 
liz '" 0.25 once again at extraction, hence only every second 
turn is extracted (IIr ~ l.5) and the ellipse precesses rel
atively slowly. In this situation flattopping should reduce 
the emittance growth. This is shown in Fig. 4(b), where 
the extracted emittance is very nearly the circulating emit
tance, but, because of stretching at 419 MeV the vertical 
size of the beam is larger. The ellipse orientation , hence 
the beam size in the channels, dep ends on the number of 
turns made between 419 and 452 MeV and, should it not 
be possible to redesign the RFD to reduce stretching, the 
size could be controlled by altering the energy gain/turn. 

0 .8+---~-----L----~--~-----L----+ 

0.4 

00 
N 

- 0.4 

",=0.25 
- 08 +-----,.----:......-----,----,---.,----+ 

400 410 420 430 440 
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Figure 3: Result of GOBLIN simulation showing the vertical beam 
envelope at one azimuth while accelerating through the RFD. A 
growth of 50% occurs as the RFD is entered for an RFD strength 
of 110 V /mm.m. 
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Figure 4: Results of COMA simulations showing the position of ex
tracted particles in vertical phase space for a circulating emittance 
of 17rJ1.m and a phase band of 40°. In both cases the RFD is at 110 
V /mm.m but in case (b) a fiat topping cavity has been turned on at 
18 kV. In (a) phases near 0° and near 20° are grouped separately 
in the smaller ellipses to show how the phase dependent mismatch 
increases the extracted emittance. 

V. ELECTROSTATIC DEFLECTOR (DCD) 

Two electrostatic deflectors, each contributing 
40 kV /cm·m of radial deflection, are required to gener
ate an adequate separation at the first magnetic channel 
(M C 1). Relaxation calculations show a negligible fringe 
field extending between septum strips into the circulating 
beam. However the aperture fi eld has non-radial compo
nents off the median plane. To avoid vertical distortion 
the beam must pass within the uniform region which, for 
an anti-septum of 5 cm full height , is ±1.3 cm from the 
midplane. 

VI. MAGNETIC CHANNELS 

A. Radial Growth 

A radial gradient in the third harmonic component of 
Bz will stretch the enfolding ellipse in radial phase space 
at the vr =3/2 resonance. The aperture centers of magnetic 
channels MCI and MC2 are only 12.5 and 14 cm respec
tively from resonances at 419 and 428 MeV. Consequently 
their fringe fields extend through the resonance region. 
The channels further downstream are sufficiently distant 
from the resonance that their fringe fields are of less con
cern. COMA simulations show that at the azimuth ofMCl 
and MC2 negative gradients act in phase and augment the 
existing 3rd harmonic imperfection gradient producing an 
increase in the extracted radial emittance. Integrated gra
dients of -0.33 G/cm·m in both MCl and MC2 yield a 
30% increase in the extracted emittance, compared with 
the gradients off case, for a 20 0 wide phase band and the 
RFD powered at moderate strength. Since the gradients 
cause stretching, the phase-dependent emittance growth 
at extraction could be reduced or eliminated by applying 
a small flattop correction; no simulations have been done 

to date to verify this, however. A conceptual design for ad
ditional harmonic gradient coils has been completed should 
it be necessary to compensate the perturbation. 

B. Vertical Growth 

In general a circulating beam of matched vertical emit
tance will remain matched when the beam encounters an 
added gradient as long as the process is adiabatic. If the 
added gradient is defocussing V z will be reduced by an 
amount proportional to the square root of the gradient 
change. The vertical width will scale as 1/ Fz. The TRI
UMF cyclotron is weakly focussing vertically so that any 
changes in the vertical focussing by the addition of ex
tra radial field gradients could cause a large proportional 
change in V z and hence a large change in the vertical width 
of the beam. In the region of interest near 450 MeV V z av
erages 0.24 over the last few turns . To limit the vertical 
width increase to < 15% the existing radial gradient can 
be reduced by no more than 0.15 G/cm corresponding to 
J dBz/dr. dl < 7 G/cm·m for the channels. 

We have tested MC1 insitu. Three-dimensional field cal
culations during design gave the maximum integrated gra-
dient in the circulating beam region to be J dBz / dr· dt :::; 
1.8 G/cm·m [ 5]. A direct measurement of V z was obtained 
by introducing a broad flBr bump using 10 trim coils and 
measuring the resulting average vertical shift in the beam 
(flz(R)) with a 5 finger vertical probe. The value of V z can 

~ J!:....!::.Br 

b, d,duced {<om J -
V

z 
___ . 

Bz !::.Z 

Measurements showed that V z was reduced from 0.24 to 
0.22 with the channel powered as designed and from 0.24 
to 0.15 with the coils powered to increase the gradient by 
a factor of 4, corresponding to integrated gradients of 2.5 
G/cm·m and 10. G/cm·m respectively. Measurements of 
vertical width using a foil-dip technique (see next section) 
showed no measurable width increase in the first case and 
a 30% increase in the second , as predicted. 

VII. CYCLOTRON TUNE FOR KAON 

A. Selection of Longitudinal Phase Band 

Beam pulses of ~4 nsec (35 0
) are accelerated in the TRI

UMF cyclotron to achieve a typical high intensity current 
of 150 JJA with a transmission of ~60%. More intensity 
is available from the source at the cost of increasing the 
transverse emittance. In future a CUSP source already de
veloped could be used to achieve brighter beams. With 
the present source we have achieved an extracted beam of 
28JJA at 25% duty factor (112 JJA equivalent) with 90% of 
the extracted beam within the required 2.4 nsec (20 0

). The 
phase selection was achieved using a radial flag on the cen
terpost to intercept the more positive phases on the first 
turn and a radial slit on the loth turn to trim the tails of 
the phase band. An overall transmission from injection to 
extraction of 30% was achieved . 

B. Vertical Emittance 

Beam measurements indicate that the horizontal emit
tance of the circulating beam is well behaved but the ver
tical emittance entering the RFD is tune dependent and 
is larger than at injection. This has hampered extraction 
tests with the DCD since the resulting large vertical beam 
size is defocussed in the DCD (Sect. V) . A series of experi
ments were organized to determine the cause of the vertical 
emittance growth. 
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Figure 5: A schematic summarizing the foil dip method for deter
mining vertical beam width and emittance. The beam transmitted 
(a) past the foil of height z is measured (b) and the result can be 
differentiated to produce the vertical half width (c) or plotted on 
a log scale to show the fraction of the beam lying outside a given 
emittance (d). 

Vertical beam widths and emittances were determined 
by measuring the beam transmission as a function of foi l 
height for a wide totalling intercepting foil. As long as the 
foil is wider than ~~ . 1/ liz , and 1/ liz is not an integer, and 
coherent oscillations are small compared to incoherent then 
the foil will intercept all particles when it has dipped to the 
center of the beam. Fig. 5 summarizes the foil dip method. 
The measured beam (b) can be differentiated to produce 
the vertical half width (c) or plotted on a log scale to show 
the fraction of the beam lying outside a given emittance 
(d). This last plot is useful for displaying halos in the ver
tical distribution [ 6]. The emittance is calculated from 
the vertical width using the relation Z.l. = -.;t;!J. The cal-

2 

culation assumes a properly matched centered beam. A 

stretched or off-centered beam may give misleading emit
tance results. Off-centered cases are typified by a more 
symmetric rounded vertical width plot as compared to the 
asymmetric width plots shown in Fig. 5(c). 

All vertical width measurements were taken at the ex
traction energy of 452 MeV using a 1.9 cm wide by 2.5 cm 
long foil. In general a narrow phase band was selected in 
the center region using a first turn radial flag and a radial 
slit on the 10th turn to decouple phase dependent effects 
from the results. The central phase of the narrow band 
was altered by adjusting the slit radius. Phase variations 
at extraction were achieved by adjusting the rf frequency. 
Vertical and radial centering errors were either canceled 
or forced by adjusting vertical deflecting plates and a Bz 
harmonic coil in the center region while monitoring the 
oscillation amplitude at SO MeV where the turns are still 
monotonic. 

Phases between 10-15° gave a slightly smaller vertical 
emittance at extraction consistent with stronger focussing 
in the first turns for these phases [ 7]. A low to moder ate 
buncher setting gave smaller emittances than bunching for 
optimum intensity. Increasing the source intensity by 50% 
above the standard increased the emittance proportionally. 
Forced vertical centering errors of ±3 mm at SO MeV in
creased the emittance by 50%. Forced horizontal centering 
errors of ±3 mm coupled vertically at the IIr - liz = 1 res
onance at 165 MeV to increase the vertical emittance by 
SO%. Vertical growth due to RFD excitation was observed 
consistent with growth at the IIz=0.25 resonance. Since the 
distribution in phase space is stretched the vertical width 
cannot be used to calculate the emittance . Flattopping co
incident with RFD use has been done but only to stabilize 
the precessional radial density pattern [ 4]. A comparison 
of the vertical width measurement for the standard high 
intensity beam and for a phase selected optimized beam is 
shown in Fig. 5(c,d). The optimized result corresponds to 
an intensity equivalent to 60 {LA at full duty cycle. The fu
ture work will involve achieving the lower emittance result 
at the required intensity. 

VIII. CONCLUSION 

Once beyond the center of the cyclotron almost all emit
tance stretching effects can be prevented at the point of ori
gin. Magnetic imperfections can be compensated by har
monic coils, vertical stretching at liz = 0.25 may be re
duced by a redesigned RFD. The coherent radial oscilla
tion , however, is a fundamental feature, nevertheless emit
tance broadening can be reduced by using the AAC to 
approach more closely single phase conditions. 
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CYCLOTRON TUNING AS A REBUNCHER 

D. Bibet, M.H. Moscatello 
GANIL, B.P. 5027, F-14021, Caen Cedex, France 

Abstract 

A new method is being developed at GANIL to reduce 
the length of the beam bunches. It consists in tuning a SSC 
as a rebuncher by increasing the magnetic field over the last 
accelerated turns. This method has been applied on the 
SSC2 to reduce the time length of the bunches delivered to 
the experimental room. Encouraging results has led us to 
apply the same method on the first SSC in order to reduce 
the phase extension of the beam injected in the second SSC 
and subsequently minimize energy spread of the ejected 
beam. Procedure is described and results presented. 

Physicists' wishes 

In most experiments the time at which the nuclear 
reaction occurs is an important information. Mainly for the 
time of flight measurements, which gives the velocity of 
the particles produced, the time resolution is crucial. Present 
detectors have a time resolution of 0.1 to 1.0 ns typically. 
The most convenient and efficient method to measure the 
time of flight is to determine the time of arrival in the 
detector with respect to the rf beam pulse. Therefore, the 
timespread of the beam pulse should be minimized, and 
should be ideally shorter that the time resolution of the 
detector. 

1. PRINCIPLE 

2. Rebunchjng '"ojng 

out sse 
IJ.W 
i W 

Figure 1 

after ddrift 

The phase <Pi of the particle i after d meters drift is : 

<Pi = <Poi + 180_ x~ x~Wi xd 
21t r y2 Wo 

and the central beam shift is : 
~ 2 h . N ~B 

<Dc = - 1t. Y i . Y f' B 
11</>0 : phase extension at the central momentum 
11</>d : total phase extension after d meters drift 
.1cI>c : central beam phase shift for the last turn after a .1l3IB 
perturbation on the last N turns 
h: if harmonic 
"Ii, If: relativistic factor respective to radius ri, rf 
.1l3IB : magnetic perturbation applied between the ri and rf 
radius 

from the reference 1 we know that 
· the d length drift giving the minimal phase extension is 

d=_y2<J43 (1) 
<J44 

· and the I length pulse at the d distance is 

1= --.j <J33 + (d<J43/y2) (2) 
where atj are the matrix elements of the beam matrix <J at 
the extraction of the cyclotron 1) 

2 SIMULATION 2) 

A simulation has been computed for the SSC2 using the 
computer code EJEC51 1) 
beam characteristics of the 132Xe44+ are : 

· extracted energy = 43 .5 MeV/nucleon 
· rf frequency = 9.38 MHz harmonic h = 2 
· radial and transverse emittance = 5 1t mm.mrad 

· without perturbation 
beam characteristics at the ejection point are : 

pulse length 1 = 0.142 m 
momentum spread ~p/p = 0.846 10-3 

· with a constant field gradient perturbation 
of +0.2 10-4 T/m extended on the 16 last centimeters of 

the acceleration path; we get at the extraction point 
pulse length 1 = 0.140 m 
momentum spread ~p/p = 1.1 10-3 

central beam shift ~<Dc = -37 0 RF 
the longitudinal waist point given by equations (1) and (2) : 

is located at d = 108.9 m downsteam 
and pulse length 1 = 0.088 m 

effective gain for the physicist would be more if we consider 
the increasing phase drift it would have had without 
rebunching effect. 
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3. TUNING PROCEDURE 

· firstly we do the standard tuning of the cyclotron and 
single turn extraction is verified with a time structure 
detector 

· then field perturbation is applied using the last 
isochronism trim coils. 

- the rf phase cavities must not be changed 
- isochronous field pattern has to be corrected in 
front of the perturbation because of the return field 
effect of the trim coil change 
- voltage acceleration is increased to compensate the 
lost of gain per turn due to the shift of the central 
phase on the last turns. It is adjusted to get the 
same extracted turn 
- energy spread and time pulse length are measured 
at a given distance 

· pulse length on the target is whether estimated or 
measured and magnitude perturbation can be adjusted 

3.1 Limitation 

· single turn extraction is a necessary condition 
· field gradient has to be limited to respect of the 
matching conditions 
· increasing of the energy spread induce by acceleration 
on the non-isochronous turns limit the turn separation 
extraction 

3.2 Advantages and inconveniences 

· tuning procedure is a little more complicated and the 
tuning time machine takes more time 

· if the rf phase value is lost it is difficult to refine the 
optimum value because turn separation at extraction is 
not yet the best test 

· increased energy spread 

· bunch length reduction can be optimized for a dedicated 
room experiment 

· bunch length reduction is achieved without or a very 
little lost beam intensity 

· test experiments have shown a more stable beam time 
structure than the previous method using slits and less 
sensitive to any rf voltage or magnetic fluctuations. 

~ RESULTS ON SSC2 

Fig. 2 shows some results obtained on the SSC2 for 
the 132Xe beam. The standard tuning gave 1.15 ns (half 
height) length time bunches after 40 m drift, then with +80 
A applied on the last trimcoil we got bunches reduce to 

0.215 ns on the target experimental room D3 located 100 m 
downstream SSC2. 

For the 181Ta beam it has been necessary to applied 
+ 120 A to get a factor 2 of reduction (see Fig.3 ). 

Pictures 4 and 5 show a scanning of the longitudinal 
emittance of the 208Pb beam. For the standard tuning we 
can see that bunches are well placed on the top of the 
sinusoid. With only a +90 A perturbation, bunches are not 
sufficiently shifted on the sinusoid as shown Fig. 5. We 
tried to apply a bigger perturbation (+ 150 A) but we got 
two turns extracted. 

Fig. 6 gives the perturbation obtained on the axis of 
the four sectors magnet. 

SSC2 : 132Xe 18 + 4S + E = 45.4 MeV/u 

standard tuning 
L1tFWHM = 1.15 ns 

with perturbation L1B/B 
M ISS5 = +80 A 
L1tFWHM = 0.40 ns 

at the target 
room D3 

L1tFWHM = 0.215 ns 

Figure 2 

23 512 FS 216: 

97 2YFS 2380 
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SSC2 181Ta 23/S7 + E = 39.6 MeV/u 

Initial tuning 

i'ltFWHM= In 

with perturbation 

i'ltFWHM = 0.55ns 

- --_ ..... -- ---

with perturbation target G2 
~tFWHM = 0.60 ns 

with perturbation target G4 
~tFwHM = 0.55 ns 

SSC2 

Figure 3 

208Pb 23/S6 + E = 29MeV/u 
Initial tuning 

Figure 4 

SSC2 : 208Pb 23 /S6 + E = 29MeV/u 
with field perturbation ~I ISS5 = +90 A 

10mm 

c:aneu x 

Figure 5 

SSC2 208 23/56+ 
P b E = 29 MeV/u 

B f(Raxis) 

1.66 

C? 1 .655 
en 

CD 
t:. 
"0 
Qj u: 1 .65 

Initial tunin~ 
Magnetic field measurements X 

on sector C of SSC2 X 1.645 

location of 
1885's conductors 

DO DO 

2.9 2.95 3 3.05 3 .1 3 .15 3 .2 3 .25 
Raxis (meters) 

Figure 6 

5. RESULTS OF SSC! 

Encouraging results obtained on SSC2 led us to test 
this method on SSC! in order to reduce the phase extension 
of the beam injected in SSC2. 
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If we got satisfying result with 36 Ar beam with a 
transparency of SSC2 near 100% ; it has been very different 
with 238U beam. Between the two SSC, beam is passing 
through a stripper foil which produces a large energy spread 
and straggling giving a corresponding increase of the space 
phase volume. In this case objet point for the (tJ. W /W, tJ.<j» 
phase space is still the stripper and the resulting effect of 
SSCl perturbation turns out be very small. Nevertheless we 
have observed a small reduction of the longitudinal 
emittance given by a reduction of tJ.<j> at the stripper. So we 
are still interested in another test with lighter ions, which 
stripper effect is smaller. 

The following pictures show the different results for 
238U24/58+ E = 24 MeV /u obtained with non stripped and 
stripped beam. 

SSC 1 : initial tuning non stripped beam 

~
+10mm 

'0 

~ 
"~~ -

I 

I 
I 

":I-::t 

CdndUX I 

I 

I 
total M : 2.3 ns 

SSCl : initial tunning beam stripped 

total tJ.t : 4.3 ns 

-- -.--- .--- ._._--

total tJ.t : 2.0 ns 

SSCl : beam stripped with perturbation tJ.B/B + 45 A 

1 an.. 
total M : 3.8 ns 

Energy spread 

-... ;.- II 
; .;_-+/:,I 

~~nH~ .. ........--
II 

~~/~ --
non stripped beam 

tJ.W/W = ±0.5 10-3 
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BEAM STUDIES OF INJECTION TO EXTRACTION SYSTEM 
FOR JAERI AVF CYCLOTRON 

M. Fukuda, K. Arakawa, Y. Nakamura, W. Yokota, T. Nara, 
T. Agematsu, S. Okumura, 1. Ishibori and T. Karasawa 

Japan Atomic Energy Research Institute, 1233 Watanuki, Takasaki, 
Gunma, 370-12, Japan 

ABSTRACT 

The J AERI AVF cyclotron has distinctive features 
as a multi-particle, variable-energy cyclotron. Harmonic 
numbers of 1, 2 and 3 are available for acceleration 
in a wide range of energy. Beam studies have been 
carried out to study beam behavior in the cyclotron. 
Isochronous fields has been generated easily by phase 
measurements and cross-checked by phase measurements 
for small amounts of positive and negative changes of rf 
frequency. The relation between an electric field of a 
deflector and mv2 /2q is surveyed for several ions accel
erated in practical operation. 

1. INTRODUCTION 

The JAERI AVF cyclotron1,2) (K-number=110) is of 
the model 930 of Sumitomo Heavy Industries, Ltd. The 
cyclotron is basically the same model as the CYCLONE 
(Universite Catholique de Louvain). The original de
sign of an rf cavity, an inflector and the deflector was 
modified in order to make allowance for accelerating 90 
Me V protons. A movable-panel type resonator originally 
proposed was replaced by a ),,/4 coaxial type resonator3) 
with a movable shorting plate for generating a maximum 
acceleration voltage of 60 kV. Maximum currents of cir
cular trimming coils were also modified for generating 
isochronous field for 90 Me V protons. An phase probe 
was additionally installed for measuring relative beam 
phases. 

In general orbit analysis using ideal isochronous field 
is carried out in designing the cyclotron. Beam behav
ior in practical operation, however, is less understood 
because the actual magnetic field doesn't always corre
spond to the ideal isochronous field. Some beam diag
nostics probes in an acceleration region provide us with 
rough information on the beam behavior. More precise 
analysis of beam dynamics is required for understand
ing the beam behavior and operating the cyclotron. We 
are now developing an operation assist system4 ) for easy 
and reliable operation of the cyclotron. The system is 
expected to be a base system for automatic operation in 

future. The system consists of a knowledge-based expert 
system and a beam trajectory simulation system. The 
results of the orbit analysis are utilized for developing 
the system. 

In this work the orbit studies are focused on beam 
characteristics in a central region, generation of the 
isochronous field and the correlation of the electric field 
with mv2 / q and the entrance position of the deflector. 
Validity of the orbit calculation depends on reproducibil
ity of the actual magnetic field. The calculated field is 
composed by using measured field maps. Accuracy of 
the field reconstruction is around 1 x 10-3 for main coil 
currents between 150 A and 550 A, and is better than 
1 x 10-3 above 585 A. The circular trimming coil field is 
strongly dependent on the base field in the former cur
rent region. Measured maps of the trimming coil field 
are not sufficient for composing an actual magnetic field 
in the region. Beam studies of the central region to the 
extraction region were carried out for 70 MeV protons 
in order to reliably analyze the beam analysis, since the 
main coil current is 552.59 A. Calculated beam phase 
shifts for 70 Me V protons correspond to measured ones. 

2. CENTRAL REGION 

A schematic drawing of the central to the extrac
tion regions is shown in Fig. 1. An inflector of the spiral 
type and a puller are designed for each harmonic mode. 
Two sets of phase slits are installed in the central region 
for defining beam phases. Both of the slits are movable 
and have enough stroke to define the beam phases for the 
first turn. Trajectories of central particles simulated by a 
computer code for 70 Me V protons with injection phases 
of 0°, ±10°, ±200 and ±30° are shown in Fig. 2. With
out the phase defining slits, the central particles within 
an injection phase of ±300 can reach the entrance of the 
deflector. Turn numbers for the central particles with in
jection phases of -20° and -30° are, however, more than 
those with the other phases by 100",200 turns. Figure 3 
shows trajectories of the particles lying in orthogonal po
sitions on the phase ellipse of which the area is 4 mmx50 
mradx7T with injection phases of 0°, +15° and -15°. 
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Field gradient Phase slit(I) 
corrector 

Magnetic 
channel 
probe 

Fig. 1. Layout of the injection to extraction sys
. tern of the JAERI AVF cyclotron. 

-5 0 5 
X (em) 

Fig. 2. Central trajectories of 70 MeV protons 
with injection phases of 0°, ±100, ±20° and ±30° . 

-5 0 5 
X (em) 

Fig. 3. Trajectories of the particles lying in or
thogonal positions on the phase ellipse whose area 
is 4 rnrnx50 rnradx7r with injection phases of 0°, 
+15° and -15°. 
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Fig . 4. Horizontal and vertical acceptances of the 
cyclotron for the injection phases of 0° . 

The beams are horizontally focussed at the slit (I) posi
tion . An effective phase acceptance for the slit (I) gap of 
6 mm is ±15°. 

Horizontal and vertical acceptances of the cyclotron 
for the injection phases of 0° are shown in Fig. 4. 
The acceptances in both directions are more than ' 30071" 
mm·mrad, which covers injection beam emittances5 ) of 
10071" to 20071" mm·mrad in horizontal direction and 10071" 
mm·mrad in vertical direction. The calculated accep
tances are defined as follows; horizontal and vertical de
viations of particles are within the distance of ±lOmm 
from the central particle up to a radius of 25 cm where 
the isochronous field starts. 

3. GENERATION OF ISOCHRONOUS FIELDS 

An acceleration dee voltage for the cyclotron is de
termined by a constant orbit method . A standard con
dition of the constant orbit method is 90 MeV protons 
for the harmonic number h=l with a dee voltage of 60 
kV, 460 MeV 40Arl3+ for h=2 with 34 kV and 175 
Me V 40 Ar8+ for h=3 with 34 k V. The beam phase is 
quite sensitive to field perturbation because turn num
ber amounts to 550 for h=l, 265 for h=2 and 210 for 
h=3. If a base field level increases or decreases equally 
by .6.B/B=lx10-4 from the isochronous field, the beam 
phase drifts away by 20° in the extraction region. Thus 
careful fine tuning of the coil currents is required for gen
erating the isochronous field for each ion and energy. 
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Fig. 5. Phase drifts for 45 MeV protons due to 
the positive and negative radio-frequency change 
of !:1f / f = ±2.6 X 10-4

. Measured and calculated 
phases are indicated by stars and solid lines, re
spectively. 

Main coil and circular-trimming-coil currents for 
generating the isochronous field are calculated by using 
an optimization code based on measured field maps. Rel
ative phases of beam particles are measured by the phase 
probe consisting of ten pairs of rectangular pickup elec
trodes. The electrodes are installed in radial direction 
as shown in Fig. 1. The electrodes are made of 2.5 mm 
thick oxygen free copper. The electrodes are radially 
58 mm long and azimuthally 40 mm wide for the inner 
threes, 60 mm for the middle fours and 93 mm for the 
outer threes. Relative phase differences from the pickup 
signal of the second electrode are detected by a digital 
storage oscilloscope. The length of signal cables of the 
phase probe was made uniform within a variation of 4 
mm, so that an error due to the variation is within 0.02 
nsec. Current corrections of each circular trimming coil 
are made by a least-squares fitting code for deducing the 
currents so as to minimize the field deviation from the 
isochronous field. The phase deviations can be finally 
reduced within ±5° after a few iterative corrections. 

The pickup signal of the phase probe is produced 
by the particles passing through the electrode covering 
a radial range of 58 mm. The phase corresponds to the 
radially averaged phase. The isochronous field was cross
checked by small amounts of radio-frequency shifts of 
11/1/ = 2 X 10-4 to 5 X 10-4 in order to reduce ambigu
ity of the phase measurement due to the wide sensitive 
area. If the isochronous field is generated ideally, the 
same amount of positive and negative rf shifts should re
sult in the same amount of negative and positive phase 
drifts. The rf shifts are equivalent to a small change of 
a base field level. It is difficult to estimate exactly the 
change of the base field for fine tuning of the coil cur
rents due to magnetic hysteresis. On the contrary, the 
radio-frequency can be set precisely at a resolution of 10 
Hz . Phase drifts caused by the rf change of 2.6 x 10- 4 for 
45 MeV protons are shown in Fig. 5. Phase drifts are 

calculated on the assumption that the isochronous field 
starts at a radius of 20 cm and no central field bump is 
concerned. The measured phases are consistent with the 
calculated ones. The calculated phases for an initial rf 
phase shift of 2° are fitted well with the measured ones. 
The cause of the shift is under investigation. The fields 
generated in practical operation were found to agree with 
the ideal isochronous fields within 1 gauss. 

4. ELECTRIC FIELD OF DEFLECTOR 

Extraction system consists of an electrostatic deflec
tor, a magnetic channel and a field gradient corrector. 
Analysis of beam behavior in the extraction region is 
much more complicated because the magnetic field re
markably varies in the radial direction . Electric field dis
tribution of the deflector is not simple due to a complex 
change of a mechanical gap depending on the positions 
of septum and high voltage electrodes. Furthermore it is 
hard to define particle condition at the entrance of the 
deflector owing to the difficulty of orbit computation up 
to extraction. 

The electric field of the deflector is represented by 
equivalent field reduction6 ): 

c: 
I1B = 300 x (3' (1) 

where I1B is in kG, c: is the electric field of the deflector 
in kV Icm and (3 is vic. The electric field is given by: 

103 mv2 I1B 
c: =-x--x--

cpo q Bo 
(2) 

at around the entrance of the deflector, where Bo is mag
netic field averaged azimuthally at a curvature of Po at 
the entrance of the deflector . If the field reduction ratio 
I1B I Bo and the curvature are approximately constant, 
the electric field is proportional to mv2lq. Dependence of 
the electric field at the entrance of the deflector on mv2 I q 
obtained in practical operation is shown in Fig. 6 and 
Table 1. The electric fields are approximately propor
tional to mv2 lq. The electric fields are not corrected for 
positional dependence of the deflector on the magnetic 
field. The dashed line represents the calculated electric 
field obtained by a linear fitting for the ions. There is 
the upper limit of the electric field in actual use in the 
cyclotron. The maximum electric field is required for ex
tracting 90 Me V protons. The entrance of the deflector 
for 90 Me V protons should be located at outer position 
in order to reduce the electric field. Actually the position 
for 90 Me V protons is outer than that for the other ions. 
We have extracted 90 MeV protons with the electric field 
of 140 kV Icm which is 70% of the predicted ones. 

Dependence of the electric field on the entrance po
sition of the deflector for 70 Me V protons by preliminary 
analysis is shown in Fig. 7. The electric fields are ob
tained by averaging the field at the entrance, mid and 
exit positions . The calculated electric fields are deter
mined as follows; 1) Positions and momentums at the 
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Fig. 6. Dependence of the electric field at the 
entrance of the deflector on mv2 

/ q obtained in 
practical operation. The measured electric fields 
are indicated by stars for lOMe V, 45 Me V, 70 
MeV and 90 MeV protons, diamonds for 10 MeV, 
35 MeV, and 50 MeV deuterons, squares for 20 
MeV, 50 MeV and 100 MeV 4He2+ and crosses for 
175 MeV 40 Ar8+, 460 MeV 40 Ar13 + and 520 MeV 
84 Kr20+. The electric fields obtained by a linear 
fitting for all but 90 MeV protons are represented 
by a dashed line. 

100 

entrance of the deflector are obtained by tracing a cen
tral particle from the exit of the inflector. 2) The gap 
and position of the electrodes are fixed to the actual ones. 
3) The electric fields are determined so that the parti
cle should reach the center position of the exit gap. The 
position dependence of the calculated electric field is con
sistent with the actual dependence. The calculated fields 
are, however, higher by around 5% than the actual ones. 
Precise analysis for the position dependence of the elec
tric field is required. 

5. SUMMARY 

Beam studies for study of beam behavior in the cen
tral and extraction regions have been carried out for the 
JAERI AVF cyclotron. The cyclotron has more phase ac
ceptance than that of the injection beams. Isochronous 
fields were generated in practical operation with an ac
curacy of 1 gauss by using the phase probe. Generation 
of the isochronous field is cross-checked by small changes 
of rf of .6..f / f = 2 X 10- 4 to 5 X 10- 4 . The phase probe is 
quite useful for generation of the isochronous field. The 
actual electric fields of the deflector are approximately 
proportional to mv2 / q except for 90 Me V protons. De
pendence of the field on the entrance position of the de
flector was surveyed by the computer code. 
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Fig. 7. Dependence of the mean electric field on 
the entrance position of the deflector for 70 MeV 
protons by preliminary analysis. The actual and 
calculated fields are indicated by crosses and stars, 
respectively. 

Table 1. Dependence of the electric field at the 
entrance of the deflector on mv2 

/ q obtained in 
practical operation. 
c:(kV /cm) IOn mv~ /2(MeV) q B(kG) 

19 He 20 2 5 
20 D 10 1 7 
21 H 10 1 5 
49 Ar 175 8 16 
54 He 50 2 11 
62 Kr 520 20 16 
67 D 35 1 13 
93 Ar 460 13 16 
95 H 45 1 11 
114 He 100 2 16 
115 D 50 1 16 
140 H 90 1 15 
160 H 70 1 13 
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Timothy A. Antaya, Dallas Cole, Peter Miller, David Poe 

National Superconducting Cyclotron Laboratory, Michigan State University, Cast Lansing, MI 4)\824- 1:321 
USA 

K 1200 

~ 
1

0 ) 
·~9 

CP-ECR 

K 500 

~ 
0:0 

I 

Figure 1. The beam development system at NSCL consists of BCn sources, injections and the supercon
ducting cyclotrons. 
1. Introduction 

\Ve now accelerate ions from hydrogen to ura
nimH in the K1200 cyclotron at NSCL. There are 
several classes of problems associated with produc
ing these beams: source tuning, beam transport and 
injection, and cyclotron tuning. The development 
of a particular beam can be critical in more than one 
of these areas. For example, uranium :35-a9+ iOlls 
are not fully resolved from mixing gases at the ion 
source, the cyclotron fringe field is high, and an ana-

log beam must be used to tune the cyclotron. Still , 
uraniulll beams at 20 and 25 MeV /n using :15+ and 
:39+ respectively, have been produced. Atomic hy
drogen cannot he accelerated directly in the 1\ 1200, 
and IIi ions are only useful for high energy hydro
gen beams. For low energy hydrogen beams , HeH+ 
molecules are produced in an ECn source, injected, 
and then stripped after acceleration. \~ip also ac
celerate series of ion s simultaneollsly a t fixed q/m 
ratios: 1/5, 1/4, In, 1/2 , llsing multiple species 
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and/or ion sources. 
The full facility for production of heavy ion 

beams at NSCL is shown in Figure 1. It consists 
of three ECR iOll sources, a switchyard to connect 
any ion source to either cyclotron, the two supercon
ducting cyclotrons and their main injection lines. In 
this paper, we will focus on beam development tf'ch
niques for stand alone operation of the K1200 cyc
lotron, since that is also the main facility empl1asis 
at the present time. 

2. Ion Sources and Switchyard 

Ion beams injected into the 1(1200 cyclotron 
come from one of three electron resonance S01lrces, 
as shown in Fig. 1. The RTECR, commissioned 
in 1985, and operating more than 6000 hours every 
year since 1986, is the basis for most K1200 cyclo
tron beal~ls. Recent performance at the RTECR is 
summarized in Figure 2. This ion source has served 
both as a production ion source and development 
platform for new concepts, and is perhaps the most 
optimized of all ECR source designs. Gaseons ion 
prodnction is based on a reduced first stage, sin
gle microwave feed, high injection magnetic field, 
SiO:2 coated plasma chamber walls and low opf'r
ating pressure [1]. Metallic ion production is now 
based on the super gas mixing technique for highly 
charged metallic ions [2], but the RTECR can use 
(and has used) a number of different techniques for 
metallic ion beams. 

The CPECR has two modes of operation. With 
the oven stage installed, it produces stable beams 
of alkali metals, particularly G,7Li:2+,H [:3]. The 
key to long stable lithium nl1lS is a heated stain
less steel liner in the main stage operating at abou t 
400°C. The heated liner allows for enhanced recir
culation of lithium into the main stage plasma. In 
order to accommodate oven condi tioning and op
eration, the CPECR can he operated at pressures 
as high as 1 • 10-4 Torr, without microwave vac
uum feedthru or extraction insulator failures. At 
such high pressures, intense beams of low binding 
energy molecules can he produced in the CPECR, 
when the oven stage is replaced by a gaseous feed 
first stage. The most unusual of these molecules is 
HeH+, shown in Figure :3, which permits low en
ergy H+ beam production in the K1200 thru post
accelerator stripping of the helium 'anchor weight'. 

:;;:: 
~ 

.9-
>
z 
w 

'" '" ::J 
U 

o 
W 
N 
>
--' 
< 
z 
< 

RTECR/OVERALL PERFORMANCE 

NEON-20 

10 - 4 L-.L--'--J
1 
o:--'-'-----"---'----:2:!:o:-'-~-'-'-'--::~.L--'---"---'----}40 

CHARGE STATE 

Figure 2. The optimized performallce of the 
RTECR is smooth in Q and Z. 
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Figure 3. The He+H charge state distribution of 
the CPEeR, showing the presence of the HeH+ 
molecule, used to produce low energy H beams in 
the K1200 cyclotron. 
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The multi-frequency high field SCEeR now in 

development, is the third EeR ion source built at 
NSCL. The SCEeR ion source structures are equiv

alent to the RTECR, but the magnet field is pro

d uced by a full set of su percond ucting coils [4]. This 

coil set is not operated in persistent mode, as have 

previous supercondllcting EeR designs [5,6,7]' so 
source tuning over a wide dynamic range of magnet 

settings is possible. The source has available 6.4 

and 14.5 GHz microwave feeds. Early experience 

has shown that GA GHz operation at high magnetic 

field is equivalent to 14.5 GHz of a nominal mag

netic field. Figure 4 shows a comparison of oxygen 

ion performancp of the RTECR and SCEeR at G.4 
CHz. We note that thp SeEeR performa.nce in Fig. 

4 comps without usp of gas lIlixing or wall coatings, 
and requin's 1/10 as mllch microwave ])()wpr as tlw 
RTECR tune. 

Each ion source can be connected to either maill 

injection line (K500 or KILOO) via a switchya.rd 

lwamline. Switching is accomplished by brea.king 

a beamline joint and rotating the analysis dipole to 
tlte new line. The HTECR and SeEeR remaill in

solated and under vaCUUlll durillg this process. TIle 
CPECR does not have such an insolation gate valve 

and must be ventpcl. The process takes typically 2-/] 

hours, and is limitpd mainly by the need to attain 
high vacuum ( :S lO-'Torr) in the be(llllline before 

operating the sources. Controls and interlocks are 

automatically switched to the new beamline by the 

PLC. 
Since the K500 cyclotron is generally not oper

ated, the full ion SOl! rce set can be directed to K 1200 

cyclotron operations and beam development, giving 

un paralleled ca.pabi lit ies a II d f!pxibili ty. 

3. Illjedioll LilH~S 

The K1200 cyclotron lnJection line is simply a 
longer version of tile K500 injection line. Both werp 

described at the Tokyo Cyclotron Confere1lce [g]. 

Matching EeR beams to these injection linps has 

been pxtensively studied [0]. We find that the emit

tance is dominated by the fact that the ions origi
nate in a magnetic flpld, but tlle beam transport is 

dominated by space cllarge forces. Features of this 

injection clpsign that aid developmen t in clilde th p 

llse of solenoid lenses for focllsing, tIle large bore 

beam pipes (G" ID solenoids, 4" ID dipoles), and the 
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Figllre 4. A comparison of tlie oxygen iOIl proclllc
tion of the HTECR and SCECR ion .qJllrces oper
atpcl at G.] ClIz. Sep text f()i'dNails. 

geIlPrally linear responsp of the systelll to changes in 
jW<llll rigidity. 1I0wevpr, tlie sOllrce oppratillg volt

agp is set by illjPction criteria, so it is lI()t alwa.ys 

possihle to usp the optimlllll 1011 sOllrce pxtraction 

conciitions. 

The typical translliission frolll SOllrce a.naIY7,Pc! 

heam CUlTPnt to K 1 LOO spiral inflector is :1O%. Ivla

jor lossps OCCllI' primarily in two areas: the tran

sitioll frolll the switch.YiHcI to tli(' !lIain injection 

line, and the vertical healllli1le lIndpr thp I\lLOO 

cyclotron. The lossps a.ssociatecl with th(' transi

tion from the switchyard to the ma.ill injection line 

uccur JIlainly for the two ro0111 tpllllwra.tllrp EeR 

SOllrces, a.llcI appear to hp clue to trallsit path diffpr

<'fle<'s (lnd lIon-linpar beillll distortions ill t 11<' slior! 

"lIwrging' dipolp. OIl tlip axis of til(' J\ I LOO cyclo

trCJll, thel'e is a lllis- lllatch betwP('n til(' fiflal beam 
elllitt,tIIc(' a1ld the ;)cceptallc(' of t.lle spil·;ti illfle('

tor . .I11St ahov(' 111(' la.st 1)f'llc1. IH'alll profiJf'S ilI'f' 

elongated with a Cf'lItrai ('ore alld high ciivprgf'll(,p 

tails. 1';11'1. of this bealll distorti()11 is dll(' 1.0 t hp 

cyclotron frill?;p fieJcl- 1.111' 'C,vclolroll uff" 1 r;l1lsmis

sieJlI fmlll tlle HTECH to the J-': !LO() c,vclutron axis 

is about 70/j or higher. Spilce charpp is also im

purtant, as thp distorted JW<llll shapp is s(,Tlsitive to 

\)('alll cl1nen!.. The ]owpst injPction lrallsIllission, 

ah()llt 10%, occllrs for high /\"/'flldi1l!l operal inTI with 
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low Q/M ions, and is attributable to both using low 

velocity iOIlS and high fringe field injectioll. 

4. K1200 Cydotl'oU Characteristics 

The general characteristics of the K 1200 cyclo

tron have been summarized well at this couference 
[10]. We would also echo the emphasis ill that pa
per on the excellent ion and energy variability of 
the K1200. Of course, these high energy beams are 
provided by a sinqlc accc/cmtor, injected by ECR 

sources, rather thall a set of accelerators. Specifi
cally with regard to beam development, one should 

also note that tlwre is a very good correspondence 
between calculated K 1200 parameter set tin!!:s and 

actual operating settings, both for intemal param
eters and extraction 0lements. The main magnet is 

set by calculations [11], and the resulting olwrating 
frequency is accurate to better than a few kilohertz. 
Therefore analog b0;ull tuning for difficult beams 

is a very effective technique-both the a.bsolute fr0-
quency of tIl(' analog alld calculated fr0qnellcy shift 
to the desired s]H'cies are dependable. Once tllllPd, 
the K 1200 cyclotron parameters are found to be sta

ble and reproduceahle. 
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SELECTION AND MEASUREMENT OF RF PHASE WIDTH 
OF THE K1200 CYCLOTRON BEAM 
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and 

J. Nolen 
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D. Rifuggiatto 
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ABSTRACT 

Reductions to 40 FWHM in RF phase width of the 
K1200 extracted beam have been achieved with the use 
of internal radial slits . Beam losses using the phase slits 
have been minimized to 70%. Rapid measurements of the 
time structure of the extracted beam have been obtained 
using a silicon detector placed in the beam shortly after 
extraction, with attenuators in the injection beam line. 
An internal timing probe using a silicon detector has 
been designed, and is under construction . 
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Figure 1. The best extracted beam phase width to date. The 

FWHM is 3 .6 0 RF, or .55 ns at this frequency. Lower widths in 

the main peak have been achieved, but with larger shoulders and 

satellites. 

1. INTRODUCTION 

The RF phase acceptance determined by the cen
tral region of the K1200 cyclotron is 40 0 RF. 1,2) The use 
of a buncher to further restrict the RF phase at injec
tion, with just first, or both first and second harmon
ics, is limited by debunching in time during traversal 
of the yoke and spiral inftector. 2) The first harmonic 
buncher calculations show enhancement over the entire 
acceptance range with a preferential enhancement of a 

• Work supported by the U.S. National Science Foundation. 
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Figure 2. Measured time structure of the beam after extraction 

for buncher phase ¢b = _30 0 to +10 0 • Note the broad base even 

when the buncher is well tuned. Also, all phases measured to date 

have been relative , the zeros are not absolute . 

narrower range . Multi-turn extraction adds further com
plications, but Fig. 2. shows that this effect can be seen 
after extraction . 

2. PHASE SLIT DESIGN 

Further reductions in transmission of RF phase can 
be obtained with internal cuts. Holes through the yoke, 
hill, and liner at 7 in . radius permit access to a region 
of the cyclotron where the turns are separated, and the 
beam energy is low , ~ 1/40th of the energy at extraction. 
At this radius correlations between RF phase and radius 
can exist due to differences in centering errors , and/or a 
phase dependent difference in energy, which to first order 
is b.E(¢) = -b.¢ J sin(¢)dE.3) 

2.1. Mechanical Design 

The slits are a modified version of those used by 
B. Milton in the K500 cyclotron.3 ,4) They are tungsten 
pins with a diameter of 0.094 in . Since lJr c::: 1, the parti
cles rotate in (r , Pr) phase space approximately once per 
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Vacuum 

Ball Valve 

Shaft 

Figure 3. Part of the Phase Slit Drive. Shown are the shaft, 

potentiometer, air cylinder and vacuum bellows for insertion, and 

ball valve used to maintain vacuum when changing tips . 

complete revolution in the machine. Thus a pin placed 
between turns will make radial cuts similar to those of 
radial slits about the second turn being cut . Slits sep
arated by 1200

, make cuts in (r, Pr) phase space that 
are rotated by '" 1200 (see Fig. 4.), if, between the slits, 
there are zero or two orbit crossovers, of the central phase 
being transmitted and the phase being cut. Each orbit 
crossover inverts the r - <p correlation, switching the side 
of the pin that makes the cut. Thus the cut makes an 
additional 1800 rotation in (r, Pr) phase space per orbit 
crossover. We are currently using two slits 1200 apart. 

Other features include remotely controlled insertion, 
retraction, and rotation (see Fig. 3.) The pin is mounted 
slightly off-center, so rotating it adjusts its radius. Elec
tric motors mounted 8 ft . above the cap, protected with 
1/2 in. cold-rolled steel shielding, drive the rotation with 
a stainless steel drive shaft and turn a potentiometer used 
for position readout. Compressed air is used for inser
tion and retraction. The slits are water cooled , and have 
interchangeable tips. Closing a ball valve after partially 
removing the phase slit shaft, protects the vacuum while 
removing the shaft to change pin sizes. 

2.2 . Phase Selection Calculations 

Central ray orbits for 40 Mev / A 4 He1+ were ob
tained with the program CYCLONE5 ) for RF starting 
times of TO = 2100 

- 2360 every 20
, where TO = 2700 is 

the peak voltage on the dee. The magnetic field and cen
tral region electric field were obtained with MONSTER6 ) 

and RELAX307) respectively. A first harmonic mag
netic bump was used in CYCLONE to center TO = 2200 

at 80 turns. SOMA 3 ,8) was then run to accelerate uni
formly populated eigen-ellipses in (r, Pr) phase space of 
area 1001T mm-mrad about each central ray. The slit's 
diameter and radius were selected to pass TO = 2200

, 

cutting all other times that make it through the central 
region . All rays that intercepted the slits were removed. 
The resulting transmission for two slits is a nearly tri
angular shape with a FWHM of 70 in TO (see Fig. 5.) 
Three slits gave a FWHM of 50 . 
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Figure 4. Snap shots, calculated with SOMA, of the (r, pr) phase 

space, showing the cuts made by the pins on turns 17 and 18, for 

TO = 216· . The pins transmit all of TO = 220·. Note the'" 120· 

rotation in the (r, Pr) plane as the beam traverses 120· in the 

machine. At this radius TO = 216· trails TO = 220· in energy 

gain, so the innermost edge is cut by the pin. Starting times that 

lead 'To = 220· in energy gain have the outermost edge cut. Here, 

differences in centering errors are small enough to be a perturbation 

in the r - rP correlation of the phases of interest. 
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Figure 5. Calculated transmission through the phase slits, for 

two slits spaced 120· apart. The scale in x is starting time in RF 

degrees of each eigen-ellipse. Up to this point, there has been RF 

phase focussing, reducing the RF phase spread by 25%. 

3. EXTERNAL PHASE MEASUREMENTS 

Attenuators in use in the injection line of the 
K12009) can reduce the beam down to a factor of 
3 x 10- 7 . This reduction is such that a Si detector, placed 
to intercept the entire beam, can be used to measure the 
time of incidence of each beam particle relative to a stop 
signal generated by the RF. These signals are digitized, 
then stored in our VAX system, where they can be dis
played and saved, via a CAMAC interface. Thus a short 
integration of counts can give a rapid measurement of 
the beam's relative distribution in time. 

3.1. Measuring Apparatus 

The detectors are two 3001-' thick 18 x 18mm2 Si 
PIN diodes mounted back to back in a beam diagnostic 
chamber 10 ft_ from the cyclotron. They are mounted 
on a two position drive, with the first position scintillat
ing plate mounted 45° to the vertical. A CCD camera 
focused on the scintillator gives the feedback necessary 
to tune the beam envelope onto the detector, using the 
first three beamline quadrupoles. 

An LBL Time Pickoff obtains a fast time signal by 
inductively coupling a pre-amp to the transmission line 
between an over depleted diode and its charge sensitive 
pre-amp. Fast signals from each diode are amplified then 
input into a constant fraction discriminator. The forward 
diode's CFD output is used to start the time to digital 
converter. The TDC stops are from a zero crossing dis
criminator reading an inductive loop in one of the dee 
stems, and from the TDC of the second detector. 

The detector to detector time resolution measured 
with a 40 MeV / A 4He incident beam is shown in Fig. 
6. The wide range of beam energies and atomic charges 
that the K1200 is capable of providing10

) result in a wide 
variation in signal strength « 1 Me V to several Ge V.) 
The above beam deposits::: 1 MeV in each detector. 
This close to the cyclotron, the RF noise is a significant 
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Figure 6. Time resolution of two Si PIN diodes. The second 

peak was obtained with an extra 10 ns delay to calibrate the TOC. 

FWHM is .48 ns, giving a resolution of .34 ns in each detector. 

problem, and ions with greater signal strength are easier 
to detect. In the stability measurements, one narrow 
peak was measured at .34 ns FWHM. 

3.2. Phase Selection Measurements 

Comparison of Phase Culs at Different Frequencies 
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Figure 7. A comparison of extracted beam time structure at dif

ferent frequencies. Each graph has been scaled so that the ratio 

of areas under the curves corresponds to the ratio of the measured 

intensities. The cuts made by the phase slits appear to be inde

pendent of frequency. 

The phase slits have been fully operational since 
Jan. '92. In tuning the slits, it is easiest to individ
ually scan each slit through the beam, noting the min
ima and maxima in transmitted intensity associated with 
turn structure. Then starting with the slits in convenient 
minima, adjust them to select some favorable portion of 
the uncut distribution. This procedure helps in maxi
mizing transmission through the slits . 

Table 1. shows that cuts from 4° to 80 FWHM 
have been consistently achieved, with transmission of ,...., 
25 - 30% of the uncut beam. Figure 7. shows that 
the cuts seem to be independent of operating frequency. 
This is possible, because the operating parameters for 
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Table 1. Phase cuts and transmission. 

Ion Energy rPFWHM rPFWHM leut! 10 
(MeV/A) uncut cut 

0''1' 25 15.oRF 5.7°RF .33 
""05 + 50 12.7°RF 7.SoRF .24 

6.6 RF -
:"Mg'+lOj 60 11.°RF 2.6°RF .25 
1~0"+ SO 14.5°RF 4.7°RF .30 
•• Si'T SO 12."RF 4.6°RF .23 

3.6°RF -

each beam are set to give the same path through the 
fixed central region. 

3.3. Phase Stability Measurement 
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Figure 8. Tracking, over time, of the extracted beam time struc

ture transmitted through the phase slits. Presented are the first 

and second moments, and the FWHM of the main peak. The cy

clotron was not retuned during this time. The centroid drifted, 

and the structure fluctuated. 

The stability of the phase reductions in the ex
tracted beam was monitored over a seven hour period. 
During this time, the operators did not readjust the cy
clotron settings. Figure 8. shows the time centroid of the 
beam drifting with respect to the RF stop signal at an 
almost constant rate. It was found that the uncut beam 
had shifted the same amount during this measurement. 
The source of this shift is not known, but it is a change 
of 2 parts in 105 of the"" 800 turns inside the machine. 
The need to periodically retune the cyclotron, and the 
variation in time structure shown in Fig. 8., together 
with this drift show a need for continual monitoring of 
this time structure. 

4. INTERNAL PHASE PROBE 

An internal timing probe for the K1200 is being 
made. It will be interchangeable with the radial cur
rent and scintillator probes now in use. ll ) A significant 

problem is the tight turn spacing in the outer radius of 
the machine. To extend the active area of the detector 
to it's edge, detectors have been developed that are cut 
along the inner guard ring.12) 

This probe will enable us to separate the effects of 
extraction from those of the probe. It will be used to 
study beam dynamics during extraction, and measure 
the outer part of the phase curve inside the machine. 
There are also plans to use it in tuning the cyclotron at 
extreme lows in intensity . 
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INTERNAL BEAM DYNAMICS STUDIES WITH A TV PROBE 

F. Marti and S. Snyder· 
NSCL, MSU, East Lansing, MI, 48824, USA 

ABSTRACT 

We have developed an internal probe for the K1200 
Superconducting Cyclotron based on a TV camera and 
scintillator. This probe provides a detailed picture of 
the internal beam with a resolution of 0.05 mm. The 
low intensity sensitivity of this probe (1 epA) has helped 
in the tuning of low intensity beams. The processing of 
the TV signal with a digital frame grabber allows a real 
time pseudocolor display and a fast quantitative analy
sis. We have studied several beam dynamics problems 
(resonance traversal, radial and vertical beam centering, 
etc.) and simulated them with particle orbit integration 
codes and transfer matrix codes. Comparisons with tape 
recorded pictures that show extremely intricate behavior 
are presented. 

1. INTRODUCTION 

Our laboratory has successfully used scintillators 
and a frame grabber to tune and study external beams. 1) 

This experience convinced us to look into the possibil
ity of building a beam probe physically compatible with 
the present current probe (utilizing the same drive) that 
could include a TV camera to look at a phosphor cov
ered plate. This new kind of internal beam probe was 
then developed for the K1200 cyclotron.2) It consists of 
a small TV camera that looks at the image produced by 
the beam hitting a phosphor covered plate. The small 
size of the camera allows it to be placed close to the 
screen. The image gives a detailed view of the current 
density in rand z, with position resolution of about 0.05 
mm. Total beam currents below one electrical pA are 
easily analyzed. This new probe has been in use for more 
than a year, giving a very satisfactory performance, and 
allowing us to measure beam parameters that were un
available before its commissioning. After the publication 
of the report previously mentioned2) we learned of the 
previous use of a TV camera in a separated sector cy
clotron.3) 

·Work supported by the U.S. National Science Foundation under 
Grant No. PHY89-13815. 

2. PROBE DESIGN 

One of the major difficulties in designing a median 
plane probe for a superconducting cyclotron like ours 
is the small space available in the penetrations through 
the coil cryostat. This space is limited to a tube of 1.25 
inches diameter that is inserted in the median plane be
tween the two sections of the superconducting coil. Fig
ure 1 shows a sketch of the probe head showing the scin
tillating plate, viewing window and TV camera. The 
scintillating surface is obtained by spraying ZnS on an 
aluminum plate. This plate slides between two clips that 
allow for its fast replacement. Figure 2 shows a close up 
of the probe head before assembly. 

TV CAMERA 

SUPPORT 
INSULATOR 

Figure 1. Sketch showing the head of the TV probe. The angle the 

beam makes with the scintillating plate changes between 35 and 

65 degrees. 

Two major concerns were the possibility of radia
tion damage to the camera and the high magnetic field 
(6 T) in which the camera must work. The simplification 
offered by inserting the camera close to the scintillating 
plate, compared to using an optical system with its as
sociated loses, induced us to design the TV probe in its 
present configuration. We chose an ELMO 102BW cam
era, after testing it in a magnetic field, because of its 
small size and excellent image quality. 
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Figure 2. Close up view of the probe head before welding to the 

vacuum tube. The support for the scintillating plate is seen on 

the upper left. The plate is held in a groove by springs. The 

two supports are the electrical connection to the beaIll current 
monitors. 

3. MAIN APPLICATIONS 

3.1. Correction of Vertical Oscillations 

The first observation made with the probe showed 
us that the beam was not on the median plane but os
cillating around it by as much as 2 mm. Considering 
that the beam size was close to 1 mm the oscillation was 
an important part of the effective beam size. Since then 
we have introduced an asymmetric current supply to the 
top and bottom trim coil 0, that together with a variable 
vertical positioning of the inflector allows us to correct 
this vertical oscillation. The original current probe did 
not have enough resolution to detect this error. Figure 
3 shows an example of a beam off the median plane. 

3.2. Radial Centering 

If the beam is centered, the width of the beam trace 
seen on the probe should be equal to the radius gain 
per turn and approximately constant in a small region 
of radii. If instead the beam is off-centered, the beam 
width will appear to fluctuate when moving the probe 
radially. We have written a program to use the TV probe 
to center the beam automatically. The program searches 
in the phase and amplitude of the first harmonic bump 
used to center the beam until the beam width observed 
in a radius range is constant. The program has control 
of the probe and the harmonic coils. The process takes 
approximately 12 minutes and converges in most cases. 
It must check that the beam does not disappear because 
of RF sparks or similar problems. 

3.3. Detailed Beam Dynamics 

For the first time we could obtain really detailed 
information on current density as a function of rand z, 

Figure 3. These two beaIll snapshots were taken at a radius of 0.51 

m (left) and 0.52 m. The total vertical height as determined by the 

lowest contour line is 8.5 rom. It clearly shows the vertical oscilla

tion of the beam and the radius gain of the beam between turns 
for eXaIllple on the left contour plot. The left edge of each contou:. 

plot corresponds to the edge of the scintillating plate, while the 

right edge is determined by the radius gain per turn and centering 
error. 

much more than any differential probe could give us be
fore . The quality of the beam and halo formation can be 
studied during the acceleration process. We found that 
one of the most interesting phenomena was the crossing 
of the IIr = 2l1z resonance. This study will be the topic 
of the next section. 

4 . OBSERVATIONS OF THE RESONANCE 
CROSSING 

The K1200 cyclotron beams cross the IIr = 2l1z reso
nance between 0.65 cm and the extraction radius of 1.00 
m, depending on the ion energy and Q/u. The losses 
are minimized by crossing the resonance with the beam 
centered. This is normally possible unless the resonance 
crossing occurs after the IIr = 1 resonance, just before 
extraction. 

The photographs of the TV probe scintillator shown 
here were obtained during a run of 4 H e1+ 40 MeV lu. 
The calculations described later were performed for the 
same ion and energy conditions. 

Figure 4 shows two snapshots of the TV screen that 
displays the TV probe signal. We combine the video 
signal from the probe with computer generated text. The 
computer displays the radius that the probe is at on the 
lower left (in inches) and up to three parameters and 
their names on the upper left . These parameters can be 
selected from the whole data base available to the control 
system. In the pictures displayed we are showing the 
magnitude and phase of the centering bump provided by 
trim coil 1. The normal beam size is smaller than what 
is displayed on the left portion of the figure. The beam 
has been off-centered on purpose to show the effect of 
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Figure 4. Two snapshots of the TV screen showing the beam spot 

during the crossing of the Vr = 2vz resonance . The height of the 

beam spot on the left is approximately 13 mIn. See text for more 

explanations. 

the resonance . The beam height of the left picture is 13 
mm. 

The most surprising observation, when looking at 
the probe move out in radius, is the formation of arcs 
like the one observed on the picture on the left, and 
the jets observed on the picture on the right in Fig. 4. 
We decided to simulate the orbit dynamics and probe 
interception of the beam to verify that those structures 
could be predicted by our orbit codes. 

5. SIMULATIONS OF 
CROSSING 

THE RESONANCE 

The simulation of the TV probe observations 
involved several steps. First we used our code 
Z3CYCLONE4) to track five different central rays from 
the inflector to a radius of about 10 cm. In this code 
the electric field is calculated in a 3D grid from potential 
data calculated with the relaxation code RELAX3D.5) 
The five different rays were spaced 8 degrees in RF time 
between them to simulate the phase acceptance of the 
central region. A first harmonic imperfection was intro
duced as generated by trim coil 1. From a radius of 10 
cm to approximately 70 cm the central rays were tracked 
with the code SPIRAL GAP that uses a delta function 
approximation for the energy gain at each gap on the six 
spirals. 

At a radius of 70 cm (just before the resonance) 
we started the tracking with SOMA,6) a second order 
matrix code, populating with 2000 particles an ellipti
cal (eigenellipse) phase space around each central ray in 
(r,Pr) and in (z,Pz) for a total of 10000 particles . We 
selected a gaussian distribution, relatively flat, where the 
edge density was 70% of the central density. The central 
rays have centering errors from 2 to 7 mm. 

We modified SOMA to give us the (r, z) intersection 
with the path of the TV probe. This data file giving the 
intersection of each particle in each turn with the probe 
path is analyzed later with another program that keeps 
track of the intersections with the probe to check that 
a hit is the first one or if a previous turn already was 
intercepted (and consequently lost). 

Figure 5. Snapshots of the computer screen showing the display 

of the probe simulation with characteristics similar to the picture 

observed on the left of Fig. 4. See text. 

Figure 5 shows a black and white snapshot of the 
computer screen where the large graph on the upper left 
represents the (r, z) diagram of where the beam hits the 
scintillator at a given radius . The sharp edge on the left 
represents the edge of the scintillator. We can see the 
similarity between this simulation and the observation 
on the left section of Fig. 4. The graph on the upper 
right shows the population at the start of the SOMA 
calculation in (r,Pr) and in (z,Pz) under it. The two 
graphs at the bottom show the phase distribution (five 
equal bars in the histogram) and a histogram with the 
turn number (from the beginning of the SOMA calcula
tion) when the particle strikes the phosphor screen. The 
two groups of turns agree with a Vr value close to 1.10. 

The program allows us to select an area on the 
screen, see Fig. 6 (area fenced in by the dashed poly
gon), and then gives us the initial conditions, phase and 
turn distribution of that group of particles . As we can 
see the bulk of the particles in the fenced area forming 
the large circular arc away from the median plane come 
from the ellipses with larger centering error. 

Figure 7 show a different ra.dius plot where we have 
selected to show only the particles that populated the 
ellipse around the central ray with larger centering error 
(compare with the initial (r,Pr) distribution of Fig. 5) . 
The (r, z) plot shows the jet structure observed on the 
right hand side picture of Fig. 4. 
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Figure 6. Snapshots of the computer screen showing a fenced area 

(dashed polygon) and the initial conditions and turn distribution 

of the selected particles. 

6. CONCLUSIONS 

We have shown some of the applications we have 
found for a TV based internal beam probe in our K1200 
superconducting cyclotron. Centering of the beam in 
both vertical and radial direction is now possible with 
great accuracy. The study of resonance crossing and 
comparison with simulated probe traces shows very good 
agreement on the structures observed . 
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Figure 7. Snapshots of the computer screen showing the jet struc

ture similar to the observed on the right picture of Fig. 4. 
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EFFECT OF THE MAIN-COIL POSITION ON THE ACCELERATED BEAM OF THE K500 CYCLOTRON 

D. P. May and G. Mouchaty 
Cyclotron Institute, Texas A&M University, College Station 

Texas, 77843-3366, U. S. A. 

ABSTRACT 

As a consequence of the failure of the development of 
several beams by the Texas A&M superconducting 
cyclotron, a program was initiated to find the cause. It 
was found that the vertical position of the main 
superconducting coil was the culprit. The vertical position 
has been substantially changed, and the operation of the 
cyclotron has improved dramatically. 

1. INTRODUCTION 

Soon after the first beams were accelerated by the 
Texas A&M K500 superconducting cyclotron in 1988, it 
was noticed that several of the beams had problems as they 
approached extraction. For example, when a reasonable 
phase function was used to calculate the trim-coil settings 
for 35 MeV lamu 14N5+, the beam would fail to accelerate 
past a radius of 24.5 in., extraction radius being 26.5 in. 
The attenuation of the beam was fairly sharp, with a 
majority of the beam disappearing within 0.25 cm. Other 
beams, for example 30 MeV/amu 14N5+, exhibited a sharp 
drop at the same radius, but with some of the beam 
surviving to extraction. In both cases, most of the beam 
could be brought to extraction radius by changing the 
outermost trim-coil, trim-coil 13. The current in this coil 
was changed in such a manner that it produced a large 
negative magnetic field gradient around R=24.5 in. 
Maximum extracted beam occurred for an intermediate 
value of trim-coil 13 with some of the beam still being lost 
at R=24.5 in. 

With the installation of the ECR ion source in 
November of 1989, beam diagnostics became considerably 
easier, and a quick survey of beams became possible. 
Beams of 30 MeV/amu 160 6+, 14N5+, and 12C4+ (QIA 
= .375, .357, and .333, respectively) were developed, but 
a beam of 30 MeV/amu 160 5+ (QIA = .312) would not 
accelerate past R=24.5 in. even by changing the current 
in trim coil 13. A development attempt with 35 MeV lamu 
40Ar iH (QI A= .325) failed with the beam not accelerating 
past R=20 in. although 35 MeV/amu 14N5+ (QIA = .357) 
had been developed earlier. A beam of 53 MeV/amu 
alphas could be accelerated to extraction radius by 
changing trim coil 13, but with a large intensity drop at 
the outer radii, and the beam could not be extracted. 

In general, the beams that could be extracted were 
confined to the lower left-hand side of the operating 
diagram shown in Fig. 1. The higher field, higher 
frequency (high 'Y) beams were inaccessible. To attack this 
problem, the field maps were re-examined and refined, the 
phase of the internal beam with respect to the rf voltage 
was measured for several beams, all the trim-coil 
connections were checked (each of the 13 coils has 12 
separate leads external to the cyclotron) and even the 
elevations of the outer-radius steel were re-measured. 
Nothing of significance was found. 

The first hint of what the problem might be came 
from examining plots of the intensity of the beam hitting 

50 

o RAN BEFORE NOV. lQQO 
• rAlIJ!:D TO REACH EXTRACTION BEFORE NOV. lQ90 
'V DEVELOPED SINCE NOV. 1 Qeo 

E/A (MeV/ul 

Fig. 1. Operating region for the K500. The positions of 
the higher-frequency, higher field beams are indicated. 
The line labeled Kf= 160 represents the focusing limit (80 
MeV/amu for QIA=0.5). 

the three-finger probe versus radius (I vs R). The three 
fingers of the beam probe are arrayed vertically, with each 
finger 5.7 nun high, separated by two 0.76 nun gaps. The 
data showed that for 30 MeV lamu 14N5+, for example, all 
of the beam was intercepted either by the middle or by the 
bottom probe finger (Fig. 2). No beam was hitting the top 
finger of the probe from R= 13 cm to R=67 cm except in 
the last 3 nun of the probe travel before the beam 
encounters the extraction system. This could be explained 
by an offset in the positioning of the probe tip which is not 
visible when the K500 is closed for operation. The probe 
is centered by the trim-coil covers, and such a light-weight 
device could easily be moved in the act of lowering the 
upper pole cap. In fact, the probe tip position is different 
depending upon whether the probe is moving towards or 
away from the center as shown by the difference between 
the I vs. R plots. 

A difference in I vs. R plots was also noticed when 
examining a plot made for a 30 MeV lamu 14N 5+ beam after 
raising the superconducting main coil approximately 0.75 
nun above the median plane nominal position. The coil 
can be raised and lowered by means of tightening and 
loosening nuts on the six vertical links, and this had been 
done to examine the effect on the vertical behavior of the 
extracted beam. The ratio of beam intercepted by the 
bottom probe finger to beam intercepted by the middle 
finger increased slightly by elevating the coil, so it was 
decided to lower the coil and examine the plots. The coil 
was first lowered by approximately 0.75 nun, and it was 
directly confirmed by plots taken under the same 
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conditions of beam tuning that a slightly greater 
percentage of the beam was intercepting the middle finger. 
More dramatically a beam with a trim-coil solution 
calculated with a standard phase history was able to bring 
more of the internal beam to extraction radius, and as the 
coil was lowered further, even more beam came to 
extraction radius. 

(0) 

\. 

bottom finger 

. .. 
_w' 

10 15 20 25 
R 

Fig. 2. Intensity versus radius for the top (a) and bottom 
(b) fingers of the beam probe. The main coil position was 
0.8 mm below the position for which the magnetic fields 
were mapped. 

To date, the main coil has been lowered by 
approximately 3.4 mm (0.135 in.) in 0.2 mm increments. 
After lowering the coil by 1.6 mm, a 30 MeV/amu 1605+ 

beam came to extraction with a standard phase solution. 
After lowering the coil another 0.4 mm, a 53 MeV/amu 
alpha beam could be extracted. With the coil lowered by 
2.7 mm a 60 MeV/amu alpha beam could not be extracted. 
After lowering the coil by another 0.4 mm the beam was 
extracted. After the last lowering, a 65 MeV lamu alpha 
beam was extracted. Figure 1 indicates the beams 
developed after the lowering process began. 

2. MECHANICS OF COIL LOWERING 

The coil was lowered to its present position over a 
nine month period. Changing the coil position is fairly 
simple to accomplish, but it must be done with caution. 
The horizontal centering of the coil can give rise to large 
unstable horizontal forces when the field is high. I) As 
described in Ref. [2], the K500 coil is an array of four 
coils wound on a single stainless steel bobbin. An outer 
stainless steel jacket is welded to the bobbin to form the 
liquid helium vessel. This vessel is suspended in a 
vacuum vessel by means of links which include low heat 
conductance fiberglass straps. There are no coil windings 
at the median-plane level, and the whole coil-cryostat 
assembly is penetrated at this level by a number of 
channels for the insertion of the extraction system devices 
and beam probes. If the coil is centered about these 
channels, there is at most 6.3 mm of vertical space above 
and below the channels into which the coil can be either 
lowered or raised. It is imperative that these channels, 
which are formed by tubes welded to the vacuum vessel 

walls, not support any of the weight of the coil. After 
lowering the coil by each 0.2 mm increment, the link 
strains were checked to make sure the links were still 
supporting the entire weight. The first indication of the 
coil approaching the channels might be excessive LHe 
consumption by the cryostat as the super-insulation 
between the coil and the channels is crushed, causing a 
heat leak. After each 0.8 mm increment, the coil was run 
at full field and the horizontal links were adjusted to 
balance their strains. No cold spots have been observed 
on the outer cryostat wall ; and the LHe consumption has 
remained low. 

3. RESULTS AND ANALYSIS 

Since the performance of the cyclotron has improved 
with each incremental lowering of the main coil, the 
observation is that the magnetic mid-plane of the coil must 
have been at least 3.4 mm above the magnetic mid-plane 
of the steel poles. In this case there is a sufficient 
downward force on the beam at many radii to move it to 
the level of the lower probe finger. This force is due to 
the off-mid-plane, radial component of the coil magnetic 
field. The radial component of the coil field and the radial 
field components of the pole fields tend to cancel one 
another at a vertical displacement from the pole mid-plane 
of 

(1) 

Here R is the radius, BT is the total field strength at R, 
aBelar is the radial gradient of the mid-plane magnetic 
field of the coil, I' z is the vertical betatron frequency, and 
o is the vertical distance the coil is offset from the steel. 
The quantity Z/o is ploUed vs. R in Fig. 3, along with I' z 
and the phase of the beam for the 30 MeV lamu 14N5+ 

beam. 
14 5+ 

N @ 30 MeV/a .m .u . 

3 .0 ,------r-----r--,---,----r----, 

2.5 

o Z/ 6 

2.0 

• V z 1.5 

1.0 

"' Sin rp 
0 .5 

0.0 

-0.5 '-----'----'---'-----'----'------' 
o 5 10 15 20 25 30 

Fig. 3. Beam properties for a 30 MeV/amu 14N5+ beam. 
Using field maps the vertical betatron frequency (I' ;Y and 
the vertical median plane offset (Z/o) are calculated using 
the sine of the beam phase (sin ¢) as input. 
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The sudden increase in Z/o near R=24 in. matches 
well with the abrupt disappearance of the beam near the 
same radius. For beams with higher fields I' z decreases as 
the hill-to-valley field difference decreases. Thus Z/o 
increases for both higher 'Y and for higher BT. Near 
R=24.5 cm, I' z experiences a decrease for all beams since 
at this radius a gap occurs between the hill steel and its 
continuation in the inner cryostat wall. 

bottom finger 

25 
R 

Fig. 4. Intensity versus radius for the top (a) and bottom 
(b) fingers of the beam probe. The main coil position was 
2.7 mm below the position for which the magnetic fields 
were mapped. 

Figure 4 shows plots of I vs. R taken with the three
finger probe for the preceding beam after the coil had been 
lowered by approximately 2.7 mm. The appearance of the 
beam on the bottom finger can be roughly, but not 
entirely, correlated with Z/o. The large amount of beam 
hitting the bottom probe finger at R=23 in. corresponds 
to a local increase in Z/o, but the beam is seen to hit the 
bottom finger at R=24.5 in. only for a much higher coil 
position. 

Another effect observed with the coil lowering is the 
lowering of the deflector voltage required to extract such 
beams as 35 MeV lamu 14Ns+. Originally, a first deflector 
voltage of 65-67 kV was necessary. At present, the 
voltage is approximately 10% lower since the deflector is 
able to be positioned at a larger radius and at a less steep 
angle. The field maps have been largely unaffected, and 
indeed are more predictive now that the beam is closer to 
the median plane. Overall, the coil lowering has been a 
major success with the subsequent development of beams 
such as 65 MeV/amu deuterons, 50 MeV/amu I2C5+ and 
40 MeV/amu 63CU21+ , and it has represented a major step 
in approaching the 80 MeV lamu focusing limit of the 
Texas A&M K500. 
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BEAM TEST RESULTS USING THE AUXILIARY ACCELERATING CAVITY 
R.E. Laxdal, G.H. Mackenzie, L. Root 

TRIUMF , 4004 Wesbrook Mall , Vancouver , B.C. , Canada V6T 2A3 

A bsimci 

A )../4 , 92 MHz cavity is now operating in the TRIUMF 
cyclotron. The device, when operating at 50 kW and at 
a peak voltage of 140 kV , increases the energy gain per 
turn from 0.32 MeV to a maximum of 0.60 MeV in the 
370-520 MeV range . This reduces electro-magnetic strip
ping losses from 8% to 5% and lowers the beam induced 
tank activation by ~ 1/3. The cavity allows other modes 
of operation. In particular the cavity has been phased to 
oppose the fundamental rf to produce a localized flattop in 
the energy gain, stabilizing the precession pattern during 
resonant extraction. When the power is increased in flat
top mode the corresponding strong phase expansion has 
been observed to split the longitudinal phase band into 
two bunches. In principle, additional cavities could further 
sub-divid e the extracted beam time structures. 

1. INTRODUCTION 

The auxiliary accelerating cavity (AAC) has been de
scribed elsewhere [1] [2]. The cavity operates at the fourth 
harmonic (92.24 MHz) of the main rf frequency and con
sists of a trapezoid of dimension ),,/4 radially and j3)"/2 az
imuthally, so that the orb iting ion receives two acceleration 
impulses on each passage (Fig. 1). The peak accelerating 
voltage rises sinusoidally with radius , covering the energy 
range from 370-520 MeV . When operated at 140 kV the 
energy gain per turn increases from the present 320 keV 
to a maximum of 600 ke V. 

The 500 MeV TRIUMF cyclotron routinely accelerates 
150 ItA of H- ions. Electro-magnetic (e-m) stripping losses 
rise rapidly from 0 to 8% in the region from 400-500 Me V. 
Gas-stripping losses total ~5% for a typical tank pressure 
of 5 x 10-8 torr and are spread roughly uniformly through
out the machine with stripping cross-sections scaling as 
1/j32 and the orbit length per energy increment scaling as 

520 ~ev 

370 MeV L_--r+--~ 
\ 
\ 
\ 

--R 

I 
I 
I 
I 

II Elf II f f QdL 
III 1IIIIm 

Figure 1: Schematic view of the cavity. 

j3. Scraping of vertical haloes on foils defining the vertical 
aperture occurs at various radii through the cyclotron and 
account for a further ~3% of the total circulating current. 
Since activation scales roughly with particle energy, the 
electro-magnetic losses account for ~2/3 of the total tank 
activation. The cavity was originally conceived [3] to im
prove extraction efficiency for H- extraction. However the 
addition of an extra higher harmonic cavity in the outer ra
dial region to reduce losses and/or modify beam behaviour 
was sufficient reason to proceed with manufacture and in
stallation after it was decided to use precessional extraction 
to improve extraction efficiency. [4] 

II. ACCELERATION MODE 

The optimum phase of the cavity is set empirically using 
the time-of-flight (TOF) through the cyclotron as the main 
diagnostic. At the normal operating voltage, 140 kV , the 
TOF is reduced from 329 f.Lsec to 303 f.Lsec , corresponding 
to a reduction of 120 in the total number of turns. Even 
though the cavity operates at the 4th harmonic of the fun
damental rf, phase stability is not a problem since phase 
compression tends to stabilize and damp phase wander. 
Computer simulations prior to cavity testing predicted the 
total losses from gas and e-m stripping as a function of 
particle phase in the region from 350-500 MeV for a tank 
pressure of 1 x 10- 7 torr (Fig . 2). Results for cavity volt
ages of 0, 90 kV and 150 kV are plotted. When the cavity 
is powered a reduction in beam loss is predicted over a full 
40° of phase. 

Loss reduction measurements are shown in Fig. 3 for 
a standard high intensity beam (148 f.LA equivalent at a 
duty factor of 80% and 35° phase width). Plotted are the 

20. I:,U 
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Figure 2: Results of computer s imulations showing expected beam 
loss from gas and elec tro-magnetic stripping as a function of initial 
particle phase in the region from 350-500 Me Y. Losses for cavity 
voltages of 0 , 90 kY and 150 kY are plotted. The gas-pressure was 
lXlO- 7 torr. 
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Figure 3: Experimental result showing extracted current and signal 
from a beam spill monitor external to the cyclotron for cavity off and 
for the cavity on at 140 kV _ The longitudinal phase of the accelerated 
phase band was varied with respect to the cavity rf phase by altering 
the main frequency (100 Hz::::12°) _ 

extracted current and the response from a beam spill mon
itor external to the cyclotron as a function of the rf fre
quency for the AAC off and powered (140 kV). The mon
itor is positioned to be selectively sensitive to e-m losses. 
The rf frequency is varied to scan the longitudinal phase 
band in the cavity region (100 Hz~12°). As predicted the 
cavity reduces losses over a phase interval of ~40°. At the 
optimum phase the beam loss signal was reduced by 40% 
and the overall transmission was increased by 4%. This 
represents a decrease in total losses from 16% to 12% and 
losses weighted for energy from 12% to 8%. This reduction 
would allow a 33% reduction in tank activation for the 
same /-lA-hours or an equivalent increase in the /-lA-hours 
to maintain existing activation levels. 

The time spectrum of the extracted beam is shown in 
Fig. 4. Phase compression forces from the cavity have re
duced the total phase band of the extracted beam from 32° 
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F igure 4: Time structure of the extracted beam with AAC off and 
AAC powered at 140 kV. Phase compression forces from the cavity 
have reduced the extracted phase band from 32° to 18° measured at 
10% of the peak (1 nsec=8.3°). 

to 18° measured at 10% of the distribution maximum. This 
result compares well with the expected reduction gIven 
by [5) 

EGI(Ro)sin¢o = EC1(Rf)sin¢f + Ecm(Rf) sinm(¢f - ¢m) (1) 
m 

where EGl and EGm correspond to the peak energy gain 
per turn from the fundamental and the cavity (m = 4) 
respectively (0.32 MeV and 0.28 MeV in this case), rPo and 
rP J correspond to the initial and final phases with respect 
to the fundamental and rPm is the relative phase between 
the cavity and the fundamental (for acceleration rPm = 0). 

III. FLATTOP MODE 

In general all higher harmonic cavities can combine with 
the fundamental to flattop the energy gain, however as the 
harmonic increases the useful phase width of the flattop 
is reduced. The AAC can serve two functions as a flattop
ping cavity. Firstly the cavity can be run at relatively high 
voltages to flattop the number of turns (TOF) through the 
whole cyclotron to achieve more mono-energetic turns. The 
number of turns through the cavity determines the cavity 
voltage necessary to compensate the cos rP dependence in 
the TOF. Secondly, at a somewhat lower voltage the cavity 
can flattop the local energy gain per turn. This is useful to 
control phase-dependent stretching or coherent growth at 
resonances or increases of the extracted emittance due to 
phase-dependent precession of a stretched emittance. 

To test the first case the longitudinal phase width of the 
beam was reduced from the standard 35° used for high 
current operation, to 5° by phase selection in the centre 
region. The phase band was scanned with respect to the 
accelerating field by varying the rffrequency, and the TOF 
was recorded. In this case the phase change varies in pro
portion to the turn number N yielding a TOF that varies 
with frequency as 

d¢. d¢ 
TOF <X - /sm(N· - ) 

dn dn 
d¢ = 27rh 6.f 
dn f . where 
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Figure 5: Measured TOF curves, after smoothing, for four different 
energies as a function of rf frequency for cavity off dashed curve) 
and cavity on at 47 kV (solid curve). The cavity was phased to give 
the best flattop at 466 MeV. 
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The AAC was powered to flattop the phase dependence 
of the TOF. Fig . 5 shows the measured TOF response at 
various radii within the AAC for the cavity @ 47 kV (solid 
lines) and off ( dotted lines). The cumulative effects of the 
opposing cavity fi eld produce flattening of the response 
curve at only one energy. The variations in the phase of the 
minimum TOF for each curve are due to radial variations 
in the cyclotron isochronism. 

The second type of flattop ping was tested with the 
1l.5 MHz rf deflector (RFD) being used to drive a co
herent radial oscillation at vr =3/2 to initiate precessional 
extraction [4]. The coherent amplitude gained is propor
tional to th e average radial kick and the number of turns 
in the resonance region and varies with particle phase as 
cos( <Pj2)/ cos tjJ, while the rate ofradial advance of the cen
tre of precession (AEO) varies as cos tjJ. Flattopping of the 
local energy gain per turn can be used to equalize both 
the number of turns from the vr =3/2 resonance to extrac
tion and the coherent amplitude growth for a finite phase 
band. The advantages of this equalization are explored in 
another paper in these proceedings [6]. 

The precession of the coherent oscillation can be mea
sured by observing the radial beam density on a differen
tial probe. Peaks in the density plot occur at a position 
where the maximum radial advance for one precession cy
cle has lead to a build up of turns. An experimental radial 
scan is shown in (Fig. 6) for a narrow phase band (tjJo=O) 
and for the same phase band shifted by 24°. Such density 
scans were taken for various rf frequencies corresponding 
to different central phases and were repeated with the cav
ity flattopping at 15 and 30 k V. Stability of the precession 
pattern was characterized by measuring the position of the 
4th precession peak for each case(Fig. 7) . The stability of 
the peak of a 40° phase band improves by more than a 
factor of two when the flattoping voltage is 15 kV. Local 
optimization of the AAC phase should lead to further im
provements. Computer simulations show that when prop
erly phased the cavity should virtually eliminate phase-
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Figure 6: Radial scans using a differential probe showing the beam 
density pattern produced by the RFD for an optimized phase band 
and for a phase band off-set by 24 0

. Phase dependent amplitude 
growth at the I/r=3/2 resonance and a cos if> d ependence in the rate 
of advance of the precession center account fo r the difference. 
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Figure 7: Position of the 4th peak of the RFD induced beam density 
modulation as a function of rf frequency (beam phase) and cavity 
flattopping voltage. 

dependent variations in the precession pattern for the ±20° 
bunch required by the KAON Factory [6]. 

IV. PHASE-SPLITTING MODE 

A cavity operating at the mth harmonic and phased 
to oppose the fundamental (mtjJm = 180°) will expand 
the longitudinal phase band according to Eq. l. For cases 
where the peak energy gain from the cavity exceeds that 
from the fundamental an unstable fixed point occurs in 
phase space at the energy at which Ecm(E) = ECI(E) 
and phase tjJ=O. Particles slightly off-phase skirt around a 
forbidden region defined by 

m· sin ¢ Ecm(E) 
sin m¢ = ECI (E) . 

(3) 

In this case the longitudinal bunch could be split into two 
without loss of beam intensity. This idea could be used 
to furth er split the bunches with additional cavities at still 
higher harmonics, leading to a time structure at extraction 
compatible with a much higher frequency than the funda
mental accelerating frequency [7]. In this study we present 
the results of an experiment demonstrating the proof of 
principl e. 

At the maximum voltage of 140 kV the cavity energy 
gain is less than that from the fundamental (EC4/ ECI = 
0.88). To produce the phase-splitting effect the isochro
nism was shifted from the ideal so that over the radial 
range of the AAC the effective energy gain from the fun
damental was reduced while the AAC was phased to op
pose the circulating beam. The simulation results shown in 
Fig . 8 illustrate how the phase-slipping of the fundamental 
rf can produce phase-splitting. In Fig. 9 we present an ex
perimental result mirroring the simulation of Fig. 8. The 
phase shift of the beam with respect to the fundamental 
is accomplished by adjusting the rf frequency. A final time 
spectrum of the resulting extracted beam compared to the 
time structure with the cavity off is shown in Fig. 10. Com
plete phase-splitting is evident with the two sub-bunches 
separated by 7.6 nsec . 
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Figure 8: Simulation showing how phase-splitting can occur even 
when ECI > E C4 · From top to bottom, the beam is progressively 
slipped in phase with respect to the fundamental rf prior to the cav
ity. In each case the phase of the 4th harmonic cavity is adjusted 
to oppose the beam. In the bottom plot the bunch has slipped to a 
point where the AAC field can overcome the energy gain from the 
fundamental rf and splitting results. See Fig. 9 for an experimental 
demonstration of these simulations. 
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Figure 9 : An experimental result mirroring the simulation result of 
Fig. 8. Shown are the distribution of the beam in longitudinal phase 
space at three different rf frequencies with the phase of the AAC 
adjusted to oppose the beam. From top to bottom, the beam is pro
gressively slipped in phase with respect to the fundamental rf. In the 
bottom plot the bunch has slipped to a point where the AAC field 
can overcome the energy gain from the fWldamental rf and splitting 
results. 
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Figure 10: Experimental result showing the time spectrum of the 
extracted beam with the AAC (EC4(Rj)/Ec dRj)=0.88) phased 
to oppose the circulating beam (solid line) and with the cavity off 
(dotted line). 
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COMMISSIONING OF THE NEW HIGH INTENSITY AXIAL INJECTION SYSTEM FOR GANIL 

Ch. RICAUD, E. BARON, J. BONY, M.P. BOURGAREL, B. BRU 
GANIL - B.P. 5027 - F-1402l Caen 

ani 

R. VIENET 
L.N.S. CEN/Saclay - F-9119l GifIYvette-Cedex 

ABSTRACT 

The "O.A.I." project, now completed, was undertaken 
at GANIL in order to obtain a better transmission efficiency 
and to control the space charge effect with an ECR source 
installed on a high voltage platform. The first 
measurements made with various sorts of ions show that a 
40% to 50% transmission is routinely achieved through the 
injector cyclotron"'COl. From now on, these results will be 
used for the heaviest ions (Pb, Ta, U) for which the stripper 
efficiency is weak. 
The goal is now the production of exotic nuclei with light 
ion beams (C, 0, Ne, Ar), but the full intensity will be 
only allowed when safe operation of the other parts of the 
machine is achieved. 

INTRODUCTION 

This paper is devoted to the commIssIOning of the 
very high efficiency axial injection system of the compact 
injector cyclotron NCO I. 

Figure 1 shows the schematic layout of GANIL. A 
description of their design and construction has already been 
reported (1,2,3,4). 

The first operation (called O.A.E.) was achieved in 
July 89, allowing to increase the energy, the range of 
masses and the intensities (by a factor of 5 to 10), with the 
injector NC02, equipped with its classical axial beam 
transport and a 10 GHz Caprice source. 

The goal of the second step (called O.A.I.), completed 
in June 91 and commissioned in June 92, was to improve 
the transmission efficiency of the injection system of the 
second compact injector NC01, and to obtain beam 
intensities suited to exotic beam production (5,6). 

The main characteristics of the new injection system, 
are the following: 

- A 14.5 GHz ECR ion source (7) has been installed. 
It is the first of a series of three ECRIS already constructed 
at GANIL, the others having been built for HMI and 
CERN. 

Increasing the frequency gives a global shift toward 
higher charge states, and a factor of 2 to 3 on the extracted 
currents is obtained (for instance, 300 eJ.lA Ar9+, 35 eJ.lA 
Ta22+ have been achieved). 

- The injection energy has been increased (50 - 100 
kV) in order to control the space charge effects. 

- A beam transport system from the platform to NCOI 
allows for the 6 dimensional matching of the beam taking 
into account the space charge effects and the different 
couplings between phase planes. 

1. BRIEF DESCRIPTION OF THE 
INSTALLATION 

The details of the installation were given in ref. 3, and 
we will only recall its principles. 

The beam extracted from the ion source is accelerated 
through a DC, 4-electrode column providing directly the 
required injection energy. 

Figure I : Schematic layout of GANIL 
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The beam line between the HY platform and the 
NCOI cyclotron is divided in six sections as shown on 
figure 2. Two main optical functions are carried out : 

- The first one, performed in sections I and 3, concerns 
the mass selection (11250) and the homothetical matching 
of the beam to a transverse focus which is the object point 
for the second part (point 0). At this location, a system of 
3 slits in each plane allows to define the downstream beam 
emittance. 

- The second one, performed in sections 4, 5 and 6, 
allows to control the couplings introduced by the spiral 
inflector (6) and to match the beam at the injection point 
inside the cyclotron. 

Between the inflector and the first accelerating gap, an 
electrostatic quadrupole completes the vertical matching 
(figure 3). 

The bunching is obtained using a "double-drift two 
harmonic buncher"; its two elements are placed on each side 
of point O. 

We chose to accelerate the total beam and to put the 
analyzing section at the ground potential, so that only the 
ECR source and its main equipments (power supplies, RF 
transmitter, and gaz control) are placed on the platform. The 
required area is then rather reduced and can be a simple 
concrete floor (13m2) supported by 9 insulators, with just a 
grounded external enclosure. 

The ECRIS controls (RF, powers, gaz flow 
oven heating, etc ... ) are carried through a Y AX 

. workstation via a first U 135 Siemens automat at ground 
potential, linked to a corresponding one on the platform by 
means of optical fibers. 
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Figure 2 : General layout of the beam line 
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All the difficulties encountered during the first months 
of commissioning, were related to the platform: 

- At first, a lack of experience in such high voltage led 
us to reconsider some ground links and equipment 
protections. 

- Secondly, the new industrial equipments use now 
more and more synthetic caps and cases so that the 
electronic circuits become more sensitive to electromagnetic 
perturbations. The connection between the two automats 
was frequently disturbed and the ECRIS control completely 
lost. . 

- Finally, another critical point is a frequent Penning 
discharge in the first gap. Reducing the emission aperture 
diameter from 20 mm to 7 mm minimizes this effect as 
well as the pollution of the puller. Nevertheless, a 
permanent control of this current is required. 

All these difficulties are now over come, and two 
beams (Ne and Ta) have been delivered to the experimental 
areas. 

\ 

Figure 3 : Central region for the 100 kY injection 

2. EXPERIMENTAL RESULTS 

2.1. Beam transport efficiency 

In the first measurements, the beam transmission from 
the platform to the entrance of the NCOI yoke was only 60 
to 70% in the 60 7r x 60 7r mm.rnrad NCOI acceptance. 

From the on-line emittance measurements at point 0 
(figure 2) computations performed backwards using the 
FOCA code (4) indicate that the initial conditions are not in 
good agreement with the expected ones : the beam is 
convergent at the puller output (20 kY) and the "waist" is 
shifted by about 7 cm towards the analyzing dipole. These 
results confirm the conclusions of the preliminary tests 
carried out with the total direct beam just after the column 
and also the observations made on the ion source test-bench. 

They also show that a large suspicion has to be put on 
the "pepper-pot measurements" which gave us wrong initial 
conditions. 
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Ion HV After analyzing Yoke entrance Beam Comments 
magnet transmission 

(kV) Current Current Emittance 
(e~) (e~) 7rmm.mrad 

Ar8+ 50 322 200 60 x 60 62% (a) 
Ar9+ 300 200 " " 66% (b) 

Xe20+ 63 12 6.5 30 x 30 54% (") 
8.6 60 x 60 72% (") 
9.7 83 x 83 81% (") 
10.0 100 x 100 83% (b) 

Ta22+ 68 33 26 60 x 60 79% (b) (c) 
81 11 9 " " 82% 

0 2+ 67 104 87 60 x 60 84% (b) (c) 

Ne6+ 74 55 45 60 x 60 82% (b) (c) 

(a) : with the theoretical HV distribution on the 4-electrode column -(b) : after adjustment of the HV distribution - (c) : 
emissionaperture diameter: 7 mm (previous value 20 mm) 

Table I. : Beam transmission from the platform to the entrance of the NCO 1 yoke 

On the other hand, measurements also show that the 
total emittance is rather large (over 90% of particles in 
130 7r mm.mrad at 20 kV). By reducing the emission 
aperture diameter from 20 mm down to 7 mm (mainly to 
prevent the perturbation described previously) , the total 
emittance decreases to '" 110 7r mm.mrad and the waist is 
pushed back near the puller entrance. 

Table 1 shows some significant results : by adjusting 
the potential distribution and after reducing the aperture , the 
beam transmission raises to 80-90%. 

2.2. NCOI Injector cyclotron and axial 
injection efficiencies 

The central region geometry and matching conditions 
were determined from beam dynamic studies (1.4). 

They are shown respectively on figure 3 and in table 2. 
The beam matching at the entrance of the first gap is 
obtained with the beam line sections 4, 5, 6 together with 
the bunchers which give the required ± 6° phase extension. 
Theoretically, in these conditions, 68 % of the in itial beam 
could be accelerated and extracted from the cyclotron without 
any losses. 

Er = Ev 

Ll.rmax = ± 2 mm 
Ll.z max = ± 6 mm 

Ll.<Pmax= ± 6° 

= 60 7r mm.mrad 
Ll.r'max = ± 30 mrad 
~'max = ± 0.4 mrad 

Cr.<!J= 3.3 mradr 

f21 = 0 
f43 = - 2.87 

Table 2 : Matching conditions at injection 
(r2J, f43 and Cr~ are the usual correlation coefficients as in 
the TRANSPORT code). 

In the first tests with Xe 2 0 + , A r 5 +, 0 2 + and 
Ta22+ beams injected with a first set of calculated beam 
line parameters, efficiencies of only 30 to 50% were 
obtained. 

More refined calculations taking into account the real 
magnetic field pattern along the injection path (solenoid and 

inflector) gave us a new set of beam line parameters 
fulfilling the same matching conditions. Using this new 
tuning, 66 to 75% transmissions were achieved for a Ne6+ 
beam depending on its intensity. 

These results are summarized in the table 3. The tum 
pattern of the accelerated beam inside the cyclotron are 
shown on figures 4 and 5 respectively for a Ne6+ and a 
Ta24+ beam corresponding to two extreme values of the 
main field level (respectively 0.97 T and 1.4 T). In the case 
of Ta, the monotonous decrease of the intensity (20%) is 
due to a very poor vacuum (1.3 x 10-7 mbar). Taking into 
account this loss, the normal efficiency would be 75%, as 
for the Ne6+ beam. 

IP(\.I\) IP+l~lf#lB 1I'l.1.1 HI: S, /iV1'+, 9~ 14.86.9210<011-111 
l ~ $ .. ! • , II!I~ IfISI,"I~j;I"!l!~ "'" 

.,ntnlI1Jt 
142.8 

111(\.1\) IH IB(\.I\) I HI'" 
l ~ $ t ? • 'll!Il~lfl~I!41Il1~I~llI~ 4. 

Figure 4 : Tum pattern of Ne in the cyclotron 

When the injected beam current is increased (Cf. table 
3, Ne6+ 36 e)JA), the efficiency decreases due to the space 
charge effects but still reaches 66.7%. Of course, in these 
conditions, the tuning of the beam line has to be 
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readjusted: mainly the voltages of the two bunchers and the 
parameters of the sections 4 and 5. 

IP(I)'l) IP+1KHHtIB IKJ. t TAt9t,24."5'5+, 3GI1EVJ1l at ·llG·~ 
~ :l1 4 $ .. 1 $ $ H~I~I:<2I~Ii4lsla'7!~~ iI4 

II. • • • • • • • • • • • • • • • • • • • • • • • 

. n-nl~~mnll~rl 
t42.a 

Figure 5 : Tum pattern of Ta in the cyclotron 

Ions H.V Cal Extracted Efficiency 
Yoke entrance 

(kV) (e~) (e~) 

132Xe2O + 60 2.9 
(30 7r X 30 7r) 

1 34% (a) 

181 Ta22 + 70 20 6 30% (a) 
(60 7r X 60 7r) 

40Ar5 + 75 16 8 50% (a) 
(50 7r x 50 7r) 

1602+ 75 50 22 44% (a) 
(60 7r X 60 7r) 

20Ne6 + 80 16.8 12.6 75% (b) 
(60 7r X 60 7r) (Fig. 4) 

" " 19 13.77 72.5% 
(60 7rX 60 7r) (b) 

" " 36 24 66.7%) 
(60 7r x 607r) 

181Ta24 + 77 9 5 55% (b) 
(60 7r x 60 7r) (Fig.5 ) 

(a) : with initial computed parameters 
(b) : adjustments taking into account the B value 

Table 3 : NCOI injector cyclotron and axial injection 
efficiencies 

2.3. Beam qualities 

The characteristics of the extracted Ne6+ and Ta24+ 
beams were measured. They are equivalent despite the 
difference of the energy and extracted current (J MeV/u, 
24 e)lA Ne 6 +and 0.42 MeV/u 5 e)lA Ta24 +) : 
Er (uncorrelated) .. Ez a; 45 7r mm.mrad 
EL (ll W IW.llctJ uncorrelated) = 87r deg. % 
(withllWIW;;;e ± 1.6%). 

The numerical simulations which have been performed 
gave smaller values (at the last tum, before ejection : 
Er (correlated) = 26 7r mm.rnrad, Ez= 10 7r mm.rnrad, ll<j> = 

± 6°, llWIW = ± 4 x 10-3). 
We have still no definite explanation for these 

discrepancies, we can observe on figures 4 and 5 a difference 
between the theoretical and measured positions of the 
successive turns associated with an amplitude modulation. 
These patterns can be explained by an error of;;;; 35 rnrad on 
the injection angle fa which will have to be corrected. 

3_ CONCLUSION 

The NCOI injector was connected to the SSC's and 
two beams, Ta and Ne, have already been used for 
experiments. For 5 and 3 days respectively, 4 e)lA of Ta24+ 
and 24 e)lA of Ne6+were extracted from NC01, 50 to 60% 
of these beams suitable for further acceleration through the 
SSC's. The stability and the availability of these beams on 
the target were excellent. 

Two main conclusions can be drawn from the results: 
- Concerning the available intensities out of NCO 1 we 

obtain for the heaviest ions at least a factor of 10 higher 
than with NC02, which was one of our goals. 

- Concerning the very high intensities needed for 
exotic ion production either by fragmentation of by the 
ISOL method, we are still faced with the large emittances of 
the beams extracted from NCOI. The large values of 
transverse emittances (a; 40 - 50 7r mm.rnrad) and of the 
energy dispersion (a; 1.5 %) do not fit the SSC's acceptance 
for an acceleration with manageable losses. 

Therefore, we will have either to cut in the beam in 
front of SSC lor, better, to understand and cure the causes 
of these large emittances. 
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A FORMULATION OF SPIRAL INFLECTOR DESIGN 
AND 

ITS APPLICATION TO SF CYCLOTRON 

M. Sekiguchi, Y. Shida, Y.Ohshiro, M. Fujita, 
T. Yamazaki, N. Yamazaki and M. Nishiguchi 

Institute for Nuclear Study, University of Tokyo, 3-2-1 Midori-cho, Tanashi-shi, 
Tokyo, 188, Japan 

ABSTRACT 

Ion trajectories through a spiral inflector are ana
lyzed. In the case of a uniform magnetic field, it is shown 
that the central trajectory can be expressed as a simple 
analytical form, which includes all the inflector types al
ready known. By using a curvelinear coordinate along 
the central trajectory, the equations of motion of non
central ions are modified to describe the ion motion in 
the transverse and longitudinal planes. A method is pre
sented to expand the electric potential around the central 
trajectory to calculate the electric field to be used in the 
equations of motion. In the method, an electric potential 
thus obtained is used instead of the electric field, which 
guarantees the energy conservation of the ions through 
the inflector. Numerical studies have been carried out for 
design of an inflector for the SF cyclotron at the Institute 
for Nuclear Study, University of Tokyo. 

1. INTRODUCTION 

With advent of excellent external ion sources, such 
as ECR sources for heavy ions, more cyclotrons are 
equipped with them. Most cyclotrons are designed re
cently from the beginning to employ only them. It has 
been proved that the ions are most effectively injected 
along the main magnetic field of the cyclotron into its 
center. They must be deflected into the median plane 
in order for them to be accelerated successfully in the 
cyclotron. 

In the early stage of the development of the mod
ern cyclotron, many studies have been carried out for 
devices to inflect the ions injected along the main mag
netic field into the median plane. 1- 4) Nowadays, most cy
clotrons employ a device called a spiral inflector 2,3,5,6) or 
an electrostatic mirror. 8) It is essential that a good op
tical device should be employed to accept ions effectively 
from the ion source. 

A spiral inflect or for ions may be defined as a device 
with a pair of electrodes which produce an electric field 
always perpendicular to the velocity of the ions mov
ing in a given magnetic field. The ion velocity at its 

entrance is parallel to the magnetic field, while at its 
exit the velocity should have been turned into a direc
tion perpendicular to the magnetic field. Although it is 
not evident whether such a device generally exists in any 
given shape of magnetic field, spiral inflectors can be ac
tually manufactured for cyclotrons, in which the main 
magnetic field is along the initial ion velocity, whereas 
the final ion velocity should be in the median plane of 
the cyclotron. 

In this paper, firstly, the central trajectory of an ion 
through the spiral inflector is reviewed by using a uni
form magnetic field approximation. Secondly, the equa
tions of motion for the non-central ions are modified in a 
curvelinear coordinate with the central trajectory as the 
reference curve to integrate them numerically. Thirdly, 
trajectory as the reference a method to expand the elec
tric potential prod uced by the inflector electrodes around 
the central trajectory is presented. These formulae are 
applied to study the inflector design for the SF cyclotron 
at the Institute for Nuclear Study. 

2. CENTRAL TRAJECTORY AND CENTERING 
OF THE CYCLOTRON ORBIT 

The equations of motion of an ion wi th mass m and 
charge e, moving in a magnetic field B and electric field 
E with velocity v, can be written as 

t' = Ke - Fn + [t x b], (1) 

where the prime designates differentiation with respect 
to the length s along the orbit, b is the magnetic curva
ture vector, 

mv 
B=-b, 

e 

K and F are the electric curvatures, 

mv2 

E = -(Ke - Fn), 
e 

t is the tangent unit vector, e and n are unit vectors 
perpendicular to t and n = t x e. 
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We will find solutions of the equations of motion by 
using t, e and n. The other two vectors should satisfy 
the following simultaneous equations 

e' = - K t + Gn + [e x b] 

and 

n' = -Ge + Ft + [n x b], 

together with Eq.(l). The curvature G is also a function 
of s. K and F determine the bending electric field and 
G determines the rotation of the electric field along the 
traj ectory. 

By definition, the electric field acts just as the mag
netic field or vice versa so long as the central trajectories 
are concerned, since it exerts force in the perpendicular 
direction to the ion velocity. This fact is incorporated 
into these equations. If the magnetic field distribution b 
and the functions K, F and G are given as functions of 
position of the ion, we can integrate above three equa
tions to obtain the central orbit. 

In the case of a uniform magnetic field B, it can be 
shown that the equations have simple solutions contain
ing only trigonometric functions in the case 

K = C., F = C, sin 0:', G = - C, cos 0:' 

and 
0:' = Cos + 0:'0, 

where Ce and C, are constants specifying the electric 
curvatures and 0:'0 is a constant determining the phase 
of the rotation of the electric field. Let us introduce 
the following notation: Ro = (1/B)J2mVd/e, Rm = 
..JK:Ro, Cm = l/Rm , and Ki = Vi/Vd, where Vi and Vd 
are the injection voltage and dee voltage, respectively. 
The strength of the electric field is given by 

v: { 2 2· 2 ( )} 1/2 E=2i Ce+C,sm Cos+O:'o . 

This solution contains all of the types of the spiral 
inflectors so far studied in addition to new ones. With 
our notation, they are as follows: 

normal 2 ) 

slanted 2) 

hyperboloid 3) 

paraboloid ~) 

Co ::f 0, C, = 0, 0:'0 = 0 

Co ::f 0, C, ::f 0,0:'0 = 0 

Co = Cm /J6, C, = -Cm /2, 0:'0 = 0 

Ce = Cm /2, C, = -Cm /2, 0:'0 = o. 

It is known that the hyperboloid and paraboloid has no 
free parameters, while normal has one free parameter 
and the slanted has two free parameters. In the general 
case described above, we have three free parameters, C., 
C, and 0:'0 in general. In the normal case, the strength of 
the electric field is constant along the trajectory and so 
is the gap between the electrodes. Among many possi
ble combinations of parameters, we should note the case: 
Ce = 0, c, ::f 0 (let's call this parallel, since the electric 

field is constant and the electrodes are parallel even if 
they are twisted). When 0:'0 = 7r /2, this solution is the 
same as the slanted, except that the axis is rotated by 
7r /2, but we can choose 0:'0 at will according to the re
quirement. This solution has also a constant gap and 
still has another free parameter. 

After exit of the inflector, the ion orbit should be 
centered appropriately for further acceleration. In a sim
ple approximation of a uniform magnetic field and the 
narrow-gap limit of acceleration, the tangent at the in
flector exit should be the tangent of a circle with radius 
Rm. The center of this circle should be located prop
erly for further acceleration in the cyclotron. This re
quirement determines one of the three parameters or the 
injection voltage. 

3. OPTICAL PROPERTIES 

For the non-central trajectories, we trace the ion or
bits in a curvelinear coordinate system referring to the 
central trajectory as the reference curve. As in the the
ory of particle accelerator with large dimension, it is con
venient to separate particle orbit in the transverse and 
longitudinal directions. For this purpose, let's introduce 
a vector in the transverse plane 

q = T - Te 

such that 
q·t = o. (2) 

In order to trace the ion motion along the reference curve, 
let's introduce another vector 

dT 
P - --t 

- du ' 

which describes the difference of the ion velocity with 
respect to the reference one. The quantity u has a di
mension of length, u = vt, where v is the velocity of 
the reference ion and t is the time elapsed after enter
ing the inflector. It is a function of s and corresponds 
to the flight time of the non-central ion in question. By 
differentiating Eq.(2), we obtain the equation for u: 

, ). 
u = , 

1 + p. t 
(3) 

where 

). = 1- (t'. e)(q· e) + (n'. t)(q· n). 

With these vectors, we can rewrite the equations of 
motion in the following form: 

q' = u'p + (u' - l)t (4) 

and 

p' (u' - 1) {Ce + [t x be]} 
+ u' {(C - C c) + [t x (b - be)]} + u'[p x b], 

(5) 
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where the suffix c refers to the central trajectory and C 
is the electric curvature vector. It is easy to rewrite these 
vector equations into those for the components (q.,qn) 
of q and (Pe, Pn, PI) of p. 

Up to present, we have not assumed that the mag
netic field is uniform. If the magnetic and electric field 
distributions are given in the space and the central tra
jectory is given, we can integrate these equations to cal
culate the ion trajectories of non-central ions. 

The energy conservation is easily verified in these 
equations if we use appropriate electric potential and 
electric field described in the next section. It should be 
noted that the longitudinal electric field appears for the 
non-central ions that are absent on the central trajectory. 
In the calculations using these equations, we can use the 
energy conservation as the checks for the calculations at 
each step of integration. When calculating transmission 
efficiency or acceptance of the inflector, we can check if 
an ion hit the inflector electrode or not by looking at the 
electric potential at each point in question. 

4. ELECTRIC FIELD AND SHAPE OF ELEC
TRODE SURFACE 

Since we are using a curvelinear coordinate moving 
with the central trajectory, the electric potential becomes 
somewhat complicated due to the twisting of the refer
ence curve. In the transverse plane, the relation of the 
electric potential and the electric field is as usual: 

and 

fJ¢i 
E·e =-

fJqe 

fJ¢i 
E·n=--. 

fJqn 

In the longitudinal direction, the electric field is given by 

E·t = 

The Laplace equation then becomes 

We can expand the potential ¢i around the central 
trajectory as a power series of q by using a polar coor
dinate (q, 8) in the transverse plane: 

where 

an and Cnkm are complex functions of s, and m is an odd 
or even non-negative integer as n is. Note that the fac
tor qneinB is a solution of the Laplace equation when the 
reference curve is a straight line. The coefficient ao must 
be independent of s since the electric field is perpendic
ular to the reference curve and al is determined by J( 

and F. The other coefficients an introducing the 2n-pole 
electric potential are free parameters for the shape of the 
inflector electrodes. 

It should be noted that this expansion is only valid 
near the central trajectory: it is valid for small Cmq, Ceq 
and Ctq. 

5. DESIGN STUDY FOR THE INS SF CY
CLOTRON 

The SF cyclotron9 ) at the Institute for Nuclear 
Study, University of Tokyo, has been using a mirror to 
deflect the ions both from a polarized-ion source and 
from an ECR ion source. lO ) The cyclotron was designed 
and constructed to be used mainly with internal PIG 
sources. The transmission through the vertical injection 
line is not good( 1-5 %), which is the main motivation of 
the present study. It is an ordinary A VF cyclotron with 
an extraction radius of 730 mm. Usually it employs a 
constant orbit acceleration with 250 turns up to extrac
tion: thus Ro = 33 mm. The dee voltage used for usual 
operation lies in the range 20 - 60 kV. Since the magnetic 
field is uniform within 0.5% in the region of interest, the 
uniform field approximation may be adequate. 

Numerical calculations have been carried out by us
ing the polynomial expansion of the potentials up to 5th 
order in qCm, qCe and qCt. Four types of potentials 
have been generated: two deflector types in e and n di
rections, two quadrupole types with hyperbolic shapes. 
The equations of motion, Eqs.(3-5), were integrated nu
merically for each ion starting at a point generated ran
domly in the phase space. The Monte Carlo calculations 
were performed for each combination of these potentials. 

The numerical values of the potential thus obtained 
show distortion of the electrode surfaces due to the twist 
of the central trajectory. In the case of the normal type 
with a value of V; = 0.3, radii of the magnetic and elec
tric curvatures are 18 mm and 41 mm, respectively, the 
surfaces of the electrodes deviate from a straight horizon
tal line by about 0.5 mm at a point 5 mm apart from the 
central trajectory. Conversely, if we machine the elec
trode surface as a straight line in this case, considerable 
strength of the quadrupole and/or higher-order compo
nents of the electric potential is introduced inevitably at 
the edges of the electrode width, although it is not clear 
that these components improve or deteriorate the optical 
properties. 
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It was found that the parallel type has large freedom 
for choosing the injection voltage: Vi changes widely by 
changing ll!o for a given path length as shown in Fig.I. 
Note that ll!o = 90° is equal to the normal case. In 
our cyclotron, the injection energy of the ions must be 
varied widely, since the injection voltage is proportional 
to the dee voltage once the inflector structure is fixed. 
This point is an advantage of this type, because more 
ions with better emittance can be extracted usually from 
the ion sources and the ions with higher energy are less 
affected by disturbance such as stray field during the 
beam transport. 

0.8 

0.7 

'" 0.6 
'" o 
~ 0.5 
> 

~ 0.4 
"-
'" '" .'00.3 
"0 
> 
~ 0.2 
u 

~0.1 

path length 
o 0 : 64 mm 

•• : 43 mm 

60 90 
Phase Angle (deg) 

width: 10 mm 
gap: 6 mm 

~o 
)( 

2.0 B 
o 
~ 
E 
..s 
'" u 

- 1.0 ~ 
c-

'" u 
u 
« 

Fig. 1. Ratio of the injection voltage to the dee 
voltage and acceptance as a function of 0'0 for the 
two different cases of the path length. 

In the figure, the values of Cf were so changed that 
the path length has two different values of 64 mm and 43 
mm for each ll!o. The former is a realistic value having 
a height of about 40 mm and the latter, having a height 
of 30 mm, seems too small in our case. 

Acceptance is also shown in Fig.1, calculated by the 
Monte Carlo method mentioned above. A waist with a 
radius covering the physical aperture and with an angu
lar spread of 100 mrad was assumed for the beam at the 
entrance. It can be seen that the acceptance depends lit
tle on ll!o, which allows us to select an adequate injection 
voltage without affecting the acceptance. 

As expected, calculations show that acceptance is 
primarily determined by the path length of the central 
trajectory. The values of the acceptance shown in Fig.1 
appear to be large enough, but calculations show that 
the two transverse motions and the longitudinal motion 
are highly coupled in the inflector that the transmission 
should be calculated for individual design of the inflector. 

For simplicity, we have determined to start from the 
simplest type of the inflector, the normal type. 

6. SUMMARY 

The formulation of the central trajectory described 
In this paper can classify and compare several kinds of 

inflector types already known in the uniform field ap
proximation. It can be used for compact-type cyclotrons 
in which the magnetic field is almost uniform in the cen
tral region of the cyclotron. It can be modified or used 
as a starting point of estimation also for separated-sector 
type cyclotrons in which the field changes considerably. 
It should be noted that the three free parameters allows 
us to choose a best central orbit for a specific requirement 
at a cost of difficulty of machining. 

Our formulation of the non-central orbit is more 
transparent than those of other works by guarantee
ing the energy conservation, when used with appropri
ate electric potentials. However, we don't believe that 
we have clarified the optical properties sufficiently by 
present numerical calculations because of the inherent 
complexity of the problem. Further numerical studies 
seem to be necessary. 
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PRELIMINARY DESIGN OF A NEW CENTRAL REGION 
FOR THE LNS SUPERCONDUCTING CYCLOTRON 

M-H MOSCATELLO 
Laboratorio Nazionale del Sud, Catania, Italy 

ABSTRACT 

This paper presents the preliminary design of a new 
central region for the LNS superconducting cyclotron, for 
the h = 2 mode, and with the use of a spiral inflector. 
The geometry of the electrodes has been determined by 
three dimensional calculations, and will be verified later 
on by electrolytic tank measurements. The results con
cerning the vertical motion and the radial envelopes are 
also presented and show that the emittances of a beam 
injected via a spiral inflector fit the acceptance of the 
cyclotron. 

1. INTRODUCTION 

A new central region for the LNS superconducting 
cyclotron is under study, with a spiral inflector which 
presents several advantages with respect to the mirror in
flector, used in the previous design.!) The central region 
design has been optimized for the h = 2 mode, corres
ponding to the energy range 8 MeV / A to 100 Me V / A, 2) 

and is foreseen to operate in a constant orbit mode. The 
present dees are machined down to the radius of 9 cm and 
must be designed from this radius inwards. All the design 
calculations were carried out for the ion with Q/ A = 0.5, 
Bo = 31.3 kgauss, f = 48 MHz, which corresponds to a 
final energy of 100 Me V / A. This ion corresponds to the 
highest voltages of the dees and of the ECR source. To 
get the constant orbit mode for other ions, it will be 
sufficient to apply a factor proportional to the product 
ffip. 

2. CHOICE OF THE SPIRAL INFLECTOR 

The spiral inflector has been chosen for the many ad
vantages it presents when compared to the others (elec
trostatic mirror and hyperboloidal inflector): 

- the electrostatic mirror deteriorates too much the 
incident beam properties; 

- the hyperboloidal inflector does not enable an in
jection on the axis of the machine, which is very inconve
nient for a superconducting cyclotron, and has only one 
variable parameter, the magnetic curvature; 

- the spiral inflector occupies little space and has 
two variable parameters (magnetic curvature and "slant" 
angle). Its drawback is nevertheless a difficult machining. 

For the design of the central region, the initial con
ditions, that is the conditions at the exit of the inflector, 
are the theoretical ones, obtained from the fundamental 
equations: 3 ) 

position: 

velocity: 

x = 2KA Sill(K7f) - A 
y = -2KA cos(K7r) 
z = 0 

V x = V (> sinOcos(2KO) 
Vy = Vo sinOsin(2KO) 
Vz = - Vo cosO 

with the usual definitions of K and A. 

(1) 

(2) 

The condition at the exit of the inflector is that 
V z = 0 (corresponds to O=7f /2) and from the study made 
in Milan4 ): 

K = 1.1, A = 20.24 mm, V electrodes = ±5 kV 

Vinj (source voltage) = 20 kV for Q/A = 0.5 

which produces the following conditions: 

r = 1.41 cm, Pr = 330 mrad, Eo = 0.01 MeV/A. 

The radial space occupied by the inflector and its 
shielding has been chosen equal to the MSU's one. S

) 

3. ELECTRIC FIELD AND ORBIT CALCULA
TIONS 

The electric field calculations have been made with 
RELAX3D.G) A cubic mesh, lUlll1 size, covering a region 
of 160x160 mm in the X and Y horizontal directions and 
17 mm in the Z vertical direction has been used. Starting 
from spiraled dees down to the radius of 1 cm, several 
geometries have been tried, and tested with the central 
orbit calculation made with the dynamics program 
CYCLONE 3D.7) The geometry retained is presented in 
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Fig. 1. Central region geometry and central orbit 

7 

All the electrodes on the dees and on the dummy
dees cross the median plane. The grounded electrodes 
should be sufficient to obtain low couplings between the 
dees.The electric gaps are all equal to 10 mm mini
mum,in order to have an electric field always smaller than 
100 kV /cm. 

A calculation of the central orbit was made with an 
injection voltage of 15 kV instead of 20 kV, and the off
centering is of the order of 2 nUll, an acceptable value 
when the source is operated at a lower voltage. 

The starting phase of the beam is in advance of 40 0 

on the RF phase, to compensate the delay taken in the 
first half turn. 

4. RADIAL AND VERTICAL MOTIONS 

4.1. Radial motion 

The radial phase space study has been made for an 
emittance E = 1007rnull·mrad,greater than the emittance 
transmitted by a spiral inflector. Figure 2 presents the 
trajectory of this beam, where it appears that the mini-

mum clearance of the whole beam is of 1 11Ull. 
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Fig. 2. Trajectory of a beam with a radial 
emittance of lOO7r mm·mrad 

5 7 

The beam is represented by 8 particles of a radial 
ellipse obtained froIll the eigen-ellipse and then traced 
back to the centre of the cyclotron, and 2 particles dis
tant ±200 RF from the central particle(Fig.3). 
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Fig. 3. Trajectory of the central particle and 2 
particles distant of Ill/! = ±20° RF. 

7 
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The evolution of the beam in the radial phase space 
during the first turns is presented in Fig. 4. 
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Fig. 4. Evolution in the radial phase space 

4.2. Vertical motion 

The vertical motion has been studied for an emit
tance f = lOO1l'mm'mrad, and a total height of the beam 
equal to 4 mm at the exit of the inflector. To get a suffi
cient vertical focusing during the first turn, some vertical 
reductions have been added at the locations indicated in 
Fig.5 (horizontal hatched areas). In these places the ver
tical gap is of 14 mm instead of the nominal 25 mm. The 
vertical focusing is rather sensitive to the starting phase. 

These radial and vertical emittances accepted by the 
central region do not take into account the correlations 
which could be added by the structure of the injection 
line. When the injection line is designed as well as the 
inflector, more calculations will have to be made to know 
the real acceptance of the central region. 

4.3. Beam centering 

The beam centering has to be improved by a few 
mm, being up to now of the order of 5 mm at the radius 
r= 18 cm, by sligh tly modifying the shape of the dees near 
the centre. Indeed such a value cannot be accepted; lIr 

being close to 1, this leads to a substantial increase in the 
radial dimension of the beam. Of course the harmonic 
1 coils can be used to re-centre the beam, but must be 
considered as a fine adjustment tool. 
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Fig. 5. Central region with the vertical reductions 

5. CONCLUSION 

This preliminary design shows that the mam re
quirements are reached, although the beam centering 
must be refined. This work will be followed by a precise 
calculation of the spiral infiector, with the program RE
LAX3D, including a fine modelization of the infiector RF 
shielding, and the construction of a model. Meanwhile, 
it is intended to build a model of the central region to 
proceed to electrolytic tank measurements, and to verify 
that the coupling between the dees at the centre is low 
enough. 
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NON-LINEAR BEAM TRANSPORT EFFECTS IN HIGHLY CHARGED POSITIVE ION 
BEAMS EXTRACTED FROM ECR ION SOURCES 
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ABSTRACT 
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a central core and a high divergence tail. Similar 
measurements have been made on other ECR ion 
sources[2,3] . The 90% emittance is 245mm . mrad, 
but there is an equal emittance in the 10% inten
sity tail. The 90% and 100% intensity emittances 
for Argon 2+ through 10+ ions are shown in Fig. 2. 
The emittance increases with Q, while the inten
sity decreases with Q. In each case, fully 1/2 of the 
emittance is in the 10% intensity tail. (To make 
such large emittance measurements, the analysis 
slits have been fully opened.) 

I 

Ar IO+ 

10 kV 

0.01----' 

40 

x' 
(mrad) 0 1=90% 

Using ECR ion sources, heavy ions with charge 
as high as 39+ have been injected directly into 
cyclotrons at intensities of a few hundred nanoam
pheres, as well as nearly fully-stripped light ions at 
intensities of a few hundred microampheres for cyc
lotron or synchrotron injection. These are not ion 
beam intensities normally considered to be space 
charge dominated. However, experimentally it is 
observed that both extremes- highly charged ions 
at low intensities and low charge ions at high inten
sities, exhibit sharp non-linear emittance growth in 
beam transport systems. In extreme cases, the over
all beam transmission has actually been observed to 
decrease sharply with increasing beam intensity[l]. 
A correct interpretation of this emittance growth, as 
being a direct consequence of a non-linear growth 
in the beam envelope due to space charge forces, 
will be demonstrated using theory, simulations and 
experimental measurements. For proper match
ing of ECR ion source beams to accelerators, an 
aberration-free maximum beam intensity must be 
built into the beam transport system. €=245 mm'mrad 

-40L-__ -L ____ L-__ ~ __ ~~ __ ~ ____ ~ __ _J 

1. RTECR EMITTANCE MEASUREMENTS 

Emittance measurements on the RTECR at 
NSCL can be made in either transverse coordinate 
before or after the analysis magnet. We have made 
2D 'pepper pot' emittance measurements at each lo
cation, but we find a 'wire scanner' measurement at 
a single M/Q, after analysis in the dispersion plane 
of the dipole, to be most useful. Such an emit
tance measurement for Argon 10+ ions is shown in 
Fig. 1. This measurement shows an emittance with 

-30 -20 -10 o 10 
X (mm) 

20 30 

Fig. 1. The emittance of Argon 10+ ions. The 90% 
current level includes only about one half of the total 

emittance. 

2. THEORETICAL ANALYSIS 

Heretofore, ECR ion source beam emittance 
measurements like those in Fig. 2. have resisted 
explanation. The first question then is, how large 

40 
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Fig. 2. Both 90% and 100% current level emittances 
are shown for Argon 2+ through 10+ ions extracted 

from the RTECR ion source. 

In ECR sources, ions are extracted from the 
approximate maximum of the exit magnetic mir
ror, in a circular aperture of radius a. ECR ion 
sources have 3D minimum B magnetic structures[4J, 
and in the RTECR, this is obtained through the su
perposition of a 30cm bore SmC05 hexapole with 
a warm bore tandem magnetic mirror[5J. Since 
a=0.8cm for the RTECR, A = A¢>(r, z)¢ is valid 
within the radius of the extraction aperture, the 
hexapole notwithstanding. 

To estimate the emittance analytically, one as
sumes that the electrostatic potential has azimuthal 
symmetry, including both the extraction fields and 
the beam space charge, and that in the LEBT, the 
positive dc beam intensity neutralizes. One can 
show that the maximum emittance is determined 
by ions starting at the maximum starting radius 
r=a. Further, taking J(Q ~ QVex , and introducing 
a thermodynamic temperature TQ, we may write 
the transverse emittance as 

There are two limiting cases: 

Hot Ions E c::::: a (2~tex) 1/2 (2) 

(3) 

150 

~ 
<Il 100 S 
a s 
'-" 

"" 

50 

o 

ra = 4.0 mm 

Ti = 0 

0.30 
Bz - 0.25 T 

0.20 

5 10 
q 

15 20 

Fig. 3. Theoretical emittances of argon ions extracted 
from the RTECR, in the cold ion limit, for various 

extraction voltages and magnetic fields. 

The measured thermal energy of ions extracted from 
the RTECR is about 6eV X Q [6], and hence high 
ion energies are not sufficient to explain the large 
measured emittances, so we cannot take the hot ion 
limit of Eq. 2. 

Figure 3 shows the magnetic field and extrac
tion voltage dependence of argon ion beam emit
tance for Ti = 0, the limit of Eq. 3. At 10 
kV, and Bz(a,o) = 0.25T, the predicted emittance 
is70mm . mrad for Ar10+. The experimental num
bers (from Fig. 2) are, in comparison 245mm·mrad 
for the core, and 500mm . mrad when including the 
tail, about seven times larger! 

The acceptance of the RTECR beam transport 
system is 200mm . mrad in both transverse planes 
[7J, but the measured emittances exceed this design 
acceptance. Therefore, aberrations may be caus
ing an emittance growth -but what is driving the 
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aberrations? 

Vex=10 KY. Vp=O KY. Rm=4. mm. Ra=4. =. Bz=.251 T. He1+ 

e 
s 

100 

80 

60 

.. 40 

20 

215 150 

Fig. 4. As the maximum divergence increases with drift 
distance z, the beam envelope radius must increase 

with Z2. This is a significant effect, even for short drift 
distances, for high space charge beams. 

Beam simulations with BEAM3D [8J do explain 
the measured emittances if we assume that there is 
zero neutralization of the extracted beam, as we will 
demonstrate. It is useful first to review how this is 
possible. When we view the dc beam as an ensemble 
of ions, then the total radial space charge force is a 
summation over all particles. It can be shown that 
the transverse divergence Q.l. for an ion on the edge 
of a drifting azimuthally symmetric beam is 

Eq. 4 shows that the beam surface will have 
a constant maximum transverse divergence if the 
space charge force is zero, that is "£(Ii!Vzi) = O. 
This is of course the normal assumption in the 
LEBT design for ECR sources. However, with space 
charge, the maximum beam divergence has a strong 
dependence on the beam intensity. To determine 
the beam radius dependence on drift distance, we 
integrate Eq. 4 once with respect to r, and find 
that 

T[PJ(1 1) Q (Ii)]-1/2 1 - - -- + --In - dr = t (5) 
Tm M2 r;, r2 7r M fo Vzi 

There exists no analytical solution for the left side 
of Eq. 5, but numerical integration techniques can 

be used to estimate the integral. Let r = rm +x and 
assume that x is small (i.e., a short drift distance). 
We have, after performing the integration 

1 [ 2PJ Q Ii ] Z2 
r - rm = - -2-3- + L:( -) v2 4 M rm 7rMform Vzi z 

(6) 

Figure 4 shows the growth of a H e+ ion beam 
envelope for various intensities. In a 1 meter drift, 
there is a 4-fold increase in beam radius for a 1 
emA H e+ beam over a beam with zero net space 
charge. The consequence of this non-linear radial 
space charge induced growth is that the beam ex
pands faster than would be the case assuming a con
stant maximum divergence. 

4. SPACE CHARGE AND HELIUM 1+ 
TRANSIT OF THE FIRST FOCUSSING 
SOLENOID 

To study the radial space charge question, 
we simulated the beam formation process in the 
RTECR with BEAM3D, through the transit of the 
first focussing solenoid, up to the entrance of the 
analysis dipole. To study the extraction from the 
RTECR, we use H e+ beams of various intensities. 

BEML3D Cal. He l
+, Vex=lO kV 

InItial 
3 

50 ! ~ 69 mal mrd 

I 1 

After Solenoid 
- : -o 

I • 
(emA) (= mrd) 

Q 
I 

1 0.065 69 
2 0.50 92 
3 1.0 346 

-20 -10 o 10 20 

X (mm) 
¢ = 8 mm, TtO = 0, 0 = 3.3 em, Z = 190 em 

Fig. 5. The effective emittance of H e1+ after crossing 

the focussing solenoid for various beam intensities. In 
each case, the extraction is space charge limited, the 

beam energy is of lOkeY, and the emittance after 
extraction is 69mm . mrad. 

We have found that it is possible to tune this ion 
source to produce H e+ beams over a wide range of 
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intensities (0.01-1.5 emA), without producing sig
nificant H e2+ intensities, which would complicate 
the analysis. Helium is the only species for which 
it is possible to produce an approximately mono
charged total extracted current in the RTECR. 

Figure 5 shows the BEAM3D estimate of emit
tance growth due to space charge for H e+ beams 
when crossing the focussing solenoid. This emit
tance growth is the result of spherical aberration 
due to the space charge growth of the beam enve
lope before entering the solenoid. As is seen, no 
emittance growth is observed at 65eflA intensity, 
while at lemA, the emittance growth is nearly 6-
fold. Hence, theoretically, the radial space charge 
force could cause a large emittance growth due to 
aberrations in the transit of the focussing solenoid, 
but does that happen? 

A 

B 

i pt ' a 

Fig. 6. A and Bare Kapton foil burns after the 
RTECR focussing solenoid with H e+ beams of 65 and 

550 eJ.lA respectively. 

Figure 6 shows actual kapton foil burns for 
65eflA and 550eflA H e+ beams after transit of the 
solenoid. The 65eflA H e+ shows a round image of 
the RTECR extraction aperture, while the 550eflA 
beam completely fills the 10em X 10em kapton foil, 
in good agreement with the prediction of Fig. 7. 
Further, the emittance of the 65eflA H e+ beam 
of Fig. 6 can be extracted, and is measured to 
be is 69mm . mrad, in exact agreement with the 
calculated starting emittance of Fig. 5. Such an 
emittance corresponds to the cold ion limit given in 

Eq. 3. The emittance of the 550eflA beam cannot 
be obtained from Fig. 6, since the left boundary of 
the beam cannot be determined, but is greater than 
250mm . mrad. 

5. SUMMARY AND CONCLUSIONS 

The main point here is that dc beams extracted 
from ECR ion sources, like the RTECR, do not neu
tralize. Then the beam envelope growth will depend 
quadratically on the product of the drift distance z 
and the total intensity in the LEBT: ~r ex: I ~Z2. 
All LEBT designs for ECR ion sources assumed 
~r ex: Q~Z, where Q is the starting transverse di
vergence. Hence all focussing magnets are too far 
'downstream'. The beam envelopes are then larger 
than anticipated, filling magnet apertures, exciting 
aberrations, and diluting the phase space and LEBT 
transmission. To correct this effect, proper LEBT 
requires 'designing in' the desired maximum beam 
current to be transported, which essentially means 
increasing the focussing. 

This paper began with a measurement of Ar lO+ 
emittance that had a central core and a high di
vergence tail. We can now say that the starting 
emittance is dominated by the fact that the ions 
are extracted from a magnetic field. However, the 
measured emittance (after analysis) is dominated 
by second order aberrations during the transverse 
of the analysis dipole-again due to space charge 
blow up of the beam, as we will demonstrate in a 
future paper. 
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NUMERICAL STUDIES FOR SUPPRESSION OF VERTICAL OSCILLATIONS 
IN THE K1200 CYCLOTRON 
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ABSTRACT 

Calculations using vertical electric deflectors to 
eliminate the coherent vertical oscillations in the K1200 
cyclotron are presented. A central region code is used to 
track individual particles through 3-dimensional electric 
fields of deflecting plates. The results are promising, in
dicating that this method could be used if simpler meth
ods of reducing the vertical oscillations are unsuccessful. 

1. INTRODUCTION 

A new internal beam probel ) in the K1200 cy
clotron based on CCD TV camera is yielding information 
about the internal beam structure and dynamics in much 
greater detail than previously available. 

Initial results show that the intrinsic beam height 
in the cyclotron is about 1 mm, but its effective size 
is dominated by vertical oscillation with a peak-to-peak 
amplitude of typically 4 mm. This oscillation increases 
the transverse beam emittance of the extracted beam in 
the axial direction. 

Some experimental studies of correcting the oscil
lations have been done by moving the spiral inflect or 
vertically and I or un balancing trim coil O. Preliminary 
measurements with trim coil 0 were promising, but it is 
not clear if this method will work for all beams. This 
simple method will be pursued further. The present pa
per presents an alternative technique. 

Calculations have been carried out to show if some 
small electrostatic vertical deflection plates are added to 
the central region the vertical oscillations could be tuned. 
For these calculations the NSCL central region code CY
CLONE2) has been modified to include 3-dimensional 
electric fields of deflecting plates calculated with the code 
RELAX3D.3) 

2. SIMPLIFIED THEORY 

The underlying idea to eliminate the coherent ver
tical oscillations is to use two electrostatic deflectors on 
successive hills near the central region. The 1st electric 
deflector applies an impulse to make the central ray in 

a beam pass through the magnetic median plane in the 
2nd electric deflector. Then the 2nd deflector applies an
other impulse to keep the rayon the median plane. As a 
result the coherent oscillation of the beam would disap
pear if the phase space distribution is symmetric about 
the central ray in z - pz space. While in some cases one 
deflector is enough, two are needed to make the method 
general. 

The impulse by a static electric field Ez to a particle 
of electric charge q, mass m, and orbital frequency w is 

where 

J qEz 
tlpz = -:,;-dB , 

dB 
w = dt . 

We define associated length units p and a as 

-- p p=
'TI1!..!) 

c a= -, 
w 

where c is the velocity oflight. 

(1) 

(2) 

(3) 

(4) 

If the electric field and orbital angular frequency 
are constant, the impulse to the particle of charge q and 
atomic mass A is given in the cyclotron units by: 

(5) 

The vertical motion over a small radial range can be 
approximated by 

z Zo cos( vB + <p) 

-zovsin(vB + <p) , 

(6) 
(7) 

where v is the vertical tune and <p is initial phase. Zo 

and v are not constant in general but are nearly so for a 
range of several turns. 

If we assume that the electric fields are localized in 
the centers of the two electric deflectors positioned at Bl 
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and (J2 respectively, then we can consider the impulse by 
the electric field as a momentum kick. 

Now position and momentum in the 1st electric de
flector are given by: 

ZlO cos( V(JI + If') 
-ZtOvsin(v(Jt + If') + D..iit , 

(8) 
(9) 

where D..PI is the momentum kick by the 1st electric field. 
Or with a redefined phase If'l and amplitude zto: 

Z;o cos(v(Jt + If't} 
-z;ov sin(v/h + 1f'J.) . 

(10) 

(11) 

And position and momentum in the 2nd electric de
flector are given by: 

Z20 cos(v62 + If't} 
- Z20V sin( V(J2 + If't} + D..P2 , 

(12) 

(13) 

where D..P2 is the momentum kick by the 2nd electric 
field. (Note that Z20 is equal to zio) 

And with another redefined phase 1f'2 and amplitude 

z;o cos(v62 + 1f'2) 
-z;ovsin(v62 + 1f'2)' 

Since pi = PI and zi = Z1 at 6t , 
gives 

(14) 

(15) 

-zlOvsin(v61 + If') + D..Pt . (16) 
Z10 cos(v6t + If') 

If the ray passes through the magnetic median plane 
in the 2nd electric deflector i.e. z2(62) = 0, so it follows 
that from eq. 12 that 

where n = 0,1,2"" 

1 = (n + -)11' ... , 
2 

(17) 

Therefore, the required momentum kick in the 1st 
electric deflector to make the ray pass through the mag
netic median plane in the 2nd electric deflector can be 
found from eq. Hi and eq. 17: 

D..P1 = vZto{sin(v61 + If') - cos(v6t + If') cot(v(62 - (Jd)} . 
(18) 

3. DESIGN CONSIDERATIONS 

Eq. 18 has absolute values of minima(zeros) at 
(v6 t +1f')+(v(62 -6J.)) = t11', ~11', ~11', .... But in general 
the above conditions can not be satisfied since the loca
tions of deflectors are not movable and tunes are also not 
fixed values for all beams. And from the characteristic 
ofcot(v(6t -62)) the points ofv((J2 -6J.) = 11',211',311', .,. 
should be avoided. Therefore, it would be reasonable 

and safe to minimize only the second term of eq. 18 to 
include all beams of various tunes. 

Then the appropriate positions of two deflectors 
would exist around 

(19) 

Let D..n be the difference of turns at two deflectors. 
For example D..n = 1 if 62 = 61 + 211'. Then we have 

(20) 

From eqs.(19)-(20), the relative positions of two de
flectors can be rewritten 

where m = 0,1,2, 

(m+t)11' 
D.. n = -'---"::"':"'-

2v 
(21) 

Since the locations of two deflectors are not movable, 
the values of tunes of various beams between them are 
important. Figure 2 shows the curve oftunes and relative 
positions of deflectors. If we go too far from the central 
region, the tune becomes larger and the gap between 
turns becomes smaller. Therefore, it might not be easy 
to find an appropriate solution, if the electric fields of 
the deflectors are not well confined to include just a few 
turns. 

For example, in the K1200 cyclotron the vertical 
tunes of most of beams are 0.1 ~ v ~ 0.14 near the cen
tral region(about 2.5 ~ 5 inches in radius from the cen
ter). So the oscillations of all beams could be suppressed 
with relatively well optimized conditions for D..n ::::J 2 from 
Fig. 2. 

N ow let's consider the required magnitude of electric 
fields for the deflectors. If the relative positions of two 
deflectors are relatively well optimized, then from eq. 18 
we have 

(22) 

Therefore the required momentum kicks in both de
flectors are proportional to the tune and the amplitude 
Zo of z motion. For a given beam the angular frequency 
w is constant, and z~v ::::J constant the required electric 
fields for two deflectors are from eq. 5 in the nonrela
tivistic limit: 

(TIA) 
(qIA)D..6 ..fo , (23) 

where (T I A) is the final kinetic energy per nucleon of a 
beam. 
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Fig. 1. Section view of the median plane of the KI200 cyclotron(left) and the enlarged top view 
of central region(right). The spiral dotted line shows a particle trajectory and DI, D2 are the 
electric deflectors locations. 
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Fig. 2. The relative turns between two electric 
deflectors vs. the vertical tune with relatively well 
optimized conditions in eq. 21. 

4. COMPUTER SIMULATION 

The code RELAX3D3 ) is a FORTRAN program to 
solve the three dimensional Helmholtz-Laplace equation. 
RELAX3D was used to calculate the 3-dimensional elec
tric field distribution of a realistic electric deflector. The 
deflector has a sector shape with an angular width of 20 
degrees, plate thickness of 0.225 inch, and a radial width 
of 1.5 inches. Edges of the deflector are rounded to re
duce peak electric fields. (see Figure 3) The gap between 
the electric plates of the deflectors was taken to be 0.6 
inch. 

The ray tracing was done with the NSCL central 
region code CYCLONE modified to include additional 
electric fields of two electric deflectors calculated from 
RELAX3D. One electric deflector was put on the hill be
tween the 1st and 2nd dees at the radius of 3.80 inches 
from the center of the K1200 to the center of the deflec
tor, while the other was put between the 2nd and 3rd 
dees at the radius of 4.70 inches.(see Figure 1) 

The initial phase space for the beam in the vertical 
direction(see Figure 4) was guessed from the TV beam 
probe l ) data mentioned above. Figure 5 shows individ
ual particle trajectories of nine rays with different initial 
phase space coordinates for 4Hel+ of 40 Me V lu. The co
herent vertical oscillation( upper) was eliminated almost 
completely after passing the 2nd deflector(lower) to re
duce the effective size of a beam by about two times. 
The required deflector voltages were -0.55 kV and -0.70 
k V for the 1st and the 2nd deflectors, respectively. 

5. DISCUSSION 

The electric deflector method to eliminate undesir
able coherent vertical oscillations is promising in these 
calculations. Alternative methods of correcting the os
cillations, such as moving the spiral inflect or vertically, 
with or without unbalancing trim coil 0, would not re
quire new hardware, but needs further investigation to 
determine their range of usefulness in the K1200 cy
clotron. 

Research supported by the US National Science Founda
tion. 
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Fig. 3. A RELAX3D field calculation of a deflec
tor plate showing equipotential lines both for top 
view(upper) and for cross sectional view(lower). 
The top solid line in the sectional view(lower) is 
the copper hill cover and the bottom solid line is 
the magnetic median plane . 
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Fig. 4. Phase space coordinates of 9 rays at the 
beginning (left) and at turn=11.1 after passing 
the 2nd electric deflector(D2). The central ray 
has moved to the origin. 
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Fig. 5. Individual particle trajectories with differ
ent initial conditions as a function of turn mlln
ber. A coherent vertical motion is simulated in 
the upper part. The lower part illustrates the cal
culated effect of the two vertical deflection plates . 
Also note that the central ray(the thick solid line) 
is on the median plane after passing the 2nd plate. 
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EXPERIMENTS ON THE AXIAL INJECTION SYSTEM OF THE 
CYCLOTRON U-120M 

Z. Trejbal, M. Krivanek, J. Kucera, V. Bejsovec, J. Stursa 
Nuclear Physics Institute, Czechoslovak Academy of Sciences 

250 68 Rez, Czechoslovakia 

ABSTRACT 

The basic parameters of the axial injection system 
of the isochronous cyclotron U-120M were tested using 
an ion beam of low emittance and intensity as well. The 
transmission of the 17keV deuteron beam including the 
capture into acceleration reached 40% while the trans
mission of the 19keV proton beam was only 12%. Several 
measured characteristics are presented and the connec
tion with different injector efficiency is discussed. 

1. INTRODUCTION 

The isochronous cyclotron U-120M has been work
ing in the Nuclear Physics Institute in Rez near Prague 
since 1977. It accelerates ions in the range of the mass to 
charge ratio A/Z =1~2.8 up to the maximal energy given 
by K=40. The physical and biological measurements are 
carried out there. About 30% of the operational time is 
scheduled for irradiation of the targets for the produc
tion of isotopes. The axial injection system 1) installed 
on cyclotron in January 1992 will extend the cyclotron's 
experimental possibilities to the range of heavier ions, 
polarised ions and ions H~, D~. 

The measurements were done in two different 
regimes: the first one for deuterons with maximal at
tainable energy 20MeV (regime D), that is very close to 

the regime for the acceleration of heavy ions and the sec
ond one for the protons of energy 25Me V (regime P). The 
main parameters of the accelerated ion beams of these 
two regimes are given in the table 1. The resulting coefi
cient of the transmission is 3.3 times higher in the regime 
D than in the regime P and it can be easily reproduced. 

2. DESCRIPTION OF THE INJECTOR 

The arrangement of the described injector1) is given 
on Fig. l. Its basic components are: (1) - radio
frequency ion source with low emittance (normalized 
emittance 0.29 7r mm·mrad), (2) - 5-gap acceleration 
structure supplemented by an einzel lens, (3) - 2000 lis 
diffusion pump, (4) - the first correction magnet that 
compensates a stray magnetic field produced by the cy
clotron, (5),(10) - diagnostic units consisting of Faraday 
cup, exchangeable collimation diaphragm of a circular 
shape and illuminated shade, (6) - double focusing bend
ing magnet (0: = 90°, (3 = 26.5°), (7) - the two-gap first 
harmonic buncher, (8) - the second correction magnet 
with an adjustable orientation around the vertical axis, 
(9),(12) - the first and second water-cooled magnetic fo
cusing B-channels, (13) - spiral inflector (Belmont-Pabot 
type) with an 8 mm gap between electrodes. 

Table l. Parameters of the accelerated deuterons (D) and protons (P). 
ACCELERATED PARTICLES D P 
energy of injection, keY 17 19 
energy after acceleration, MeV 20 25 
magnetic field in the cyclotron center, T l.82 l.36 
beam current measured between two B-channels, pA 6 22 
beam current measured on the inflector, % 90 80 
buncher switched off: 

accelerated beam current (R=100mm), % 36 6.8 
accelerated beam current (R=150mm), % 19 5.2 
accelerated beam current (R=500mm), % 10 2.8 

buncher switched on: 
accelerated beam current (R=500mm), % 40 12 
acceptance without inflection, mm·mrad 4597r 3987r 
acceptance with acceleration, mm·rnrad < 1267r < 657r 
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___ -m==-==::::13 _____ _ 
Fig. 1. Components of the axial injection system 

3. EXPERIMENTAL RESULTS 

3.1. Measuring of the acceptance 

The acceptance of the system was measured by 
means of two equally oriented dipole magnets (6), (8) lo
cated in different distances before the entrance of the first 
B-channel (9). The point of the x-x'transverse phase
space plane which represents the center of the injected 
beam can be displaced in this plane in a wide interval 
employing these magnets. The characteristics of the in
jected beam current io on the current Ie of the second 
correction magnet (8) were measured for different cur
rents h of the bending magnet (6), see fig. 2. 

20 -- ---- ------- ------------ --------------

I = b 

0< 13.95 ::1 
13.90 

~ 13.85 • .-1 

13.80 
10 13.75 

13.70 
13.65 
13.60 

O+--~~~:;._-_+--.,-----r-~~ 
-3 o 

Ie' A 
Fig. 2. Characteristics of the injected beam cur
rent io on the current Ie for different currents h. 

3 

The acceptance of the injection line between the pair 
of the magnets and the place where the beam is mea
sured was evaluated basing on these characteristics. We 
can see fiat parts of the highest curves. They arise when 
the beam's emittance is fully placed inside the region of 
the acceptance. The points, where the measured cur
rent of the beam is 50% of the maximal current of the 
beam, correspond to the contour of the acceptance. For 
these measurements the beam current was measured on 
the bottom infiector electrode, negative voltage was con
nected to the upper infiector electrode. The measured 
acceptance demonstrate the focusing capability of the 
vertical line. 

The acceptance of the whole system including cap
ture and acceleration was considerably lower. In this case 
the fiat parts are missing on the curves analogous to the 
curves on fig. 2. The measured characteristics represent 
rather the beam emittance. The acceptance is lower . 

The acceptance figures for regimes D and Pare 
shown on fig. 3. The larger areas represent the accep
tance of the vertical line consisting of two magnetic B
channels together with an inlet diaphragm of the diame
ter of 7 mm. The smaller regions contain the acceptance 
of the whole system including acceleration. All graphs 
are calculated for the beam at the entrance of the first 
B-channel. 
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-100 
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p 

Sl = 398 IT mm.mrad 

S2 = 65 IT mm.mrad 
-100 L..-______ ........ ______ --' 

-50 o x, mm 50 

Fig. 3. Measured acceptance figures for the 
regimes D and P 

3.2. Central region 

The spiral infiector is the main element which deter
mines setting-up parameters of the injector. The injec
tion energy and optical elements of the whole injection 
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Fig. 4. Positions of the first beam orbits and the central regions in : a) regime D with inflector b) regime P with inflector 
c) regime D with inner ion source 

line must be matched to its parameters. A supporting 
construction of our inflector had to enable us a simple re
placement of the inflector with an inner radially mounted 
ion source without any additional constructional modifi
cations. This is why the inflector was fixed to the sup
porting rods of the same construction like the rods of 
the inner radial ion source. The difference in positions 
of the beam orbits for the inner ion source and for the 
inflector is smalL The amplitudes of betatron oscila
tions were reduced to the amplitude less than 2 mm in 
both regimes by a small correction of the current in the 
harmonic coils. Positions of the first uncentered beam 
orbits are shown on fig. 4. Three different figures are 
presented: a) injection of the deuterons (regime D) into 
the cyclotron by means of the inflector, b) injection of 
the protons (regime P) also with the inflector and c) ex
traction of the deuterons in regime D from the inner ion 
source . The ion trajectories were calculated for input h-f 
phases in the range from -450 to +450 (step 50). The 
amplitude of the dee voltage was 34 k V. 

One of the reasons for higher beam losses in regime 
P is the fact that a vertical emittance of the beam which 
exits from the inflector is not matched with a vertical 
acceptance of the cyclotron acceleration system. 2) This 
fact is obvious from the graph of the accelerated beam 
current i500 on the voltage U -inj of the upper inflec
tor electrode , see fig. 5. The displayed characteristics 
were measured by two methods: a) the beam current 
was tuned by the voltage U +inj of the bottom spiral elec
trode and b) the voltage U+inj was constant. The point 
marked by an arrow is the point in which the voltage 
of the spiral electrodes are the same but of the oppo
site sign . The flat parts of the curves would mean here, 
as well as in the measurements of the acceptance of the 
vertical channel, that the vertical cyclotron acceptance 
is bigger than the vertical beam emittance. These curves 

could be used for the determination of the vertical cy
clotron acceptance. Because there are no flat parts, we 
suppose that there are enormous vertical losses of the 
beam on the first orbits. 

1 r---r---,---,---,---~~~---r---' 

o ~ __ -L _____ ~ __ ~ __ ~U-____ L-__ ~~ __ ~ __ ~ 

o U_
1nf

, kV 4 

Fig. 5. Graph of the dependence of the acceler
ated beam current isoo on the voltage U -in! for 
two cases: a) voltage U +in! was tuned b) U +in! 

was constant. 

3.3. Beam in the magnetic B-channel 

8 

There are three elements used for focussing of the 
beam along the axis of the injection: the einzel lens 
placed in the acceleration structure behind the R-F ion 
source and the two magnetic B-channels placed in the 
vertical part. Magnetic B-channel is a classical solenoid 
supplemented by a system of cylindrical rings from fer
romagnetic and nonmagnetic materials, alternately ar
ranged in a row along the axis of injection . Maximum 
intensity of the transferred beam can be well reproduced. 
Characteristics of the accelerated beam current i500 on 
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Fig. 6. Relative value isoo for different currents II, h of two B-channels in: a) regime Db) regime P 

currents 11 , 12 in the first and second B-channels for D 
and P regimes are shown on fig. 6. 

The resulting magnetic field of the second B-channel 
is a superposition of the monotonous component of the 
stray axial magnetic field in the central hole of the cy
clotron yoke and the periodical axial magnetic field of 
the B-channe!. In the regime D, when the magnet of 
the cyclotron is almost saturated, the monotonous com
ponent of the magnetic field in the second B-channel is 
much higher then in the regime P, see fig . 7. 

Beam envelopes of the injected beam were calcu
lated using the program TRANSPORT. These calcula
tions were done for the transport of the particles from 
the interior of the inflector back to the entrance of the 
second B-channel, providing the beam is focussed at the 
center of the inflector. The envelopes differ in the num
ber of wavelengths in the second B-channel, see fig. 8. 
The same character of the envelopes as in the more suc
cessful deuteron regime can be obtained in the proton 
regime only with current h, for which the coil of the 
second B-channel cannot be sufficiently cooled because 
of the small rate of water flow. Another possibility of im
proving the transmission for regime P is a vertical change 
of the position of the second B-channe!. This change is 

20.000 --- - - -- -- - -- - - - -- -- -- - -- - - - -- - - - -- - - - - - - -,- -- - - - - -- - - - - - - - - - - -_ 

S, kG 
regime D 

regime P 

500 1000 1500 

Fig. 7. Axial magnetic field along the ~~i:l hole 
of the second B-channel in: a) regime D (CUI
rent of the cyclotron's magnet 10 =556A, current 
of the second B-channel 12 = 250A b) regime P 
(Io=279A, h=150A) 

not possible without complex disassembly of the whole 

system. 
20 -------------------------- --- ------1----------------------, 

10 

regime P 

, , 

---------------------~-----, 

regime D 

BEAM 

o 1000 Z, mm 
Fig. 8. Beam envelope calculation through the 
second B-channel in: a) regime D b) regime P 

4. CONCLUSION 

The basic parameter of the injector is a transmission 
efficiency of the injected beam from an outer ion source 
to the final cyclotron orbit. The transmission efficiency 
of our injector, measured for deuteron regime D with 
the beam of low intensity, gives a good chance to accel
erate fully ionized particles, whereas the efficiency of the 
transmission in the regime P is approximately 3.3 times 
lower. The reason for the decrease of the transmission 
efficiency is bad matching of the beam emittance with 
the vertical acceptance of the accelerating system in the 
place of inflector. Installation of a correction quadrupole 
in front of the second magnetic B-channel would improve 
this situation. Another possibility is to change the po
sition of the second B-channel with the respect to the 
strong magnetic lens created by the hole in iron plug at 
the entrance to vacuum chamber. The acceptance of the 
vertical line is sufficient. 
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THE NEW PHASE DETECTION SYSTEM OF THE COSY-INJECTOR 
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ABSTRACT 

For the Julic isochronous cyclotron JULIe a new 
beam phase detection system has been developed on the 
basis of the heterodyne principle using rf-signal mixing 
and filtering, rf-disturbance compensating techniques and 
SOO striplines, similar to the old phase measuring equip
ment (set to work in 1978). The new equipment detects 
and analyses the beam signals within a beam current 
range of 20nA to SOpA with satisfying accuracy. In ad
dition to the old phase measuring system the new one is 
controlled by computer and able to determine the beam 
phase angle and beam intensity for continuous and pulsed 
beams (down to approx. Smsec beam on) . Furthermore 
the new equipment includes a facility for calibrating the 
total beam phase detection system by a rf-signal decou
pled from a dee. Testbench measurements, showing the 
linearity over the full dynamic range, as well as measure
ments with beam are presented. 

1. INTRODUCTION 

The cyclotron JULIe is undergoing extensive upgra
ding in order to serve as injector for the new Cooler syn
chrotron COSY -Jlilich.1)2) Part of the upgrading is the 
installation of the new PHASe Measuring Equipment 
PHASME II. The upgrading of the existing PHASME 13

) 

was necessary to get a much faster handling of the mea
sured beam signals and especially to measure the phase in 
a pulsed beam mode needed for injection into the eOSy
ring. The phase detection system should work over the 
full cyclotron frequency range from 20 to 30Mhz. The 
accuracy should be better than ± 10 over the total dyna
mic range. In order to get an automatic noise voltage 
suppression a compensating unit is installed. The detec
tion system is able to handle internal beam currents from 
20nA to SO,uA. 

2. LAYOUT OF THE PHASE DETECTION SYSTEM 

The beam signals are decoupled by 24 probes moun
ted above and below the medium plane of the cyclotron. 
The probes are SOO striplines where the upstream end is 
open. The length of each probe is lScm, the width lSmm 

100 r l()oV 

with beam without beam 

Fig. 1. measured signal of pickup pair 6 

and the distance between the upper and lower probes is 
20 mm.3

) Together with the beam signals disturbing rf-vol
tages from the acceleration system are picked up. The 
noise comes from the accelerating rf-voltage, about 4S kV 
when JULIe is operated at maximum energy, resulting in 
a noise amplitude of about 10 mV at the pickup output. 
The disturbances can be much greater than the beam 
signals. As they are opposite in phase and almost equal in 
amplitude, the addition of the upper and lower probe sig-
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Fig. 2. schematic of PHASME II 

nals is a first step to reduce these voltages. Since on the 
other hand the beam signals are equal in phase on the 
corresponding probes, their output is simultaneously dou
bled. Figure 1 shows the output voltage for one probe 
pair with and without beam. 

Even if the beam signal to rf-disturbance ratio on the 
average is better for higher harmonics, we decided to 
work on the 2nd harmonic for the following reason: As 
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the measured phase angle of the beam is multiplied by 
the harmonic number, the possible range of _900 < q>beam> 
+900 is converted to -1800 <q» +1800 which can be de
tected directly without ambiguity. 

Figure 2 shows a schematic of PHASME II. The ma
jor subsystems are the "beam phase detection", "the com
pensation" including the "control unit", the "automatic DC 
gain setting" as well as a Pc. In order to get phase infor
mation along the cyclotron radius, 12 independent pickup 
pairs are used together with 12 parallel operating phase 
detection channels. After adequate amplification the 24 
DC-signals - X-Y-components of 12 phase vectors - are 
fed to two ADC's in the Pc. Likewise the corresponding 
digital gain values are fed to the Pc. The PC drives the 
central control unit, digitizes, calculates and displays the 
measured beam phase signals and angles of the 12 pick
ups along the cyclotron radius. By a trigger signal from 
the central clock of the COSY -ring the PC and PHASME 
II are synchronized to the pulsed beam. Compared to the 
old system PHASME 13

) all 12 channels can be read out 
in parallel without channel multiplexing. Thus the beam 
phase can be measured in continuous as well as in pulsed 
beam mode. The shortest pulse width is approx. 5msec. 
An extra pickup mounted in the dee provides the possibi
lity to eliminate phase response differences between the 
12 rf-signal handling channels and a method for calibra-

MIXER 

210 + '1 

MIXER 

CRYSTAL 
FILTER 

21,4MHZ 

goO-HYBRID 

POWER 

21,4 MHZ 

CRYSTAL 
FILTER 

PHASE DETECTOR 

ting the system to the beam zero phase. PHASME II 
works over the full cyclotron frequency range. 

The rf-circuit design was based on commercially avai
lable rf-components as power splitters, double balanced 
mixers, frequency doublers, hybrids, crystal filters, am
plifiers and GaAsFet-switches. Bandpass filters and am
plifiers for signal and impedance matching were deve
loped in our laboratory. The internal rf-connections and 
the thirteen 33m long pickup lines are realized in form of 
semi-rigid coaxial cables. The whole PHASME II has 
been built into the mechanical system EUROPACK. 

2.1 Details of the RF-part 

Like in the old PHASME I also in PHASME II we 
make use of the heterodyne principle, which in the past 
already allowed a precise and reliable beam phase detec
tion (Fig. 3). Just as for PHASME I we use the two DC
output signals of the phase detectors, which are compo
nents of a vector in rectangular coordinates, to determine 
the phase angles and the beam intensity. This vector still 
has an inherent error, which is induced by the 2nd har
monic content of the accelerating voltage in the pickup 
signals and by a small DC-offset voltage of the phase 
detector outputs themselves. This error will be compensa
ted when the beam is switched off. 
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The basic rf-signal handling of PHASME II already has 
been described earlier.3) In order to avoid a frequency 
synthesizer3) we insert an additional frequency mixing 
stage and choose an intermediate fixed frequency of fl = 
21.4Mhz. By this frequency conversion the required signal 
2fo + fl is generated with the output signal of a 21.4Mhz 
fixed frequency oscillator and a 2fo signal derived from 
the reference channel. 

The GaAsFet-switch in the information channel input 
allows to connect the following bandpass filter either with 
the beam signal or the output signal of the calibration 
pickup. 

The phase detection is similar to that of PHASME I, 
but the needed 90°-phase shift now has been realized by 
hybrids, which are commercially available. Both DC-sig
nals of the phase detectors are amplified by a factor of 
about 100, so that for internal beam currents of 50J,LA 
the DC-signals are nearly 10V. 

By the calibration pickup, mounted in the cyclotron 
dee, a signal is decoupled from the rf-system, then dou
bled in frequency and simultaneously fed to the 12 swit
ches in the information channels. There the probe signals 
can be replaced by the signal, derived from the calibra
tion pickup. The cables are in both cases equal in elec
tricallength. So a frequency independent phase response 
test of the information channels is possible. Without 
beam the phase behavior can be measured by PHASME 
II and taken into account for the calculation of the beam 
phase angles. Because the output voltage of the calibra
tion pickup in the dee has a constant, frequency indepen
dent phase offset to the accelerating voltage, we use this 
feature for calibration. 

2.2 The Readout Electronics 

The inherent error of the 24 phase detector output 
signals will be compensated by the "compensation" of 
PHASME II (Fig. 2) a few msec before the beam is 
switched on. This section mainly contains 24 parallel ope
rating analog auto-zeroing circuits modified for our ap
plication. All circuits and also the folIowing 24 DC-am
plifiers are activated synchronously by the control unit 
and the Pc. 

In order to cover the dynamic range of the rf-section 
and to be free from gain setting by the PC the 24 DC
signals of the X-Y-vector components now are amplified 
by the "automatic DC gain setting" which consists of 12 
pairs of X- and Y -autoranging amplifier stages. Their 
amplification factors can be automatically set from 1 to 
4096 in steps of 1, 4, 16, .... To get sufficient accuracy for 
the data conversion, the DC-signals are amplified in such 
a way that always voltages between ±2.5Vand ±10V will 
be fed to the 12bit ADC's in the Pc. ParalIel to this the 
gain steps, 4bit data words, are transmitted to the PC, 
where they are used for the calculation of the phase an-

gles as well as the intensity of the internal beam. 

3. RESULTS OF THE TESTBENCH 

Due to the width of 15mm the pickups take depending 
on radius position signals from about 2 to 9 beam orbits. 
This results in a measured sensitivity of about 100J,L V/J,LA 
(DC beam current).3) The allowed 2nd harmonic beam 
signal voltages must lie in the range from 2J,L V to 5m V. 
That means, with PHASME II we can detect beam cur
rents from 20nA to 50J,LA. 

In order to measure the linearity of the rf-part within 
the dynamic range, we fed two rf-signals to PHASME II, 
one to the fo input with the cyclotron frequency fo = 
25Mhz and an amplitude of 250m V, the other to a probe 

• 
/ / 

I" v 
a b 

""" .. r 

/ L 

v 
c d 

Fig. 4. amplitude linearity ( fo = 25Mhz ) 

input as a 2nd harmonic probe signal 2fo but with a fre
quency lag of 1kHz and variable amplitude. In Fig. 4a the 
beam amplitude was adjusted in such a way that on a X
Y -scope the two output signals of the corresponding 
phase detector form a circle. In Fig. 4b-4d the beam 
signal was reduced by a factor of 10 from picture to pic
ture. It is obvious from the circles that PHASME II 
works very well within a dynamic range of 60db with 
sufficient amplitude linearity. For the given amplification 
of the rf-part of nearly 3000 ( a factor of about 30 for the 
information channels and about 100 for the DC-output 
signals of the phase detectors) the 10m V output signal is 
due to an 2nd harmonic probe signal voltage of about 
3.5J,LV. 

In Tab. 1 the output phase is shown for different 
input signals varying in amplitude and phase. The cyclo
tron test frequency fo is 27.316Mhz. The output phase was 
measured with the complete system, including the nume
ric data handling of the Pc. For an input signal of about 
3J,L V the phase accuracy is ±0.5°, whereas for the maxi-
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mum allowed input signal the accuracy is ±O.25°. As 
appears from Tab. 1 the phase reading follows precisely 
the input phase. Please note, that without 2nd harmonic 
disturbances the phase detector outputs of their own have 
an DC-offset in the range of ±O.2mV to ±O.5mV. Com-

Tab. 1. phase linearity of PHASME II 

~ 
UIn( 21ol Uln ( 210) Uln( 21ol UIn( 21ol accuracy 
36201'V 3621'V 36,2I'V 3,621'V within 

<l>ln[ ... 0] ( -36dbm) (-56dbm) (-76dbm) (-96dbm) 60dbm 

° 172,95 173,05 172,75 172,40 .0,39 

30 143,21 143,20 142,69 142,90 .0,31 

60 112,62 113,05 112,62 112,70 .0,25 

90 62,72 62,70 62,8 83,05 .0,23 

120 53,05 53,05 52,92 53,10 .0,12 

150 22,80 22,85 22,80 22,90 .0,19 

160 -7,19 -7,35 -7,08 -7,32 .0,15 

accuracy average 
w~hln .0,26 .0,29 .0,19 .0,41 deviation 
1600 [ ... 0] 

<l>ln -Input phase; <I> o[ ... 0]- measured output phase; 

Uln (21ol - second harmanlc Input voltage; test frequency \, - 27,316Mhz 

paring this offset to the amplified signals of about 5m V 
to 10mV for the lowest input signals and regarding to the 
mentioned phase accuracy the compensation must work 
sufficiently. For Fig. 4 and Tab. 1 two different frequen
cies were chosen in order to demonstrate the frequency 
variability of PHASME II. 

4. TEST WITH BEAM 

For a first test PHASME II was connected to the 12 
probe pairs in the cyclotron. 

In Fig. 1 the signals from probe pair 6 are shown on 
an oscilloscope with and without beam for an internal cy
clotron beam of about 6J.1-A. 

40 
I I I 

_ m ...... ured by tile new ph ...... detection 10 
system with pulsed beam (2Omsec) 

- ... - m ...... ured by prompt gamma method 
~ 

20 5 
~ ~ 

~ i' .- r .. > 
"0 / \ I / r\ /' ~, - .... .. .. ° °1 :I '1 ph.ss A ~ ;- ." ~v! '~ .c 
Q. ..- piCkUP 12 ~ j -20 .II> -5 

~ 
-40 -10 
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Fig. 5. measurement with beam 

In Fig. 5 the amplitude of the beam phase vector, 
representing the beam intensity, and the beam phase are 
shown along the different probe positions for an internal 

pulsed cyclotron beam of about 15J.1-A. The pulse length 
was 20msec with a repetition rate of 2 Hz. The phase in
formation is compared with an independent beam distur
bing phase measurement done by prompt gamma rays. 
The agreement of both curves is obvious and acceptable 
for a first test. The amplitude is nearly constant over the 
12 probes, although the number of beam orbits and the 
beam energy is varying along the radius, from the inner 
pickup (r = O.3m) to the outer one (r = 1.53m) by a 
factor of about 26 (from 1.45 MeV/a to 38MeV/a). 

The cyclotrons operating parameters for both measu
rements are: U r!= 35kV, fo= 27.316Mhz, 76MeV H/, ex
ternal beam current about 8J.1-A. 

5. POSSIBLE FUTURE OUTLOOK 

Due to the broadband properties of the probes the 
analysed signals in the time domain can give information 
about the bunch shape. Therefore the rf-noise signal must 
be known in amplitude and phase. The bunch shape then 
can be elaborated by reconstruction methods.4

) 

With PHASME II we get the 2nd harmonic beam 
signal, which is related to the beam current. If it should 
be possible to measure simultaneously the sum and diffe
rence of the upper and lower pickup signals in spite of 
severe rf-interference with the accelerating voltage, there 
is in principle a possibility to detect vertical beam posi
tions. 
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DISTRIBUTION OF ACCELERATED PARTICLES BEAM 

V.G.Mikhailov, V.A.Rezvov, A.A.Roshchin,V.I.Sklyarenko, L.I.fudin 
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ABSTRACT 

Devices for the high-sensitive contact less 
diagnostics of accelerated particle beam, using 
residual gas ionization products, were 
considered. Similar facilities make it possible 
to measure effectively the beam profile, position 
of a center of gravity and its displacement, to 
assess the beam averaged density distribution via 
its cross-section. The ionization sensor 
developed at IAE was described. The sensor 
provides an operative representation of a real 
cross-section of the accelerated particle beam 
with information display on a TV screen, as well 
as a monitoring of the beam impulse and average 
currents. The sensor beam cross-section 
senSitivity is about 10-8 A, the resolution at 
visual check - 1 mm, the dimension of a region 
under control - 40x40 mm. The results of the 
beam cross-section sensor operation are presented 
at various accelerators. 

1. lNTRODUCT ION 

Practically any operation with the use of an 
accelerated beam is associated with the necessity 
of measurements of its sizes and position. Among 
a variety of sensors of these parameters [1] one 
can single-out sensors based on detection of 
electrons or ions arlslng at ionization by a 
residual gas beam in a path of accelerated 
aparticles transportation. The interest in them 
is caused by their complete transparency for a 
controlled beam the lack of additional radiation 
backgrounds and high potentialities. 

In the simplest case electrons or ions of 
residual gas are transferred by a transverse 
electric field to a collector. To record a 
distribution of the residual gas ionization 
particles current density over a profile of the 
beam under investigation use is made of screen 
covered by phosphor. An opt ica I i mage of the 
current density distribution over its profile is 
TV reflected on a telemonitor by means of a TV 
camera. Simile censors are used in synchrotrons 
operating at relatively high beam currents 
10tt - IOU particles in the cycle of acceleration 
[2,3]. To reduce the effect of the beam space 
charge a combination of electric and magnetic 
field is used sometimes. 

According to data on ionization losses for 
particles with energies of 10-100 MeV [41, which 
are typical of the majority of cyclotron beams, 
assessments were performed of the number of N 
electron-ion pairs generated on the 1 cm path 
at a pressure of 10- s torr by various 
particles (Fig.l). Using these estimations it is 
easy to see that at the protons current J = 1 mkA 
with energy of 30 MeV on the 1 cm path 10 8 

electron-ion pairs are generated for 1 sec. This 
means that in cyclotrons operating, as a rile. 

with mean currents of 10-s - 10-8 A, all output 
current of ionization sensors is so low that is 
direct recording is very difficult. In this 
connection there appears the problem of 
increasing the ionization sensors sensitivity. 
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Fig.l. The calculated dependence of 
ionization power on a beam energy for various 
particles. 

2. IONIZATION PROFILOMETERS WITH OUTPUT 
CURRENT MULTIPLICATION 

An illustration of the possibilities of 
increasing the ionization sensor output current 
can be prof i lometers of DESY I I I and PETRA I I 
installations whose data were published in the 
late eighties [5]. The DESY I I I installation 
profilometer diagram is presented in Fig.2. Here 
in the working volume between the anode and 
cathode a homogeneous electric field was formed. 
Ionized Residual gas electrons are shifted to the 
anode, ions towards the cathode having a 
secondary emission ratio of 2-3. A glow of the 
phosphor screen placed in the anode plane can be 
caused by both ionization and secondary-emission 
electrons. The beam profile picture is read-out 
by the TV camera for a further presentation and 
processing. Various operating conditions of the 
profilometer were investigated, which are 
distinguished by voltage distributions between 
electrodes. Optimum results were obtained while 
using secondary-emission electrons only the 
amount of which correspondingly by 2-3 times 
exceeds the amount of ionization ones. In these 
conditions a voltage on electrodes amounts to 

UGi = + 1 k V, UG~ = -1 k V, UA = + 18 k V, UK = - 18 k V . 
In the PETRA II installation profilometer 

one microchannel plate (~CP) of 60x60 mm size is 
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placed in the anode plane, which allowed the 
sensor output current to be increased by 3.103 

times. In conformity with this the results of 
measurements of the beam profile at the DESY III 
synchrotron given in the publications, were 
obtained at proton current of 20 mA, on the PETRA 
II accumulator - at proton current of 20 mkA. The 
measurements were carried out under conditions of 
almost identical vacuum and beam energy 10-8 
and 2.5.10-8 mbar, 5 and 7.5 GeV, respectively. 

Fig.2. The DESY III installation 
profilometer diagram. 

Thus, the radical way to increase the output 
current of ionization sensors is the use of 
position-sensitive electron micro-channel plate 
multipliers on. To the authors'knowledge, the 
first suggestion on the use of ~CP to increase 
the output current of ionization sensors of 
cyclotron parameters beam was made in [6]. To 
develop this suggestion in [7] was described the 
ionization profilometer of cyclotron beam with an 
amplifier on cheron out of two ~CP and with a TV 
watch and presentation of information (Fig.3). 
The MCP size is 90x70 mm, the sensor aperture is 

Eu 

12272077;1.> MCP 
ISSSSSSSSS! 

...... PHOSPHOR 
SCREEN 

Fig.3. The cyclotron 
profilometer. 

extracted beam 

restricted only in one coordinate by a gap 
between the deflector and the "CP and is 70 mm. 
The ion component of the ionized residual gas is 
transferred to the "CP by the plane-parallel 
electric field. An amplified current of 
secondary-emission electrodes creates on the 
phosphor a bright picture of the studied beam 
intensity distribution over a profile. The 
profile image is displayed by the TV camera on a 
TV monitor in order to be effectively presented 
to an operator. At the same time a signal from 
the TV camera is processed by a microprocessor. 
Digited information is transmitted to a colored 
display where the envelope of profile is 
presented for the given moment as well as (in 
another color) the shape and position of the 
envelope of profile during several last 
measurements. The sensor sensitivity for a beam 
of protons with energy of 30 ~eV at a vacuum of 

10 -$ torr comes up to 10-8 A, the spatial 
resolution - 1 mm. 

The works on the cyclotron beam profile 
diagnostics have been developed creating a high 
sensitive profilometer for a fast-cyclic heavy
ion synchrotron [8]. The block diagram of this 
profilometer is analogous to that depicted in 
Fig.3. Here use was made of two "CP the gap 
between which is shifted to a closed state and is 
opened during a measurement of a driving pulse. 
The pulse duration is regulated from a few 
microseconds to a time of the acceleration cycle. 
The pulse is delayed with respect to a beginning 
of the cycle and synchronized with an 
accelerating h.f. voltage. Such a regime makes it 
possible to follow the dynamics of the beam 
profile in the cycle of acceleration. 

The particularity of the profilometer is the 
application of non-standard operating conditions 
of the TV camera photodetector based on a matrix 
charge-coupled device (CCD) array. The CCD matrix 
lines are oriented perpendicularly to an ion
conductor. A charge previously distributed over 
all I ines of the matrix storage section. Such a 
regime of matrix increases the instrument 
sensitivity by more than one order of magnitude 
in comparison with a usual TV regime. Besides, in 
the matrix storage section lines information is 
accumulated on several sequential measurements of 
the beam profile per one cycle of acceleration, 
which later on is read-out by processing and 
representation units it a tempo of these unit 
operation. This makes it possible to follow the 
dynamics of the beam evolution in every cycle of 
acceleration. 

On the accelerator model at a vacuum of 
5.10-9 torr an ultimate sensitivity was reached 
which was limited by the number of input events 
per time of exposure, which was sufficient for a 
statistical description of the beam profile. 
Assuming that to describe the beam profile 10 3 

events are sufficient and in terms of the beam of 
protons with energy of 30 "eV during an exposure 
time being equal to the TV frame duration of 40 
m.sec, 10 8 particles should pass through the 
profilometer working gap, which corresponds to 
the beam current of 10-10 A. A spatial resolution 
depends on a deflector voltage and at an 
extracting field voltage of 1 kV/cm has the value 
less of 1 mm. 
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3. THE IONIZATION SENSOR AT ACCELERETED 
PARTICLES BEAM TRANSVERSE CROSS-SECTION 

The units considered above make it possible 
to detect vertical and horizontal beam profiles 
but unable to control a real beam distribution 
over a cross-section. A practice shows, however. 
tham complicated systems for cyclotron beam with 
allowance for multicirculation of release can 
form beams of rather complicated shape which 
cannot be restored by measuring simultaneously 
the horizontal and vertical profiles. Besides. 
the simultaneous measurement of the beam profile 
via two orthogonal directions is associated with 
the necessity to place of an additional equipment 
in the beam transportation path. Therefore. a 
creation of a beam transverse cross-section 
sensor having all advantages of ionization 
profilometers seems to be actual. 

One of the first proposals on observation of 
a two-coordinate beam distribution over cross
section by means of the ionization sensor has 
been given in [9J. sufficiently long ago; 
however. its practical realization, in any event 
for cyclotron beams, has become possible only 
with an appearance of microchannel plates. 

In [10,llJ the authors have suggested the 
method and construction of sensor (Fig.4) for an 
operative observation of the beam transverse 
cross-section based on spatial and energy 
analyses of residual gas products ionized by the 
beam. 

Eu )( mox 

Fig.4. The transverse beam cross-section 
sensor diagram. 

The sensor contains extracting and analyzing 
condensers, a current collector made as electron
opti cal convertor (EOC) with a microchannel 
plate-base amplifier and appropriate power 
sources. Residua gas ions are accelerated by a 
plane electric field towards extracting electrode 
provided with a forming slit of lx50 mm size 
directed across the ion-conductor axis. Pathing 
through the forming slit the accelerated ions 
form a sheet beam in which a spatial distribution 
of particles in the direction along the slit 
corresponds to the distribution of particles in 
the controlled beam in this direction. Energy 

distribution of extracted ions corresponds to the 
distribution of the investigated beam over the 
other orthogonal coordinate. The analysis of this 
energy distribution is accomplished by the 
electric field of the analyzing condenser. As a 
result, on the current collector screen of EOC is 
formed the two-coordinate optic image of 
extracted ions distribution, corresponding to the 
transverse distribution of particles in the 
accelerated particles beam under control. The 
location of the analyzed condenser at an angle of 
45 to the direction of extraction and plane of 
the extracted electrode provides a linear 
coupling between sizes of the obtained image and 
controlled beam sizes. the image size Y 
corresponding to the beam size X in the direction 
of extraction is linked by the dependence: 

Y = 2'X'E u / Eo where Eu and Eo are 
strengths of the extracting and analyzing fields, 
respectively. Record of the optic image of the 
beam transverse cross-section is performed by the 
commercial TC camera. 

The standard device to control sizes and 
displacement of an accelerated beam has presently 
been developed on the IAE cyclotron. Structural 
elements of the beam cross-section contact less 
sensor are placed in the standard diagnostic sec
tion with external dimensions of 230x230x230 mm 
and diameter of flange holes of 166 mm. Admission 
of supply voltage is accomplished via the flange 
on which the extracting electrode and analyzing 
condenser with EOC are fixed. A record of an 
optical image of the beam cross-section is 
performed by the TV camera. 

From one of lateral sides of the diagnostic 
box a remote-controllable drive was placed 
ensuring mounting of the fluorescent screen into 
the gap of the extracting condenser. This makes 
it possible to conduct pretuning of the beam 
using traditional diagnostics means. Photo fig.5 
shows the example of the complex form beam cross
section from the EOC screen. 

Fig.5. The example of the complex form 
beam cross-section from EOC screen. 
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The sensor design makes it possible to 
monitor the controlled beam intensity. To this 
end, it is sufficient to measure current on the 
EOC screen. However, the device sensitivity 
depends on pressure in the beam transportation 
path. In [12] to exclude this dependence it was 
suggested to change transmission factor of the 
MCP multiplier in accordance with changes in 
pressure in the beam transportation path. 

Additional conveniences for user creates the 
unit of quasi-colored representation of TV 
signal. In this case on the monitor screen a 
colored image of the beam cross-section is 
formed, and the shape of colored closed bands of 
each color corresponds to intensity distribution 
of the investigated beam on the present level of 
comparison. Processing of cross-section 
parameters of the beam controlled is provided by 
means of computer. 

The main parameters 
section contactless sensor 
Size of controlled region 
Aperture 

of the beam cross
are given in Table 

40x40 mm 
60 mm 

Spatial distribution at visual check 
Sensitivity of 30 MeV proton beam 
Working pressure range 
in ion conductor 
Feed source voltage 
Utilized current 
MCP multiplier amplification factor 
Time of image formation 

4. CONCLUSION 

( lxl mm 
10-8 A 

(3*10 torr 
10 kV 

100 muA 
10 

100 nsec 

At the present time similar beam cross
section sensors have been tested on cyclotrons 
and tandems and are successfully operated at 
I.V.Kurchatov IAE (Moscow), INR (Kiev), INF (Rzez 
in the environs of Prauge), ZfK (Rossendorf in 
the environs of Drezden); the same sensor was 
passed to the University of Jyvaskyld (Finland). 
A part of these sensors was made in the ISO 
standard used at European accelerator centers. A 
sensor design was developed for an investigation 
of a beam with energy of a few kilovolts. 
Measures were taken in it on compensating a beam 
displacement in the transportation path due to 
the effect of extracting voltage of the sensor 
deflector. The sensor to control uniformity of 
the tandem scanning beam was also developed in 
producing nuclear filters [13]. Thus, it is seen 
that ionization sensors of accelerated particles 
beam cross section find more and more increasing 
use of various accelerators. 
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ABSTRACT 

A non intercepting beam-profile monitor for the 
beam-guiding system of AGOR has been designed and 
tested successfully. By detecting the ions created by the 
beam in the residual gas, a one dimensional intensity dis
tribution of the beam is obtained. The device is suitable 
for a wide range of beam intensities, but especially at 
beam intensities below several nanoAmps it has proven 
to be much more sensitive than e.g. scintillation screens. 

1. INTRODUCTION 

A new monitor that measures the beam-intensity 
profile in one direction and without intercepting the 
beam, has been designed and tested. It is designed to be 
suitable for all AGOR beams. After testing a prototype 
version1 ) also experiments with the version that will be 
mounted in the actual beam pipe had to be performed. 
Especially the life time of the device during realistic op
eration conditions was tested during the last months of 
operation of the Philips cyclotron at KVI. 

2. OPERATION PRINCIPLE 

The residual gas beam-profile monitor (RG-BPM) 
uses the ions that are created by beam particles travers
ing the residual gas in the beam tubes. The ions are ex
tracted from the beam tube with a homogeneous electric 
field and drifted towards a pair of micro channel plates 
(MCP's) acting as a charge multiplier. The electrons 
generated in the MCP's are collected on strips paral
lel to the beam, so that a position sensitive readout is 
obtained in a direction perpendicular to the beam. By 
varying the amplification of the MCP's the signal mag
nitude can be changed, so that a large dynamic range is 
achieved. 

It can be shown that the MCP's should operate with 
an amplification larger than 4 x 104 for a 200 Me V proton 
beam of 1 nA traversing a residual gas of 10-7 - 10-6 

mbar. The produced ions (about 135 ions S-1 cm- 1 ) will 
then give a final signal current of at least 1pA. Since the 
amplification factor of MCP's can be set from 1 to 106 , 

this current can be measured quite easily. 

"This work was performed as part of the research program of 
the" Stichting voor Fundamenteel Onderzoek der Materie" (FOM) 
with financial support from the "Nederlandse Organisatie voor 
Wetenschappelijk Onderzoek" (NWO). 

At several positions along the beam lines the desired 
accuracy of beam position measurements is 0.3mm, so 
that the drift field has to be very homogeneous. For 
the prototype 1 ) this was rather easy to achieve; the final 
design discussed here, however, has to be mounted in a 
standard reference block in the beam pipe. The inner 
diameter of such a block is only 65 mm so that detailed 
calculations on the field shaping had to be performed. 

3. DESCRIPTION OF THE DESIGN 

In Fig.I. a drawing is shown of the RG-BPM. The 
drift field of 0.5 k V / cm is created by the field shap
ing electrodes: copper strips, evaporated on a flexible 
printed circuit board, shaped as the inner side of the 
vacuum chamber. A resistor chain provides the correct 
voltage on the strips. A free aperture of 55 mm is avail
able for the beam. To allow convenient assembly the 
length of the strips has been limited by the length of the 
reference blocks (10 cm). Field calculations show that 
the field lines in the central region (length of 2 cm) are 
not distorted more than approx. 1 mm. Therefore the 
limit on the position resolution will be approximately 
1 mm. However, if necessary this can be improved by 
using longer field shaping electrodes. 

VACUUM~~~ ________ ~~~~~~~ 
FEED THROUGH 

STANDARD 
REFERENCE 
BLOCK 

FIELD SHAPING 
ELECTRODES 

BEAMDIRECTION 

SUPPORT FOR 
MICRO CHANNEL PLATES 
AND ANODE STRIPS 

Fig.I. The Residual gas beam-profile monitor, 
mounted in an accurate position-reference block 
of the AGOR beam line. 
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The MCP's (Galileo; active area 0 =42 mm), are 
mounted in a chevron geometry on top of the tube with 
the field shaping electrodes. A position sensitive anode 
is mounted on top of the upper MCP. It consists of 40 
strips, 0.9 mm wide and spacing 0.1 mm, etched on a 
printed circuit board. The MCP's were operated at 600-
800V each, resulting in a total gain of 104 - 106 . 

Each anode strip was connected to a current to volt
age amplifier. 2 ) The outputs of the amplifiers are mul
tiplexed, digitized and sent to a BitBus line via a micro 
controller acting as an interface. Presently a PC inter
faced to the BitBus system is used for displaying the 
beam profiles. Ten times per second the screen is re
freshed and a new profile is made visible. If the statistics 
is very poor, an average over many cycles can be made 
and background subtraction is also possible. The con
version gain of the ADC can be adjusted from the PC. 
With this set of electronics also the beam-profile moni
tors normally used (" harps": 48 wires, spacing 1 mm, on 
which the secondary emission current is measured) are 
read out, allowing a nice flexibility. 

4. PERFORMANCE 

Tests on a prototype1 ) have already shown that the 
signal height is in agreement with the expected values 
mentioned in section 2. The final version of the RG
BPM has been tested during a half year of the normal 
beam-time program with the Philips cyclotron at the 
KVI. Measurements on various beams at different inten
sities (0.1-200 nA) have been performed. 

The detector was mounted in a reference block 50 cm 
before a harp and a viewing screen, so that beam pro
files could be compared. A quadrupole doublet 1.5 m be
fore the RG-BPM was used for adjustment of the beam 
size. The gas pressure in the beam pipe was usually 10-6 

mbar. Typical convenient signal currents were in the or
der of several times 10 pA per nA beam current, summed 
over all strips. 

The result of a measurement of a beam profile, taken 
with the RG-BPM is shown in Fig.2. The position reso
lution has been measured by comparing the widths ofthe 
peaks obtained from the RG-BPM and the harp, taking 
into account the beam divergence. Usually a resolution 
of about 2 mm FWHM was found. 

During its half-year operation the dependence of the 
operating characteristics on the strength ofthe drift field, 
the amplification and beam intensity, as well as the time 
dependence of its characteristics have been studied sys
tematically. It was found that the device has a constant 
behaviour approximately 10-20 min after switching on. 
Therefore a continuous operation mode is necessary. 

The sensitivity of the RG-BPM has been clearly 
demonstrated at low beam currents. The cyclotron op
erators frequently used the RG-BPM in cases where the 
viewing screens gave a poor (or no) image. 

RG·BPM 

0 
0 

""":' M -e 
as 0 - 0 
c. C\i .t: - 0 
~ C? ..: ..... ... 

. ...••• 1 ::J 
0 II .. 0 0 
0 0 It) 0 It) 0 It) 0 It) 0 ..... ..... C\I C\I M M '<t 

strip nr (mm) 

Fig.2. A beam profile, measured with the RG
BPM. The beam width was approx. 2 mm 
FWHM. 

5. CONCLUSIONS 

The beam-profile monitor based on the principle of 
the detection of ions created in the residual gas in the 
beam lines has shown to be a reliable device, suitable for 
all AGOR beams, especially at low intensities. Several 
of these profile monitors will be installed in the AGOR 
beam lines. 

An advantage of such a non interceptive beam pro
file measurement, is that the amount of neutron- and 
gamma radiation created during the measurements is 
minimized. This may be very important for some of the 
nuclear physics studies planned with AGOR; we have 
experienced that even the radiation produced by other 
types of monitors, e.g. harps, contributes significantly to 
the background observed in experiments using neutron
or gamma ray detectors. Furthermore we have observed 
that beam particles scattered from the wires of a harp, 
dominate the background in several measurements at 
zero degree, performed with a magnetic spectrograph. 
Therefore they will be mainly used as last-profile mea
suring devices, installed before the target stations. An 
on-line continuous monitoring of the target spot is then 
possible, without interference with the experiments. 
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EMITTANCE MEASUREMENTS IN THE HIRFL BEAM LINE 

Hongwei Zhao, Zhiqing Shen, Baowen Wei 
Institute of Modern Physics, Academia Sinica, P .O. Box 31, LanZhou, 730000, China 

ABSTRACT 

The transverse emittance in the HIRFL beam line 
has been measured using two different methods. One is 
the "Three-Position Method" in which the beam sizes 
at three different locations in a field-free drift space are 
measured by Three Secondary Emission Multi-Wire Pro
file Monitors . The other is the "Three-Gradient Method" 
in which the beam sizes at a particular location are mea
sured by the profile monitor ,as a function of the strength 
of an upstream quadrupole. The emittance calcula
tions,measllrement error analysis, the best beam config
uration for making optimum emittance measurements, 
and results of experimental measurements for both meth
ods in the HIRFL beam line are presented in this paper . 

1. INTRODUCTION 

The optical matching of various HIRFL subsystem 
as well as the optimization of beam parameters in HIRFL 
beam line requires accurate determination of the beam 
emittance and ellipsoid( (T -matrix) at key poits.The 
phase space and emittance at the exit of SSC also serve 
as a figure of merit for its operation. Assuming that par
ticle transfer can be treated with the matrix formalism 
and no coupling motion exists in each transverse degree 
of freedom, the transverse phase space of a beam then 
can be characterized by three parameters which define 
the emittance boundary ellipse in horizontal or vertical 
direction. In the HIRFL beam line two different meth
ods were used to measure the beam emittance. One is 
the "Three-Position Method" .l) The other is the "Three
Gradient Method" . 2 - 3) 

2. ERROR ANALYSES 

2.1. Three-Position Method 

Consider a beam in a field-free drift space. If there 
are three measurement poits A , B, and C along the beam 
line at axial position Zl, Z2 , and Z3 respectively, define the 
origin of coordinates to be at B so that 2 1 = -It. 2 2 = 0, 
and 23 = ' 2 . The beam sizes at the three poits are 
denoted by / '1' 1'2 , and 1'3 . Three profile monitors will 

be set at the three poits to measure the beam sizes. From 
theory of transfer matrix the beam emittance (horizontal 
or vertical) is given by 

f {2Itl'~[l~l't + (11 + 12)21'~J - ltl'~ 
- [I~l't - (11 + 12)21'~ J2 }~ /[21112(11 + 12)J 

(1) 
The standard deviation of emi ttance is then calcll

lated from the following formulas: 

Df Df Df 1 

bf = [( --- )2bl't + ( - )2bl'~ + ( )2b1'5J 2 (2) 
D"l DI'2 D1'3 

From Eq.2 we can derive that the bE is minimum 
when 11 is equal to 12 . 

If 11 = 12 = L, the standard deviation of emittance 
1S 

(3) 

With the aid of Eq.3 and theory of transfer matrix 
,the beam configuration for making optimum emittance 
measurements can be found . The error in emittance mea
surements has a great dependence upon the location of 
a beam waist, the waist size and the separation for the 
three profile monitors . 

The effect on the deviation of emittance measure
ment by moving the location of the beam waist is shown 
in Fig.1 ,which is corresponding to different waist sizes 
and a fixed separation for three profile monitors. Fig
ure 1 illustrates that it is alwayse best to have the waist 
near the center measurement poit (:':0 = O),although for 
some "0 this requirement is not as critical. Figure 1 also 
indicates that for fixed 20 ,there is a dependence of bE 

on 1'0 .This is shown explicitly in Fig.2 , which gives the 
relation between OE and /'0 for ':0 = 0, and several differ
ent L . The optimum value of beam size at waist 1'0 as 
a function of L is shown in Fig.3 . Finally, with 1'0 at its 
optimum value and 2 0 = 0 , the minimum deviation of 
emittance measurement as a function of L is displayed 
in Fig4 . 
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2.2. Three-Gradient Method 

Consider a section of a beam line in which a 
quadrupole is separated from a downstream profile mon
itor by a field-free region, In beam transfer principle,any 
three independent settings of the quadrupole are corre
sponding to three independent beam sizes at the profile 
monitor and three different transfer matrixs , and this 
can be used to solve for the three unknowns IJ'11 , IJ'12 

, and 0'22 , from which the beam emittance can be cal
culated, But in practice the emittance measurement is 
sensitive to the accuracy in determining the beam size. 
A series of profile measurements are taken by varying the 
strength of the quadrupole so that we could try to solve 
for those three unknowns by the least square method, 
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With the use of the least square method and stan
dard propagation of error calculations, the error in the 
emittance measurement is given by 

b£ (er~ 1 ber~2 + a~2beri 1 + 4ai 2ha~ 2 

- 4er 11 er 12 (11222 8 er 128er2 2 

+ 2erll er22(111220all{)er22 

- 4erI2er22f11112herlloerI2); /2 £ 

where t- = (er11er22 - eri2)~ 
(4) 

in which beri.i is the error in determination of eri.i and 
fliild is the coefficient of interrelation between aii and 
er/;/ 

3. EXPERIMENTAL RESULTS 

Emittance measurements in the HIRFL beam line 
,based on the above analyses, are made with an auto
matic emittance measuring system. In order to deter
mine the beam size from the beam profile a Gaussian 
distribution is fitted to the profile data . 

In the emittance measurements with "Three
Position Method", the profile monitors seperation in the 
measurement chamber is only 750 .00 mm. So we should 
try to make the beam waist near the center profile moni
tor and take the waist size to be 1.9 - 2.371/.1/1, as possible 
as we could. Figure 5 shows the results of emittance 
measurements in horizontal direction with the "Three
Position Method". From Fig .5 we can see that the beam 
configuration is not in the best state. This is a main 
source that error comes from. The results will be better 
if the profile seperation is greater. 

In the emittance measurements with "Three
Gradient Method", fourteen settings of the quadrupole 
have been performed to get a series of profile measure
ments at one location . Figure 5 indicates the dependence 
of the beam size at the profile monitor on the quadrupole 
strength in the "Three-Gradient Method" . Both exper
imental results and theory fitting from matrix elements 
are presented in Fig.5 . Experiments indicate that in or
der to get a good result in the "Three-Gradient Method" , 
the range of the quadrupole strength should generate a 
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4. SUMMARY 

Emit.tance measurements in the HIRFL beam line 
have been made using two different methods. From mea
surement results of the two methods it seems that they 
are not in very good agreement with each other. But 

some calibrations and revisions can be made to the mea
surement results if we take various errors into accout. 
After revisions, the horizontal emittances measured with 
two methods are as follows: 
with Three-Position Method: 

E = 5.43 mm mrad 76% beam 

with Three-Gradient Method 

E = 4.99 mm 1n1'(1(i 76% beam 

So we think the emittance measurement results us
ing the two methods are consistent with each other in the 
error permission. Another emittance measuring system 
using slit and multi-wire profile monitor will also be put 
into operation in the near future. 
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OF THE LNS/MILANO SUPERCONDUCTING CYCLOTRON 
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Catania 95125 Italy 

ABSTRACT 

A computer controlled electronics has been 
developed to process the signals induced by the beam on 
the phase probes installed in the LNS/Milano K800 
Cyclotron. The system works in the frequency range 30 to 
96 MHz, corresponding to the 2nd harmonic of the RF 
voltage. Circuits schemes together with layout solutions 
and system performances are reported in this paper. 

1. SYSTEM DESCRIPTION 

The LNS/Milano Superconducting Cyclotron1 ) is 
equipped with 14 non intercepting probes to measure the 
phase of the beam bunches with respect to the accelerating 
voltage. This phase detection would assure a precise 
adjustment of the magnetic field topology for all particles 
and energy. The required phase reproducibility is ± 0.3°, 
for an absolute error below ± 1°. The probes are placed 
inside proper groves carved over two adjacent liner hills. 

A photograph of a phase probe is shown in Fig. 1. 

Fig. 1. Photograph of a phase probe. 

Each probe converts the beam charge into a pulse, 
whose repetition frequency is that of the accelerating 
voltage (15 - 48 MHz)2) . 

A high sensitivity electronic system converts the 
signal picked up by the probe into a phase information, 
via the extraction of its 2nd harmonic. The electronic 
system block diagram is shown in Fig. 2. 

PHASE 
PROBE 

TUNABLE 
INTERFERENCE 
fILTER 

Fig. 2. Control Electronics block diagram. 

The high spectral density RF signal induced on each 
probe is fed to a power combiner to increase the signal to 
noise rati03). In this way the 1S t harmonic noise, due to 
stray coupling with the accelerating voltage is expected to 
be reduced. A sixteen channels RF multiplexer is used to 
select the desired probe signal and to connect it to the 
control electronics, which is one for all the probes. 

A tuneable filter is used to extract 2nd harmonic of 
the signal. The filtered signal is then amplified and 
compared with a reference one to detect the beam phase. 

The phase detector working point (i .e. its bias) has to 
be chosen in such a way that the detected phase difference 
of all isochronous beams, with respect to the phase 
reference, is independent from the probe position and the 
signal frequency . A frequency doubled sample of the 
accelerating voltage is used as phase reference. 

A DC voltage, proportional to the cosine of the ion 
beam phase, is the output of the phase detector. This 
signal is interfaced to the computer control via a INTEL 
4410 microcomputer board. 
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Fig. 4. Filtering section scheme. 

1.1. Probe selection system 

The probe selection system block diagram is shown 
in Fig. 3. 
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Probe selection system. The 50 dB RF amplifier is also shown. 

The RF multiplexer is a microstrip based device. RF 
relays shunt the transmission lines to perform channel 
selection, while the non selected channels are loaded with 
50 ohm resistors. The multiplexer main characteristics 
are: VSWR < 1.5 (Zo = 50 n ) and insertion loss < 2 dB. 

The desired channel is selected by the computer 
control through a digital interface board. 

A 50 dB RF amplifier is used after the multiplexer to 
provide amplitude gain before the signal enters into the 
interference filter, to improve the signal to noise ratio. 

The problems of noise and electromagnetic 
interference has been a crucial aspect in the mutiplexer
amplifier system design and construction. In fact the 
amplitude of the signal can be so low to be comparable 
with the stray TTL noise from digital boards and with RF 
picked up signals from radio waves. Special assembling 
techniques have been used to reduce these dangerous stray 

signal interferences. These techniques involve a 
combination of: filtration of input and output lines, 
careful layout and grounding, extensive electrostatic and 
magnetic shielding. High frequency circuits are enclosed 
in metallic boxes to shield them from logic circuits and 
the rack itself is fully enclosed in metallic walls to avoid 
RF pick up from the environment. Noise power level has 
been reduced below -90 dBm with these improvements. 

1.2. Filtering section 

The filtering section scheme is shown in Fig. 4. 
The interference filter is the most crucial part of the 

phase probe control electronics system. The extraction of 
the bunch pulse 2nd harmonic from a high spectral density 
RF signal is in fact performed by this device. The principle 
of operation is the following. 

The phase probe signal is split by a 0° two ways power 
divider and one of the two lines is than tuned in such a 
way that, at the recombination point, the odd harmonics 
differ by kn and cancels while the even ones differ by 2kn 
and add. A low pass filter after the "odd harmonic 
rejection filter" cancel the even harmonics higher than 
the second. A variable length delay line performs the 
required phase delay all over the operating range (15-48 
MHz). This device is a modular six bits computer 
controlled stepping line (1 ns step for 63 ns maximum 
delay) together with a continuously variable length line 
used for fine adjustment in between two adjacent steps. 

The delay line has been assembled using six pieces of 
RG58 coaxial cable of different length, shunted by six RF 
relays. The continuously variable length line is a 
microstrip trombone line with a motorized sliding short. 

An amplitude equalizer is inserted after the delay 
line to ensure high degree of rejection in spite of signal 
amplitude variations. 

Four RF amplifiers are also included in the filter 
rack. These amplifiers are optionally inserted via a system 
of pin diode switches to cover the required 80 dB working 
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range; in fact the probe detected signals span from some 
~ V (heavy ions injected from the Tandem) to some m V 
(axially injected light ions). 

1.3. Phase detection system 

The phase detection system, shown in Fig. 5, is 
designed around the Mini Circuits RPD 1 frequency mixer. 
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-----------.., 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I , 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

---------------------------- -----------~ 
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Fig. 5. Phase detection system. The frequency doubling system is also 
shown. 

The phase detector sensitivity must be independent 
of signal frequency and amplitude and this is not the case 
of a mixer output signal that is strongly influenced by 
input signal levels. One applied solution is to overdrive 
the input ports (Pin> +7 dBm) and to use the device 
saturated4). Unfortunately this solution can not be applied 
in our case because of the device linearity reduction. 

So that we have chosen to control the level of input 
signals, obtaining the curve presented in Fig. 6, where a 
linear output characteristic is confronted to a saturated 
one. The former curve has been obtained with +3 dBm 
and +1 dBm input power on the LO and RF ports 
respectively, the actual phase detector working point. 

313 mll/eI,v 0.013 V 

: r~..",Saturate~ : 
........... : .. ,...... ........... . ... :'>,.: ........... , .. ........ , .. . 

I : : \ : : 
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· .. 1· .... ,.... . ..... "'\1' 

Fig. 6. Phase detector output characteristics, takcn from a HP 
54201A/D digitizing oscilloscope. 

A vector analyzer is used to control the input signal 
levels, which are set to the right value by two computer 
controlled attenuation/amplification boxes5). A stepping 
delay line before the mixer RF port sets the proper phase 
detector working point, independently from the working 
frequency. 

The frequency doubling system (based on a Mini 
Circuits FD2 RF doubler) is also inserted in the phase 
detector rack. A low pass filter, after the frequency doubler, 
cancels the stray high harmonic signals generated by the 
frequency doubling. 

2. SYSTEM PERFORMANCE 

Probe sensitivity calculations have been carried out 
before performing system testing. Particles are supposed 
to be packed in short bunches (less than 100 RF long) in 
which the electric charge is uniformly distributed. We 
have to consider the case of radial injection separately 
from the case of the axiall one. 

Axially injected particles follow the same trajectories 
and the probes always see the same number of orbits . So 
that the sensitivity does not depend on the kind of 
accelerated particle and its computed value is: 

Vs2/ldc = 540 ~V /~A 

where: V s2 is the amplitude of the 2nd harmonic signal 
and Idc is the DC current intensity. 

Conversely, for radial injection, different particle 
beams follow different trajectories, and consequently the 
probes detect different numbers of orbits, being the 
accelerated voltage amplitude fixed at 100 kV. The probe 
sensitivity varies from a minimum of 270 ~V /~A for the 
heaviest ions, to a maximum of 540 ~V /~A for the lightest 
particles. 

Typical probe detected RF signal have been generated 
to test the electronic system (Table 1). Radial injection only 
has been considered. 

Table 1. Typical beams 

Ion MeV /n Z/A Vs2[mV] flMHz] 
C 100 0.5 79 48 
C 60 0.5 47 38 
0 100 0.5 105 48 
0 60 0.5 62 38 
Cu 30 0.34 92 28 
Cu 60 0.34 181 38 

I 10 0.22 21 16 
I 30 0.22 63 28 
U 16 0.143 50 21 

Cu 40 0.34 123 32 

The probe induced voltages are simulated 
synthesizing a short pulse whose repetition frequency and 
2nd harmonic signal amplitude are chosen from Table 1 
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for the desired particle beam. Signal expected spectrum 
when accelerating copper ions is shown in Fig. 7 
Accelerating voltage frequency is 38 MHz and the beam 
final energy is 60 MeV /nucleon6). 
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Fig. 7. Filter input signal spectrum. This signal is a simulation of a 

probe detected voltage when accelerating copper ions. 

Signal after the interference filter is shown in Fig. 8 
Note that a nearly 50 dB first harmonic rejection has been 
reached. 
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As an example a picture of the phase detector rack, 
showing the internal layout, is shown in Fig. 10. 
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Fig. 9. Phase detection system output .This graph is obtained after 

phase detector output signal processing. 

Fig.l0. Internal layout of the phase detection section. Assembling 
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, techniques to reduce electromagnetic interference are shown. 
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Fig. 8. Signal after interference filter.The arrow shows 1st harmonic 

power level. 

Phase detection system output is shown in Fig. 9. 
This curve was taken varying the "beam phase" in the full 
operating range, i.e. ± 900 RF, with respect to the reference 
signal. 

A wide linear range, covering nearly the full working 
region, is shown in Fig. 9, the phase detector sensitivity 
being - 14 mV /0 RF. 

The analog signal coming from the phase detector is 
converted in a digital signal via a SBX 311 12 bit A/D 
converter, mounted upon a Intel 4410 board. The A/D 
converts phase information with 494 ~ V resolution, 
corresponding to about 0.050 . 

At the same time the phase is read, with a lower 
phase resolution, by the vector analyzer connected at the 
phase detector input. 
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THE DIAGNOSTICS SYSTEM FOR THE AGOR SUPERCONDUCTING CYCLOTRON 

B. Laune, C. Olivetto' , J. M. Kaplanski, B. Montsanglant, P. Dambre, D. Vincent 
Institut de Physique NucIeaire 

91406 Orsay Cedex, France t 

ABSTRACT 

Although the diagnostics needs had been included 
in the design at an early stage of the project, the com
pactness and the energy/particle range of AGOR re
quired special care in the design of the different probes: 
a set of 3 centering probes, an array of 13 phase probes, 
a straight radial probe (multihead, removable without 
breaking the machine vacuum), extraction probes (each 
extraction element has a profile monitor, multiwire or 
scanning wire, at the entrance and a beamstop at its 
exit). Full use of the Bitbus interface has been made 
in the design of the electronics (multiwire BPM, current 
and phase measurement). 

1. INTRODUCTION 

The compactness of superconducting cyclotrons re
quires that the diagnostics needs be included in the de
sign at an early stage of the project: space constraints 
would forbid further addition of probes. From the be
ginning it was decided to implement a complete system 
in order to make tuning as easy as possible and to be 
able to reach the desired beam quality.l) As a matter 
of fact, this is almost compulsory considering the broad 
energy/particle range of AGOR (6 MeV/nucleon heavy 
ions up to 200 MeV protons) and the accordingly com
plex extraction. In addition, radiation resistant harware 
had to be used. As will be described in details, automatic 
tasks are foreseen that make full use of the computer con
trol system and the Bitbus interface. The layout of the 
internal beam diagnostics systems is shown in Figure 1 
and consist in i) three dedicated centering probes ii) an 
array of 13 phases probes iii) a radial probe with inter
changeable heads iv) extraction probes. This system will 
now be decribed in details, after having recalled the axial 
injection line diagnostics hardware. 

• Present address: Centre de Physique des Particules de Marseille, 
Luminy, Marseille, France. 
tWork jointly supported by the Institut de Physique Nucleaire et 
de Physique des Particules (IN2 p 3 ), France and the Stichting yoor 
Fundamenteel Onderzoek der Materie (FOM), the Netherlands. 

2. AXIAL INJECTION LINE 

The axial injection line has been described else
where2 ) and the diagnostics equipment is the following: 

- current measurement units (I/V converters) con
nected to Faraday cups and slits, 

- beam Profile Monitor (BPM) : 32-wire harps, 

For both systems the same electronics as for the in
ternal probes will be used, but with different ranges. See 
the electronics section for a complete description. 

3. BEAM CENTERING 

3.1. Principle 

Beam centering is essential for beam quality; mea
surement and control of centering is highly desirable in 
order to ensure efficient extraction. The principle of the 
centering determination is the following: 

Assuming that liT = 1 and that acceleration is conti
nous, one can write the beam radius at azimuth fJ j : 

R(fJ;) = Ro + A sin fJ j + B cos fJ j + f:rLlr (1) 
A and B represent the centering error, Ro a refer

ence radius and Llr the energy gain per turn. At least 
three different angles fJj are necessary to find A and B. It 
was then decided to implement three dedicated probes at 
1200

• As far as radius is concerned, measurements should 
occur when the turns are well separated but on the other 
hand correction has to be accomplished and checked: 
trim coils 2 and 3 are used to produce a first harmonic 
such as their combined effects vanish at the measurement 
location. The selected radial range is therefore 250-300 
mm. Beam centering will be made by measuring the ef
fect of one given first harmonic and the same dephased 
by 900

, enabling the calculation of the correction matrix. 
Computer simulation has shown that a reasonable preci
sion can be achieved in this way. The radial probe will 
be used to stop the beam and be sure that one selects 
the right turns to solve system 1. 
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Fig. 1. Layout of the beam diagnostics equipment. 

3.2. Centering probes 

The lack of space in the center of the cyclotron 
makes the design of a probe very difficult. A first de
sign was based on a trolley pulled by a string, actuated 
through a hole in the yoke. A step in the track made 
the wire flip. A prototype has been built and tested, but 
failed to sustain a sufficient number of travels. It was 
then decided to use a different principle: the new one 
is based on rotation instead of translation and Fig. 2 
shows pictures of the probe where the wire is at rest and 
in a measurement position. The probe is bolted into the 
vacuum chamber and rotation is accomplished by a tube 
through the yoke, on top of which a stepping motor is 
located. 

4. PHASE PROBES 

A set of 13 non interceptive electrostatic pick-up 
probes has been implemented in one hill, taking advan
tage of the "little valley". The probes are bolted into 
the massive copper vacuum chamber; a 50 n coaxial 
feedtrough and a metallic seal ensure vacuum tightness. 

As it is already implemented in others cyclotrons,3) 
the data of the phase measurement will be used on-line 
by a program to calculate the corrections to apply to 
the main and trim coils in order to obtain the desired 

phase law; the program has been written and tested using 
simulated data. 

5. RADIAL PROBE 

The purpose of the radial probe is to stop and mea
sure the beam from the center up to the extraction radius 
(see Fig. 3). The low hill spiralisation allowed a straight 
travel from a radius of 180 mm up to the exit of the 
extraction elements: electrostatic deflector ESD or first 
electromagnetic channel EMCl, as the probe has two 
possible locations. Multihead system was mandatory, 
considering the functions to be fulfilled and the kind of 
accelerated beams. The heads are common with the E3S 
extraction probe (see below); an absolute/differential 
and a five-finger probe heads have been built (see Fig. 4). 

The motion has been divided in two: 

- a measurement motion (770 mm), powered by a DC
current motor, the position is given by an absolute 
encoder and vacuum tightness ensured by bellows. 

- a withdrawal motion (1400 mm), powered by a step
ping motor, with a sliding seals sytem, that allows 
the insertion of a valve for head changes. 
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Fig. 2. The centering probe shown at rest (left) and at a measuring position (right). 

Fig. 3. The radial probe aligned on the cyclotron. 

6. EXTRACTION PROBES 

Considering the difficulty of the extraction system, a 
efficient diagnostics system would be particularly helpful. 
The following guidelines have been followed : 

- measurement at entrance and exit of each element, 

- beam profile and position at the entrance, 

- beam stop at the exit, 

- monitoring of losses on each entrance collimator. 

We will now review in detail each extraction ele
ment: 

6.1. ESD 

At the entrance, a fast scanning wire allows the con
trol of the beam separation and of the bump tuning, a 

dedicated probe (E3S) stops and measures the beam at 
its exit (this probe is compatible with the radial probe, 
but with a reduced travel: 80 mm); the probe follows 
the motion of ESD as turn separation between internal 
and extracted beams is small, it also checks the internal 
current, allowing efficiency measurement. 

6.2. EMCI 

The profile and position at the entrance with respect 
of the channel will be measured by a BPM, based on sec
ondary emission (32-wire harp), that can be withdrawn 
(see Fig. 5). The compactness of the multiwire board 
has required construction of a prototype. The beam is 
mesured and stopped at the exit by the radial probe. 

Fig. 4. Five-finger head mounted on the E3S probe. 

6.3. EMC2 

At the entrance, there is the same sytem as for 
EMCl, but because of space limitation, no probe could 
be located at the exit of this superconducting channel. 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

489



6.4. QP's 

BPM's measure the beam horizontal position and 
profile at the entrance and exit, while vertical ones are 
checked at the exit. Beam stopping is accomplished by 
a Faraday cup located after the second quadrupole. 

Fig. 5. 32-wire harp located in front of EMCl. 

7. ELECTRONICS 

7.1. Current measurement 

High precision, wide range units are necessary to 
measure the current on both axial injection and accel
erated beam probes. I/V converters have been built 
to be mounted directly on a Bitbus crate. Commut
ing the counter-reacted resistor allows the range selec
tion: only three different resistors are necessary by using 
16-bit Analog-to-Digital Converters, that are also self
calibrated and have built-in digital filters (10 Hz cut-off 
frequency) . Test currents (to be sent to the probe, check
ing in that way the cabling and the whole measurement 
chain) and possibility to command an actuator are also 
included in the card. A Bitbus controller commands at 
the same time the measurement unit and the motor con
troller, speeding up the scanning of a probe for a profile 
acquisition. 

7.2. Profile measurement 

A modular set of 5 cards on Europe-size crate IS 

assembled for each BPM: 

- an I/V conversion card, with 32 amplifiers, a mul
tiplexer followed by a variable amplifier providing 
the dynamic range. SMC technology and four-layer, 
double sided boards are used, 

- a second I/V card if both vertical and horizontal 
profiles are measured, 

- an ADC card, 

- a Bitbus interface card, 

- a power card. 

The value of the resistors are 500 kSl for the axial 
injection units and 50 MSl for extracted beam ones. Tests 
performed on the KVI beam lines showed a noise of 2.5 
pA. The local intelligence in the Bitbus controller can 
perform operations such as averaging or elimination of 
off-sets by measurement without beam. 

7.3. Phase measurement 

The principle of the measurement follows GANIL's 
one3 ) (see Fig. 4): 

- a multiplexer selects the probe number, signals from 
top and bottom are then summed, 

- due to the position of the probe, a large pick-up at 
the fondamental of the RF frequency is expected: 

- measurement is made at twice the RF fre
quency, 

- a front-end filter cancels the fondamental . Its 
principle is to split the signal in two, delay 
one way by the amount that corresponds to 
180° at the fondamental and recombine: all 
odd'components should be eliminated. In or
der to avoid the use of an expensive delay line, 
a system based on a combination of fixed delay 
and variable phase shifter operating at a fixed 
frequency (160 MHz) will be tested. 

- the phase measurement is made at a fixed frequency: 
21.4 MHz (heterodyne method) by multiplying the 
signal with the resonator reference at 0° and 90°, 
producing signals proportionnal to the sine and co
sine ofthe dephasing (I/Q detector) , values that are 
converted in digital by the same ADC as used in the 
I/V's, then delivered to Bitbus, 

- doubling of the reference will use a Phase Lock Loop 
to improve the spectral purity if necessary. 
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ABSTRACT 

BEAM DIAGNOSTICS IN THE RCNP RING CYCLOTRON 

T. Hahashi, T . Saito and I. Miura 
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Mihogaoka. 10-1, Ibar aki, Osaka 567, Japan 

and 

S. Ichida 
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1. INTRODUCTION 
Various beam diagnostic devices showed suffi

cien t perform ances for com missioning of the RCN P 

ring CJclotron. They worked successfully for an ac

celeration of 300 Me V proton or polarized proton at 

a limited current less than 1 nA. By adding filter cir

cuits, more r .f. and static shields and by changing 

the wire assemblies of monitor head, enough signal 

to noise ratio was obtained. Beam phase was mon

itored wit h a heterodyne method by using a fre

quency of 5/3 multiple of acceleration frequency for 
a few nA proton beam, while the width was mea

sured with nuclear gamma-ray and r .f. coincidencEl 

via time to amplitude converter . 

"RCNP Ring Cyclotron Facility" consists of 

a six-separated sector cyclotron (400 q2 / A) and a 

beam circulation ring linked to a ultra-high pre

cision dual magnetic spectrograph system.l} The 

beam extracted from the RCN P AVF cyclotron (140 

q2 / A) are transported through one of the beam lines 

and injected into the ring cyclotron . 

Fig. 1. The layout of the whole diagnos
tic devices inside or around the ring cy
clotron . 

2. TRANSVERSE PLANE 
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-5) at several points of the injection line as shown 
in Fig. 1. They are installed into the beam duct 45° 
direction in the vertical plane. The head uses 0.1 
mm¢' Au plated tungsten wires. At the total current 
of about lanA it gives us the resolution for position 
of 0.1 mm and for width of 0.2 mm respectively. It is 
driven by stepping motor over 100mm stroke with 
about five seconds. Every 0.2mm steps, digitized 
current data are stored into a register and quickly 
transferred and displayed to color monitor scope as 
shown in Fig. 2. 

.: .... ~_I !'\to ....... , ' ..... 
l . ce -

Fig. 2. Beam profiles obtained by three 
wire profile monitors (TPM-3, -4) in 
the injection line of the Ring Cyclotron. 
current range is 1 nA. 

In order to obtain good signal to noise ratio 
for weak beam current down to InA, a 30 Hz and 
5th order low pass filter circuit is supplemented to 
the multiplexer after the pre-amplifier in the current 
monitor system. An integrated circuit of switched 
capacitor filter (LTC1062) attenuates 30dB for 60-
Hz noise component. 

The intrusion of higher frequency components 
from three main cavities and flat top cavity are pro
tected by -x--type filter just between the device con
nector and the signal cable to the current amplifier. 

2.1. Injection orbit 
Original design of all three-wire profile mon

itor head employs 0.1 mm4> gold plated tungsten 
wire as a sensing tool of current that gave us not 
enough signal for the beam current less than a few 
nA in the injection orbit. Thus, we convert this 
wire to 0.3 mm¢, platinum wire for TPM-INJ-1, 2, 
3 and 0.1 mm thick and 1.5 mm wide tantalum rilr 
bon for TPM-EXT (where the vertical wire only). 
Moreover, geometry of the wiring, where the mag-

netic field exists near the sector, is crucial to re
lease the electrons produced by the energetic par
ticles. Therefore, these tomography wire should be 
inclined 10 ....... 15 degree vertically to the beam direc
tion. It is noted that cabling between these wire 
or ribbon to the vacuum feed-through made spu
rious signal if the cables vibrate accompanied by 
its stroke movement with a pulse motor a.ccut uator. 
We improve shielded cables to fix the supporting 
rods tightly. 

From the entrance of the first magnetic inflec
tion channel (MIC-1) on about 2/3 of circumference 
for the 1st orbit, three three-wire profile monitors, 
three single-wire monitor (SPM-1,2,3) and one ra
dial beam stop give us precise and sufficient data 
to match the orbital acceptance. The three spec
tra taken with the SPM-ACC-1,2,3 determines the 
vertical position of injected beam after passing the 
sector magnet 1, 2 and 4 as shown in Fig. 3. Its 
mechanical movement of 1 mm4> single wire is en
sured by quick rotation of 10 mm4> aluminum tube 
via ferrofluidic seal coupled to the pulse motor ac
tuator. 

~((- I 
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Fig. 3. Three spectra taken with single 
wire profile monitor at the injection or
bit. Full stroke is ±20 mm from the me
dian plane. SPM(ACC)-3 intercepts two 
or three accelerated beam orbits. 

2.2. Accelerated beam orbit 
The radial distribution during the a.ccelera

tion can be properly observed with a main probe 
(M.P.) which has a 2000mm stoke. It is shown in 
Fig. 4. It measures the current and the transverse 
shape of the accelerated beam. It consists of tomog-
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raphy head of three thin platinum wires and ribbon 
and an indirectly cooled beam stop. The probe can 
be adjusted for the head to face the tangential di
rection of the beam orbit at any radius. The driv
ing speeds can be chosen between 20mm/sec and 
200mm/sec (it is helpful to use it in a smaller radial 
position ). 

3.1. Beam phase width 
An r.f. and gamma-ray coincidence technique 

was applied for the phase width measurement at a 
beam current less than 10 nA. Spectrum of the time 
to amplitude converter is shown in Fig. 5. Time 
wid th for the injected beam obtained so far is less 

than 1olns. In these measurements, instrumental 
• ~ J . b2t time resolution is less than 0.5 ns. 

Fig. 4. Main probe. 

2.3 Extraction orbit 
Along the extraction orbit, TV-monitor 

(TVM-ACC), single-wire profile monitor (SPM
EXT) and three wire profile monitor (TPM-EXT) 
can observe the turn separation of the final few 
turns around the extraction orbit and behavior of 
a radial gain per turn by varying the r.f. phase or 
by tuning the phase history with correction of the 
magnetic field defect upon the radius 6B(r). The 
main probe is also useful to measure these features 
by repeating stroke around this region with a short 
intervals. 

3. LONGITUDINAL PLANE 
The phase acceptance of the ring is 20° for 

a flat· topping a.cceleration mode with beam energy 
resolution 10-' whUe the value ia 10· to do the neu

tron time of flight experiment. Especially for the 
axial injection mode, new dee-insert played very ef
fective role to reduce the width at moderate current 
red uctioiL:3) 

CURSOH CH " COU~JT 19l ::047 

Fig. 5. An r.f.-gamma coincidence spectra 
obtained at the final radius of the AVF 
cyclotron. Two peaks is separated by 63.8 
ns. 

3.2. Beam phase relative to the acceleration 
r.r. 

The actual phase of the beam from the in
jector cyclotron relative to the acceleration r.f. can 
be measured by a non-intercepting capacitive pick
up (PP-IN J) when the beam not less than 10 nA 

Fig. 6. Beam phase relative to the acceler
ation r.f. observed with a non-intercepting 
capacitive pick-up (PP-IN J) when the cur
rent was about 50 nA. 
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~P-INJ 

PP-ACC 

1.2.3.4.5.6.7.8 
Multiplexer 

is injected; rf. caused from three main cavities and 
flat-top cavities interfered the beam signal severely. 
It used the sampling pulse circuits and digital os
cilloscope. Fig. 6 shows beam phase observed with 
PP-IN J, when the current was about 50 nA. Beam 
signal was obtained after averaging and subtracting 
two signals with a injected beam and without the 
beam each other. 

The beam phases relative to the acceleration 
d. are measured with eight parallel plate detectors 
(PP-ACC), which are separated by 300 mm each 
other on a same carriage. Superheterodyne tech
nique applied for measurements gives good signal 
to noise ratio in existence of large r.f. background. 
They are measured with the 5th harmonic compo
nent of the beam signal. It is designed so as to use 
455 KHz for IF stage to any cyclotron frequency: it 
uses a crystal filter in the IF amplifier. The out
put signals are averaged by a digital oscilloscope to 
reduce a thermal noise. The block diagram of the 
total circuits is shown in Fig. 7. 

Di9ital Oscillo.cope 

o 

Fig. 7. Block diagra.m for beam phase 
mea.surement. 
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Signal Processing for Internal Phase Probe in the TRIUMF cyclotron 

K. Fong 
TRIUMF, 4004 Wesbrock Mall, Vancouver, B.C., Canada V6T 2A3 

ABSlRACf 

In the TRIUMF cyclotron, the beam cavity is sandwiched 
between the rf resonant cavity, with several parasitic modes 
that are in the vicinity of the operating frequency. Rf fields 
that are present in the beam cavity are orders of magnitude 
higher than cyclotrons of other designs. Phase probes in this 
region must be able to extract the beam signal from the 
significant amount of contaminating rf noise that is present. 
With a combination of hardware and software adaptive noise 
cancelling techniques, it is possible to obtain accurate beam 
phase information at a signal-to-noise ratio of less than one, 
corresponding to a beam current of 5 IlA. 

INIRODUCTION 

In the TRIUMF 500 MeV H- cyclotron the beam induced 
signals from the internal phase probes are completely masked 
by the pick up of extraneous signals due to rf fields generated 
through excitation of parasitic modes and random electrical 
discharges in the accelerating dee structure. The cavity in 
which the beam travels can support parasitic modes that can 
be excited through misalignments of the resonators at the dee 
gap. These parasitic mode fields with frequency components 
consisting of 23.06 MHz fundamental dee excitation frequency 
plus its harmonics and the inherent wide band noise due to 
discharge lead to extraneous fields ranging from lkV/m to 
more than 10 kV/m depending on dee alignment. These fields 
generate interfering signals on the capacitive probes used for 
non-intercepting detection of the beam. By signal processing 
at the second rf harmonic the interference is reduced 
significantly while still permitting a wide operating range of 
180· for beam phase measurement. Direct conversion from 
the 46 MHz harmonic into base-band using a vector 
demodulator is used to extract beam phase information. The 
effect of residual rf leakage is removed by pulsing the beam so 
that the phase of the beam can be obtained from subtracting 
the beam-on vector from the beam-off vector. The beam-off 
vector is continuously updated to allow for long time drifts in 
the system. Using the combination of the above techniques, 
we have been able to obtain beam phase information for peak 
current as low as 5 IlA at 50 % duty cycle. 

PHASE PROBE FRON[-END 

A non-intercepting phase probe is simply a metal plate over 
which a charged beam bunch passes. The beam induces a 
voltage on the plate which is proportional to the amount of 
charges in the beam pulse. Stray electric fields that are 
present near the plate also induce voltages in the plate, 
contaminating the beam signal. To improve the signal-to
noise ratio, an opposing upper and lower probe pair is used. 
Most of the rf leakage picked up by the two probes have 
vertical electric fields that induce voltage in the upper and 

lower probes that are 180· out of phase. On the other hand, 
the beam induces voltages in the probes that are in phase. 
Therefore, by summing the two probe signals the leakage 
component will be suppressed and the beam component 
enhanced. The existing probe pair is located inside the 
vacuum tank behind the resonator, starting at a radius of 272 
inches. The front surface of each plate is covered with aquadag 
to suppress electron emission from occurring at its surface. 
The plates are surrounded by grounded shields, isolated from 
ground by ceramic stand-offs and connected to the detection 
electronics by 50 Q coaxial cables. The turn separation of the 
beam at the radii of the phase probes is of the order of 1.5 
mm, so the induced voltage is the sum of more than 60 turns. 
For a 100 IlA beam, the measured second harmonic 
component of the signal is 10 m V p-p' This is close to the 
predicted value when cable losses are taken into account. The 
second harmonic component of the rf leakage voltage is 
typically 10 m V p-p' with noise bursts up to 30 m V p-p' Due 
to the presence of non-vertical fields, cancellation of rf leakage 
by this standard method is not complete. The residual noise 
consists of random bursts of less than 1 IlS in duration ( 
Figure 1). The origin of these noise bursts is discharges in 
either the rf resonator or the rest of the vacuum tank which 
generates rf noises that are able to propagate to the phase 
probes. Vibrations of the resonator support structure further 
modulate the amplitude of the residue noise with a 5 Hz 
component. The amplitude of the residual noise is typically 2 
mV p-p' which can still pose a significant interference to the 
beam signal at lower beam current. 

Figure 1. 46MHz component of noise bursts from a single phase 
probe. The signal is amplified 30 times. The average amplitude 
is 600 m V pop' with a modulation of greater than 50 %. 

DEfECTION ELECTRONICS 

The second harmonic of 46 MHz is chosen for phase probe 
signal processing because of its low leakage values as well as 
its wide operating range. A schematic of the vector 
demodulator is given in Figure 2. Direct conversion of the 
phase signal from rf to base-band is employed. The reference 
signal is derived directly from the rf system itself. Since the 
rf accelerating field is amplitude controlled but not phase 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

495



controlled, vibrations in the support structure of the resonant 
cavity changes the tune of the cavity and causes a time
varying phase shift between the amplifier and the cavity. The 
reference phase for the detector is obtained from an electric 
field probe located inside the resonator near the accelerating 
gap where the electric field is 

Figure 2. Block diagram of vector demodulator for the phase 
probe. 

in phase with the accelerating field. Since the probe is located 
inside the resonator, the induced voltage consists of the 23 
MHz signal with all other frequencies at least 60 dB weaker. 
For this reason no filtering is needed before the dee probe 
signal is frequency doubled by mixing with itself to obtain a 
46 MHz phase reference. The other mixing products are 
removed by bandpass filters. The reference 46 MHz signal is 
amplified and split into two equal parts: the I (in-phase) and 
Q (quadrature) components. The signals from the upper and 
lower phase probes are bandpass filtered to accept only the 46 
MHz components. These consist of the Fourier component of 
the beam signal, the second harmonic rf leakage and the 46 
MHz component of wideband discharges. The relative 
amplitudes and phases of the filtered signals are adjusted to 
obtain the maximum cancellation of the rf leakage. Filtering 
before combining the two signals enables each of the signal to 
be monitored individually with an oscilloscope. The relative 
amplitudes and phases of the two signal can then be adjusted 
for cancellation. The combined signals are monitored by a 
directional coupler installed after the combiner. Fine 
cancellation is performed by minimizing the voltage at this 
point with the beam switched off. A small amount of the 
signal is tapped off to a tuned amplitude detector for beam 
intensity measurements. The main portion of the signal is 
split and mixed with the I and Q reference signals. A pair of 
diplexers at the output of the mixers provides constant 
terminating impedance in order to minimize inter-modulation 
products. The 500 KHz low frequency branches of the 
diplexers extract the I and Q information of the phase probe 
signal. The I,Q and amplitude signal are then amplified and 
digitized. Track-and-Hold amplifiers are used before the 
digitizer to assure that the digitized information from all the 
channels are acquired simultaneously. The information at this 
stage is the vector sum of the leakage and the beam pick-up 
phasors. Frequency response at this stage extends from dc to 
the response of the post detection amplifiers which are 
approximatel y 100KHz. 

Using the I,Q information, Figure 3 shows the two clusters 
of sampled data in the I-Q plane with a 180 !-LA beam pulsed 
at 50 % duty cycle. The beam-off cluster is located at the 
centre of the picture and the beam-on cluster at the right side. 

Figure 3. I-Q diagram showing the data clusters of demodulated 
beam phase signal. The distance between the two clusters is 
proportional to the magnitude of the beam current and the angle 
the beam phase. 

The sizes of clusters are indications of the amount of noise 
that is contaminating the measurements. The 5 Hz AM noise 
from the resonator support structure vibration can cause the 
centroid of the cluster to move in unison without affecting 
the angle between them. Actual beam phase modulation due 
to the vibration can cause the beam-on measurement to rotate 
about the beam-off measurement. It is apparent from the 
figure that the phase resolution of the phase probe is 
determined by the size of the clusters and their separation. 
The cluster sizes depend on the noise generated by the rf 
system and on the effectiveness of the cancellation. The 
separation between the cluster is proportional to the beam 
intensity. For a given cluster size, when the beam intensity 
is reduced, the beam-on cluster moves towards the beam-off 
cluster, and the uncertainty in the beam phase angle increases 
almost linearly with the reciprocal of the separation until the 
two clusters overlap, at which point the uncertainty in beam 
phase is approximately 45°. Generally speaking, this 
uncertainty can be reduced by averaging the data points for 
each of the clusters at the expense of the frequency response. 
This is performed in software as described in the next section. 

SIGNAL ANALYSIS SOFfW ARE 

After digitization, the beam signals are processed by 
software. The signals are digitized in a CAMAC module and 
read by a general purpose computer through a CAMAC branch 
highway, with the consequence that real time information of 
the signal is lost. The main objective of the software is to 
calculate the phase angle and to remove the time varying 
background noise. To accomplish this, the software consists 
of two main parts: the adaptive beam detection logic and the 
angle calculation. The main logic blocks are indicated in 
Figure 4. During angle calculation, the code keeps running 
averages of the sines and cosines during beam-on and beam-off 
intervals as determined by the beam detection logic, and uses 
these values to calculate the actual beam phase angle ip. The 
averaging are performed by one pole Infinite Impulse 
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Response filters. More sophisticated filters can be used if 
necessary. 

VAX 3500 

out ut invalid warning 

Figure 4. Software logic block diagram for the beam phase angle 
calculation. 

The adaptive beam detection logic is used to determine the 
presence or absence of the beam signal. The signal which 
occurs during the absence of the beam is used for background 
subtraction. At the start of the measurement, a sample of 
beam intensity values which consists of both beam-on and 
beam-off values is collected. This set of numbers are 
histogrammed and their values smoothed by a 9-point 
quadratic smoothing routine1. The peaks corresponding to the 
maximum and minimum intensities are determined by fitting 
to Gaussian profiles, and their standard deviations determined. 
This information is used to set the centers and widths of 
windows of acceptance for the subsequent data. Spurious data 
caused by transients due to sparks in the ion source, the 
injection line, the main acceleration rf, as well as the rising 
and falling edge of the pulsing beam-on period which can 
result in intensity values falling outside the window of 
acceptance are rejected by the detection system. These data 
windows are not set a priori but are derived from the beam to 
compensate for the varying beam intensities and tuning 
conditions of the cyclotron, which tend to drift slowly. 
Furthermore, the centers and widths of the acceptance windows 
are updated in each data acquisition cycle in the form of 
running averages, which enable them to adapt the variations in 
the rf leakage or the beam intensity. In this way as long as 
the beam or the rf leakage does not suddenly change by more 
than two standard deviations within the averaging interval, 
the detection logic is able to track these changes and adjust the 
acceptance windows accordingly. Care must be taken in 
tracking the widths of the peaks since the acceptance/rejection 
process is intrinsically unstable for the width. The growth 
rate can be made very small, however, by an appropriate 
choice of the tracking parameters. The acceptance windows 
are chosen to be 3 standard deviations from the peaks to 
include 99 % of the valid data. 

MEASUREMENTS 

A series of measurement were performed at various beam 
intensities. It was found that the minimum current required 
for phase measurement depended on the stability of the rf 
system, since this is manifested in the amplitude of noise 
bursts picked up by the phase probes. During a period of 

stable rf operation, accurate phase information was obtained 
from beam currents as low as 3 IlA. 

Figure 5 shows the phase measurement when there were 
instabilities in the rf system during the course of the 
measurement. During this measurement the beam current was 
increased from 36 IlA to 60 IlA in 2 increments of 12 1lA. 
The calculated phase remained stable at 59±2° for beam CWTent 
of 36 and 48 1lA. At approximately the lWh count, the 
current was increased to 60 1lA. Shortly afterward a spark 
occurred and brought down the rf system. After it was 
restarted the rf became unstable and the rf leakage increased in 
amplitude and fluctuated wildly, as observed in the figure. 
Even though the signal increased as a result of the increase in 
beam intensity, the signal-to-noise ratio decreased by a large 
amount due to the wild fluctuation in the rf leakage. 
Correspondingly the calculated phase in Figure 5 became 
unreliable and showed phase fluctuations of more than 7°. 
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Figure 5. Beam phase angle before and after unstable rf operation. 

CONCLUSION 

It is possible to extract good beam phase information from a 
high rf leakage background by adequate signal processing. In 
order to track the time varying background for background 
subtraction, the beam must be able to pulse off regularly. 
Under stable rf operations, beam phase information can be 
obtained from contaminated signal with a signal-to-noise ratio 
of less than one, corresponding, for the TRUMF case, beam 
currents as low as 5 1lA. 
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A DC Current Transformer for TRIUMF 
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ABSTRACT 

A DC current transformer (DCCT) has been de
signed to operate over the current range of ± 20 rnA, 
with a resolution and accuracy of 2 ILA. The long term 
drift has been measured at less than 3 /-lA over 30 hours. 

A test has been done using n- beam CRM 2" cusp 
ion source to compare the readings of DCCT and the 
Faraday Cup. The test shows that they both agree 
within 3 /-lA. 

1. The Principle of the DCCT 

The DCCT consists of 2 toroids which are wound 
with 1 mil supermalloy tape. The diameter is 8.5" O.D, 
7.875" I.D, the height is 0.313". The two toroids are 
matched with each other. The permeability is as high as 
60000. 

There arc 5 coils. Each toroid has a 30 turn drive
coil driving it to saturation. The two drive coils are 
connected in series but with opposite polarity. So the 
two toroids will be driven into saturation in opposite 
directions. A 100 turns sense coil is wound around the 
two toroids. The DCCT measures the magnetic field 
of the beam. When there is no current going through 
the toroids, the sense coil will sense nothing. But when 
there is current going through the toroids, the current 
will bias the saturation of the toroids, the difference of 
them is proportional to the current to be measured. A 
feedback coil is used to balance the sense signal, so that 
the current going through the feedback coil will build up 
a voltage on the standard resistors to be readout. 

The circuit is a modification of the CERN 1) type 
DCCT circuit. The circuit consists of Drive, Receiver, 
De-modulator, Feedback, Calibration and Output. The 
driving signal is a 1.7 KHz square wave. 

2. A Test with ion source 

The device was installed in the injection line of the 
Central Region Model cyclotron and its output compared 
with the current read by a Faraday cup equipped with 

ring plates biased to repel stripped and secondary ekc
trons, The DCCT was inserted into the beam pipe with 
an nylon pipe spacer to cut off the wall current which 
flowed through wires bridging the gap and outside the 
DCCT. With this arrangement, the DCCT will be able 
to detect the beam signal. Fig.1. A 2" cusp ion source 
delivered a steady current of n- or D- ions accelerated 
to 15 KeV. 

Three tests have been done. The first one compared 
the DCCT reading with the Faraday cup reading with 
n- beam. The vacuum close to the the Faraday cup was 
4x10- 7 . Due to current limit of the ion source, the mea
surement was only done up to 950 /-lA. The measurement 
showed that the DCCT read a current 5% smaller than 
the Faraday Cup did, Fig.2, where" 0 " represents H-, 
"+" represents D- . 
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Fig.2. Ion current measured by Faraday Cup and DCCT 

To understand the discrepancy of the two readings, 
the second and the third tests were done. The second 
test measured the currents from Faraday Cup and the 
Bias while keeping the voltage of the bias at -300 volts 
but changing the beam current. This test was done with 
D- beam due to the ion source set-up at the time. The 
test showed that the current on the bias was increasing 
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when the beam current was increasing. The difference 
between the Faraday Cup and the bias current is just the 
reading of DCCT, see Fig.3, symbol "+". Although the 
DCCT was not installed at the second and third test, 
by interpolating from the Faraday Cup reading, , the 
corresponding data which fitted the the DCCT reading 
curve obtained from the first test, can be gotten. The 
difference is less than 3 p.A as following table shows. 

IFaraday IFaraday-Ibia. Iinterpolated=DCCT 

173 165 164.62 

268 253.5 254.56 

301 283.4 284.92 

358 :337.2 337.52 

400 :J77.1 377 

536 500.7 503.4 

The current unit in above table is p.A. 
The third test measured the currents from Faraday 

Cup and the Bias while keeping the beam constant and 
changing the voltage of the bias from 0 to -350 V. The 
vacuum in the beam pipe before the Faraday Cup was 
2.6 x 10- 7. This test showed that the difference between 
both was constant although both readings were changing, 
Fig.3. But when the voltage was higher than 10 volts, 
the change was very small. 
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Fig. 3. The Bias, Faraday cup and DCCT 

This phenomenon is related to secondary emission 
and backscattering. When the voltage of the bias is 

higher than -8 volts, the electrons due to secondary emis
sion or gas stripping were repelled and can not reach the 
bias plate, but when the voltage is lower than -8 volts, 
the electrons will be able to hit the bias plate to form the 
negative current. When the bias voltage is higher than 8 
volts, there is a positive current going through the bias 
plates, this is because the bias with negative voltage will 
attract the positive charges due to ion stripping and the 
backscattering. If the beam current is increasing, this 
part will be also increasing proportionally to the beam 
current. 

3. The drift and sensitivity to the magnetic fleld of 
the DCCT 

The DCCT was tracked over several days to measure 
the drift. The DCCT was placed in Trailer GG for a 
long weekend and the zero reading was collected by the 
computer. 

The measurement started on Nov.8, Friday, 5:30 
PM, ended on Nov.ll, Monday, which was a long week
end. On Nov.lOth 7:00 AM, the main magnet was turned 
on, the DCCT detected the magnetic field change, Fig.4. 
Each division ofY is equivalent to 10 p.A. during the first 
7 hours, DCCT drifted about 10 p.A; it then stayed at 
±2p.A. If the temperature change in the room was about 
5°C, the drift related to temperature is 0.8 JIArC. The 
DCCT reads current by measuring the magnetic field 
of the current. The p. of the toroid is 60000, so every 
mA current will produce 1.2 Gauss magnetic field in the 
toroid, which will be converted to the DC current read
ing. So the sensitivity to the magnetic field is about 0.83 
mA/Gauss. This is consistent to the observation of the 
DCCT reading change when it was on the roof of the 
Proton Hall with the main magnet turned on. 

4. The wall current influence to the DCCT 

Although the DCCT measures the beam current 
by detecting the magnetic field, the non-metal material 
spacer is still needed nearby. Since when the beam goes 
through the pipe, the wall current will go along the pipe 
on the opposite direction, cancelling each other, and the 
DCCT will not be able to detect beam signal. Also be
cause the beam pipe is like a long antenna, with many 
interference induced in it, this gives DCCT a big false 
reading. A test has been done to prove this. Even with
out the beam, the DCCT read about 4 rnA which was 
jumping and could not be set to zero. 
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ADVANCES IN RF TECHNOLOGY FOR CYCLOTRONS 
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ABSTRACT 

The wide number of cyclotron applications and the different 
physics requirements have produced a variety of machine designs, 
especially of the RF cavities which have to support the Dees, and 
depend strongly on the magnet design. In this paper few recent RF 
systems are discussed with emphasis on the cavity design 
improvements, mainly based on new ideas, designer's imagination and 
advances in allowable technology. Some suggestion on the way to make 
profit from the use of computer are also given, together with some 
general ideas on how to design the control electronics and the RF power 
amplifiers. 

1. INTRODUCTION 

In the cyclotron history many cases can be found in 
which the RF system was considered just when the 
general machine design (that is mainly the magnet) was 
practically frozen. As a consequence a number of RF 
systems suffer the fact that some of the imposed 
constraints, which limited the possible solutions and 
sometime the best envisaged performances, were not 
strictly necessary. In these cases a minor modification of 
the machine design would possibly have produced a 
much performing RF. 

In this paper I will describe few recent RF systems 
which were designed with discussed boundary conditions, 
that is whose parameters have been optimized together 
with the general machine parameters. To do that the RF 
designer must have a serious knowledge on beam 
dynamics and techniques related to magnetic field design, 
while the project leader must have a good competence on 
RF related problems. 

I am convinced that most of the RF performances are 
dominated by the cavity design[1,2], including the coupling 
element. In fact few companies can deliver a very good 
amplifier, the problem being eventually the price. Again 
modern electronics allows to design performing controls 
which match phase and amplitude stability requirements 
and can be operated via computer. But in the case of 
meson factories, with very strong beam loading, 
electronic controls can be considered like cyclotron 
independent. This concept means that, adapting the 
frequency range and the software compatibility, a good 
electronic control, designed for a multi-cavity machine, 
can in principle be used for any other cyclotron whose 
cavities have no major limitations. 

In the next paragraph I will briefly discuss five recent 
cavities, pointing out the major design choices together 
with the solutions adopted, based on the development of 
original designs for critical components and on the use of 
special technologies, which could be widely applied in 
cavity realization to improve the system reliability and 
performance. The eventual impact on the overall 
machine cost is discussed too. 

In the third paragraph few comments and personal 
opinions are given on the way to make profit from a 
proper use of the allowable computer codes and more 
generally from the computer itself. 

Finally in each of the last two paragraphs one 
example will be given, respectively of control electronics 
and RF amplifier. These two examples can be considered 
as a reference, in the sense that they include most of the 
important, or just useful, choices which would have to be 
done when a RF system is designed. 

2. CAVITY DESIGN EXAMPLES 

Among all the built cavities, I have chosen few 
recent examples to discuss the most interesting 
technologies applied or developed together with the 
design criteria, related to the machine specs and 
constraints. I will also use these examples to sketch how 
design, ideas and technical solutions are going together all 
over the time of the machine construction; so that most of 
the comments expressed for a specific RF system have to 
be considered as general comments referred to most of the 
RF systems. 

2.1 The AGOR Cavity 

The superconducting cyclotron AGOR[3,4] has three 
vertical and identical cavities, symmetrically placed with 
respect to the machine median plane. The conceptual 
design of this cavity has been conceived together with the 
magnet design, with the aim to obtain the best 
compromise from the machine point of view. 
Particularly, with respect to the other three sectors 
supercond ucting cyclotrons[5-8], the chosen frequency 
range is considerably higher (24 to 62 MHz), asking for a 
different harmonic operation. In this case the majority of 
ion energies per atomic mass unit (10 to 72 MeV /amu) are 
accelerated using the 3rd harmonic instead of the 2nd 
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(LNS/Milano) or the 1st, like in the others cases. The use 
of the 4th harmonic for energies below 10 MeV /amu 
increases the minimum RF frequency up to 24 MHz. 

The major impacts on the magnet and RF designs 
produced by the chosen frequency range can be 
summarized as in the following: 

a) Each magnet pole has three very large (<1>=500 mm) 
vertical holes, tangent to the hill profile, but no other 
holes are supplied for coupling and fine tuning. A careful 
design of the valley shimming(3) was necessary to 
compensate for the big holes. In the other similar 
machines this magnet design has not been accepted or 
proposed. A schematic drawing of the AGaR pole face, 
where the large RF holes are visible, is presented in Fig. 1. 

Fig. 1. Schematic drawing of the AGOR pole face with the large RF 
holes tangent to the hill profile. 

b) The RF cavities can be much shorter (- 2 m) and no 
ceramic insulator between the HV electrode and the outer 
coaxial line is supposed to be needed(9). For a lower RF 
power and Dee voltage, a compact and performing sliding 
short has been developed, able to slide under power and 
vacuum, and to include variable inductive coupling and 
fine tuning(10). Very tight general tolerances and external 
multi-axis adjustments are needed too. 

Once defined the frequency range and the general 
design criteria - based on the previously mentioned 
compromise supported by first order calculations and 
technological considerations - as for the other machine 
components, the RF boundary conditions become 
practically frozen and the detailed design starts, including 
the items and the fabrication technologies which need to 
be implemented or developed . In the case of the AGaR 
RF system I will list in the following the major 
characteristics of the cavity design[9,10] and technology, 
pointing out the most interesting solutions, which could 
be eventually applied for other machines. 

• Because of the absence of the mechanical support given 
by the ceramic feed through, the cavity length has been 
minimized at low frequency, while increasing the 
minimum distance of the sliding short circuit from the 
beam plane. These two effects have been together obtained 
maximizing the characteristic impedance of the coaxial 
part (just limited by mechanical rigidity and current 
density considerations), while reducing the impedance of 
the dee-liner region, by a careful shaping of the HV 
electrode and of the valley part of the liner. The reduction 
of the impedance of the dee-liner region slightly increases 
the average current density on the sliding short, the effect 
being screened by a more homogeneous distribution(10). 

• Coarse tuning, fine tuning and variable inductive 
coupling are performed via two symmetrical multi
function sliding shorts, one carrying the coupling loop. A 
schematic drawing of the multi-function sliding short 
carrying the coupling loop is presented in Fig. 2. 
Particularly: coarse tuning is accomplished by mean of a 
symmetrical and rigid movements of the two sliding 
shorts; the coupling loop is matched varying the distance 
between the two concentric rings, in which the short is 
split; fine tuning is done and maintained acting (during 
operation via a feedback system) on the position of the 
outer ring of the sliding short not involved in the 
coupling loop matching. 

Inhrmedi.t'! 
Short 

Feed!:r 

Fig. 2. Schematic drawing of the AGOR cavity sliding short which 
carries the coupling loop. 

• Many technologies have been used to fulfil the tight 
requirements on the general mechanical tolerances and 
stability against induced vibrations and thermal 
deformations. Moreover the very compact solution 
chosen for the sliding short contacts (based on the 
developments of carefully optimized finger contacts), 
while supporting the needed current density (- 40 A/cm 
@ 60 MHz), with a 50% safety margin(10), asks for overall 
tolerances between the two coaxials of the order of ± 0.5 
mm. As a consequence, compared to the other cavities for 
similar cyclotrons[5,6,11), this one needed more 
engineering and the total cost has been higher. Each dee 
half is EB welded to the inner coaxial and can not be 
disassembled . Again numerically controlled multi-axis 
machining has been widely used (together with EB 
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welding) to guarantee the mechanical tolerances needed 
for the dee position (central region, extraction and lip 
plane) and for a safe operation of the sliding contacts all 
over the frequency range. 

2.2 The LNS/Milano Cyclotron Cavity 

While the operating diagram of the LNS/Milano 
cyclotron is very similar to that of AGaR, the general 
design is quite different[7,81. As mentioned above the 
majority of ion energies per atomic mass unit (8.5 to 100 
MeV / amu) are accelerated using the 2nd harmonic instead 
of the 3rd, the RF frequency range being 15 to 48 MHz. 

The compromise between magnet and RF has been 
different: for a less sophisticated coil design, the large 
holes (<I> = 500 mm) on the pole valleys have been 
accepted just up to a minimum distance of 600 mm from 
the median plane. As a consequence the 3rd harmonic, 
with frequencies up to 72 MHz was impossible, and we 
decided to put all the efforts to have a 2nd harmonic 
operation covering almost all the operating diagram up to 
100 MeV /amu. Moreover the 2nd harmonic (with respect 
to the 3rd ) has the advantage to reduce the phase 
precession problem at the extraction, for a 13 % lost of the 
peak dee voltage. 

Among these discussed boundary conditions, the 
cavity was designed to fulfil the specs with a reasonable 
cost and development[11-141. In the following I will list the 
rationals of some choices, together with the conceptual 
design of few special items, trying to sketch how they are 
sometime dictated by theory and experience, and 
sometime by personal feeling, optimism or imagination. 

• Dee shape has been defined with the aim to minimize 
the overall capacitance and reduce the high field regions 
to those considered unavoidable (at the centre and at the 
extraction; see the photograph of Fig. 6). An aluminium 
bulk structure has been chosen for the dee to minimize its 
volume and weight for the same stiffness A copper cone, 
which can be disassembled, assures the connection to the 
dee stem, while housing the cryopump cold head. A 
brazing technique had to be developed to connect the Cu 
cooling pipes to the Al dee. 

• Being the hole shape in the magnet yoke a boundary 
condition (see Fig. 3), the transition region, between the 
valley part of the cavity and the uniform coaxial part, was 
designed to get the maximum required frequency (48 
MHz), while optimizing (see below for the criteria) the 
insulator region in the allowable space. Once understood 
and taken into account the behaviour of the cavity 
characteristic impedance into this strongly perturbed 
region and how it affects the overall cavity parameters 
(maximum frequency, power dissipation, etc,), the main 
criteria to perform the optimization of the insulator 
region can be summarised in a careful control of the 
following three parameters: 

- maximum electric surface field on the corona ring; ~ 30 
kV /cm for a dry controlled atmosphere. 

- maximum electric surface field at the ceramic edges: - 2 
kV /cm, to strongly simplify the vacuum tight ceramic 
to Cu connection (done by a simple Viton OR seal) 

- maximum power dissipation inside the insulator: - 200 
W, together with a proper distribution to minimize the 
insulator equilibrium temperature (a minimum 
insulator Q = 5000 is in this case accepted). 

After measurements on the cavity prototype a second 
order optimization has been performed (see § 3) using the 
computer code SUPERFISH, which was implemented for 
this purpose. A maximum frequency of 49.5 MHz was 
reached for the cavity supporting the most capacitive dee 
(that is the dee between the two electrostatic deflectors), 
instead of 47 MHz, as measured on the cavity prototype 
(one MHz below the computed value). A drawing of the 
upper half of the LNS/Milano cavity is presented in Fig. 3. 
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Fig. 3. Schematic drawing of the upper half of the LNS/Milano 
cavity fitted into the magnet. 

• The characteristic impedance of the uniform coaxial 
part of the cavity, which does not appreciably affect the 
maximum frequency and the maximum dissipated power 
(in such a cavity being always associated to the highest 
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frequency), has been determined as a compromise 
between the cavity length and the maximum current 
density to be accepted by the sliding short contacts. I want 
to point out that a rms current density of more than 40 
AI cm @ 50 MHz, together with reasonable mechanical 
tolerances (greater than ± 1 mm to limit the cavity cost), 
was at that time already optimistic and well above the 
existing technology. Nevertheless, if the high 
performance ball based sliding short[151 was at that time 
already developed, a different optimization would have 
been done, reducing the cavity length (and the sliding 
short stroke) of at least half a metre! 

• A drawing of the high performance ball based sliding 
short, which was developed to fulfil the specs, is presented 
in Fig. 4. Being the item designed around a completely 
new idea[151, its performances, as optimistically expected, 
resulted to be much higher than needed. Since a more 
detailed discussion on the basic idea, experimental results 
and technologies involved is available in Ref. [15), in the 
following I will just list the major performances and 
characteristics of the actual sliding short, as a reference for 
other projects on what can be reliably done today. In 
particular its characteristics are: 
- Maximum current density (rms, @ 50 MHz) > 200 Alcm 
- Accepted mechanical tolerances ± 2.5 mm 
- Sliding distance before ball maintenance > few km 
- Under vacuum operation (- 10-7 mbar) allowed 
- Sliding at full current allowed 

• The last interesting item I want to mention is the 
coupling capacitor, whose drawing is presented in Fig. 5. 
Its main peculiarity are: 
- The inner conductor is coaxially water cooled up to the 

edge of the cylindrical alumina insulator; 
- The coupling head has a stroke of 50 mm; 

- An especially designed tee (6 1/8") is used for a reliable 
access of water pipes and rotary actuator ceramic staff. 

-- ---0 

em 

Fig. 4.. Drawing of the very high performance, ball based, sliding 
short of the LNS/Milano cavity. 

A thin layer of Ti (- 60 A), deposited on the insulator 
surface exposed to vacuum, can be used to prevent 
damages from static charges, like usually done in SC 
cavity main couplers l161 . This technique has not been 
already adopted for the couplers of cyclotron cavities, but 
it would improve their reliability. 

Fig. 5. Schematic drawing of the variable, coaxially cooled, -coupler 
of the LNS/Milano cavity. 

Fig. 6. Picture of one of the LNS/Milano liners covering the magnet pole, the three alluminum dee halves being assembled in their 
final position. On the top of the hills the special groves carved for beam dyagnostic and stripper are also visible. 
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Among the unusual technologies adopted to solve 
some critical feature[111, I want to mention: 
- Electroforming of outer coaxials, to have together 

tolerances, thickness and surface quality; 
- EB welding of the major Cu components of the coaxials, 

to be not limited on their thickness (that is on the 
general cavity stiffness); 
Inner coaxial cooling by coaxial stainless steel tubes, the 
external one supporting an especially shaped rubber 
joint, helically placed with a variable pass (see Fig. 11); 
TIG welding (with a proper He-Ar atmosphere) of the 
two Cu-OFHC liners, composed of thin (3 mm) sheets 
for the vertical parts and thick (18 mm) sheets for the 
horizontal ones (hill and valley covering). This 
solution, presented in Fig. 6, while mechanically stiff, 
gives the possibility to locate beam probes into special 
groves (carved into the hill covers) and to precisely 
work (with a numerically controlled machine) all the 
critical parts like the dee lining and the vacuum tight 
connections with the outer coaxial, the trimmer, the 
coupler and the central plug. A similar technique has 
been adopted for the AGOR liners, which have to 
support atmospheric pressure[101. 

2.3 The GANIL SSC Cavity 

I want to mention the GANIL SSC cavity[17-191, also if 
its design is not very recent, because it is an example of 
imagination to better fulfil the machine requirements, 
discussed in advance, with a reasonably compact and quite 
reliable structure. In this case, for an envisaged frequency 
range very low and wide (6.4 to 14.2 MHz), a dee voltage 
almost proportional to the frequency was required. Again, 
to have a favourable phase compression, a dee voltage 
increasing with the machine radius was strongly 
recommended. Conversely the only limitation imposed 
by the magnets was to fit in the region between two 
sectors. 

With these requirements, a cavity of the coaxial type 
(tuned by sliding shorts) is not a good solution; in fact the 
usual behaviour of such a cavity type would produce 
these major effects: 
- a dissipateed power strongly increasing with the 

frequency (dee voltage being a constant), that is with a 
behaviour opposite to that suggested by dee voltage vs 
frequency required low; 

- the need of a vertical symmetrical structure, because of 
the required voltage vs radius behaviour, 

- an enormous vertical dimension for a power 
dissipation which is negligible at low frequency, with 
respect to that required at high frequency. 

So that the GANIL SSC cavity, whose schematic 
drawing is presented in Fig. 7, while being symmetrical 
with respect to the beam plane, is more similar to a 
lumped circuit than a coaxial cavity. In fact, referring to 
Fig. 7, the two folded (to reduce the vertical dimension) 
dee stems behave like two parallel inductances, resonating 
with the dee capacitance. Starting from the highest one, 

frequency range is covered increasing the dee capacitance, 
by mean of a very large wave panel. As a result, at the 
price of an almost constant power dissipation, in spite of 
the dee voltage vs frequency low, a very compact and 
reliable cavity has been realized. 

Fig. 7. Pictorial view of the GANIL sse cavity in its operational 
position between two magnet sectors. 

I want to mention a possible problem which comes 
with this type of structure, that is the existence of a strong, 
radial and high Q high order mode, involving the dee, the 
capacitive panel and its stem. In the case of the GANIL 
cavity, this mode, which was computed and measured, 
can be excited by the 3rd harmonic of the fundamental, the 
last being tuned at a frequency closed to 9 MHz. 
Nevertheless, in the GANIL operation, this parasitic 
mode has never been a limitation, because of the 
combination of the weak coupling performed to this 
mode by the main coupler and of the good harmonic 
rejection performed by the RF amplifier output circuit, 
together with the matching line. 

2.4 The RIKEN Ring Cyclotron Cavity 

Among the many cavities designed and constructed 
for large separated sector cyclotrons I want also to quote 
the cavity of RIKEN[20,21 1, because of its unusual and very 
interesting design which could be taken as a reference 
when a high (with respect to that of GANIL) and wide RF 
frequency range is required, for a frequency independent 
peak dee voltage. Particularly, for the RIKEN cavity, the 
frequency range is 20 to 45 MHz, for a dee voltage of 250 
kV. A sketch of the movable box RIKEN resonator is 
presented in Fig. 8. 

As can be evinced from the drawing of Fig. 8, the 
cavity is a vertical half-wavelength (that is two time A.!4) 
coaxial resonator, the tuning being performed by two 
symmetrical, very low characteristic impedance, movable 
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boxes, instead of by sliding shorts, as usual and envisaged 
in the preliminary design. The effect of the low 
impedance boxes[22] can be understood thinking that the 
effect of a characteristic impedance jump on the length of 
a A/4 coaxial resonator depends on the standing wave 
longitudinal phase at the jump position, according to the 
first order equation[22]: 

ZOo - Zoi . 
~U = 2 ZOi SIn 2U i 

where: t.u is the phase advance due to the jump (in the 
direction from the open edge to the shorted one), Zoi and 
Zoo are respectively the characteristic impedance before 
and after the jump and Ui is the phase just before the 
jump. Because a box produces two opposite jumps at two 
different phase positions, that is weighted by two different 
values of sin2u, the effect of the box movement, which 
has a fixed geometrical length, is that to tune a constant 
length cavity all over a frequency range. We note that, in 
this case, the effect of the dee to box cpacitance is also 
important to compute the cavity behaviour. 

Fig. 8. Schematic drawing of the box tuned cavity for the RIKEN ring 
cyclotron. The arrows show the RF surface current behaviour. 

Once optimized the box dimensions, the main 
advantages of this tuning system, with respect to the use 
of symmetrical sliding shorts, are: 
- the overall cavity length is reduced, 
- the demands on the box sliding shorts are much less 

severe and so the position of the dee stem can be set for 
a radial increase of the dee voltage, to take advantage of 
the induced beam phase compression, 

- the stroke of the box is smaller with respect to an 
equivalent sliding short. 

Conversely the most important disadvantage is that 
of the total power dissipation which, for a wide tuning 
range, is significantly increased all over the frequency 
range. 

2.5 The Tritron SC Cavity 

Tritron is based on a quite original concept, very 
promising for compact accelerators[23]. As discussed in 
Ref. 23, this machine is called Tritron because it has typical 
features of a cyclotron, a syncrotron as well as a linac. In 
particular, the beam performs separated orbits, guided by 
238 superconducting magnetic channels, for a total of 
almost 20 turns. Radial and axial focusing are produced by 
the alternating gradient of the channels, while, as in a 
conventional cyclotron, the condition of isochronism is 
fulfilled by the radial dependence of Bz. Also longitudinal 
focusing will occurs in this machine. 

Concerning the accelerating system, the Tritron 
concept asks for very compact, and properly shaped, 
superconducting cavities, able to fit the magnetic channels 
structure, while supplying to the beam an accelerating 
voltage per turn ranging from 1.4 to 3 MV, at injection 
and extraction respectively. Conversely, the use of high 
harmonic numbers (harmonic number h ranging from 14 
to 55), allowed because of the longitudinal focusing, sets 
the cavity frequency to 170 MHz. A drawing of one of the 
six Tritron cavities is presented in Fig. 9. 
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Fig. 9. Drawing of the 170 MHz superconducting cavity for the 
Tritron cyclotron. 

Since all the details are available in Ref. [24], I want just to 
mention two very unusual and promising technologies 
which have been developed to fulfil the cavity specs and 
could be considered for other new machines, namely: 
• Electroforming of the Cu cavity halves. The major steps 
of this technique are: a solid plastic model of the cavity 
inside, a mold which encloses the model exactly, a 
number of fibreglass shells (one for each cavity half) 
sprayed with a conducting layer, electroforming of the 
cavity halves, final machining of the symmetry planes. 
• Electroplating of the superconducting PbSn layer (4 at % 
Sn). This was performed by the Tritron group with a 
commercially available bath, the electrodes being made by 
a set of platinum plated titanium roads. 

As a result six superconducting cavities have been 
realized, able to hold an accelerating voltage higher than 
the design value (250 kV at the injection and 530 kV at the 
extraction), for a heat dissipation well below 6 W. 
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3. COMPUTER CODES IN CAVITY DESIGN 

The need of a very large 3D electromagnetic code is 
not felt by most of the cyclotron community. In fact, as can 
be understood from the above examples (but the 
TRITRON CAVITY), the geometry of a cyclotron cavity is 
usually very complex and completely three dimensional. 
Moreover to define the general behaviour of the 
fundamental, accelerating, mode the design method based 
on the transmission line schematization and model 
measurements!l) is well established and can give very 
good results: the limit of a cavity usually being 
determined by technological problems. Thus the design of 
good existing cavities would probably have been almost 
the same even if a large electromagnetic code had been 
used. 

The use of large electromagnetic codes (2D and 3D) is 
eventually useful if an envisaged (or built) structure has 
serious problems coming from the excitation of high 
order (parasitic) modes by the harmonics of the 
fundamental. One example of two computed dangerous 
high order modes(25), standing inside the accelerating 
electrode of the TRIUMF cavity, is presented in Fig. 10 

y 

gop 

Fig. 10. Two computed dangerous high order modes, standing inside 
the accelerating electrode of the TRIUMF cavity. 

In variable frequency machines, the excitation of 
high order modes by harmonics of the fundamental takes 
place at some specific frequency and usually can not be 
avoided all over the frequency range. 

Nevertheless, with a careful design of the cavity and 
its coupling element, the effect on the beam, produced by 
the eventual excitation of some parasitic mode, becomes 
negligible (see § 2,3). Particularly, using a proper 
electromagnetic code, the position and the field shape of 
the critical modes (for the beam dynamics or for the 

cavity) can be evaluated, together with a rough estimation 
of their frequency. 

Usually minor modifications of the cavity design and 
a proper position and shape of the main coupler have the 
effect to strongly reduce the coupling between harmonics 
and parasitics. A very general and also useful design 
criterion is, for example, that to limit the vertical dee 
aperture to the value strictly necessary for the beam, 
having in mind that each centimetre is paid with an 
increase either of the RF power and of the coupling of 
possibly dangerous high order modes. 

Finally, a good direct way to simplify the parasitic 
induced problems is that to design a RF amplifier (possibly 
in class B) with a very low harmonic content (see § 5). 

In the recent cyclotron cavities, computers play an 
important role in the transmission line method(1) . In 
particular existing codes are used or new more performant 
codes have been written(26): 
- to manipulate the line equations; 
- to compute the characteristic impedance of unfamiliar 

sections (via a 2D electrostatic code), together with the 
expected current distribution; 

- to speed up the comparison of different cavity shapes 
which could be used; 

- to speed up the optimization of a cavity, whose shape 
has been already decided, including the eventual 
modifications dictated by mechanical problems; 

- to speed up the iteration procedures for fixed length 
cavities; 

Nevertheless I want to point out that, using the 
transmission lines approach for cavities of unusual shape 
(see for example the cavities presented in Figs 3, 7 and 8), 
most of the errors are introd uced at the level of the choice 
of the line schematization, which must be done by the RF 
designer according to the envisaged shape and position of 
the wave propagation surfaces[l). Moreover a careful 
correction of the current distribution in each constant 
impedance section, according to the current previous 
history, is mandatory for a good estimation of the power 
dissipation and a good design of the cooling system. 

In two peculiar cases[6,11) - both referring to cavities 
for superconducting cyclotrons - a 2D electromagnetic code 
(SUPERFISH) has been widely used to perform a second 
order optimization of an already designed and tested 
cavity[27,28) (see § 2,2). In the following a brief description 
of the work performed for the LNS/Milano cyclotron to 
increase the maximum frequency of the cavity 
prototype[l1) (47 MHz instead of 48 MHz) ant to improuve 
the design of the ceramic insulator region, is given. 

As can be seen in Fig. 3, the cavity has a cylindrical 
geometry (Le. a 2D geometry), but in the dee region. The 
basic idea[27,28) is that to find, by trial and error, a 2D 
model for the 3D region, able to produce for the cylindrical 
part of the cavity the proper boundary conditions over the 
frequency range. It is worthwhile that the matching 
surface <between the model and the real cavity) has to be a 
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propagation surface where the field is that typical of a 
cylindrical transmission line. In such a way the whole 
structure can be studied by means of 2D finite element 
procedure such as the code SUPERFISH, which performs a 
discretization of the Helmoltz equation over an irregular 
triangular mesh. 

It is important to point out that an a priori 
knowledge of the cavity frequency behaviour is required 
in order to check the simulating 2D model throughout the 
frequency range. In the present case the measurements on 
the cavity prototype of the frequency versus the sliding 
short position have been used for this purpose. 

Since a more detailed discussion is available in Ref. 
[28], only a few computer outputs are presented here to 
give an idea of the use of this procedure in improving the 
understanding of the cavity behaviour. 

An enlarged view of the ceramic insulator region 
before (left - cavity prototype) and after (right - final cavity) 
the optimization is presented in Fig. 11. 
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Fig.11. Enlarged view of the ceramic insulator region before (left) and 
after (right) the optimization. 

The plot presented in Fig. 12 (which refers to the 
cavity prototype @ 47 MHz, see Fig. 11) is based on the 
Slater theorem which, in a perturbative approximation, 
gives the frequency shift, d t, due to the removal of a 
small volume, dV, from a cavity of volume V, according 
to the formula: 

f (~2 - EEl dV 
tJ.V 

4W 

where W is the total stored energy. The numbers shown 
on the lines give the shift of the resonant frequency 
[kHz/cm2] due to a 1 cm2 reduction of the cavity area in 
the r-z section. This system of lines is very useful to 
evaluate quickly the effect on the resonant frequency of 
any tapering applied to the cavity, simply adding the 
contribution of each elementary square in which the 

tapering can be subdivided. All the numbers in the plot of 
Fig. 12 are positive because, at that frequency, the region is 
inductive (a> 1t/4). 

In Fig. 13 a comparison between the boundary of the 
ceramic insulator region of the cavity prototype (dashed 
line) and of the optimized cavity (solid line) is given. The 
volume reduction, which mainly determines the 
frequency increase from 47 to 49.5 MHz, is clearly visible. 
The sliding short, shown on the right side of Fig. 13, is in 
both cases at the minimum distance from the corona ring. 
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Plot @ 47 MHz, referring to the cavity prototype and based on 
the Slater theorem (see text for details). 
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Comparison between the boundary of the ceramic insulator 
region of the cavity prototype and of the optimized one. 

Fig.14. Electric field on the surface of the two coaxial in the region 
close to the ceramic insulator (@ 15 MHz, worst case). 

The electric field on the surface of the two coaxials in 
the ceramic insulator region (@15 MHz) is shown in Fig. 
14. The arrows represent just the electric field vectors on 
the surface; each segment marked by the scale on the 
arrows represents a field value of 10 kV /cm. Because the 
electric field amplitude on the surface can not be 
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computed precisely by SUPERFISH, a new routine has 
been added to have a better numerical solution of the 
equation: 

I E I = --J ~/Eo a(rH) 
k Er r al 

where: k=ro/c and I is the path coordinate along the cavity 
boundary. This routine is very useful to optimize the 
metal to ceramic connection and the voltage holding 
capability of that critical region. Particularly, limiting the 
electric field to less than 2 kV / cm at the ceramic to copper 
connection, no metallization and brazing was needed, a 
conventional vacuum sealing (by Viton O-ring) being 
sufficient and fully reliable. A similar solution has being 
adopted for the main coupler (- 600 kW) to be realized for 
the new high power cavities of the PSI ring cyclotron[29]. 

Fig.15. Plot of electric field lines and "equipartitional lines". S is the 
surface used to compute the voltage (see text for details). 

A very interesting field pattern is presented in Fig. 15 
(for the usual example @ 32.2 MHz) where two 
orthogonal systems of lines are plotted. The first one 
consists of the electric field lines[28], spaced at a constant 
increase of the voltage between the two coaxials (as 
calculated along an electric field line). The second one 
consists on the "equipartitional lines", which connect the 

points of the electric field lines having the same voltage 
fraction, with respect to the total voltage difference as 
computed along the field line itself. To have a precise 
value of the electric field integral (voltage) along a field 
line, the Stokes's theorem is applyed, the computing 
surface for the magnetic field flux being that limited by the 
coaxials, the short circuit and the electric field line itself. 

This way to present the electromagnetic field of a 
resonant coaxial cavity has a lot of interesting properties, 
among them I mention: 
- The lines of the two systems are orthogonal to each 
other, like field lines and equipotentials in an electrostatic 
field. 
- The ratio Vp/V corresponds, in the dynamic case, to the 
electrostatic potential; 
- Each curvilinear rectangle links the same magnetic flux. 
- The ratio between the dimensions of each curvilinear 
rectangle is related to the local impedance of the cavity. 
- A cavity limited by any two "equipartitional lines" has 
the same resonant frequency as the actual cavity. 

All these properties should offer the possibility of a 
very powerful definition for the generalized characteristic 
impedance along the cavity, as a function of the wave 
phase advance. 

4. CONTROL ELECTRONICS 

As mentioned above, the block diagrams of the RF 
control electronics for multi-cavity cyclotrons are now 
very similarl30,34], major differences being at the level of 
the internal layout of a single block. Since this topik is 
extensively discussed in a dedicated papar at this 
conference[35] - where a special enphasis is given to the 
more diffilcult problem related to the very high beam 
loading, typical for a mason factory - I will just present in 
Fig. 16, as a typical example, the block diagram of one 
chain of the RF control electronics, designed for the 
operation of each cavity of the LNS/Milano cyclotron. 

Fig.16. A typical example of RF control electronics block diagram (LNS/Milano SC cyclotron). 
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5. RF POWER AMPLIFIER 

This very short paragraph is just to mention a 
number of general considerations which are important 
when a new machine has to be designed. 

Because the RF power amplifiers are usually 
purcased and their cost is not negligible, often some 
money is saved reducing the specs required to those 
which are strictely necessary (i.e. output power and 
frequency range), with a less enphasis on the other 
characteristics. In particular, according to my experience, I 
will give in the following some suggestions which, while 
increasing a bit the RF amplifier cost, are very usefull and 
would improve the overall RF system performances and 
reliability. In particular: 
- Grounded grid configuration is strongly preferred for 
the power stage to overcome neutralization problems. 
- Class B operation is also preferred, because of better 
lineariry (the coltrol electronics becomes easier) and of 
lower harmonic content (the risk to excite cavity parasitic 
modes is reduced) 
- To have both, Land C, separately tunable in the output 
tank circuit is usefull to easily suppress eventual parasitics 
(this is really helping if the frequency range is wide). 
- A Class B driver, with a broad band input, relaxes the 
power requirement (that is the price) for the broad band 
solide state pre-amplifier, the total number of tunable 
elements staying constant. 

The scheme of a well designed amplifier, which fulfil 
the specs given above, is presented in Fig. 17. 

IOU IOU 

Fig.17. 90 kW, class B, two stages (final grounded grid) RF power 
amplifier for the LNS/Milano SC cyclotron (made by BBC). 

6. CONCLUSIONS 

As a conclusion I want to remember that, being the 
cyclotron the first of the circular accelerators, since 1930 
more than one hundred of different machines have been 
built and others are under construction. Cyclotron RF 
system performances are dominated by the cavity design 
and technology, choices being mainly based on the 
machine parameters, on the designer's imagination and 
on the allowable money and/or man power. 
Nevertheless, the support, on money and man power, 
given to the other ancillary equipments, like amplifiers 
and control electronics, is also very important for a good 
and reliable RF system. In particular, while for a good 

amplifier money is enough (few companies being 
qualified to deliver excellent RF amplifiers), for a good 
control electronics competent peoples are needed. 
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THE RF COUPLING SYSTEM OF THE VINCY CYCLOTRON 

B. Bojovic. M. Josipovic. A. Susini 
VINCY grouP. PS Division. CERN. Geneva. Switzerland 

ABSTRACT 

The main parameters of the VINCY cyclotron RF 
system are presented. A possibility to tune the A/2 primary 
resonator only by action of a variable capacitor is discussed. 
A design procedure based on transfonner equations has been 
verified by model measurements. 

1. INTRODUCTION 

The main parameters of the VINCY Cyclotron have 
been already presented l ) (kb=l50. both physical and 
medical purposes •... ). In this isochronous cyclotron. the 
acceleration of ions on the first. second and fourth harmonic 
is accomplished by two dees settled in two opposite magnet 
valleys. The resonator type is implied by the basic design 
constraints. The use of the magnet based on the modification 
of the CEVIL magnet from Orsay. France. implies 
application of horisontal A/4 type resonator cavities. The 
design of the cavities is based on the use of the prototYif 
cavities of the LNS Catania Superconducting Cyclotron ). 
A short circuiting piston is used to tune the cavities 
thruoghout the frequency range. The main parameters of the 
RF system are: 

Accelerating dees 
Min. RF gap 
Frequency range 
Piston excursion 

Table 1. 
2 x 300 
lOmm 
17-31 MHz 
2m 

In order to avoid complex matching system. each 
power amplifier is directly coupled to the corresponding 
resonator cavity. thus enabling the use of only one variable 
vacuum capacitor as a matching element. Each amplifier 

makes a part of a A/2 primary resonator. inductively coupled 
with the cavity. The A/2 resonators were chosen in order to 
locate the power amplifiers in a low stray magnetic field 
zone (fig 1.) where the power tubes could be efficiently 
screened. 

Fig. 1. The section layout of the VINey cyclotron. 

Having chosen inductive coupling. one has the choice 
between two solutions. 

a) Tuned arimary. tuned secondary The obvious 
drawbacks are first a need of moving the mechanical 
coupling loop inside the vacuum to adjust the primary 
impedance level and second. a need for a fast electronic 
device to protect the power tube in case of arc sparking at 
the dee. The advantages are that the isolated tuning 
frequencies of both resonators coincide with the accelerating 
frequency. 

b) Deluned arimary. The coupling loop is fixed. the 
impedance level is obtained by detuning considerably the 
primary resonator. The reactive energy required by this 
resonator can be delivered only by the secondary one which. 
in tum. is also detuned. in the opposite sense. though by a 
much smaller amount. It follows that the isolated resonant 

frequencies of the primary and secondary. COn 1. COn2. must 
be known beforehand. Any subsequent adjustment of the 
primary impedance (which is easily obtained with the 
variable condenser on the primary) requires an adjustment 
on the secondary as well. If this cannot be obtained by the 
fine tuning paddle only. the piston position should be 
corrected - a risky action at full power operation. 

1200 slub 

-3.0 m 

500line 

ZOI 

pOller lube 
AIR 

TO THE DEE 

r ! 
VACUUM 

Fig. 2. How the resonators are coupled. 

An other important fact is that the coupling loop size is 
noticeably larger than in a) and that there is a limitation due 
to mechanical constraints (sparking danger between the loop 
and the secondary stem). 

For these reasons and in order to check the feasibility of 
the arrangement over the whole RF band. an analysis has 
been developed which shows the mechanism of the coupling 
phenomena and. by means of simple expressions. calculates 
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the characteristic and the criticity of the components 
involved. 

2. THE TRANSFORMER EQUATIONS 

Instead of the standard approach by using Kirchhoff 
equations, we have preferred one which highlights the 
feedback action between primary and secondary resonators 
as a function or the coupling coefficient k. This leads to the 
primary impedance as seen by the power tube: 

Zl (S) = wnZ n1v S+0'2 [2.1] 
2 (S+0'1)(S+0'2)+n2 

As explained4), the expression is approximate and it is 
acceptable for bandwidths of the order less than 10% and 
Q's of the order of 1000. Znv is a proportionality constant 
between top dee voltage Y 1 squared and energy content E: 

y2 
Znlv = 2w

l 
E [2.2] 

n 

o is the 3-db half-bandwidth: 0 = ffin!2Q and 

S = s -jffin [2.3] 
is the complex displacement from the nominal frequency 
jffin. Though not absolutely necessary, reduced variable S is 
used (narrow band approximation)4), which cuts by half the 
degree of the polynomials at the price of systematic errors. It 
is found that, as in our case, when the Q's are of the order of 
several thousands and the relative bandwidths less than 10%, 
the errors are tolerable. 

n is a frequency related to the coupling coefficient k 

0. :: ffink/2 ; M = PoA [2.4] 
2m 

(r = distance of the coupling loop gravity centre from 
the linear axis; A the loop surface). 

An other constant, which appears in the coupling coef
ficient k, is Zni defined via the internal circulating current i: 

Z - 2wnE 25] 
nli --i2- [ • 

Both Zn's have the dimension of an impedance and are 
functions of the point x where the resonator is measured. 

The advantage of using the Zn's instead of the equiva
lent inductances and capacitances is that the former are 
simple figures of the order of 50 n, independent of the 
frequency. For our purpose, only the dee top and the loop 
position are interesting. For the secondary, which is a non
uniform transmission line, all Znv(x) and only Zni.short can 
be measured with the perturbation method or calculated by 
means of the section methodS) and also by means of 

modem codes2); Zni-loop can only be obtained by 
calculation. 

For the primary, if the power amplifier can be 
considered as a lumped capacitance tuning a cp long 
transmission line Zo, we find: 

{ ~v-.node = 4Zosin 2cp / (sin2cp + 2cp) 

Znv_loop = Zo (sin2cp+2cp)/4 
[2.6] 

UNCOUPLED 
J 

COUPLED 
P

l 
J 

/ 
I 

[1 

jCJn 

\ 
"-

"-
'-

P2 

Fig 3. The singularities of the tuned primary arrangement 

3. THE TUNED PRIMARY CASE 

The denominator of Eq. [2.1] could be factorized as: 

Z _ wnZ nlv S+0'2 
1 - 2 (S-Pl )(S-P2 ) 

[3.1 ] 

where [3.2] 

therefore, the locus of the coupled poles (Fig. 3) show that 
by increasing k, the poles move vertically still staying on a 
circle centered at jffin - 02 with radius n. A zero appears 
where there was previously the uncoupled pole at -02. The 
exact Kirchhoff solution would indicate a zero at 

jWn / ~ and a pair of poles at jWn / jl':k and 

jwJ..JI+k. The lack of geometrical symmetry is due to the 
narrow band approximation. A plot of amplitude and phase 
is shown in Fig. 4. The impedance is real at ±jn and at 
centre. Letting S = 0 in Eq. [2.1], the resulting ZI (0) is the 
parallel between the primary Rp : Rp = ffinZniv/20 and the 
reflected secondary impedance ZR : 

[3.3] 
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This expression, together with the energy equation, 
leads to the desired transfonning ratio Y 2fV I : 

[3.4] 

Both t and ZR depend on n, and so finally on the cross 
section A of the loop. 

II/R log MAC 10 dB/ REF -100 dlil U -82 7ea dB 

103. 82 sq o "'tot .. 

MAR ER 1 I I 
1 J3. 825 t-Ltt ~--.- "'--, 

I \Ii / '\ f-- --
I"-.. 

V r\ 1\ )7 1\ :---

--- \cs. 7 \.... 
\ 

-

I .-
~: 

-
~- "r J_-L __ ._-
ST"'RT Q8.0". 500 MHa STOP 113.044 SOQ MHz 

Fig. 4. The phase and amplitude function. 

4. DETUNING THE PRIMARY 

Because the poles were located in the S plane at jO - 0', 

the terms S + 0' appeared in Eq. [2.1]. If the primary had 

been resonant at COn - 0 (detuned), then the pole, still in the S 

plane would have been located at -jo - 0' and a tenn 

S + 0' + jo would have appeared at the denominator instead. 
To facilitate the discussion, the primary pole is supposed to 

be affected by a real part 0'1 = 0'2 = 0'. In the obvious case 

where 0'1 > 0'2 a resistance Rp = COnZnJl2(0'1 -0'2), which 
does not participate to the energy transfer, will be 
considered to be in parallel to the primary. For the same 
reason, the power tube internal resistance has to be 
neglected. It should, however, be taken into account in those 
cases where the beam load transfers energy to the 
accelerating secondary, because instabilities could occur4). 

Since the primary resonator is tuned at COn - 0, the 
coupled primary impedance is 

Z (S)=(w -8)Z S+O' [4 
I n nlv (S+O')(S+O'+ j8)+n2 .1] 

with roots : P1,2 = -( 0'+ j%)±jJn
2 

+8
2 

/4 [4.2] 

UNCOUPLED 

:a , , , , , , , , , , , , , 

J J 
COUPLED 

-jo 

Fig 5. The singularities of the detuned primary arrangement 

Again, there are three frequencies where the impedance 
is real: close to PI, close to S = 0 and at P2 = -jed + Do). 
From figure 5 it appears that: 

Do=Jn2+82 /4-8/2 ~ Do(Do+8)=n2 [4.3] 

The frequency at P2 is the primary mode, non 
interesting since no significant energy is transmitted to the 
secondary. 

The two other frequencies with phase zero are found at 
the intersection between the circle diameter Do with the j 
axis. Generally, S2 leads to excessively low impedances 
whereas 

SI = Do - 0'2/Do [4.4] 

is the useful one, provided of course that 

Do» 20' (say Do = NO') 

It is found that for N = 3 the upper phase margin is less 
than 200 and it is doubtful that the automatic tuning system 
could work satisfactorily in the presence of a noise or 
transients. 

The relation between Do and 0 can be obtained from 
energy considerations: there are two resonators, the primary 

tuned at -jo and the secondary at jO; both are excited at 

j(Do - 0'21D0). No reactive power is delivered by the 
amplifier at S = S I. The energy is balanced between the two 
resonators since at S I there is a 1800 phase shift. Therefore, 
it must be: 

y2 y2 
_2 Im(Y2 (SI» = _I Im(YI (51» 
2 2 

[4.5] 

which leads to : 

[4.6] 
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( 
1 1'2 Z ) 2 Z 

and finally: 0 2/ + - -l!l:::... = l' -l!l:::... 
Do - (j Do wn Zn2v Zn2v 

[4.7] 

S. THE VlNCY ARRANGEMENT 

In our primary resonator shown schematically in Fig. 2, 
the amplifier is located in the second half of the resonant 
transmission line 201. The characteristic impedance Z03 of 
the tuning stub and its length X3 can be negotiated to keep 
the amplifier sufficiently far from the median plane and 
compatible with the physical dimension of the power 
cabinet. 

To calculate Znv and Zni for this arrangement, from Eqs. 
[2.2] and [2.5]: 

---= +---
Znv.anode Znv.linel Znv.line3 

[5.1] 

Since [5.2] 

whereas the energy is: E= V.2node / (2Znv.anode) [5.3] 

gives: [5,4] 

Once the Q's are known, the Znv's give the shunt 
resistances 

Rp = Znv Q [5.5] 

and the power in function of the applied voltages. 

a) Primary. It has been shown in Figs. 1 and 2. The power 
tube is a SIEMENS type RS 1084CJ tetrode in grounded grid 
configuration. The anode d.c. voltage is 10 kV, then V rfl = 
8.5 kV. As the maximum dee voltage will be V rf2= 100 kV, 
independent of the frequency, then the transforming ratio is 

't = 11.7 
A wooden model of the cabinet with tuning lines and 

coupling loop indicate that the primary resonator can be 

considered as a Xl = 2.77 m long 50 11 line terminated at its 

open end with X3 = 0.6 m long 12011 line in parallel with a 
variable vacuum capacitor variable between 20 and 423 pF 
at 31 and 17 MHz respectively. 

Then, from Eq. [2.5,2.6] one gets (Table 2.): 

f (MHz) 
Znlv-anode (ohm) 
Znli-looo (ohm) 

Table 2. 

31 
26.26 
90.17 

17 
16.73 
104.22 

b) Secondary The dimensions of the secondary resonator 
are. such that r = 0.225 m. The other parameters, calculated 
and measured2) are (Table 3.) : 

Table 3. 

f(MHz) 31 17 

Zn2v (ohm) 42.25 52.98 

Zn2i-looo(ohm) 31.5 58.73 

cr(kHz) 2.25 1.42 

Q2 6880 5980 
Ro2 (ohm) 291 317 
W2(kW) 17.2 15.7 

c) Willi llit:. H411t:.d l2c:imary coupling, one obtains 

f(MHz) 

11 (kHz) 
A (cm2) 

Table 4. 

31 
22.9 

5,42 

17 
9.36 

11.0 

which requires a mechanical displacement or rotation in 
vacuum of the coupling loop. 

d) Willi dt:.tunt:.d ac:imary one starts at low frequency 
choosing Do sufficiently higher, though not excessively, 

then cr. From the phase plot it has been adopted N = 7. From 
Eq. [4.4] one gets: 

Do = 7 x 1.42 = 9.94 kHz. 

From Eq. [4.5] we get: 8 = 213 kHz; S2 = 9.73 kHz. 

From Eq. [4.2] and [2.9]: 11 = 47 kHz and A = 50,7 cm2. 
At high frequencies, introducing the same value Do we 

get A = 19.5 cm2. By iteration, it is found that Do = 22.5kHz 
leads to the previous value for A : 

8 = 2030 kHz; S2 = 25.25 kHz; 11 = 228.9 kHz; 
A = 50.7 cm2. 

6. CONCLUSION 

It has to be observed that tuning the dee over the whole 
band as well as changing the transforming ratio t can be 
performed by a unique action on the variable vacuum 
capacitor provided the dee fine tuning facility succeeds to 

retune from S2 to zero i.e. at COn. Otherwise, the piston of the 
dee line has to be displaced. 
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DUAL FREQUENCY RESONATOR SYSTEM FOR A COMPACT CYCLOTRON 

M. Eiche, K.L.Erdman 
Ebco Technologies Ltd., 7851 Alderbridge Way, Richmond, B.C., Canada V6X 2A4 

and 

P. Lanz, M. Lipnicki, M. Zach 
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3 

ABSTRACT 

A dual frequency resonator system operating at 
74/37 MHz used in a proton/deuteron isotope produc
tion cyclotron is described. The available design options 
are discussed, the selected concept is described, and re
sults of model measurements are presented. 

1. INTRODUCTION 

A compact cyclotron for isotope production is under 
construction at Ebco Technologies in Vancouver. The 
design is similar to the existing TR30 H- machine now 
in operation at Nordion InternationaJl) (Fig. 1), and it 
is again undertaken with the technical and design assis
tance ofTRIUMF. The main difference between the two 
cyclotrons is the added capability to accelerate deuterons 
so that the rf system must operate at 74 and 37 MHz re
spectively. The design options for this dual frequency 
system are the content of this paper. 

ION SOURCE 

RF TRANSMISSION 

CONNECgJ 

Fig. 1. TR30 cyclotron. 

2. SPECIFICATIONS 

Mode Frequency 

73.169 MHz 
36.654 MHz 

3. DESIGN CONSIDERATIONS 

Dee Voltage 

50 kV 
25 kV 

• it is advantageous to retain as many features of the 
proven design of the existing TR30 cyclotron as pos
sible, mainly the dees and the diameter of the open
ing in the magnet yokes 

• to resonate a system with a constant dee shape and 
capacity at both frequencies one must increase the 
inductive reactance of the stem for the 37 MHz'mode 

• the necessary increase of the stem length must not 
extend far beyond the magnet; ease of assembly and 
disassembly is imperative 

• the structure must be mechanically and thermally 
stable (vibrations, frequency drift) 

• switching between modes must be done remotely, 
and under vacuum; 

• coarse and fine frequency tuning mechanisms are re
quired 

The layout of the system is shown in Fig. 2. 

4. DESIGN OPTIONS 

Three options have been considered and investigated 
using analytical calculations, computer modelling and 
model measurements. 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

515



l\JNN) 
CAPAaTOR"""" 

~ 
C 

DEE GAP 

V'·-
STR( 
~ 

"'" ~ 

COlRINQ 
~CAPACrrOR 

~~z 

~ 
~ 

Fig. 2. Schematic diagram of the dual frequency resonator 
system. 

Fig. 3. Stem extension by a helix. 

4.1. Stern Extension with a Helix 

Figure 3 shows the inner conductor with the helix 
extension. A cooling line is run on the inside of the helix 
without crossing the gap. Not shown is a tuning and 
switching mechanism. By using this helical construction, 

73~MOOE 

Fig. 4. Folded cavity. 

the total weight of the inner system, including the dee, 
is supported by the lower helix which is then mechan
ically unstable. There are several possible solutions to 
this problem. The obvious one is a ceramic insulator in
side the helix, or increasing the helix stiffness by using 
composite materials etc. 

4.2. Folded Line 

4.2.1. Version A 

The shortening of the line for 37 MHz operation 
can be achieved by "folding" it as shown in Fig. 4, which 
is self explanatory. In both cases the frequency can be 
adjusted by moving the shorting plate; when operating 
at 37 MHz the tuning is achieved by the capacitive effect 
of the shorting plate, still adjustable within limits. 

For the geometry as shown and for D = 20 cm, 
d1 = 11 cm, d2 = 6 cm, then at f = 37 MHz and 
with a dee capacity C]oad = 70 pF, simple calcula
tions indicate that with equal characteristic impedances 
Zl = Z2 = 36 n the total resonator length is 
Ires = 134 cm. 

When operating the same system in the 74 MHz 
mode the length reduces to 45.5 cm, bringing the dif
ference in length between the modes to 21.5 cm. The 
current amplitude at the short is 10 = Uo/Z = 1426 A; 
for the specified voltage of 50 kV the power for one quar
ter of the system is ",7 kW or ",28 kW of total power. 
The system was also modelled by SUPERFISH and the 
above results confirmed. 

The limitation in the resonator diameter does not 
allow for an increase of the characteristic impedance, and 
hence in a reduction in the power. 

4.2.2. Version B 

It is possible to modify the system such that at 
74 MHz the dee is resonated using the shorted outer 
half of the folded cavity as in Fig. 5, where the radii of 
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Fig. 5. Low loss folded cavity. 

the coaxial line are large. Under those conditions for the 
same dimensions, characteristic impedances and loading 
capacity the skin loss is reduced by the ratio D/d l to 
",4 k W, or for the total system to '" 16 k W, in agree
ment with SUPERFISH results. This concept yields the 
shortest stems, and it appears to be the most elegant so
lution to the problem. On the other hand no model mea
surements and feasibility studies have been made so far 
(mechanical stability, tuning, cooling, and voltage hold
ing); they are planned for the future. 

4.3. Straight Transmission Line 

A straight transmission line represents at 74 MHz 
a solution with the smallest skin loss due to the highest 
characteristic impedance (72 Q) achievable within the 
available space. 

For the same dee capacity of 70 pF the computed 
lengths are 26 cm and 91 cm at 74 and 37 MHz respec
tively. In order to switch between modes, the system 
length must change by ",65 cm. This is achieved by 
means of a newly developed coaxial switch which capac
itively foreshortens the line in the middle, operates with 
a stroke of only 10 cm, and thus does not significantly in
crease the total mechanical length of the system (Fig. 6). 
The switch can be operated under vacuum in both the 
37 and 74 MHz modes, and it is used firstly for adjusting 
the electrical balance of all four parts of the rf resonator, 
and also for fine frequency tuning during operation at 
either frequency. 

In Fig. 7 is an equivalent circuit of a AI4 resonator 
at 37 MHz. Figure 8 shows the dual frequency system 
installed in the magnet. 

4.4. Model Measurements 

Some results from test measurements on a copper
clad plywood model of the system are summarized below. 

1. Voltage distribution at the acceleration gap (Fig. 9) 

2. Voltage distribution along the coaxial line (Fig. 10) 

37 MHz MODE 

73 MHz MODE 

Fig. 6. Solution using a coaxial switch. 

l 
z.- 720 ---. 35 em 

~ 
17 em 

1 
35 em 

J 
70 pF 

Fig. 7. Impedance diagram. 

5. CONCLUSIONS 

The straight transmission line option gives the low
est power requirement and highest mechanical stability 
for the resonator system as well as providing tuning at 
both frequencies. The capacity loading of the line in the 
middle at the 37 MHz frequency gives an overall line 
length of ",87 cm. The skin loss for an accelerating volt
age of 50 k V is '" 11 k W. The properties of the system at 
74 MHz are the same as for the Nordion TR30 cyclotron. 
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THE RF-SYSTEM FOR A VICKSIINJECTOR CYCLOTRON 

W. Pelzer 
Hahn- Mei tner- Insti tut, Bereich Sch werionen physik 

Glienicker Stral3e 100, W-IOOO Berlin 39 
Germany 

ABSTRACT 

One alternative to the existing electrostatic in
jectors of VICKSI is a small compact cyclotron. The 
ions from an external ECR-source shall be axially in
jected and accelerated by an RF system with the same 
basic features as that of the existing K = 130 separat
ed sector cyclotron. This means there will be two dees, 
located in two of the four magnetic field valleys oppo
site to each other, with an angle of 36° each, working 
either in push/push or push/pull mode in the frequen
cy range of 10 to 20 MHz. The resonator volume is 
kept below 0.5 m3 by the use of coils instead of a dee 
stern. This compact design concept allows a maximum 
dee voltage of 70 k V with a power loss of less than 6 
kW. 

1. GENERAL IDEAS 

Nuclear physics at VICKSP) usually demand 
rather low beam intensity in the range of nano- and 
pico-amperes. But during the past few years, VICKSI 
experienced a growing demand of beam time for solid 
state physics experiments, often requiring higher 
beam currents than available. Today, the VICKSI 
beams are limited with respect to intensity mainly 
due to ion source characteristics and stripping effi
ciencies. Heavy ion beams with micro-amperes of cur
rent are produced only at low charge states. Since the 
"energy booster" cyclotron asks for a minimum 
charge to mass ratio q/A ? 1/8, stripping is necessary 
before injection. At best, 30% of the delivered injector 
beam intensity is stripped to the right charge state. 
For highest beam energies, stripping efficiencies as 
low as 0.1 % are encountered. 

ECR·sources2 ) deliver tens of micro·amperes of 
beam current directly at these high charge states nec
essary for our cyclotron, which would eliminate the 
need of a stripper. With the proposed new injector cy
clotron, existing ECR-technology can be used to pro
duce most VICKSI-beams al roughly tenfold intensi
ty. 

1.1. Basic Machine Layout 

The new injector cyclotron will have an extrac
tion radius of 43 cm, which corresponds to the injec· 
tion radi us of the booster cyclotron: The injector runs 
with the same mean magnetic field of 0.8 T at maxi
mum. Then with the same pole shape symmetry and 
acceleration system every injected beam is automati
cally perfectly matched to the booster. Therefore the 
matching condition directly suggests to choose all the 
basic machine layout as it is at the booster: 
- 4 straight magnetic sector poles with an angle of 
50° each. 
- 2 accelerating dees, 36° wide each, in two opposite 
magnetic field valleys, driven either push/push or 
push/pull at 10 to 20 MHz operating RF frequency 
(harmonic number 2 to 7). 

The ECR-source beams are preaccelerated by a 
100 k V platform and axially injected to a radius of 8 
cm. The four magnetic poles are attached to a com
mon yoke, which will have small outer dimensions of 
just 2xlxl m. The k-factor is k = 8. 

This paper deals especially with RF design as
pects. Several resonator options have been compared 
in order to reach small overall machine dimensions. 

2. RI<' DESIGN CONSIDERATIONS 

As mentioned in 1.1., most of the basic RF lay
out is already set by beam matching considerations. 

To find the necessary maximum dee voltage 
level, injection· and extraction-conditions are exam· 
ined. For single turn extraction a mini mum turn 
separation of 8 mm should be reached. At injection, 
the first turn radius of 80 mm should be increased hy 
the dee voltage to at least 110 mm for the second turn. 
Both conditions are met with a dee voltage level of 70 
k V even for worst case operation (2nd harmonic and 
q/A=0.5). To limit the necessary amount of driving 
power, a high Q resonating structure is mandatOl"y
Complete high vacuum environment is chosen. 
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The dee structure has been calculated to repre
sent a capacitive load of roughly 55 pF by the use of 
code EFEBER, which is derived from an old code 
named EFICAL3). The configuration has a minimum 
dee gap width of 14 mm and a clearance for the beam 
passage of20 mm in height. 

An unloaded quarter wave resonator at an op
erating frequency of 10 MHz means a conductor 
length of7.5 m. Capacitive loading with up to 260 pI" 
cuts such a resonator of coaxial type down in length to 
about 2 m at cost of an increase in driving power by 
roughly a factor of 5. Still 2 m-resonators with 1.5 m 
outer diameter are large units if compared to the 
small overall yoke dimensions. A large cost reduction 
for the project is expected if the injector size can be 
kept small enough to be realized within existing 
buildings. Therefore alternative types of resonator 
construction have been investigated, capable of driv
ing the same dee structure with still low losses but 
reduced requirement of space. 

2.1. Comparison of Resonator Options 

The simple quarter wave resonator, a piece of 
coaxial line connected horizontally to the rear of the 
dee, has been compared to a half wave structure with 
vertical dee-connection, and to another quarter wave 
system with the inner line conductor wound up to a 
coil. 

2.1.1. Horizontal quarter wave coaxial line reso
nator 

Length reduction of this type of resonator is 
limited by geometrical reasons. [n order to limit the 
decrease of voltage versus increasing machine radius 
within the dee area, additional capacitive resonator 
loading should not be applied along the dee. Since the 
dee tip area is occupied by magnet poles and injection 
elements, space is available only at the rear of the 
dee. For 200 pI" at a gap of 20 mm a capacitive plate 
area of 0.5m2 needs to be provided around the dee 
stem, which means another meter of stem length. 
Therefore less than 2 meters of total resonator length 
cannot be achieved. 

'{'here are about I k W of power losses for 70 k V 
dee vol tage at the open end of an un loaded shorted co
axial quarter wave line, with copper surfaces, outer 
diameter D = 1.5 m, stem diameter d = D/l 0, operated 
between 10 to 20 MHz. [f tuned by sborting piston 
and loaded by a fixed 260 pI<', this resonating line will 
be cut in lengt.h to less than half at cost of an increase 
of losses of up to 5 kW. With capacit.ive tuning only, 
the power loss amounts to a maximum of 3 k W. 

Table 1. Coaxial line quarter wave resonator 

Dee-capacity (includes fine 
tuning) 

Hesonator outer diameter 
Stem diameter 
Resonator stem length 
Dee-length 
Coarse tuning via shorting 

piston/piston path length 
Power losses at 70 k V dee 

voltage (copper surfaces) 

100 pF 

1.5 m 
0.15 m 
4.09m 
0.52 m 

2.84m 
1.45 kW (10 MHz) 
l.8 kW(20MIIz) 

Less ambitions with respect to length reduc
tion permit the straightforward design-data given in 
table 1. At reduced dee voltage of 50 k V less than I 
kW of driving power is necessary, which would allow 
to run without a special power amplifier, and to use 
already existent drivers. 

2.1.2. Vertical half wave coaxial line resonator 

A large capacitive tuning range with a mov
able plate facing the rear of the dee is achieved easier, 
if the stem connects elsewhere. Vertical connection of 
two quarter wave stems through the magnet yoke has 
been considered, which results in a similar type of 
resonator as built for the two GANIL SSC's. With this 
solution the outer line diameter is limited to 0.5 m by 
the yoke/pole-dimensions. With 5 cm stem diameter, 
215 pF tuning capacity and 55 pF dee capacity the re
sults are: Up to 18 kW of driving power for 70 kV dee 
voltage and 2 m vertical space above and below the 
beam plane have to be provided. 

2.1.3. Helical inner conductor 

Smaller resonator dimensions are possible 
with the replacement of the inner conductor of a quar
ter wave coaxial line by a coil. Chapter 3 deals with 
special mechanical and electrical problems encoun
tered with such a resonator; a feasible layout is 
shown in Fig. I and explained with Table 2. The reso
nator extends only 0.5 m beyond the magnet yoke and 
will give 70 kV of dee voltage with about 6 kW of 
losses. 

3. SPECIAL FEATURES 

A coi I cannot support the dee structure me 
chanically Cooling is not easily provided, and high 
currents must be handled at the short.ing point. 
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Fig.!. Quarter wave resonator with helical inner 
conductor 

To support the dee and the coil mechanically, 
rod insulators have been used. At the metal/insula
lor-junction the electrical fields are strongly reduced 
with conical metal rings. With BeO as insulator ma
terial, the maximum losses per rod amount to about 
60 W. This gives a maximum temperature rise of 20° 
K bet ween the midpoint of the rod and the cooled end 
surfaces. 

Cooling water is brought through the eoil to 
the dee. In fact, two identical coils are used, fitted to
gether as a double-helix with the hot ends connected 
to the rear ring of the dee at 180° apart from each oth
er. This parallel eonnection allows the one coil tube 
being used as water feed, the other as drain. 

Model measurements on a prototype double 
helix showed the coil Q to be increased by about 10% 
over the single-helix case. The minimum Q-value is 
4000. This results in 700 A of shorting current at 
70 kV dee voltage, which excludes the use of sliding 
eoil taps for frequency tuning. Therefore only a fre· 
quency sub-band is selected at the double-helix coil 
by means of switching one out of four fixed tap-pairs 
at the lowest four windings. The total maximum of 
700 A divides onto two taps, one for each helix, with a 
contact ring of 10 cm in circumference. During RF op 

Table 2. Double·helix quarter wave resonator 

Dee-capacity: 55 pF 
Tuning capacity (rear of dee) 10 to 40 pF 
Coupling: capacitive 
Dee support: 3 BeO rod insula tors/length 17.5 cm! 

diameter 3 cm / protected by corona rings 
Coil: Double-helix in shielding box / Box diameter 

0.5 m / Each coil is made from silvered, unmag
netic stainless steel tube with 2 cm tube diame
ter and 0.6 cm bore-radius / Coil-mean-diameter 
22 cm, turn-pitch 7.2 cm / Both coils are turned 
into each other to form a double-helix with the 
connections oriented by 1800 to the rear of the 
dee / Coil support by BeO rod insulators / Coil Q 
~5000 (at 20 MHz) and ~4000 (at 10 MHz) 

Frequency-tuning: capacitively within four sub
bands by tuning plate facing the rear of the dee / 
Sub-band selected by pressing two ground studs 
to one out of the four pairs of taps on the double
helix 

Power loss at 70 kV dee voltage: 4 kW (10 MHz) 
6 kW (17 MHz) 
4,5 kW (20 MHz) 

Shorting current, at 
70 kV/17 MHz 
divided to two studs, 
10 cm contacts 

700 A, total 

35 A/cm 

eration the contact rings are under pressure, which 
gives a large safety margin over the anticipated 
maximum current load of 35 A/cm. Frequency tuning 
within the sub-bands is achieved with a movable ca
pacitive plate facing the rear of the dee. To cover the 
sub-bands completely, a maxi mum capacity change of 
about 22 pF must be provided. 

4. CONCLUSION 

One important pnlblem for the construction of 
an injector cyclotron for VICKSI is the design of the 
RF system. 

The quarter wave coaxial line resonator described 
in table 1 is the simplest solution. It just requires 
space, which in turn easily means as much additional 
costs for a new building as the complete expenses for 
the injector alone. In the tradeoff between a simpler 
RF design with high building costs and a more com
plicated but smaller double helix resonator the latter 
is favoured. With this solution the overall dimensions 
of the injector cyclotron are mainly defined by the 
magnet yoke and kept very small. 
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LOW FREQUENCY RF SYSTEM FOR THE INDIANA UNIVERSITY COOLER RING 

X. Pei 

and 

S. Anderson, V. Derenchuk, G. East, D. Friesel, D. Jenner, D. McCammon, T. Sloan 
Indiana University Cyclotron Facility, Bloomington, IN 47408, U .S.A. 

ABSTRACT 

A low frequency rf system working at the orbiting 
frequencies of particles (h = 1) has been built at the IUCF 
Cooler ring. The cavity design features a new ferrite 
biasing scheme proposed by S. Papureanu and has a wide 
tuning range. Application of the fundamental mode rf 
operation in the cooled rf stacking injection is discussed. 

MOTIVATION 

The Indiana University Cooler is a 3.6 T-m 
electron-cooled storage ring and synchrotron designed 
primarily for internal target nuclear physics experiments. 
Upon its commissioning in 1987, it was equipped with an 
rf system that covered a frequency range of 6 to 17 MHz 
and was ferrite-bias tunable for a 2:1 frequency ratio for 
synchrotron acceleration of fJ<1 ion particles. With a ring 
circumference of 86.8 m, the rf system had to run with 
modes of harmonic number 6 or higher for a typical 
proton beam with injection energies from 45 to 200 MeV. 

In a ring with electron or stochastic cooling, if the 
cooling energy is set at the center of the rf bucket, all the 
beam will eventually converge to a small longitudinal 
emittance area in the center of the rf bucket due to the 
combined action of rf and cooling forces. Fig.1 is the 
computer simulation of the converging process of the 
beaml. 
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Fig. 1. Computer simulation shows that beam spirals into the center of 
the rf bucket with combined forces of cooling and rf. 

Fundamental mode of rf operation thus has a 
unique capability to precisely place the beam in a single 
well defined azimuthal position. This was of particular 
interest to the cooled rf stacking injection for reasons that 
will be explained later in this article. Design and 
construction of a fundamental frequency rf system was 
thus proposed and accomplished. 

THE RF CA YITY 

A low frequency limit of 0.5 MHz was chosen to 
cover most of the beam types and energies that the 
cyclotron injects into the Cooler. At this frequency range, 
ferrite-loaded quarter-wavelength coaxial cavity is compact 
and easy to build. 

It is also desired that the cavity has a wide tuning 
range to follow the synchrotron acceleration of fJ<1 
particles such as proton and helium. Without a wide 
continuous frequency coverage, a beam has to be 
accelerated with a higher harmonic number first and then 
be rebunched at a lower harmonic number at an 
intermediate energy. Such a process adds complication to 
operation and often leads to beam loss. 

Ferrite biased tuning is a widely used method to 
electronically tune an rf cavity. The permeability J.l of 
ferrites decreases as the magnetic field increases. By 
adding a "biasing" DC or low-frequency magnetic field, the 
J.l or the resonant frequency of the cavity can be changed. 
This biasing field, however, usually has to be quite strong 
and must be minimized where the beam goes through. The 
existing IUCF Cooler PPA cavity (salvaged from the 
Pennsylvania Proton Accelerator), for example, uses its 
enclosure as a single turn coil and needs a 4000 A power 
supply. For the low frequency cavity, an efficient biasing 
scheme proposed by S. Papureanu was used. The biasing 
magnet is a quadrupole and is placed outside the ferrite. 
The field in the center (where the beam line is located) is 
zero due to quadrupole cancellation. Fig.2 is an illustration 
of the biasing structure. This approach was first adopted 
by a cavity design at Max Planck Institute and hence this 
cavity at the IUCF Cooler was named MPI cavity. With 40 
turns of windings on each magnet tip, a 20 A power supply 
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Fig. 2. Principle of ferrite biasing with a quadrupole magnet. 

covers a frequency tuning ratio of 7:1, which is more than 
sufficient to cover the synchrotron acceleration frequency 
change of /1<1 particles. In Fig.4, the frequency versus 
current plot of the MPI cavity is shown. 

The ferrite rings are stacked with half an inch 
gaps in between. The enclosure which forms the outer 
conductor of the coaxial transmission line is made of 
copper straps instead of solid copper to minimize 
machining for construction. The spacings between the 
copper straps allow air flow into the gaps of the ferrites to 
remove heat buildUp. Fig.3 is a cut-away view of the cavity 
structure. 
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Fig. 3. Cutaway picture of the MPI cavity showing its internal structure. 

A 4100 pf variable capacitor is loaded to the gap 
of the cavity to provide additional tuning range. With 4100 
pf of capacitative loading and zero biasing, the cavity 
resonance is slight below 0.5 MHz. 

A cavity merit factor "gap resistance" is defined as 
Rg as follows: 

V2 
R=-L 

I 2P 
(1) 

where Vg is the peak rf voltage developed across the cavity 
gap with a drive-power of P. Rg is thus the equivalent 
shunt loss resistance across the tank circuit. Fig.4 also 
shows a plot of R, at various frequencies. 
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Fig. 4. Bias Ampere-tum and gap resistance versus frequency plot of 
MPI cavity. 

AMPLIFIER, FREQUENCY SOURCE AND CONTROLS 

In the h = 1 mode, sufficient bucket size can be 
created with a relatively low rf voltage, as1.2: 

(2) 
p 

where lipmax is the maximum momentum deviation from 
the synchronous momentum p that can be captured by the 
rf bucket, E the energy of the particle, and f} the 
"frequency slipping factor" dermed as 1/ y - 1/ y,2. y, is 
the "transition y. of · the ring. A ring is isochronous at 
E= YplC

2
• 

A 150 Watt solidstate power amplifier is used to 
drive the cavity to obtain a gap voltage of 500 Volts peak 
or higher, sufficient to cover the typical cyclotron beam 
energy spread of lip /p = ± 0.03%. 

Fig.5 is a block diagram of the IUCF Cooler low 
frequency rf system. The sweeping frequency source is 
made of a direct digital frequency synthesizer (DDS) that 
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has sub-microsecond frequency switching speed with phase 
and amplitude continuity. Automatic tuning is achieved by 
comparing the phase of the rf drive at the cavity to the 
phase of rf electric field across the cavity gap. The phase 
information is used to drive a servo loop that controls a 
power supply to maintain proper cavity biasing field for 
correct tuning. Other feedback loops control the amplitude 
and phase of the cavity. 

CII"lh" rr fH'dbect 

Fig. 5. Block diagram of the IUCF low frequency rf system. 

APPLICATION 

As an example of the application of the cavity, its 
use in the multiturn rf stacking injection of the Cooler ring 
is illustrated as follows. 

Detailed description!,2 of the whole rf stacking 
process is beyond the scope of this paper so we assume 
that there already is accumulated beam in the ring. In 
order for fresh beam injection to occur, a pair of matched 
kickers must be fired. Because the kickers are placed 180 
degree betatron oscillation phases apart, they theoretically 
only cause a localized orbit distortion in the ring. 
However, precise matching of kickers is not possible and 
the stored beam will experience transverse-heating led 
beam loss while going through the kickers. With the stored 
beam bunched by electron cooling and the fundamental rf 
bucket, however, the stored beam can either stay away 
from the kickers when they fire or go through the kickers 
at a better behaved time, such as the flattop of the kicker 
pulse (Fig.6). The kicker firing does need to be 
synchronized to the rf phase for this operation. Beam 
experiments showed that with the fundamental frequency 
bunching, kicker-heating induced beam loss was greatly 
reduced3

• 

Non-kicked orbit 

Stored beam stays away from 
Klders when kickers fire 

Matched kickers 

) 
Fig. 6. The low frequency cavity bunches the beam at an azimuthal angle 
away from the kickers when kickers fire. Lower beam loss can also be 
achieved by letting beam go through the kickers at the flattop of the 
kicker pulse. 
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ABSTRACT 

A ),,/4 coaxial cavity with a movable short has been 
developed in the JAERI AVF cyclotron. The original 
model of this cyclotron had the movable panel type res
onator, of which maximum voltage was not sufficient for 
accelerating 90 Me V protons. The maximum voltage of 
the modified coaxial cavity is 60 kV at 21.14 MHz. The 
resonant frequency range is 10.6 to 22.0 MHz, and the 
fine tunable frequency I1f/f is 1.6 %. The voltage and 
phase stability is ±1 x 10-3 and 0.50 respectively. 

1. INTRODUCTION 

The JAERI AVF cyclotron1,2) (K-number=llO) has 
been constructed for the purpose of extensive application 
of ion beams to R&D for radiation technology. Various 
kinds of ions from proton to xenon in a wide range of 
energy are required for fundamental research in materials 
science and bio-technology. We have two types of ion 
sources3 ) in order to meet the requirement of producing 
light to heavy ions; one is a multicusp type ion source for 
generating protons, deuterons and helium ions, the other 
is an ECR type ion source mainly for heavy ions from 
proton to xenon. The ions with charge-to-mass ratio of 
1 to 6.5 can be accelerated in a broad energy range: 5 
to 90 Me V for protons, 5 to 53 Me V for deuterons, 10 to 
108 MeV for 4He2+, and 2.5 to (1l0x(Q/M)2) MeV/u 
for heavy ions. 

The J AERI A VF cyclotron is of the model 930 of 
Sumitomo Heavy Industries, Ltd. (SHI). The cyclotron 
is basically the same model as the CYCLONE (Uni
versite Catholique de Louvain, Belgium), the IRE cy
clotron (Institut National des Radioelements, Belgium) 
and NIRS-Chiba cyclotron (N ational Institute of Radio
logical Sciences, Japan). The latter three cyclotrons have 
a movable-panel type resonator with rf peak voltage of 
35 kV at 21 MHz. A higher acceleration voltage of 60 
k V was required for accelerating 90 Me V protons when 
the external ion sources were used. However, it is hard 
to get 60 kV by using the movable-panel type resonator 
owing to the power limit on the stem. The asymmet-

Phase slit( IT) Magnetic channel 
probe 

Fig. 1. Schematic drawing of the AVF cyclotron. 

rical structure of the cavity causes the partial current 
concentration on the stem facing the movable panel, and 
then causes over-heated trouble on the stem and mov
able panel. The power consumption of the cavity was 
predicted to be 80 kW so as to operate at 60 kV and 
21.14 MHz. 

To avoid such a problem, the coaxial cavity with 
a movable short has been developed. The symmetrical 
structure of the cavity is more advantageous for the cur
rent density on the stem. The Q-value of the coaxial cav
ity, therefore, is higher than that of the movable-panel 
type cavity. Consequently, the power of 30 kW required 
for the amplifier is much less than before. 

2. RF CAVITY 

A schematic drawing of the cyclotron is shown in 
Fig. 1 and the specification of the rf system is summa
rized in Table 1. Two dees with a dee angle 860 are 
made of 10 mm thick oxygen free copper (OFC) so as 
to maintain a good thermal conductivity. Cooling water 
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Table 1. Specification of the rf system. 

Number of dees 
Dee angle 
Maximum dee voltage 
RF frequency 
Resonator 
Harmonic number 
Vertical aperture inside dee 
Gap between dee and ground plate 
Movable range of shorting plate 
Inner tube diameter 
Inside diameter of outer tube 
Full relative frequency change !:J.fJf 

RF voltage stability 
RF phase stability 

Pre-amplifier 
Final amplifier 
Power feeder 
Maximum output power 

2 
W 
60kV 
10.6 - 22.0 MHz 
Movable-short type 
1,2,3 
40mm 
42mm 
1350mm 
300mm 
1000mm 
1.6 % 

< ±lXlcr' 
< ±0.5' 

EIMAC 4CW800B 
EIMAC 4CW50000E 
inductive coupling 
50kWX2 

pipes are soldered on the inner surface of the dee. The 
gap between the dee and the ground plate is 42 mm 
which is sufficient for the maximum voltage of 60 kV: 
The ground plate covering the trim coils is cooled indi
rectly. 

The beam aperture inside of the dee is 40 mm. The 
acceleration gap in the center region is 17 mm and is 
increased radially up to 56 mm at r = 920 mm. The 
capacitive fine frequency tuner is located on the outer 
side of the dee. The tuner gap is adjustable from 8 mm 
to 50 mm automatically. The dee voltage is detected 
with a capacitive divider of which the ratio is 1/1000. 

A puller extracting ions from inflector is inserted 
along the coaxial line of the cavity in contact with the 
inside surface of the dee. One of two phase slits is also 
inserted along the coaxial line of the other cavity and is 
movable radially. 

A schematic view of the coaxial cavity is shown in 
Fig. 2. The dee is connected through the transition 
section to the inner coaxial line. Tile one end of the 
inner line is supported with a ceramic rod and the other 
end is supported with the end plate of the cavity. The 
outer diameter of the inner coaxial line is 300 mm and the 
inner diameter of the outer coaxial line is 1000 mm. The 
length of the cavity is approximately 2000 mm. They are 
made of OFC. The inner line is composed of three tubes 
so as to keep a go-and-return path of the cooling water 
and the space for the puller or the phase slit. The outer 
cavity is cooled by copper pipes which are wound around 
it. The outer cavity can be separated into front and 
rear parts when the maintenance of the movable short is 
necessary. The stroke of the movable short is 1350 mm 
so as to cover the required frequency range from 10.6 
MHz to 22.0 MHz. The shorting plate has many contact 
fingers made of the Be-Cu. They are pressed to the inner 
and outer coaxial line with the pneumatic bellows. The 
contact piece on the finger is made of silver containing 
5 % graphite. The final amplifier is directly mounted on 
the front part of the outer cavity and is coupled with the 

Amplifier 

Ground plate 

Dee 
Inner tube 

section 

Fig. 2. Schematic view of the coaxial resonator 
with a movable shorting plate. 

resonator by a loop coupling. The loop, made of 40 mm 
diameter copper pipe, is cooled by water. A couple of 
the cryogenic pumps (4000 lis each) are mounted on the 
b?ttom of the cavity. An rf shield consisting of copper 
pipes was attached on the each pumping port to shield 
the leakage of rf power from the cavity to the pump. 

3. CHARACTERISTICS OF THE RESONATOR 

The electrical characteristics of the resonator have 
been measured by using a network analyzer (HP-8753A). 
A low level rf power was fed through a small capacitor 
facing to the final tetrode so as to avoid perturbation, 
and dee voltage was detected with capacitive divider. 
The resonant frequency is shown in Fig. 3 as a function 
of the movable short position. The frequency range ad
justed by fine tuner is shown in Fig. 4 as a function of 
the tuner gap. The relative frequency range is 1.6 % for 
10.585 MHz and 22.237 MHz. 

The measured Q-value and the shunt impedance are 
shown in Fig. 5 and Fig. 6 as a function of resonant fre
quency. The shunt impedance was measured by a per
turbation method using a small capacitor of which the 
capacitance was measured exactly. 75 % of the calcu
lated values are shown with solid lines in Figs. 5 and 
6, and are well consistent with measured values. The 
one-dimensional transmission line model is used for the 
calculation. For the comparison, the measured values 
of the movable panel type cavity are shown in dashed 
lines in Figs. 5 and 6. The shunt impedance in higher 
frequency region has been much improved by approxi
mately 4 times. 

4. AMPLIFIER 

A schematic diagram of the amplifier is shown in 
Fig. 7. The amplifier is composed of one solid-state am
plifier and two stage tetrodes (EIMAC 4CW800B and 
4CW50,000E). They are used as grounded-cathode con
figuration to raise higher power gain. The all pass net-
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Fig. 3. Resonant frequencies of the resonator as a 
function of position of the movable shorting plate. 
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Fig. 4. Adjustable frequency by the capacitive 
tuner at 22.237 MHz and 10.585 MHz. The full 
relative frequency change is 1.6 %. 
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Fig. 5. Frequency dependence of Q-value. The 
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on one-dimensional transmission line approxima
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Fig. 7. Schematic diagram of the amplifier sys
tem. 

work4 ) is adopted for the input matching circuit of the 
pre-amplifier. This circuit has the advantage that no ad
justment is required in the frequency range from 10 to 22 
MHz. The final tetrode is coupled directly to the cavity 
through a loop coupling. A variable vacuum capacitor 
connected parallel to the loop is used for the adjustment 
of the coupling impedance. 

5. LOW LEVEL CONTROL SYSTEM 

The block diagram of the low level control system 
is shown in Fig. 8. The rf signal from a master oscilla
tor (HP-8656B) is divided into three ways: the main rf 
system, a buncher system and a chopper system. The 
phase modulator stabilizes the absolute phase between 
the master oscillator and the No.1 dee on which the puller 
is mounted. The following phase shifter controls the rel
ative phase between the two dees. The amplitude of the 
rf signal was controlled with the amplitude modulator. 
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Buncher system 

Chopper system 

Fig. 8. Block diagram of the rf control system. 

The rf signal is amplified with three-stage amplifier sys
tem: a 25 W solid-state amplifier and two tetrodes. The 
dee voltage is detected with capacitive pick-up method 
and fed to the dee voltage detector. The signal is divided 
and fed back to the phase discriminator, the amplitude 
modulator and the phase modulator. The capacitive fine 
tuner is controlled by the phase discriminator detecting 
phase difference between the grid and plate rf voltages 
of the final tetrode. 

The operation sequence of the rf system is controlled 
automatically by a micro processor named "Universal 
Device Controller" (UDC).5) The UDC is communicated 
with a host computer by optical fiber. 

6. POWER TEST AND OPERATION 

The power test has been carried out successfully in 
the frequency range of 10.6 MHz to 22.0 MHz. The re
quired voltage in every frequency point has been achieved 
as shown in Fig. 9. The maximum voltage of 60 kV has 
been achieved at 21.14 MHz with a low power consump
tion of 22 kW measured by calorimetric method. The 
voltage and phase stability are better than ±1 x 10-3 and 
±0.5° respectively over the whole frequency range. The 
dee voltage ripple is less than 1 x 10-3 and the phase rip
ple 0.3 0

. In the early days of operation, it took some 
minutes to overcome multipactorings in pulse mode op
eration. But in these days, it is easy to start up the rf 
system. The operation time so far is approximately 2000 
hours and no serious trouble has been suffered. 
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MULTI-POINT CAVITY EXCITATION 

E. Zaplatin 
KFA, D-5170 Juelich, Germany 

ABSTRACT 

To simplify the solution to transfer and input of high rf 
power in the accelerating system it is proposed to excite a 
cavity at several points by independent loops and power 
generation systems, the rf power being then summed directly 
in the accelerating cavity. The theoretical and experimental 
study of this excitation has been carried out for development 
of an RF system for the project "Supercyclotron"l) with the 
RF power to be about 20 MW per cavity. 

1. ONE-LOOP CAVITY EXCITATION. 

When one deals with a high power level, it is important to 
minimize the power of the wave reflected from the excitation 
system, i.e. good matching of the loop and the excitation 
circuit. Let us represent the cavity and the excitation system as 
a system of coupled circuits O::;'ig.I). 

r1 ~ ~- ~~1. 
L..-____ L_1 .... M~ ___ ,3~ 
Fig. I. RF system as the coupled circuit system. 

Tl.'en the matching conditions are written as 
XI+xC=O , (Ia) 

fIHC=Zo , (Ib) 
where rl, XI are the natural active and reactive resistances of 
the loop, l'c, Xc are the activ and re:active components of the 
cavity impedance coupled into the power supply circuit, Zo is 
the wav('. resistance of the coupling feeder. If rl «rc, which is 
practicah'y always so, then 

rc=Zo, (2a) 
XI=-Xc=2MQZo/f. (2b) 
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Fig. 2a. Coupling loop resonance characteristics. 

Eq.la is realized by connecting the compensating capacitor CI 

in series with the coupling loop inductor Ll (Fig.I). Eq.lb 
can be realized by changing the interaction between the 
excitation system and the cavity. 
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Fig. 2b. Reactance & Phase of coupling loop. 

Theoretical analysis of the matching conditions was provided 
by means of the PSpice program.2) Let's represent the scheme 
without compensating capacitor. On Fig.2a,b there are typical 
frequency functions of the cavity voltage and the coupling 
loop resonance characteristics at different coupling coefficient 
values. There are the cavity quality factor fall because of the 
increasing of the coupling system influence and the impedance 
grew coupled from the cavity for the generator. 
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100 

jg 50 o 

o 

I .... 
L=0.02 

-50 ~~-------+~--------~---------+ 

102.72 102.73 102.74 102.75 
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Fig. 3. Compensation of coupling system inductance. 

At the presence of the compensating capacitor CI there is 
an additional parameter allowing to change coupling system 
characteristics. The frequency dependences of the excitation 
system reflecting the influence of the CI value - step by step 
compensation of the system inductance at the resonance 
frequency, are represented on Fig. 3. 
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Fig. 4b. Exciting circuit frequency characteristics. 

Now, the behavior of the exciting circuit frequency 
characteristics at the coupling change is shown on FigAa,b. 
Figure 5 demonstrates the principle of the coupling system 
tuning on the activ resistance 50 Ohm. 
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Fig. 5. Coupling system tuning. 

Changing the coupling with the cavity and the compensating 
capacitor value it is possible to achieve the matching on 

different frequencies. It may be useful when the cavity frequency 
tune without its geometry change is needed. 

The experimental unit for this study is a model of the 
"Supercyclotron" accelerating cavity 1/4 of full size3-4) with a 
system of excitation loops, an rf generator with five 
independent outputs and a measuring system for rf parameters . 
The loop assembly includes the loop itself and 50-Ohm 
section of a feeder connected to the loop. To neutralise internal 
inductance of the loop, a polycylindrical variable capacitor is 
connected in series with the internal conductor of the feeder. 
The loop assembly can rotate round the axis, which allows 
one to change the coupling of the excitation system with the 
cavity. The zero angle a of loop rotation corresponds to the 
minimal coupling with the cavity. 

In Fig.6 there are typical frequency functions of the activ 
and reactiv resistances measured at the connector of the 
coupling system. The functions are measured for different loop 
rotation angles, which changes the value of the coupled 
impedance from the cavity. The capacitance of the 
compensating capacitor is constant C1=5.1. It is measured in 
relative units (turns of the capacitor tuning screw). 
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Fig. 6. Active & reactive resistances of coupling loop. 
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Fig. 7. Active & reactive resistances of coupling loop 
matched with cavity. 

The system was tuned to matching by means of a vector 
voltmeter and a reflectometer which allowed us to check 
amplitudes of the incident and reflected waves in the excitation 
circuit and their phase difference. Tuning the compensating 
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capacitor and the coupling with the cavity, we set the reflected 
wave voltage to a minimum and the phase difference to zero, 
which corresponded to Eq.2. 

In Fig.7 there is the family of curves, each of them 
corresponding to the matching regime for a certain frequency at 
different Cl and a. The matching points are highlighted. 
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Fig. 8. Angle of loop vs compensating capacity. 
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Fig. 9. Capacitance variation at the same 
coupling factor. 

102.75 

A specific feature of cavity excitation using a compensated 
coupling loop is that for one rotation angle a there are two 
values of the capacitance Cl which allow matching. On Fig.8 
the experimental curve of the angle a rotation versus 
compensating capacitor value Cl and on Fig.9 the theoretical 
analysis of this effect are represented. 

The explanation is as follows. At the moment when the 
value Cl =Co corresponds to the angle a we have an exact 
resonance, i.e. xCres=xLres. and Cl compensates only for the 
internal inductance of the coupling loop, If Cl<Co, the loop 
inductance is compensated for by detuning the cavity, so that 
to couple an additional capacitance Cres , If Cl>CO , an 
additional inductance Lres is coupled to compensate for the 
excess capacitance Cl. This is how the mechanism of the 
matching frequency "detuning" is determined. However, 

shifting the frequency in this or that direction we also change 
the coupled active resistance. So we have to change the 
interaction with the cavity, i.e. the angle a, to satisfy Eq.2a. 
Thus, each point of the curve in Fig.9 corresponds to a 
resonant characteristic in Fig,8. The frequency shift of the 
matching moment depends on the loop area and the 
compensating capacitor parameters. 

Thus, one can choose the matching moment for the cavity 
and the excitation system in a rather wide frequency range. If 
Eq.2 are satisfied, the magnitude of the transfer coefficient is 

(3) 

i.e. the voltage in the cavity is independent of the coupling 
system parameters and depends only on the cavity itself. In 
agreement with this, we experimentally obtained the shift of 
the resonant characteristic of the voltage as large as six 
bandwidths of the cavity model without its amplitude 
reduction. 

2. MULTI-LOOP CAVITY EXCITATION. 

To find the excitation loop area satisfying Eq.2a, we shall 
make use of the fact that the loop dimensions are very small 
as compared with the cavity dimensions and the wave length, 
so H=const within the loop and 

s Y2rJ> 
(Oo~oHsin(a) (4) 

where S is the loop area, P is the power applied to the cavity, 
a is the angle of the loop plane with the lines of the magnetic 
field H counted off from the position of the minimal 
interaction between the excitation system and the cavity. 

Fig.lO. Simplyfied diagram of multi-loop cavity excitation. 

If we have N similar loops (Fig.lO), each matched to the 
excitation circuit at 900 and assume that the power applied to 
the cavity is uniformly distributed over all excitation circuits 
then the rotation angle of each loop must be 

a=arcsin(l/Nl/2) (5) 

for Eq.2 to be satisfied in the case of simultaneous excitation 
of the cavity by all loops. 
Those results were got also using PSpice. On Fig.lI,12 two
loop and three-loop excitation correspondentIy are represented. 
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Fig. 12. Three-loop excitation. 

Showing the dependence of the reflected wave amplitude on 
the loop rotation angle, the experiment curves in Fig.13 
characterize the results of tuning the matching of each of the 
five excitation channels. The non-identity of the excitation 
channels is seen to be 3 kHz in frequency and 5% in the 
reflection coefficient 

If we install several loops in the cavity, the dependence of 
the reflected wave amplitude on the simultaneous rotation of 
all loops will be as in Fig.14. The resonant voltage maximum 
is also shifted over the angle according to Eq.3. The tuning 
criterion was the maximal running wave factor in all 
excitation circuits. The fact that the running wave factor 
worsens as the number of loops increases is due to growing 
difficulty in tuning. Our investigations showed that the 
summed resonant voltage in excitation of the cavity by each 
loop separatly differs by 5% from the voltage in excitation by 
the five loops used together. 
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Fig. 13. Reflected wave vs loop angle. 
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Fig. 14. Reflected wave vs angle of loops. 
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EXPERIENCE WITH THE PSI- CYCLOTRON RF-SYSTEM UNDER HEAVY BEAM LOADING 

P. K. Sigg, J. Cherix, H. Frei, M. Mlb"ld 
RF - Group, Paul Scherrer Institute, 

CH-5232 Villigen, Switzerland 

ABSTRACT 

The projected proton beam of 1.5 rnA from the 590 MeV 
ring cyclotron requires extensive replacement of RF - system 
components. Up to now, one of four amplifier chains on the 
accelerating cavities has been upgraded to provide for the 
necessary beam power as well as a 40% higher accelerating 
voltage. This required a new RF - control system and a new, 
more powerful final amplifier stage. In addition, everything 
but the cavity had to be replaced on the ftattopping system; 
this in view of the expected heavy beamloading. 
Both of these systems are now operational, and first experi
ence with beam intensities up to 500 J-IA has been gained. 
Serious restrictions will be imposed on our existing accel
eration cavities. A new copper cavity design is therefore 
under investigation, with a first 1:3 scale prototype ready 
for power testing in 1993. 

1. INTRODUCTION 

The concept and reasons for expanding the PSI - me
son facility to very high beam currents have been described 
previously.l)2) Furthermore, a paper presented at this con
ference by T. Stammbach3) deals with the current status of 
our upgrading program. 
This paper will concentrate on the RF - system of the 
590MeV ring cyclotron and discuss the necessary improve
ments as well as our first operational experience with beam 
currents up to 500 J-IA. 
These beam currents were obtained with only one accel
erating cavity equipped with the new amplifier chain and 
operating at an increased cavity voltage of 700 k v,,; this 
corresponds to a power disSipation of approx. 300kW. It is 
an increase of 40% in Voltage (and 100% in power) over 
the existing RF - cavities, which continue to operate at their 
previous voltage levels of 480 k v", until they too, will be 
equipped with new equipment at the rate of one new sys
tem per year. One problem remains to be solved by that 
time, however: the RF - power coupling loops on the cav
ities work quite reliably at the previously required power 
levels of < 220 kW (including beam power), but now, at at 
power levels > 350 kW, the loop on cavity # 1 fails often. 
The ftattopping cavity, operating at 150MHz, also received 
a completly new amplifier chain, RF - transmission line with 
power divider, absorber and RF - control system. 

2. ACCELERATING CAVITIES, SOMHz 

Cavity # 1 was the first one to be equipped with a new 
amplifier chain and control system. The previously used 
final stage with 250 kW output power was converted into a 
driver stage for the new 800 kW final stage. At the same 
time, the location of the final stage was changed from inside 
the accelerator vault (close to the cavity) to a location 
outside and above the vault, about 40 m away, and a new 
transmission line of higher power rating was installed. This 
was done in view of the anticipated, much higher radiation 
dose levels at higher beam currents. 

2.1. RF - Control System 

The control system is an upgraded and adapted version 
of the modular concept that has been designed for the in
jector 2 cyclotron. It consists of the RF - amplitude, phase, 
and resonance tuning circuits. The amplitude controller has 
been expanded by a beam- intensity controlled fast clipping 
circuit, which limits the maximum output power. This is 
necessary because of the high output power potential of the 
new final amplifier. For protection, the maximum power 
limiter always rides 20 kW above the required power level, 
which will vary from 300 kW (no beam) to about 520 kW 
@ 1.5 rnA beam current Measurements have shown that the 
specified amplitude- and phase stability limit (better than 
1O;p4 resp. less than O.OI;p) is not exceeded at 500 J-IA beam 
current. Figure 1 shows amplitude voltage rest modulation 
spectrum, at 500 J-IA, measured with an independent pickup 
loop and demodulator on cavity # 1. 
In addition to the increased noise modulation, loop gain is 
reduced as a function of the beam current; if we neglect an 
eventual effect of variing load impedance on the final am
plifier gain, we get: 
~ G = - 4.8 dB, @ Ibeam = 1.5 mAo 
Looking at the gain margin in our measured spectrum again 
(Fig. 1), we see that this gain reduction still keeps alI spec
tral components below the specified limit of 1O;p4. 

2.2. Power Amplifiers 

The 800kW final amplifier stage is built in a 'grounded 
grid' configuration; the advantage of this concept lies mainly 
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Fig. l. Cavity voltage rest modulation spectrum, 
measured on cavity #1, @ I beam = 500~ 

in a more stable mode of operation, that is, less tendency 
to oscillate at parasitic frequencies, and a wider range of 
tolerable mismatch, since load variations of 1 : 2 will have 
to be handled in the future. Furthermore, no neutralisation 
network is necessary. The disadvantage of reduced power 
gain (G = 11..12 dB) can be countered by using the 'old' 
grounded cathode type final amplifier as a driver; it can eas
ily provide the necessary driving power of -60kW. Since 
this stage is equipped with the same type of power tetrode 
[RS 2074 HF by Siemens] as the new final stage, older tubes 
with decreasing cathode emission can be transferred from the 
final- to the driver stage to extend their lifetime. This con
cept permits the reuse of all existing RF - amplifiers; they 
were of course rebuilt and power supplies and interlock sys
tems were replaced by new designs. 
The amplifier chain has been operated successfully into a 
wideband 50 n load at power levels up to 850kW, and has 
delivered 400kW into the cavity with only minor adjust
ments. 

2.3. Results of first Operation, Problems 

After commisioning of the cavity # 1 RF - system in 
June 1991, beam current was gradually increased over the 
next half year, up to 500 pA (at an increased cavity #1 volt
age of 700 k Vp ) for about 2 weeks at the end of the year. 
The new system performed remarkably well, this is espe
cially true for the 800 kW amplifier, which, up to now has a 
perfect record. 
Unfortunately, the same cannot be said about the RF - power 
coupling loop on the cavity: it has been an almost con
tinuous source of trouble by causing a lot of unscheduled 
down time on the accelerator. This loop , which has been 
improved over the years to perform reliably on the existing 
power amplifiers, seems to have reached a limit in power-

handling capacity. This despite the fact that we have con
tinuously made improvements and modifications to eliminate 
weak spots over the past year. Some of these were: 

• 'Field gradient rings' at both ends of the ceramic cylin
der to lower E - field gradients and shield the edges of 
the ceramic - to - metal seal. These rings are made of the 
same material (Vacon) as the water - cooled metal rings 
at the ends, in order to have identical thermal expansion 
characteristics; and are silver - plated. The rings have 
been installed on all 4 acceleration cavities. 

• Ionisation detection electrode; a DC voltage of 400 V 
connected to an electrode near the coupling loop, 
equipped with current monitoring to shut off the RF
drive if a certain 'dark current' is exceeded. This sys
tem proved to be effective in detecting multipacting and 
sparking in the coupling loop region. In fact, since it 
has been installed on the other 3 cavities, we have not let 
the machine up to air accidentally by cracking ceramic 
windows. Unfortunately, it did nothing to improve life 
expectancy at higher power levels in cavity # 1; that 
is: it prevented breaking the vacuum all right, but shut 
off continuously. 
At inspection, the ceramic cylinder then turned out to be 
partially metal- film coated, and traces of pitting could 
be seen on metal parts. 

• Additional water cooling at the base plate of the 
coupling loop installation, effective RF - filtering and 
shielding of the DC - bias connection. 

• Amplitude clamp electronics: modifications to prevent 
up to 30% cavity voltage overshoot after a 'microspark'. 

Tests on a loop indicated that overvoltage or multipact
ing at the loop could not be responsible for the failures. It 
is now suspected that the problems are caused, at least par
tially, by the high RF - currents in the cavity wall around the 
coupling hole. 
Temperature tests show that dielectric losses in the ceramic 
material cannot be the sole source of the problem; we found 
temperatures of the ceramic cylinder (vacuum side) to be 
between 1100 and 1400 C, and lower everywhere else, due 
to the extensive water cooling. 
Since it is doubtful that the existing design can ever reach 
the required power handling capacity in excess of 500kW, 
a completely new concept has to be considered. Some ideas 
are: 

• Remove the ceramic vacuum window (cylinder) from 
the inside of the cavity back into the coaxial transmis
sion line; this has been tried before with a disk - shaped 
window, with catastophic results due to multipacting. 

• Use two coupling loops of the present type, and in
stall them symmetrically about the median plane, with 
a power splitter in the RF - feed line. 
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• Change the dimension of the ceramic cylinder in the 
present design, that is: make it longer or change the 
diameter, a both. 

3. FLATTOPPING CAVITY, lSOMHz 

In April 1992, the new fiattopping amplifier- system be
came operational. It contains several completely different 
components, compared to the 50 MHz systems. The reason 
is that the fiattopping cavity has to absorb power induced 
by the beam at the rate of "" 65 kW /mA; this figure has to 
be compared to the resonator losses of <75kW, at 320kVp 

fiattopping voltage. A Simplified block diagram can be seen 
in Fig. 2. One key element in this concept is an high power 
50 f2 load, coupled to the transmission line between final 
amplifier and cavity via a variable ratio 'power divider': a 
system of >./4 - impedance transformation sections and vari
able length 50 f2- line sections. A detailed description can 
be found in.4 ) 

The basic idea of the concept is to lower the Q - value of the 
cavity such that the critical limit (that is: when the beam
induced power gets into the range of the loaded resonator 
losses), shifts towards higher beam currents. Above this 
limit (1 rnA), the amplifier tube should act as a variable 
resistive load to maintain the proper cavity voltage. 

The amplifier has to deliver maximum power at no
beam condition and becomes 'unloaded' as beam power is 
tranferred to the cavity. It is important in this configuration 
that the line length be adjusted such that the electrical length 

between cavity and tube is n . >J2 ( 1 : 1 transformation). The 
cavity impedance always remains resistive due to the reso
nance tuning system. Even so, the amplifier works into a 
( resistive) mismatch except at one operating point. The 
transmission lines have to be considerably overrated to han
dle the high SWR. Nominal power losses on a mismatched 
transmision line are by a factor SWR (> 1) higher than 
with a matched line; this requires careful load coupling ad
justments to keep transmission line dimensions (and costs) 
to reasonable levels. 
Another problem develops even before the final stage is op
erated in absorbtion mode: the amplitude - and phase con
trol loops will loose 'controllability' of the cavity voltage. 
Therefore, in order to keep the amplitude controller in its 
linear range and operate it in the small signal domain, we 
subtract from the RF - signal between controller and ampli
fier stages a second RF - signal, with an amplitude propor
tional to the beam current. This is done with a 00 /180 0 

power combiner, as can be seen in Fig. 2. Such a concept 
has been successfully operated (at lower overall power lev
els) on our Injector 2 cyclotron; and although the system on 
the ring cyclotron has only worked at low beam currents up 
to 500 pA, we feel confident about its performance above 
the critical level of "" 1 rnA. 

3.1. Control System 

In principle, the control system is composed of the same 
modular units as are used in our 50 MHz controls, although 
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Fig. 2. Simplified block digram of the 150 MHz flattopping cavity control system 
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some modules had to be adapted to 150 MHz operation. 
The block diagram (Fig. 2) shows the differences; these 
are mainly: 3· 10 frequency multiplier, phase locked to the 
fundamental frequency 10 , as well as the beam intensity 
modulator circuit and the 00 /1800 power combiner used to 
subtract the beam intensity vector from the (modulated) RF -
signal. 

3.2. Power Amplifier 

A new power amplificz has been designed and built; 
it uses the same tube as our previous flattopping amplifier, 
that is: a Siemens power tetrode, type RS 2004 J. Its con
figuration is 'grounded grid', the mechanical layout is very 
similar to the 50 MHz amplifier, and the RF - power output 
is 120kW @ 150 MHz into a 50n load. In absorbtion mode, 
the maximum absorbed power is limited by the max. plate 
dissipation and comes out to be '" 42 kW (RF). 

3.3. Test Results 

There is only limited experience available with the new 
flattop- system, because beam current in the ring cyclotron 
was limited to about 500 JJA. The flattopping voltage is not 
yet at its full level; it always operates at '" 11 % of the total 
accelerating voltage (ideal flattopping). 
The weak element is again the coupling loop; the situa
tion is even more critical than in the 50 MHz cavities, even 
though total power levels are considerably lower ( < 75 kW). 
Shortly after starting up again after the long shutdown in 
mid -1991, and still operating with the old amplifier sys
tem, the loop failed. Metal surfaces of the loop assembly 
were coated with a flaky, magnetic film which easily could 
be wiped off. The 'metal films' were created when arcing 
caused sputtering of stainless steel and 'Vacon' surfaces. A 
second failure at the end of1991 showed similar effects, so 
a replacement loop will be equipped with an ionisation de
tector ( electrode) similar to the concept used in the 50 MHz 
loops. (comp. Section 2.3) 
This coupling loop is hampered by its smaller size com
pared to the 50 MHz types used in accelerating cavities; this 
is due to the high field at the loop location plus the fact, 
that it has to provide 50 n coupling impedance for matching 
of the cavity to the transmission line at 150MHz. One way 
to improve that situation is to increase the overall size of 
the loop by designing it for a higher coupling impedance, 
of say, 118 n, and then add a A/4 - transformation section 
( 1 = 0.5 m, Zo = 77 n) to the outside of the coupling loop 
flange to match it to the 50 n transmission line. 
Another method might be to move the loop to a different 
location (with less field) on the cavity. 

4. NEW ACCELERATION CAVITY (PROTOTYPE) 

The present cavity voltage of 700 k v" is considered to 
be the maximum safe voltage for continuous operation. The 

corresponding power dissipation of 300kW presents a ther
mal and mechanical limit. The original concept was de
signed to dissipate 130kW, it was built from aluminum, with 
integrated cooling. This makes the cavity very sensitive to 
changes in atmospheric pressure and temperature; further
more, temperature gradients across the cavity walls make it 
impossible to turn on the cavity to the higher operating volt
age in one step. Instead, a two step (or ramping) turn- on 
procedure has to be followed each time the cavity has been 
turned off for more than 1/4 hr. This will produce lenghty 
interruptions in beam production at a time when all four cav
ities will be operating at full accelerating voltage. Should 
one cavity fail mechanically, there is no spare available; for 
that reason alone, we are quite interested in a new cavity. 
The following points should be considered and improved in 
a new cavity design: 

• The mechanical support structure designed to hold up 
the cavity against an atmospheric pressure has to be 
separated from the cooling system, this should drasti
cally reduce thermal influences on the resonance tuning 
system. 

• Using copper instead of aluminum for the cavity's in
ner surface as well as changing the shape of the cavity 
allows us to obtain a calculated 10to 15 % higher Q
value, which translates into considerable savings in RF 
power. 

• Integrated acceleration gap electrodes, instead of 
bolted - on units as in our present design, allow direct 
water cooling and eliminate the present contact - and 
thermal conductance problems. 
We hope that using copper as our RF - surfaces, as well 

as a different geometry, will lead to an improvement in mul
tipacting behaviour and turn - on characteristics as well. 
We are at present in the design stage of a 1: 3 model cav
ity prototype for power testing, since we now have a spare 
150MHz/60kW amplifier chain available. It will further
more allow some limited coupling loop design testing. The 
cavity prototype is scheduled to be available for first mea
surements by the end of 1992, and power testing should 
hopefully start sometime in 1993. 
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INITIAL OPERATION OF THE RF SYSTEM FOR THE RCNP RING CYCLOTRON 

T. Saito, A. Shimizu, M. Uraki and 1. Miura 
Research Center for Nuclear Physics, Osaka University, 

Mihogaoka 10-1, Ibaraki, Osaka 567, Japan 

ABSTRACT 
The RF system for the RCNP ring cyclotron 

is described. The RF system consists of three sin
gle gap acceleration cavities and a single gap flat
topping cavity. The RF system operates satisfacto
rily and proton beams were successfully accelerated. 

1. INTRODUCTION 
The cyclotron cascade project of RCNP ap

proved in 1986 and was completed in 1991. General 
features of the cyclotron are described elsewhere.l) 
Excellent phase and amplitude stability of the RF 
system are required to get high quality beam with 
the ring cyclotron. 

2. ACCELERATION SYSTEM 
Characteristics of the acceleration system and 

the flat- topping system are summarized in Table 1. 
The acceleration cavity is variable frequency single 
gap resonator. The resonant frequency is varied by 
rotating a pair of tuning plates. The plates are elec-

trically connected to a wall of the cavity through 
current-carrying hinges and silver contacts. The 
hinge is consists of thin copper plates.2) Maximum 
current density at the plates is 20A/cm. The copper 
plates operate satisfactorily but silver contacts were 
replaced newly designed ones after 6 months oper
ation. Each cavity is powered by a power amplifier 
capable of delivering 250k W in a frequency range 
of 30-52 MHz. The RF power is fed through a 50 
n coaxial line which is coupled with the resonator 
by means of variable coupling loop. The forward 
and the reverse power signals are used for automatic 
tuning of the cavity. The fine tuning is done by 
changing the inductance with two cylindrical trim
mers. The dynamic range of the trimmer is more 
than 0.2% in frequency. 

The walls of the cavity are made of stainless 

steel 50m m in thickness with water cooled copper 
lining. The side walls of the cavity are not strong 
enough to support atmospheric pressure. The walls 

Table 1 
Characteristics of the RF system. 

RF frequency 
Harmonic Number 
Number of cavities 
RF power 
1st stage (TR wideband) 
2nd stage 
Final stage (grounded grid) 
Resonator 
Power feeder 
Beam aperture 
Acceleration gap 

acceleration 
30--52MHz 
6,10.12.18 
3 
250kW/cavity 
500W 
RS2012CJ 
RS2042SK 
single gap 
inductive coupling 
30mmx2310mm 
200-- 300mm 

flat-topping 
90-- 155 MH z 

1 

45kW 
500W 
4CW3500A 
4CW50,OOOE 
single gap 
inductive coupling 
30mmx2310mm 

50mm 
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are supported by the neighboring magnet chambers. 
Fig.1 shows photograph of the acceleration cavity 
and power amplifier. Fig.2 shows Q-value and angle 
of the tuning plates vs. resonant frequency. 

A single gap resonator is also used for the flat
topping cavity. The mechanical structure of the cav
ity wall is similar to that of the acceleration cavity. 
Resonant frequency is changed by sliding the upper 
and lower walls of the cavity. The flat-topping cav-

ity is designed to get similar voltage distributions to 
those of the acceleration cavity. Fig.3 shows voltage 
distribu tions of the acceleration cavity and the flat
topping cavity. 

Frequency conversion method and intermedi
ate frequency (0.455MHz) is employed on the con
trol circuits of the RF system.2) These circuits are 
working fairly well but it remains final adjustments 
for better stability. 

Fig. 1. Photograph of the acceleration cavity and 
the power amplifier. 
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Fig. 2. Q-value and angle of the tuning plates of 
the acceleration cavity vs. resonant frequency. 
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Fig. 3. Voltage distributions of the acceleration cav
ity and the flat-topping cavity. 
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3. POWER OPERATION 
The power amplifiers have been tested sepa

rately on dummy loads in 1990, and proved to be 
able to generate enough power and have sufficient 
open loop stability at every frequency. After full as
semble of the ring cyclotron, full power test of the 
RF system was started. The cavities were excited 
with pulse mode operation during conditioning. Af
ter about 10 hours of conditioning, CW operation 
of the acceleration cavities were enabled and less 
conditioning time was needed for the flat- topping 
cavity. After conditioning, the cavities were excited 
up to more than enough voltage for acceleration. 

Typical data of operation of the RF system 
are shown in Table 2. Effect of mechanical vibration 
on stability of the acceleration voltage is observed. 
Mechanical strength of the tuning plates is strong 
enough for stable operation, the influence is not a 
serious problem. Stabilities of the acceleration volt
age and phase will be improved in August. 

The RF leakage power from the beam aper
ture of the flat-topping cavity caused serious dam
age to the trim coil feeds-through. RF shields for the 
trim coil feed-through were set on the both sides 

of the fl at-topping cavity. The leakage RF signal 
also distur bs another electric instruments of the cy
clotron. The leakage is induced by vertical asym
metry of the resonator, symmetric settings of the 
sliding walls are very important. 

4. BEAM BUNCHER 
A post-injector beam buncher being settled 

between the injector cyclotron and the ring cyclo
tron is also completed and used for the beam tun
ing. To inject longitudinally focused beam into the 
ring cyclotron, the buncher is essentially required in 
the achromatic beam line between two accelerators. 
The bunching is achieved by beam velocity modula
tion given by a synchronized higher harmonics RF 
voltage at two gaps of the buncher drift tube. The 
buncher resonator is a qnarter wave variable fre
quency (60-104 MHz) coaxial type. A 7r-mode drift 
tube and the coaxial tuner made of polished OFHC 
copper is mounted on a cylindrical copper cham
ber. RF power is fed into the resonator through 
an adjustable capacitor to be matched to the 50 [2 

coaxial feeder from the grounded grid power am
plifier (,1CW 25,000) mounted 1.5m apart from the 
resonator. To achieve phase focusing along with 

Table 2 
Typical operating data of the RF system. 

Acceleration system (Ep=400MeV) 
Frequency 
RF peak vol tage(power) 
RF voltage stability 

50.5361MHz 
520kV (115kW) 
5x10- 4 

(goal lx10- 4 ) 

RF phase excursion less than ± 1 ° 
(goal ± 0.1 ° ) 

Flat-toppig system (Ep=300MeV) 
Frequency 
RF peak vol tage(power) 
RF voltage stability 
RF phase excursion 

138. 75MHz 
120kV (25kW) 
10- 3 

less than ±1° 
(goal ± 0.1 ° ) 
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80m injection line drift space, the RF voltage re
quired is 150kV with HB =6 (102MHz) for the in
jection of 65MeV protons (400MeV from ring cy
clotron) . Fig.4 shows photograph of the resonator 
of the beam buncher. 

Fig. 4. Photograph of the resonator of the beam 
buncher. 
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RF TRANSMITTER FOR ECR ION SOURCES 

R. Boux, JP Ichac and M Soudee 
THOMSON TUBES ELECTRONIQUES 

BP 121 78148 VELIZY CEDEX - FRANCE 

1. ABSTRACT 

A growing number of accelerators, mainly cyclotrons , are 

using ECR ion sources to extend their possibilities. In 

ECR sources, the plasma which generates the ion beam is 

created by RF power . The microwave tube which delivers 

the RF power must be able to withstand large amounts of 

reflected power, due to mismatching induced by the plasma. 

An especially designed transmitter, manufactured by TTE , 

can withstand continuous total reflection . It delivers 

2 kW CW RF power , regulated at 0.1 %, and can also operate 

in pulsed mode . 

This transmitter was built for the GANIL (Grand 

Accelerateur National d'Ions Lourds) 

2. REQUIREMENTS FOR THE RF GENERATOR 

The ECR (Electron Cyclotronic Resonance) ion source 

generates an ion beam by means of a plasma . About 2 kW of 

RF power is required to create the plas ma . 

When the source is tuned wi th stable operating conditions, 

the plasma operates as a matched load for the incident RF 

power . 

The source cannot be tuned for RF matching under all 

operating conditions , for instance: 

when restarting the source after the vacuum chamber 

has been opened . 

With special tuning as for metallic ion production 

from soljd samples. 

In these cases, the RF power may be totally reflected by 

the plasma . 

In a conventional transmitter, the microwave tube is 

protected from reflected RF by an interlock . 

When feeding an ECR Source, the generator must operate 

normally regardless of any reflected power . 
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~. 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

542



3. CARACTERISTICS OF THE 2 kW - 14.5 GHz GENERATOR 

3a) 

3b) 

- Frequency: 14.5 GHz 

- RF output power range: 10 W .. 2 kW 

- RF output power adjustement 

potentiometer on front panel. 

- VSWR : any 

- Power stability (line ± 5 %) : 0.1 % 

Power regulation response time : 1 ms 

Klystron cathode voltage: 9 kV. 

- Klystron cathode current: 1.2 A 

Pulsed mode 

Minimum pulse width : 1 ms 

3d) Dimensions and weight (see fig. 1) 

4. 

Height: 1.510 m 

Width 

Depth 

0.6 m 

0.8 m 

Weight : 205 kg 

PRINCIPLE 

4.1. RF chain (See fig. 2) 

Fig. 2 shows the principle of the RF chain. 

The power amplifier is a medium power klystron PIN TH 2464. 

A circulator at the RF output protects the klystron from 

the reflected RF. The matched load of the circulator can dissipate 

the full 2 kW of reflected power. 

Maximum pulse repetition frequency 

Maximum switching time (10 % to 90 % 

of amplitude) : 1 [lS 

1 kHz - The amplitude loop controls the low level amplitude by means 

of a PIN diode variable attenuator. 

3c) AC Line 

Line : 400 VAC - 50 Hz - 3 phases 

Power : 15 kVA 

Variable attenuator 
r-..L-., 

To remote contra I I Conlrol loop I 

The interlocks switch off the RF by means 

of a PIN diode RF modulator. 

Pe max: 20dBm 

~-~~~~~----------~. --~------------------------------------------, 
_ To scope :} I 

_I L-..! 
~ I-~ wor I : 

RF(forward) 

~ I RF power I 

tl dir OY 
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To scope • 
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Figure 2 - RF chain 
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4.2. High voltage power supply 

To achieve high stability of the RF power, the HVPS must 

have a low ripple . 

The switching mode power supply results in both a low 

ripple and a low value of the energy stored in the 

filtering capacitor. Thus, a crowbar is not required. 

A resonant switching mode is used, to reduce high 

frequency noise. 

The switching mode power supply has small dimensions, 

compared to a conventionnal HV supply. The complete 

generator may therefore fit in a standard cabinet. 

4.3. Power amplifier 

Medium power klystrons are the right choice to obtain a 

significant amount of CW power at frequencies required by 

present ECR ion sources. They are self-focused by 

permanent magnet, and can be fed by rugged and efficient 

power supplies ; they can work on a large dynamic range, 

are easy to install and reach a really high reliability. 

The characteristics of medium power klystrons manufactured 

by TTE for ECR ion sources ar given hereafter ; with minor 

modifications, TH 20482 transmitter fits with all these 

klystrons and permits a larger flexibility for a long term 

and a cost effective investment of research laboratories. 

Frequency CW RF Cathode Beam 
PIN Power Voltage current COOling 

(GHz) (kW) (kV) (A) 

TH2462 5.85-6.45 2 8.3 1.3 Forced Air 

TH2461 7.9-8.4 1. 65 7.2 0.63 Forced Air 

TH2477A 9.5 - 10 2.5 10 0 .9 Water 

TH24778 10-10.5 2.5 10 0 . 9 Water 

TH2464 14-14.5 2 8.5 0.5 Forced Air 

TH2463 18 1.5 12 0.5 Forced Air 

TH 2464 

TH 2477 

TH 2462 

TH 2463 
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TRIUMF CYCLOTRON RF SYSTEM IMPROVEMENTS 

G. C. Blaker, A. K. Mitra, R. L. Poirier 
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C. V6T 2A3 

ABSTRACT 

The 1. 8 MW, 23 MHz RF system for 
the TRIUMF cyclotron has been in 
operation since 1974. In order to 
improve reliability, ease maintenance, 
and increase efficiency of the power 
amplifiers, a program of upgrading 
some system components and retuning 
the four amplifier, three combiner 
system has been undertaken. 
Measurements were made on the 
amplifier input/output circuits and 
combiner circuits to understand their 
theory of operation and to determine 
the modifications and retuning 
required. Analysis of these 
measurements, modifications 
incorporated and future modifications 
required are reported. 

1. INTRODUCTION 

The TRIUMF cyclotron RF system 
undergone many improvements over 

has 
the 
by 

early 
been 

original system )upplied 
Continental Electronics1 in the 
seventies. This syste) 
described in many papers 2 , 

RF' 
1 1'1'1,/ 

has 

but many of the modifications have not 
been reported. Many of these changes 
have come about as a result of fault 
diagnosis, and some have evolved from 
a need to more easily tune, service 
and repair the RF system. 

A simplified diagram of the system 
is shown in Fig. 1. The RF system 
consists of a solid state preamp 
driving a two stage intermediate power 
amplifier up to the 30 kW level. This 
power is then split four ways through 
a pi network phasing circuit to drive 
four power amplifiers. The 250kW 
outputs of these amplifiers are then 
recombined using three 4-port hybrid 
combiners. 

Tuning the amplifier input 
circuits, output circuits and 
combiners has been very difficult due 
to a lack of diagnostic signals and a 
less than full understanding of the 
circuitry. Diagnostics have been 
installed and extensive measurements 
taken to ease this difficulty. 

2. PA INPUT CIRCUIT 

The power amplifier input circuit 
consists of a pi network 

REF'LECTOME~ 

L.. L.. 

PO'l,/ER 
AMP 

L.. 
)9:::;:3;) RF' OUTPUT 

'1 
1 M'I,/ 

Figure 1. RF SysteM DiagraM 
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with a toroidal transformer to 
match the 50 ohm input to the 
push pull grounded grid tubes. 
Although simple in principle, the 
circuit is much more complex in 
practice. 

Signal level measurements and 
tuning revealed many resonances and 
some unpredicted behavior. In order to 
tune the input circuit at signal 
level, it is necessary to place 
external loads between the grids and 
cathodes of the tubes to simulate the 
dynamic operating impedance of the 
tubes. Since one cannot physically 
place the calculated dynamic load 
impedance inside the tube, it must be 
transformed through the various 
structures to the point where the 
external load can physically be 
connected. However, determining what 
this external dynamic load should be 
was the result of many hours of 
measurements and computer modeling. 
Network analyser and vector impedance 
measurements were taken in order to 
develop a model of the input 

. . t 3 ) A c~rcu~ computer program was 
written to simulate the response of 
the circuit, and predict the external 
dynamic load values. The simulation 
proved to be very close to the 
measured parameters, and yielded a 
value of 22 ohms in series wi th 80pF 
for the needed external dynamic load. 

3. REFLECTOMETERS & PROBES 

In order to balance the outputs of 
the four power amplifiers and tune the 
combiners, reflectometers were 
ins talled in all of the 9 inch 
transmission lines, as shown in Fig. 
1. These reflectometers allow precise 
adjustment of the amplitude and phase 
of the RF at each port of the 
amplifier-combiner system and the 
input impedance of the combiners to 50 
ohms. 

Each reflectometer signal is 
brought to a patch panel via identical 
cable lengths so that phase accuracy 
is maintained. In addition, capacitive 
probes located at the splitter 

outputs, PA cathodes, and PA anodes 
provide additional signals at the 
patch panel. A permanently mounted 
vector voltmeter and an oscilloscope 
adjacent to the patch panel allow easy 
measurement of power level, phase at 
any point in the system, the VSWR on 
any line, the phase shift through any 
components, and the power level at 
dirrerent points along the amplifier 
chain. 

4. COMBINERS 

A schematic of the four port 
combiner is shown in Fig. 2. The 
capacitance is provided by Jennings 
vacuum capacitors and the inductance 
by 1.5 inch diameter copper pipe, 
which makes the connections between 
the ports requiring an inductive path. 
Not shown in the schematic are 4 
parasitic mode dampers which are 
required because of the arrangement of 
the components in a large volume 
housing. 
A 50 ohm resistive load refered to 
as a waster load is required at the 
port opposite the output port to 
provide a dissipative load for 
unbalanced currents and in the event 
of a failure in one of the input 
amplifiers. The waster loads which 
were supplied with the original RF 
equipment are a 

RF 
INPUT 

RF 
INPUT 

RF 
OUTPUT 

Figure 2. COMbiner ScheMa. tic 
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circulating column of water doped with 
sodium nitride to provide a 50 ohm 
impedance. When the combiner is 
properly tuned and terminated the 
input ports should provide a 50 ohm 
load for the amplifiers and minimun 
power should be dissipated into the 
waster load. 

Initial measurements with the 
reflectometers clearly indicated that 
the input impedances were not 50 ohms 
and that the combiners needed 
retuning. Because of the mechanical 
design of the combiners, terminating 
the ports with 50 ohms was not 
possible without dismantling and 
moving around long lengths of nine 
inch transmission line. A scheme was 
developed where the soldered- in 
transitions from the nine inch lines 
to the combiner circuit were replaced 
with removable brass cones using 
finger stock contacts. These allowed 
the easy termination of any of the 
combiner ports, the termination of the 
power amplifiers, and the ability to 
disconnect the output transmission 
line to the cyclotron for resonator 
measurements. Special fixtures were 
fabricated to allow easy connection of 
BNC cables and 50 ohm loads to the 
combiners. 

Extensive measurements were then 
taken using an HP network analyzer and 
vector impedance meter. A 50 ohm 
matching point at the input ports of 
the combiners could not be attained 
because the inductances in the phasing 
and matching networks were too large. 
A new mechanical design of the 
combiner is being developed to reduce 
this inductance as well as hopefully 
reducing some of the parasitic modes 
also present in the combiners. However 
the above modifications enabled the 
matching at the input ports to be 
greatly improved from the initial 
values. 

The impedance of the sodium nitrite 
waster loads used as the load for each 
combiner is very sensitive to 
temperature variations, and 
consequently they would not present a 
50 ohm load to the combiner under all 

operating conditions, especially when 
trying to tune at signal levels. These 
waster loads have been replaced with 
Altronics 57200 BE6 water cooled 200 
kW resistor loads, which are not only 
extremely clean and simple, but also 
present 50 ohms to the combiner at all 
times. 

The original waster loads were 
designed for up to 600 kW of power 
dissipation, while the new loads are 
only rated for 200 kW. In order to 
protect these loads, interlocked water 
flow meters are installed in the 
cooling lines, as well as power level 
sensing and trip circuits which 
disable the RF drive if too much power 
is fed to the loads. 

With the aid of the new 
reflectometers, the amplifier system 
can be tuned so that there is less 
than 1 kW dissipated in each load 
during normal operation. 

5. PLATE CIRCUIT 

The power amplifier plate circuit 
was difficult to tune due to lack of 
a reliable method of measuring the 
plate impedance of the amplifier, and 
an easy way of terminating the 
amplifier with a 50 ohm load. 

The plate circuit output 
transformer primary is attached to the 
anode of the tube at one point only, 
causing anode current to flow 
asymmetrically on the anode ring. As a 
result the impedance measured at the 
anode varied substantially at 
different points around the anode 
ring. A jig was fabricated to ensure 
that the HP vector impedance meter 
probe was held at a particular 
position on the tube's anode for all 
measurements so that consistent 
measurements could be taken. The 
plate circuits were tuned for 600 ohms 
plate to ground at 23 MHz, to 
correspond to the value calculated 
from the characteristics of the tube 
and the tube's operating currents. 
This resulted in an amplifier 
efficiency increase from 50% to 62%. 
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Mechanical modification to the 
combiners with quick disconnect 
connectors has made terminating the 
amplifier with 50 ohms much easier. 

6. OTHER IMPROVEMENTS 

There have also been several other 
small but significant improvements 
made to the RF system. The tube 
sockets were completely overhauled, 
and were reassembled using Dow Corning 
DC4 silicone on all Kapton bypass 
capacitor surfaces. In addition Dow 
Corning 3140 RTV silicone was used on 
all external edges and bolt holes in 
an effort to waterproof the sockets. 
These measures have proven very 
successful and have eliminated the 
need to overhaul a socket in the event 
of a water leak on to the socket. 

An intermittent parasitic 
oscillation in the screen circuits of 
the amplifiers, which would usually 
damage the screen power supply and 
choke, was damped successfully with 
two Ferroxcube 3CB torroids placed 
over the screen series resistor. 

The RF controls were modified so 
that the RF drive was cut off when a 
resonator spark was detected. This was 
supposed to be how the original 
controls were designed, but the 
circuit did not work properly, and 
tried to increase drive in closed loop 
to regulate the resonator voltage. The 
result was often a crowbar in the high 
voltage plate power supply, but 
sometimes a spark and water leak in an 
amplifier would also occur. Since this 
repair, no similar sparks or leaks 
have occurred. 

7. CONCLUSIONS 

The modifications described have 
proven extremely useful in both 
diagnosing RF system faults and 
reducing beam off time due to RF 
failures. It is now possible to easily 
measure many system parameters which 
were difficult or impossible before, 
thereby making tuning a 
straightforward task. Amplifier 

efficiency has improved, 
run cooler and last 
Measurements have shown a 
redesign the combiners, and 
is now proceeding. For 

components 
longer. 

need to 
this task 

further 
improved reliability, two power 

two 
being 

amplifier operation with 
amplifiers on standby is also 
investigated. 
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IMPROVEMENTS TO THE RF SEPARATOR IN THE M9 MUON CHANNEL AT TRIUMF 

G. C. Blaker, A. K. Mitra, R. L. Poirier 
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C. V6T 2A3 

ABSTRACT 

The M9A secondary beamline at 
TRIUMF incorporates an RF cavity 
driven at the cyclotron frequency to 
separate pions and electrons from the 
muons required at the experiment 
target. The RF system has undergone a 
maj or upgrade in the last 3 years in 
order to improve its operating 
reliability and ease of operation. The 
23 MHz cavity was completely 
overhauled, and a new 150 kW amplifier 
system was built at TRIUMF. In order 
to locate the amplifier away from the 
radioactive experimental area, the 
amplifier is connected to the cavity 
via a 20 meter rigid six inch coaxial 
transmission line. When powering a 
high Q resonant cavity at the end of a 
long line, the line's electrical 
length is critical. Measurements made 
to determine the proper length in 
order to avoid exciting transmission 
line resonances are presented. The 
maj or features of the RF system are 
described and operational experience 
reported. 

1. INTRODUCTION 

The RF Separator1 ) is a device 
incorporated in the M9A beamline which 
is used to select either pions or 
muons, produced near the T2 production 
target, by deflecting unwanted 
particles whose time of flight causes 
them to be out of phase with respect 
to the RF frequency. The sys tern 
consists of a pair of electrodes 
mounted parallel to the beam and 
connected to quarter wave resonant 
cavity structures, which are driven by 
alSO kW RF amplifier at the cyclotron 
frequency of 23 MHz. The RF power is 
coupled to the cavity via a 50 ohm 
coupling loop mounted in the upper 

resonator. The phase of the separator 
RF is varied with respect to the beam 
phase in order to deflect the unwanted 
particles, while allowing the desired 
particles through to the experimental 
target and detectors. 

2. AMPLIFIER RELOCATION 

The first 
the original 
region model 
Continental 

Separator amplifier was 
TRIUMF cyclotron center 

amplifier m~nufactured by 
Electronics ). It was 

located next to the RF cavity, and was 
connected to the cavity by a length of 
transmission line and two capacitors 
in shunt. This arrangement presented 
problems in serv~c~ng the amplifier 
due to the high radiation fields in 
the experimental area, and the vacuum 
capacitors used to tune the 
transmission line were unreliable and 
difficult to replace. The new 
amplifier was relocated to the 
mezzanine above the experimental area, 
and was connected to the cavity via a 
20 meter length of six inch 
transmission line, with no tuning 
capacitors. In order to eliminate the 
tuned line, the coupling loop was 
redesigned to be 50 ohms, and was 
moved from the bottom resonator to the 
top. 

3. POWER AMPLIFIER DESIGN 

The power amplifier was designed 
and built at TRIUMF, and uses an Eimac 
4CW150000 power tetrode operating in 
grounded grid configuration. With 1.5 
kW of drive power, the amplifier 
delivers 100 kW to the cavity. The 
schematic for the amplifier is shown 
in Fig. 1. 
The anode tank circuit is 
wave resonant 
adjustable 

cavity, 
a quarter 
with an 

loading 
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Figure 1. Power AMpliFier SiMpliFied ScheMe. tic 

capacitor and 
galvanic coupling to 
transmission line. 
impedance is tuned 
1000 ohms. 

adjustable 
the 50 ohm output 
The tube output 
to approximately 

The input circuit is a pi network 
consisting of Jennings variable vacuum 
capacitors and a copper inductor. This 
circuit matches the 50 ohm source 
impedance of the driver amplifier to 
the 22 ohm impedance of the grid
cathode circuit. 

The tube is biased to operate class 
A-B, with a plate idle current of 6 
amps and a plate voltage of 18 kV. 
There is an air cooled damping 
resistor capacitively coupled to the 
anode to suppress parasitic modes 
caused by the long transmission line. 
The damping resistor dissipates about 
1kW of RF power at 100 kW output. 

4. SOLID STATE DRIVER AMPLIFIER 

Figure 2 shows the schematic for a 
driver amplifier module. The driver is 
also a TRIUMF designed and built unit. 
It is a 2 kW solid state amplifier, 
with a gain of 67 dB. This amplifier 
consists of a preamp whose 20 watt 
output is split 8 ways to 

drive 8 250 watt amplifier modules. 
These outputs are then recombined to 
give 2000 watts using a TRIUMF 
designed 8 input water cooled 
combiner. The amplifier modules use 
Motorola MRF151G TMOS FET devices and 
conventional ferrite RF transformers. 
The circuit boards are designed with 
built-in stripline reflectometers to 
provide signals for the amplifier 
protection circuits. 

Each amplifier module is mounted on 
a water cooled copper heatsink, and 
incorporates overvoltage, over 
current, over temperature and VSWR 
protection. 

The driver amplifier is capable of 
operating with one module tripped, 
delivering 1600 watts, which is 
sufficient to drive the separator to 
full power. Two or more tripped 
modules shut off the separator through 
an interlock to the main control 
circuits. 

The amplifier has been constructed 
in a modular fashion, so that 
replacement of failed amplifier 
modules is quick and simple, and so 
that similar modules can be used in 
other applications at TRIUMF. 
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Figure 2, Driver AMplifier Module 

5, TRANSMISSION LINE 

The power amplifier is connected to 
the cavity via a 20 meter length of 6 
inch copper 50 ohm transmission line. 
The line was initially installed with 
the shortest length possible, but 
after operating for a short time, it 
was clear that amplifier stability was 
not satisfactory. The screen current 
was higher than expected from the tube 
characteristic curves, and was very 
unstable, causing many screen power 
supply trips. This problem was traced 
to the length of transmission line, 
which was an arbitrary length, and was 
transforming the cavity impedance back 
to the amplifier such that the 
amplifier was seeing a sharp impedance 
variation with frequency. This caused 
the load impedance of the tube to 
change significantly with small 
frequency changes. The proper length 
of line was calculated using a 
computer circuit analysis code NODE 3), 
and was verified with low level 
network analyzer measurements of the 
system, as shown in Fig. 3. The extra 
length of line was installed, and 
immediately improved the stability of 
the system. No further problems with 
the transmission line have been 
encountered. 

6. METERING & CONTROLS 

The separator amplifier controls 
are based on conventional relay ladder 
logic, and incorporate latching 
interlocks for the various cooling 
water and air circuits, voltage proves 
for all amplifier power supplies, 
cavity vacuum, cavity magnet, and 
driver amplifier status. Metering is 
provided for all amplifier power 
supplies, as well as driver and power 
amplifier forward and reflected power 
signals. The separator cavity 
frequency and cyclotron RF frequency 
are also displayed. 

The RF low level controls for the 
separator consist of an STD based 
supervisory and control computer 
linked to analog circuitry for the 
amplitude and phase regut)t~)g loops 
and the cavity tuning loop . 

7. PERFORMANCE 

The separator has been operating 
extremely well since the upgrade 
program was undertaken. There have 
been many weeks of data taking in the 
M9 muon channel with very little lost 
time due to separator problems. The 
system is largely operated by 
experimentalists with little training 
on the system, but because of its 
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simplicity, has been of little problem 
for the users. Initial problems with 
the original commercial driver 
amplifier have been solved with the 
new driver, which has performed very 
well. 

8. CONCLUSIONS 

The upgrading of the RF separator has 
been a great success. The system is 
now easier for the experimenters to 
use, requires no tuning by the users 
and is much more reliable than the 
original system. The expertise gained 
in developing the driver and power 
amplifiers in-house has proven 
extremely worthwhile, and this 
knowledge has been applied to other 
applications at TRIUMF. 

9 . ACKNOWLEDGEMENTS 

The authors wish to acknowledge the 
work of Slawomir Kwiatkowski, Vojta 
Pacak and Robert Worsham on the power 
amplifier and transmission line, 
Joseph Lu for his work on the solid 
state driver, and Richard Shanks and 
Bruce Whiteside for their work on the 
amplifier controls. Also, Josef Holek, 

Eberhart Knappe and Gus Mannes for 
their expert mechanical work. 

10. REFERENCES 

l)E.W. Blackmore et a1., "An RF 
Separator for Cloud Muons at TRIUMF," 
Nuclear Instruments & Methods in 
Physics Research A234(198S) pp.23S-
243. 

2) Continental Electronics 
Manufacturing Company, Dallas, Texas 

3)K Fong, "NODE 
Design Note 

Users Guide," 
TRI-CD-89-33 

TRIUMF 

4)R. Burge et a1., "Amplitude and 
Phase Regulation of the RF Separator," 
presented at the 1989 Particle 
Accelerator Conference, March 20-23, 
Chicago IL. 

S)R. Burge, "RF Separator Control," 
TRIUMF Design Note TRI-DN-90-1S 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

552



THE RF SYSTEM OF THE GUST AF WERNER CYCLOTRON/SYNCHROCYCLOTRON 

B.Lundstrom and B. Holmgren 
The Svedberg Laboratory, University ofUppsala, 

Box 533, S-751 21 Uppsala, Sweden 

ABSTRACT 

The RF system of the reconstructed cyclotron has two 
modes of operation, CW mode (isochronous cyclotron) and 
FM mode (synchrocyclotron). In CW mode the two dee 
resonators work on frf/fion=I, 2 or 3. The RF frequency is 
variable in the range 12.25-24.5 MHz and the maxiaml dee 
voltages are 50 kV. In FM mode, which must be used for 
protons above 105 MeV, the same two dee resonators are 
used on fundamental frequency in the range l7-24.5 MHz as 
"broadband" systems without synchronously tuned cavities 
with FM bandwidths up to 2.2 MHz and dee voltages up to 
approx. 15 kV. The dee electrodes are phase locked during 
the FM sweep and are also used to stretch the beam macro 
pulse, a duty cycle of 50 % has so far been achieved for 180 
MeV protons. Power consumption per system is 50 kW in 
CW mode and 140 kW in FM mode. The system has been 
in use in CW mode since 1987 and in FM mode since 1991. 

1. GENERAL CHARACTERISTICS 

The old GustafWemer Synchrocyclotron (operating from 
1949 to 1977) was a conventional synchrocyclotron with a 
single dee tuned by a rotating capacitor from 33 MHz at 
start of acceleration to 26 MHz at extraction. The repetition 
rate was limited by the capacitor to 250 Hz, and could 
accelerate protons only to a fixed energy of 185 MeV. The 
improved accelerator should be able to accelerate a variety of 
ions to variable energies, and the solution found was a 
combination of isochronous cyclotron and sector focussed 
synchrocyclotron. For the RF system it was chosen to use 
two dee electrodes each covering an electrode angle from 72 
degreees at centre to 45 degrees at full radius (Figure 1).1) 
This permits operation on fundamental frequency as well as 
on harmonic numbers 2,3 and possibly 4 with a reasonable 
energy gain per tum (Fig. 2). 

The introduction of sector focussing and cylindrical 
trimcoils makes isochronous acceleration possible for all 
particles except protons above 105 MeV and 3He2+ above 
260 MeV where frequency modulation still is required, but 
with a much smaller bandwidth. For 180 MeV protons the 
reI. bandwidth reduced from 24 % to 9 %2). This makes it 
possible to avoid synchronously tuned dee cavities and 
instead use the power tubes as a broadband amplifiers. 

All equipment inside the cyclotron vault is the same in 
both modes of operation with exception for the dee tips, 
which together with the other parts of the central region can 
be exchanged using an air lock and a remote handling 
mechanism. The RF synthesizer, detectors, modulators and 

preamplifiers are at present completely exchanged between 
FM and CW operation (the RF coaxial cables to and from 
the cyclotron vault are simply reconnected from one system 
to the other). The block diagram is esentially the same for 
the two modes of operation (Fig. 3). 

2. THE DEE RESONATOR 

The shape of the dee electrode was determined after full 
scale model tests. The dee is supported from the vacuum 
feedthrough and consists of a stainless steel structure clad by 
copper. The dee has an equivalent capacitance of approx. 300 
pF and is tuned to "A/4 resonance by a shorted coaxial line 
outside the vacuum feedthrough with a movable short circuit 
plate (inner conductor 220 mm diameter, outer a rectangular 
box l100x700 mm resulting in a characterisitc impedance 
of 120 n). The tuning range is 12.25 -24.5 MHz, and the Q 
value is at 24 MHz approx. 1600. Highest required dee 
voltage is 50 kV peak, corresponding to a short circuit 
current of 2500 A peak and a power loss of 30 kW. The 
short circuit plate (movable only with RF off) has 
beryllium copper spring contacts to the outer conductor and 
a pneumatic system to the inner conductor, where the linear 
current density is 36 A/cm. The vacuum feedthrough is 
equipped with a system to "swing" the dee with beam on to 
optimize the position of the dee with respect to the central 
region. A damping system dissipating up to 40 kW used in 
FM operation is located close to the inner end of the tuning 
box, and a fine tuning system (a plunger from the short 
circuit plate) is used in CW mode (Figs. 4 and 5). 

3. THE FINAL AMPLIFIER 

The final amplifier uses the tetrode Eimac 4CWlOO,OOOE 
in grounded cathode configuration. The filament has DC 
heating (3-phase full wave rectifier) and is RF grounded by 
kapton disc capacitors. The control grid is tuned to 
resonance by a variable stub and is terminated to 50 n, 
which gives a bandwidth sufficient for the FM operation. 
The anode is tuned by a variable vacuum capacitor and is 
coupled to the dee resonator through a tapered air coaxial 
line ending in a variable stub inside the dee resonator, 
serving as an inductance mutual to both cavities. The final 
amplifier moves together with the tuning plate of the dee 
resonator. The power supplies for the control grid bias (200-
500 V, 100 rnA), screen grid (1500 V, 1.2 A) and anode (4-
12 kV, 15A) are all located more than 50 m from the 
cyclotron. The DC cables for anode and control grid enter 
their cavities from the low voltage end and require no RF 
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chokes, only DC blocking capacitors (a cylindrical 5000 pF 
kapton capacitor built on coppered soft iron couples the 
anode to the resonator line, and also serves as a magnetic 
shield for the tube, which has to operate in a position where 
the stray field exceeds 200 gauss). A problem in the final 
amplifier was a self oscillation at 1.1 GHz, which was 
solved by filling the volume between control and screen grid 
connecting rings of the tube with ferrite. 

4. THE RF SYSTEM IN ISOCHRONOUS 
MODE 

The CW system is a conventional master oscillator
power amplifier system. The two coupled tuned circuits 
(anode and dee) produce an anode impedance curve vs. 
frequency with two peaks, and in CW mode operation is 
normally on a peak close to the dee resonator frequency, 
whereas the anode is detuned a few MHz to give the desired 
voltage transformation between anode and dee electrode. The 
RF amplitude and phase control is "standard" with voltage 
pickups (both inductive and capacitive) on the dee resonators 
used for control loops for amplitude and dee-dee phase 
together with other pickups (anode, control grid etc.). Fine 
tuning during operation is achieved by a servo system using 
the anode-to-grid phase signal as input. The fine tuning 
range is small, it corresponds to a movement of 1 mm on 
the main shorting plate at all frequencies, and the reponse 
time is of the order of a few seconds, which is enough to 
cover for the temperature drift but not for mechanical 
vibrations. The voltage stability is of the order 1/10000 and 
the dee voltage control loop has a bandwidth exceeding 10 
kHz. The CW system has been in operation since 1987. 

5. THE RF SYSTEM IN SYNCHROCYCLarRON 
MOOE 

The FM system is more unique. There are no variable 
tuning elements used during the FM sweep, the frequency 
modulation is performed electronically. This has been 
performed previously in a smaller scale at CERN in the 
Micro-SC with a single dee electrode. The frequency source 
in the FM mode is a numerically controlled oscillator 
(NCO, Stanford Telecommunications STEL-2172) operated 
with a 228 Hz (268.435456 MHz) clock oscillator (Fig. 6). 
The NCO is programmed during the frequency sweep by a 
computer memory 32 bits wide ( of which 28 bits used for 
frequency program and the rest for triggers) and 32k long 
clocked at 1/40 of the master clock, giving a time resolution 
of 150 ns for the frequency program and a max. sweep time 
of 5 ms. Additional memories (clocked at 1/8 of the 
frequency program clock, time resolution 1.2 Ils) are used to 
load six 12-bit DACs to give the analog waveforms 
required for dee voltage reference programs etc. The 
memories are loaded from an IBM compatible Pc. The RF 
signal is amplified in broadband transistor preamplifiers 
with a peak output power of 4 kW. 

In FM mode the dee resonators and the anodes are tuned 
to the centre frequency of the FM band, giving an anode 

impedance with two peaks, one close to the initial frequency 
and one close to the final frequency. Approx. 40 kW can be 
added to the dee resonator losses at 15 kV dee voltage by 
damping systems consisting of a pickup loop, a varaiable 
series capacitor and a water cooled 50 Q resistor. This 
reduces the Q value from 1600 to 160 and gives a smoother 
shape on the phase transitions from input RF signal to dee 
voltage which occur when a peak is passed during the FM 
sweep (Fig. 7). Since the two dees have to be phase locked 
during FM acceleration the differences between the two 
systems must be minimized to allow the dee-dee phase 
control loop to be able to handle the phase transitions. 

Broadband systems are very power consuming, the 
power is proportional to the equivalent electrode capacitance 
and the FM bandwidth3). The dee capacitance (approx. 300 
pF, reduced as much as possible by cut-back of electrode 
angle, reduced aperture where possible and by mounting 
supporting structure and cooling pipes on the outside of the 
dee). Using fixed anode voltage supplies (so far the two 
anode supplies have been used in series operation in FM 
mode to provide a DC voltage of more than 20 kV) a max. 
dee voltage of 16 kV peak over a band 24.2 to 22 MHz 
would require more than 250 kW per system. Since the 
anode can tolerate only 100 kW and the dee resonator 40 
kW some means to reduce power is necessary. The simplest 
solution is to reduce the time of operation at full dee 
voltage. Since most physics experiments require a beam 
macro duty factor better than that normally achieved in a 
synchrocyclotron beam stretching is necessary. To achieve 
this the FM frequency source is programmed to reduce df/dt 
during extraction and simultaneously the accelerating 
voltage is reduced to approx. 5 kV, keeping the phase stable 
"bucket area" constant. RF power is thus reduced to 
negligible levels during this time, which is an order of 
magnitude longer than the acceleration time, and hence the 
necessary reduction in duty cycle of the RF system is 
achieved (Fig. 8). A future solution for experiments 
requiring higher beam currents and higher repetition rates 
will be the use of amplitude modulation on the anode 
supply voltage using a pulse width modulation system 
similar to that of modem high power AM transmitters. 

During 1991 first beams to experiments where delivered 
using the FM system. Typical extracted beam currents so far 
have been InA/Hz, and repetition rates up to 300 Hz have 
been used for short beam pulses and 170 Hz with macro 
duty cycle exceeding 50 % (Fig. 9). 
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LOW TEMPERATURE TESTS OF THE AGOR SUPER CONDUCTING COIL SYSTEM 

* + K. Pieterman, J.A.M. Dam, C. Commeaux and C. Penco 

Cryocon B.},., P.O. Box 685, 3800 AR Amersfoort, The Netherlands 
lPN, P.O. Box 1, 91lt06 Orsay Cedex, France 

+ Ansaldo Componenti Srl, Via N. Lorenzi 8, Genoa, Italy 

ABSTRACT 

In the period from November 1991 till June 1992 
low temperature tests have been performed on the 
AGOR coils and cryostat first in Genoa where early 
December the factory tests were succesfully done by 
reac hing the contractual po i nt X where in air the 
maximum specified attracting force between the coils 
are obtained (1t.5 MN). After warm up and transport the 
coils and cryostat were installed inside the yoke in 
Orsay where final acceptance tests are underway. The 
performance of the cryogenic system will be described 
in this paper. 

1. GENERAL INTRODUCTION 

AGOR, the joint project of the Dutch organisation 
FOM and the French organisation IN2P3 has now reach
ed the phase of final testing of the different sub
systems. The general overview of those systems is given 
in another paper'. Here we will focus on the supercon
ducting coil system and its cryogenic support system 
that are presently under final acceptance test in Orsay. 
A general description of this system has been presented 
earlier',). Final assembly of the coils and cryostat has 
been realised at the premises of Ansaldo Componenti 
Srl in Genoa Italy, the company that has been respon
sible for this contract. 

During final assembly of the four different coils 
special attention was paid to the relative positioning of 
the coils to obtain the close tolerances that were 
specified in the contract. After shrinking on the itO mm 
thick hoop stress cylinders the magnetic axis and the 
medium plane of the coils were measured magnetically 
by running a small current through the coils. Based on 
those measurements mechanical references were ma
chined in the outer diameter of the hoop stress cylinder 
both for axis and plane. Those refences have been used 
for the final machining and mounting of the upper and 
lower halves of the coil system. Before connecting the 
upper and lowe r coil sets additional magnetic measure
ments were done to obtain the optimum relative posi
tioning of the two parts. Final positioning of the coils 
was realised within the specified 0.2 mm tolerance 
field. 

Final assembly of the coils, radiation shields and 
cryostat was done in August and September 1991. 
During assembly some minor modifications have been 
made especiall y on connecting cryogenic tubing, to 
assure enough space between the different temperature 
level s as in general mounting space was very limited. 
Figure I shows the sys tem during assembly. After 
completion of the system the ex ternal cryogenic con
nections were made and the pumping of the cryostat 
vacuum started on November I, 1991. 

Figure I. The AGOR cryostat during assem bly. 

2. FACTOR Y ACCEPTANCE TESTS 

2.1. Cooldown 

After a final check of all subsystems Including a 
kV test on the isolation of the coil system to ground 

cool down started on November It, 199 I. The cold gas 
flow was regulated to keep the temperature gradient 
over the coils below ItO K to avoid high thermally 
induced st resses on the coil system . A maximum of 5 K 
for the temperature gradient over the coils and 20 K 
between adjacent coils were also set but we found that 
the maximum gradient of itO K over the co mplete coil 
system was sufficent to regulate the cooldown. The 
coils superconducting state was reached on November 
29, 199 I. The coo ldown time was in agreement with the 
calculated time of 3 weeks taking into account a few 
regulation problems with the liquefier . With the shie lds 
filled with liquid Nit rogen we observed a small cold 
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spot in the oval mediu~6plane support at 35°. The 
cryostat vacuum was 2xl0 mbar and a check with the 
heliUm leak detector showed that there were no helium 
cold leaks. 

2.2. 4K Operation. 

Stabilizing the helium level inside the cryostat 
turned out to be difflCult and could only be obtained by 
keeping a constant warm gas return flow of about 4 
N m 3 per hour in addi tion to the warm gas return of the 
current leads. A measurement of the losses of the 
cryostat was done by closmg the liquid helium filling 
Ime as well as the cold gas return and adjusting the 
warm gas return valves in such a way that a constant 
pressure inside the cryostat was maintained. Table I 
gives the specified and measured values. 

Table I: losses of the cryostat. 

Terrp. level Specified M-:!asured 

80 K 190 W 71 W 
4 K cold return 10, I W 18,4 W 
4 K warm return 6,5 I/h 6, I I/h 

After a final 1 kV to ground test energising of the coil 
system could start. 

2.3 Coil Performance. 

The coil tests were performed using the AGOR 
dual power supply (900 A, I 0 V and 1800 A,15 V) 
delivered by Foeldi, Switserland. Due to transport da
mage the slow dump cab met could not be used durmg 
these tests. As primary security the quench detector 
that was part of the delivery of Ansaldo was used. At 
currents up to 100 A the behaviour of the power supply 
and quench detector were tested. To gam experience 
with the operation of the power supplies we used a 
software program that allowed full manual control. 
Strong disturbances were observed on the quench detec
tor from the voltage regulatlOn during charging of the 
coils. By carefully regulatmg the voltage steps of the 
power supply and small modifications to the quench 
detector the colis could be charged to higher currents. 

The voltage taps on the coils are measured in such 
a way that the four coils form a measuring bridge. An 
amplifler mount ~d close to the cryostat amplifies the 
br idge signal by a factor of 25. The quench detector 
gives a warning signal if a voltage peak of 1 V (40 mV 
on the coils) is detected. A quench is regarded as 
occurred If the integral of the signal over I second IS 
greater than I V or a voltage level of 3 V IS surpassed 
disregarding the peak width. A signal of 40 mV from 
the coils roughly corresponds with a normal zone length 
of one winding. Takmg mto account the propagatlOn 
velocity of the normal zone this was regarded as 
sufficient4 • 

The coils were charged towards the contractual 
pomt X (II = 450. A, 12 = 900 A, see Fig. 2) the 
attractmg force between the coils reach the same value 
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Figure 2. Operating diagram of the AGOR coil system. 

(4.5 MN) as at point B (the maximum field operating 
point with iron). At the pomt where the power supply 
started to regulate in order to stabilize the current at 
this level (II = 445 A, 12 = 850 A) an opening of the 
breakers was observed. Analysis showed that no quench 
has occured nei ther at the opening of the breakers nor 
afterwards during the fast dump. By adjusting manually 
the voltage regulation we obtamed a stable current 
level at II = 445 A and 12 = 895 A on December 6, 
1991. At this point field maps were made to check both 
the radial off centering of the coils and the magnetic 
medium plane. The results obtained are given in table 
2. 

Table 2: Magnetic coli behaviour at point X. 

offcenter ing coi 1 s 1 (mn) coi Is 2 (mn) 

radial 
absolute 0.76 @ 296° 0.82 @ 298° 
relative 0.06 

rredlum plane 
absolute -0.41 -0.37 
relative 0.04 

rmgnetic specified (mT) rreasured(mT) 

Cl (Bz) 0.17 0.007 
C2 (Bz) 0.55 0.007 
Cl (Br) 0.17 0.196 

rrean Br 0.17 -0.097 

Only the first harmonic C I (Br) of the radial field IS 
higher than the specified value due to a local anomaly 
at 240°. Figure 3 shows the measured Bz at pomt X. 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

558



m
oo 

1.3710 

1.3710 

~ 1.3710 

£j 

1.3710'2-t--i-----=;=---+--r---r----;.---i-----;-+--r---r---i--+-i--+--;--+----; 
o 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 

azimuth (degrees) 

Figure 3. Bz modulation at maximum attracting force 

The modulation can be explained by a coil deformation 
under the maximum attracting force of 0.06 mm. This 
deformation is about a factor two lower than foreseen 
in the original design calculation. 

To test the breaker system we externally activated 
the quench detection system at point X. At this point 
an induced partial quench was detected at the lower 
coil B2, where a maximum temperature of 8.5 K was 
observed. The total stored energy in the system at 
point X (deducted from the measured inductances L I = 
16.3 H, L2 = 12.1t Hand M = 6.8 H) was 11.9 MJ. 98.5% 
of this energy was dumped inside the fast dump resitors 
and 1.5% inside the coil system. 

2.'+. Factory Tests Conclusions. 

Apart from the small anomaly in the radial field 
measurements the magnetIc coil performance was ex
cellent. The high accuracy in coil winding and assembly 
realised by Ansaldo made it possible to meet the tight 
tolerances specified by AGOR. 

To optimize the stabilisation of the level inside the 
cryostat it was decided to modify slightly the internal 
cold gas return circuit of the cryostat to better equali
ze the pressures between the Helium volume at the 
liquid inlet and the current leads. 

After analysing the cryogenic performance we 
found two main reasons as for why the '+ K losses were 
higher than expected. First the anchoring temperature 
of the upper spport (J 85 K) was too high with respect 
to the design value and secondly we found that three 
small 80 K covers at the oval medium plane support 
were mistakenly not mounted. The combined effect of 
this could well explain the difference with the specified 
losses at '+ K. The 80 K losses were considerably less 
than expected, partly because of the higher anchoring 
temperature and indicating a good efficiency of the 
applied superinsulation. 

Some anomalies were observed in the read out of 
the upper tie rod strain gauges that was believed to be 
a torsion effect. It was decided to mount four instead 
of two of these sensors to form a compensated bridge. 

Essential experimental data were obtained with the 
regulation of the power supplies to develop the final 
software for this system. 

3. FINAL ACCEPTANCE TESTS IN ORSAY. 

The AGOR coils and c ryostat were delivered to 
their temporary site in Orsay on February 1'+, 1992, 
with the modifications that resulted from the factory 
tests implemented. Figure '+ shows the cryostat before 
mounting inside the yoke. Seven weeks after arrival 

Figure '+. The AGOR cryostat at the Orsay test site 

the system was mounted inside the yoke, the external 
cryogenic system connected and all electrical connec
tions made and tested. The second system cool down 
using the AGOR refrigeration system delivered by 
Sulzer, Switserland was started on April 6, 1992. As it 
was the first full scale use of the complete cryogenic 
system it took somewhat longer than expected to reach 
the '+ K level. Expecially during the final cooldown 
from 80 K to '+ K a number of minor modifications 
were made to the control software before we were able 
to operate the system in full automatic mode. Despite 
of a careful repositioning of the shields during the 
mounting procedure in Orsay we still observed a small 
coldspot at the same position as during the fac tory 
tests. By attaching a 25 W heater to the spot we could 
avoid condensation and ice formation. 

Normal operation of the system at '+ K level was 
obtained on May 12, 1992. The modifications of the 
internal cold gas circuit made by Ansaldo proved to be 
succesfull as liquid Helium level stabilisation was ob
tained without any problem. Also the 80 K recondensor 
that has not been used before, operated as expec ted. A 
first measurement of the '+ K losse s of the c ryostat was 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

559



done by Isolatmg the cryostat from the liquefIer and 
keepmg a constant level and pressure in the cryostat by 
transferrmg Helium from the 1000 lIter dewar and 
returnmg all gas at room temperature to the suction 
side of the compressor. The total loss at 4 K level was 
29 W, mcludmg tr ansfer hne and valve box losses. The 
latter were not measured seperately but taking their 
expected losses we may conclude that also m this 
respect the modifIcatIOns to the system realised after 
the factory tests were succesful. A check on the 
cryostat vacuum ~6th the leak detector revealed a 
HelIUm level of 10 mbarl/s that seems to be decrea
sing. Further checks are necessary on thIs point. 

A t low fIeld level (2.5 T) a number of tests were 
carried out with the newly Implemented control pro
gram for the power supphes that proved to be very 
succesfull as no macceptable disturbances were obser
ved on the quench detector. Adjustement of the cod 
POSI tion both with respect to medIUm plane posItion and 
radial centering was done with the results obtained 
from the AGOR field mapping system. 

On June 24, after having proved that all subsys
tems operated satisfactory, high fIeld tests were star
ted. Around the maxImum fIeld strength we observed a 
sharp rlzing of the tension m the radIal tIe rods 
indlcatmg a strong mcrease in offcentering force. At 
3.8 T the secondary safety system actIvated a slow 
dump as the force on the tie rods surpassed rapIdly the 
45 kN level that was used m the protection system 
(25% of the maximum allowed force). The maximum 
force observed was 110 kN mdicatmg the strong desta
bIlIzing effect of the offcentermg force. Nonetheless 
the cods remamed perfectly stable and no quench was 
mduced by the activatIOn of the slow dump circuit at 
this fIeld. 

We obtained stable operation of the system at a 
fleld strength of slJghtly over 4 T on July,l by adjusting 
the radIal tie rods as good as the mechanIcal system 
allowed. Up to thIS pomt, almost at maximum specified 
field and stored energy no irregularities in the super
conducting system were observed. 

4. CONCLUSIONS 

The cods show perfect stabIlity towards the maxI
mum obtamed fIeld strength at present (4 T). The sIgnal 
of the quench detector IS very stable and no dIsturban
ces were observed. Even at the actIvation of the slow 
dump cirCUIt at hIgh fIeld the system remained stable. 

After havmg solved some minor regulatIOn pro
blems In the refrigeratIOn system It performs very well 
in automatIc mode. The overall losses both at 4 K and 
80 K are comfortably withm the capacity of the 
refrigeratIOn system, gIving us more reserve capacIty 
than foreseen for the coolmg of the superconductmg 
extractIOn elements. 

The only remaining points of concern are the fact 
that we stili have a cold spot at the medium plane 
inside the beam vacuum that at the moment is heated 
away and the fact that Helium was detected mside the 
cryostat vacuum. Those pOints will be addressed when 
the system IS to be dIsmantled for fmal transportation 
to the K VI m Gronmgen. We are also conSIdering to 
mount stronger radIal tie rods to reduce theIr stress 
level caused by the offcentermg force. With the ex
perience obtained sofar however we feel secured that 
the system performance is more than sufficient to 
allow for the beam tests foreseen in Orsay. 
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A PERMANENT MAGNET SYSTEM FOR A CYCLOTRON USED 
AS A MASS SPECTROMETER 

C.Y. Li, M. Cooper, K. Halbach, W.B. Kunkel, K.N. Leung, R.P. Wells, and A.T. Young 
University of California, Lawrence Berkeley Laboratory 

Berkeley, CA 94720 USA 

ABSTRACT 

The design of a compact, low energy cyclotron used as a 
mass spectrometer is presented. The instrument is designed 
for high resolution, high sensitivity detection of trace 
isotopes. It features the use of permanent magnets to excite 
the soft iron pole pieces which provide the magnetic field of 
the cyclotron. Tuning magnets are used to enable the field 
to be varied. This significantly improves the operational 
requirements of the instrument when compared to one which 
uses electromagnets. The cyclotron will use a spiral 
inflector for axial injection. 

1. INTRODUCTION 

High sensitivity, high resolution mass spectroscopy has 
applications in many fields. Among them are archaeology, 
biomedicine, geology and geochemistry, and environmental 
research. One method used to achieve these goals is 
Accelerator Mass Spectroscopy. In this technique, the 
sample is ionized and accelerated to high energy. Using this 
technique, detection of trace isotopes at a level of 1 part in 
1015 has been achieved. In general, most AMS facilities 
use high energy tandem accelerators with energies in excess 
of 1 Me V. However, it has been recently demonstrated that 
high resolution can also be obtained by using a compact, 
relatively low energy cyclotron as the accelerator. I) This 
technique is called Cyclotron Mass Spectrometry (CMS). 

At Lawrence Berkeley Laboratory (LBL), a program is 
underway to develop CMS into an easy to use, inexpensive 
instrument which is widely available. An overview of this 
program is given in another paper in these proceedings. 2) . 
This paper presents the design of the cyclotron vacuum 
structure and magnet design. 

2. CYCLOTRON DESIGN 

2. 1 Magnet Design 

This cyclotron mass spectrometer has been optimized 
for the detection of 14C, the isotope of most widespread 
interest in the AMS community. The magnetic field in the 
midplane is IT. For high mass resolution, the orbits need 
to be isochronous, therefore a flat, uniform field must be 
maintained tllroughout the acceleration region. The field in 
the midplane should be uniform to better than I part in 104. 

These parameters can be obtained by using permanent 
magnet material to energize soft iron poles pieces. This is 
shown schematically in fig 1. Magnet material, such as 
samarium cobalt, is placed in contact with the iron pole 
pieces. The iron concentrates and directs the magnetic flux 
to the pole faces. For one pole, the magnets are oriented so 
that the magnetization vector points toward the pole face. 
For the other pole piece, the magnets are oriented so that the 
magnetization points away from the pole face. A magnetic 
flux return ('yoke') connects the magnets to complete the 
circuit. The midplane of the accelerator is placed between 
these poles. With careful design, the uniformity of the field 
will not be set by the magnetic uniformity of the magnet 
material or where it is placed, but rather by the quality of the 
finish on the pole faces and the accuracy of the spacing 
between the poles. 

Based on the desired mid-plane B-field, the remanent 
field of the permanent magnet material, and the geometry of 
the poles, (Le. pole diameter and gap width), the amount of 
pemlanent magnet material needed is calculated.3) Material 
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Figure 1 Conceptual design of a permanent magnet excited 
magnetic field. 
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Figure 2 Top View of the Cyclotron Mass Spectometer (CMS) 

can be placed on both the sides of the poles, with the 
magnetic field vectors pointing radially, and the top and 
bottom of the poles, with the fields directed axially. 
Calculation of the magnetic field using the computer 
program POISSON verified that the field was uniform to 
better than I part in 104 throughout the acceleration region. 

2.2 Machine Parameters 

The overall size of the machine is dictated by the species to 
be measured, the injection energy of the ion, and the mass 
resolution needed. For 14C, a mass resolution of about 
1800 is needed; this is sufficient to separate 14C from 
13CH. The resolution of a CMS is determined by 

H (1) 

where n is the number of orbits the particles make before 
extraction and H is the harmonic of the fundamental 
cyclotron frequency that the accelerating RF is operating on. 
For 14C in a IT field, the fundamental frequency is I MHz. 
H might typically be 15, so that the minimum number of 
orbits would be 40. With modest energy gain per tum, 
:5500 V, it is possible to achieve this figure with an 
extraction radius of :5 9 cm. We have ~onservatively 
designed the instrument for an extraction radius of up to 12 
cm. 

Vacuum requirements are determined by the amount of 
stripping and scattering of the C- there is by the residual gas 
molecules within the accelerator structure. Assuming a 
stripping cross section on the order of 2 x 10-15 cm,4) a 
vacuum level in the mid 10-7 torr range will be acceptable. 
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Figure 3 Side view of the CMS 

Design parameters for the CMS are summarized in Table 1. 

3. DESIGN DETAILS 

Figures 2 and 3 show the top and side views of the 
cyclotron vacuum structure and magnet assembly. The soft 
iron pole pieces are 15 cm in radius, with an axial hole of 
about 2.5 cm radius machined into them to provide access 
for the axial ion injector and pumping ports. The pole 
pieces are kept apart by an aluminum spacer ring which has 
an inside diameter of 13.5 cm and a thickness equal to the 
desired pole gap, 1.6 cm. In this design, the inner pole 
surfaces are exposed to the high vacuum. This 
configuration was chosen to reduce the distance between the 

pole faces, an important consideration to minimize the 
magnet material needed to achieve the desired midplane 
magnetic field. Although the magnet material has good 
vacuum properties, it has been excluded from the vacuum by 
o-ring seals in the spacer ring and by welding the beam 
entrance tube and the vacuum exhaust tube to the pole faces. 
This minimizes outgassing and virtual leaks. 

Accelerated C- is extracted using an electrostatic channel 
and directed out of the cyclotron through a tangential hole in 
the spacer ring. Additional radial holes in the spacer ring 
provide access for three 'dee' probes used to measure the ion 
beam current and position. These probes are mounted on 
bellows and can move radially from the injection radius to 
the extraction radius. In addition, they are segmented 
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Fig. 4 Cross section of a magnetic field tuner. Arrow is 
aligned with the magnet's field, which rotates with the rod. 

vertically to provide information on the beam properties in 
that dimension. 

The samarium cobalt magnet material is purchased as 
larger blocks and cut and ground to the desired dimensions. 
The individual magnets are glued to the flux return yoke for 
permanent mounting. Approximately 200 individual 
magnets are used in this design, with a total volume of 
about 6000 cm3. Magnet material does not completely fill 
the annular gap between the outer radius of the pole faces 
and the inner surface of the yoke. This would have required 
arc-shaped wedges. Instead, the annulus is filled with 
segments of rectangular magnets. Viewed from the top, the 
magnets in the annulus appear as an 18-sided polygon with 
small wedge shaped gaps where the magnet comers on the 
inner radius touch each other while the outer comers do not. 
Small ledges are machined in the yoke to aid in the 
alignment and assembly of these magnets. 

Although the top (bottom) of the upper (lower) pole 
piece also has magnets attached, there are areas on these 
surfaces where there is no magnet material. This occurs for 
a variety of reasons, such as for the penetration for the axial 
injection line. In addition, magnets can be left out to 
coarsely adjust the magnetic field strength in the midplane. 
These voids do not affect the field homogeneity as the pole 
piece 'smoothes' out these non-uniformities. 

Minor adjustments in the magnetic field will be made 
by using 'field tuners,' movable magnets which can be 
oriented such that their magnetic field is parallel, 
antiparallel, or any angle with respect to the existing field. 
A cross section of the tuners is shown in fig 4. They 
consist of rectangular magnets which are placed in tubes. 
The magnetization vector is radially directed. The tubes are 
then placed in rectangular holders which will lie across 
chords in the top and bottom magnet volumes, taking the 
place of the normal magnets. The rods are free to rotate 

Table 1 Design Parameters of the CMS 

Pressure 
Injection Method 
Injection Radius 
Magnet Material 
Pole Radius 
Pole Gap 
Pole Material 

3 x 10-7 torr 
Spiral Inflector 
4cm 
Samarium Cobalt 
15 cm 
1.6 em 
1005 Steel 

within the holder, and depending upon the angle between the 
rod's B-field and the existing field, the tuner may either 
increase or decrease the midplane field. 

4. SUMMARY 

The design of a permanent magnet cyclotron has been 
presented. This instrument has been design for use as a 
highly sensitive and selective mass spectrometer, optimized 
for the detection of 14c. The instrument is now under 
construction, with completion scheduled by 1993. Initial 
tests will be conducted with a cesium sputter source, but 
experiments with an advanced ion source are also planned.5) 
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ABSTRACT 

SECTOR MAGNET OF THE RCNP RING CYCLOTRON 
AND THE ISOCHRONIZATION 

K. Rosono, M. Kibayashi and I. Miura 
Research Center for Nuclear Physics, Osaka University, 

Mihogaoka 10-1, 567 Ibaraki Osaka, Japan 

The RCNP six-sector ring cyclotron is in op
eration for nuclear physics experiments. We briefly 
recall the sector magnet of the ring cyclotron. Then 
we present the method of the magnetic field setting 
for isochronization and the results. 

1. SECTOR MAGNET 

f Injection 

A schematic mid plane view of the sector 
magnets of the ring cyclotron including injection 
and extraction devices is shown in Fig. 1. The pa
rameters of the sector magnet are listed in Table 1. 
Figure 2 shows a photograph of the sector magnets 
installed in the cyclotron vault. A vacuum chamber 
made by SUS is welded at the side faces of the pole. 
Figure 3 shows the schematic cross sectional view 
of the pole edge section. 

Fig. 1. Schematic mid plane view of the magnet sys
tem of the ring cyclotron. 

The maximum magneto-motive force was es
timated to be about 1.4 x 105 ampere-turns to ob
tain the maximum field strength of 17.5 kG. The 
main coil and the auxiliary coil consist of 80 turns 
and 20 turns of copper hollow conductors, respec
tively. We can control the magnetic field strength 
of 500 Gauss for each sector by the auxiliary coil. 
The 36 pairs of trim coils are fixed on each pole 
face of the sector magnet. Two pairs among them 
are used as harmonic coils. Each trim coil is coated 
with alumina-ceramics (Af20 3 ) for insulation and 
is fixed on the pole face by SUS-Fe welded volts to 
reduce the magnetic perturbation due to bolt holes. 

Righ current stability is required for the 
power supplies of main, auxiliary and trim coils to 
obtain a high quality beam. In order to acieve 
high stability, a precision shunt resistance made of 
germanium-manganese-copper alloy (ZERAMIN) is 
used as a current sense. The temperature coeffi-

Fig. 2. Photograph of sector magnets installed in 
the cyclotron vault. 
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cient of the shunt resistance is less than 3 ppm;oC. 
The shunt resistance of the main and auxiliary coils 
are cooled by temperature controlled water kept at 
27.0±0.1°C. In this condition, the current stability 
of ±2 x 10-6 is obtained at main coil currents of 
650A and 400A. 

2. FIELD MAPPING 
We used the non magnetic pneumatically 

driven system for field mappings. Twenty Hall gen
erators were fixed along a radial arm. With the 
mapping apparatus, we can measure field maps with 
radial interval of 10 mm or 20 mm step between 

1600 mm and 4300 mm and with azimuthal inter
val of 0.4° step over the whole region of 360°. A 

computer (M-VAXII) is used for arm driving sys
tem, data acquisition system and control system of 

power supplies. The details of the measuring system 
have been described elsewhere.!) 

3. MAIN RESULTS OF THE FIELD MAP
PINGS 

Various modes of the field setting procedure 
have been examined to reproduce field strength and 
distribution as quickly as possible. In a cycling 
procedure, it takes about 1.5 hour for higher field 
strength than 13 kG and 2-4 hours for low one. Ex
citation characteristic of a sector magnet is shown 
in Fig. 4. 

Measurement of the base field distributions of 
six sectors was carried out for seven main coil cur
rent of 250A, 350A, 400A, 450A, 500A, 550A and 
650A. The main coil currents correspond to the field 

strength of 8.5 kG, 11.7 kG, 13.2 kG, 14.5 kG, 15.6 
kG, 16.3 kG and 17.5 kG, respectively. The injec
tion and extraction elements were excited during 
the measurement. 

The base field distributions along the center 
line of the No.5-sector magnet for the seven levels 
of main coil current and the relative strength are 
shown in Fig. 5. There is at most 0.2% difference 
in the field shape among t he seven levels. In or
der to obtain the required isochronous field distri
bu tion along the sector-center line, we have adopted 
a method similar to that used at GANIL.2) Equilib

rium orbits are calculated using the measured base 
field distributions and the ratios between the field 

Table 1 
Parameters of the spiral sector magnet. 

N umber of sector magnets 
Sector angle 
Gap width 

Height of magnet 
Overall diameter 

Total weight 

Injection radius 
Extraction radius 

Maximum magnetic field 
Maximum ampere turns 

Maximum current 
Maximum power 

Number of trim coils 
Maximum current 

Total trim coil power 

.l~~ 

~Ji ~. __ . ---;;==n=:=:"'-==:::5 

41 :iC 
; 
~~~-----< 

6 
22° .... 27.5° 

60 mm 
5.26 m 
14.4 m 

.... 2200 tons 

2m 
<lm 

17.5 kG 
1.4 X 105 A.T 

900 A 
440 kW 

36 pairsx6 
500 A 

.... 350 kW 

Fig. 3. Schematic cross sectional view of the pole 

edge section. 
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Fig. 4. Excitation characteristic of a sector magnet. 
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strength and the radius averaged along the closed 
orbit (lJ and R) and those at the sector-center line 

(Be and Re) Kb = Bel lJ and Kr = Rei R are cal
culated. The Kb and Kr values of No.5-sector at 
the seven levels of main coil currents are shown in 
Fig. 6 and those of the six sectors at 500A (14.5 kG) 
excitation are shown in Fig. 7. Perturbation due to 
the injection and extraction elements was observed, 
more or less, in all sector magnets. 

4. TRIM COIL FIELD 
Measurement of the trim coil fields was per

formed for the No.5-sector magnet only at the base 
fields of the main coil current of 250A, 450A, 550A 
and 650A. In order to obtain the non-linear effec
tiveness of the trim coil field, four kinds of the mea
surement were carried out for each base level of 
the main coil current. The field gradient of the 
isochronous radial field distribution is positive for 
protons of higher energy than 200 Me V and is neg
ative for all energies of heavier ions than protons. In 
the measurement, the current was fed to each trim 
coil to make the radial field gradient correspond
ing to the gradient of the isochronous field distri
butions of 300 MeV and 400 MeV protons (positive 
gradient) and 400 MeV and 100 MeV alpha parti
cles (negative gradient). Figure 8 shows examples 
of the trim coil field distributions along the sector 
center line in the case of the field gradients corre

sponding to 400 MeV proton and to 400 MeV alpha 
particle field gradients at the 450A base field, re
spectively. In order to estimate the difference of the 
effectiveness of the trim coil fields among the six 

sectors, the field maps with the field gradients were 
also measured for each sector. 

5. ISOCHRONIZATION 
An isochronous field distribution along the 

center line of each sector magnet can be calculated 
by using the measured data of Be(N,I,r), Kr(N,I, 
G, r) and Kb(N, I, G, r), and the optimum currents 
of the main and trim coils to reproduce isochronous 
field distribution can be obtained by using the data 

of Be, BTU, G, r) and 6.BT(N, I, G, r), where Be, 
K r , K b, BT and 6.BT are main level field along the 

sector center-line, Kr = relr, Kb = Bel iJ, trim coil 
effective field of the No.5-sector magnet and the 
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difference of the all time coil effectiveness among 
the six sectors, respectively. These are dependent 
on sector (N) main coil current (1), gradient of the 
isochronous field (G) and radius of the sector center
line (r) . 

When a particle and the acceleration energy 
are given, our code calculates the isochronous field 
and determines first the required main field level 
on the sector center-line and then interpolates the 
Be, K r , Kb between the measured main levels to give 
B~(N, r), K~(N, r) and Kg(N, r) at the required 
level and field gradient. The required field distribu
tion for acceleration of each sector can be calculated 
using the B~, K~ and Kg values . Next, the main 
and trim coil currents are calculated in order to re
produce the isochronous field . We have no data of 
trim coils fields for the other sector magnets except 
N o.S-sector. Therefore the required field distribu
tions for the sector magnets except N o.S-sector can 
be obtained by taking account of the !lB~ at the 
required level and field gradient which are given by 
interpolation of !lBT measured at various levels and 
gradients. The optimum coil currents are automat
ically searched with a computer code. 

6. ACCELERATION 
After cycling of the magnets, the calculated 

coil currents are fed to the coils. We have acceler
ated protons to 300 MeV (Einj=S2.7 MeV). 

Figure 9 shows measured beam currents 
on a 1 mm wire of the main probe from 
t he injection radius to the extraction radius. Fig
ure 10 shows the particle phase excursion from the 
injection to the extraction by a dotted line in the 
case of setting the calculated coil currents and by 
a solid line in the case of a slight correction of the 
trim coil currents. 

7. CONCLUSION 
Magnetic field distributions of the sector 

magnet of the RCNP ring cyclotron were measured. 
The values of Be, K r , K b , BT and !lBT were ob
tained at various combinations of the main levels, 
field gradients, trim coil, currents, etc. These data 
bases are used to reprod uce isochronous fields of 
various ions and energies. We have accelerated pro
tOllS to 300 MeV by setting the calculated coil cur-

Fig. 9. Beam current measured by a wire probe from 
injection radius to extraction radius . 
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8 

rents. We have no serious problems which occur 
on setting the calculated coil currents, through the 
phase excursion appears in acceleration. The phase 
excursion can be corrected by a slight adjustment 
of trim coil currents. 
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THE ELECTROSTATIC DEFLECTOR FOR THE CHALK RIVER 
SUPERCONDUCTING CYCLOTRON 

W.T. Diamond, C.R. Hoffmann, G.R. Mitchel and H. Schmeing 
ABCL Research, Chalk River Laboratories, 

Chalk River, Ontario, Canada, KOJ 110 

ABSTRACT 

The electrostatic deflector is the first extraction element 
in the Chalk River superconducting cyclotron. The design 
goal of the deflector is a field of 143 kV fcm, to be obtained 
with a voltage of 100 kV across a gap of 7 mm. This has 
proven to be very difficult to achieve. The tight space 
constraints of a compact superconducting cyclotron, high
temperature operation imposed by stray rf fields and 
problems associated with very strong magnetic fields all 
contribute to this difficulty. In an effort to reach the design 
goal, we have investigated many aspects of the physics and 
technology of high-voltage vacuum insulation. Various 
choices of materials and surface treatments were tested. 
The results from this extensive research effort have led to 
changes in the design of the deflector, and we now routinely 
exceed the design field, but at a reduced gap of 5 to 
5.5 mm. While the reduced gap reduces the transmission 
for some ion beams, the present deflector performance has 
led to successful cyclotron commissioning. 

1. INTRODUCTION 

The electrostatic deflector is a critical component in the 
extraction system of the Chalk River superconducting 
cyclotron. It must operate at an electric field in excess of 
140 kV fcm for all operating conditions of the cyclotron. 
These include magnetic fields from 2.5 to 5 T, and residual 
rf fields from the high power (100 kW) rf system. The 
deflector, mounted inside a dee, is subject to significant 
heating from residual rf fields. Tight space constraints limit 
the maximum vertical spacing to 76 mm, with just over 24 
mm between the high-voltage electrode and the sparking 
plates. These conditions have made progress toward the 

I 

i t-------------------.!:'~.!:~~-~----------------------

Fig. 1 Cross section of the high-voltage electrode and feed 
insulator. Details are explained in the text. 

design goal difficult. We undertook several approaches to 
improve performance. t

-
4

) We used the cyclotron as a test 
bed for some development and built three test stands, 
including one with a magnetic field, to develop insulators, 
test electrode materials and study alternative electrode 
configurations. The wealth of results generated over two 
years has led to a re-design of most parts of the deflector 
and, in particular, to the present choice of materials for 
deflector electrodes. Only the geometrical appearance did 
not change substantially. The resulting performance level 
proved sufficient for the cyclotron to be commissioned. 

In this paper we give a brief description of the present 
design and also a summary of some of the results that have 
led to these choices. Finally, we give a summary of the 
deflector performance at this time. 

2. DEFLECTOR DESIGN 

Figure 1 shows a schematic cross-sectional view of the 
electrostatic deflector, and its feed insulator. We had 
determined previously that, under the operating conditions 
of the cyclotron, elevated temperatures of any deflector 
component led to substantial reductions in performance. 
Consequently, we decided to cool, as directly as possible, 
all components that are subject to heating from residual rf 
or the ion beam. The figure shows in detail how this is 
done for the high-voltage electrode. 

High-resistivity (about 15 MO· cm) water is circulated 
between the high-voltage cable (A) and a teflon tube (B). 
The water passes through fitting (D) to the high-voltage 
electrode through tube (H). The electrode is cooled over its 
entire length. The water returns through tube (G), exits 
through small holes in (F), and passes on the outside of the 
teflon tube (B), completing circulation back to the external 
water system. Flange (C) is part of a teflon liner that is 
installed inside the ceramic insulator. It captures a smoothly 
contoured metal fitting that is used to join the insulator to 
the high-voltage electrode. The teflon is etched and epoxied 
to the ceramic, with a joint near the center of the insulator. 
Both the O-ring joint (E), between (C) and (F), and the 
insulators have proven to be very reliable. 

A 2 cm water column between the high-voltage cable 
and the electrode provides a large (30 MO) reliable isolation 
resistor. Operation without this resistor leads to much 
greater spark damage and rapid failure of the deflector. 
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3. REVIEW OF VACUUM DISCHARGE REGIMES 

An electrostatic deflector is a vacuum-insulated high
voltage gap operating in a strong perpendicular magnetic 
field. A vast literature exists on high-voltage discharge 
phenomena in vacuum gaps, but little research has been 
done on such discharges in a magnetic field.5) It is useful 
to review the physics of discharges, to put our problem into 
context. 

Figure 2 shows the measured breakdown voltage of a 
plane-parallel high-voltage vacuum gap.6) Note that this is 
for an electrode profile minimizing electric field 
enhancements at the edge and for high-quality electrode 
materials such as stainless steel or titanium. The breakdown 
voltage is dominated by different phenomena as the gap is 
increased. For gaps up to about 1 mm, it increases linearly 
with gap. The discharge is initiated by Field-Emitted 
Electrons (FEE) that leave the cathode and cross the gap. 
The FEE current increases exponentially with the electric 
field and, at some current, a spark occurs. Sparking may 
help condition an electrode, leading to operation at higher 
electric fields. As the voltage is increased, irreversible 
damage finally occurs. 

For gaps greater than a few centimeters, 
microdischarges limit the breakdown voltage. These involve 
lumps of material pulled from either electrode by the 
electric field. They cross the gap and impact on the other 
electrode. As the voltage is increased, the microdischarge 
can initiate a spark. 

For gaps between 5 and 8 mm, the region of interest to 
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Fig. 2 Breakdown voltage of a vacuum gap as a function of 
the gap spacing. 

our deflector operation, there is a transition region in which 
both phenomena may be active. To put our requirements 
into perspective, a line labelled "deflector operation" in 
Fig. 2 corresponds to 140 kV/cm for gaps from 5 to 8 mm. 
It shows that our design goal lies only a factor of 2 below 
what is achievable under ideal conditions, and in the absence 
of strong magnetic fields or electrode heating. We calculate 
a field enhancement of about 15 % for the deflector because 
the electrodes can not be made with ideal profiles. 

For gap dimensions that lie in this region, it is difficult 
to determine if the precursor for a spark is field-emitted 
electrons or microdischarge activity. Much of our research 
tends to support anode-originated microdischarges as an 
important activity. However, if a damaging spark occurs, 
a region of enhanced field emission is produced on the 
cathode. FEE current increases exponentially, with a 
tenfold increase in current for a 20 percent increase in 
electric field. This high FEE current generally determines 
the maximum electric field that can be sustained. 

3.1 Test Stand Results 

Table 1 presents results of measurements3
) with plane

parallel copper, stainless steel or titanium electrodes for 
either anode or cathode. Electrodes of 19 mm diameter 
were machined and polished with 600 grade silicon carbide 
paper. They were cleaned ultrasonically with detergent and 
ethyl alcohol and installed with a 2.5 mm gap. After 
evacuation, the voltage was increased from about 40 kV in 
2 kV increments until irreversible damage was done. This 
is the breakdown voltage shown in Table 1. Typically, 1 to 
3 samples were tested for each entry and the data represents 
averages were more than one sample was tested . 

Table 1. Breakdown voltage (kV) for combinations of 
copper, stainless steel and titanium electrodes. 

Cathode Anode Material 
Material 

Copper Stainless Steel Titaniwn 

Copper 64 92 98 
Stainless Steel 74 96 110 
Titaniwn 72 88 110 

The table shows the strong effect of the anode on the 
breakdown voltage. If field-emitted electrons from the 
cathode were the main precursor for a damaging spark, one 
would not expect the large observed increase in breakdown 
voltage when a copper cathode is matched with a stainless
steel or titanium anode. This conclusion is also supported 
by data obtained when one or both electrodes are 
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electropolished. These data are shown in Table 2. 

Table 2. Breakdown voltage (kV) for copper and stainless
steel electrodes that have been electropolished (E.P.). The 
gap is 2.5 mm. 

Cathode Material 

Copper E.P. 

Not E.P. 

Stainless E.P. 
Steel 

Not E.P. 

Copper Anode 

E.P. 
98,96 

85 

94,94 

Not E.P. 
64 

Electropolishing both copper electrodes made a dramatic 
improvement in the maximum breakdown voltage. It was 
observed that there was a great reduction in microdischarge 
activity and fewer conditioning sparks as the voltage was 
increased. When only the cathode was electropolished, 
there was no improvement, while treating the anode but not 
the cathode produced a large improvement. Tests with two 
electropolished stainless-steel electrodes showed only a 
modest improvement in the breakdown voltage, but there 
was much less microdischarge activity and fewer sparks as 
the voltage was increased. This reduced electrical activity 
in a gap operated at voltages well below the breakdown 
level is an important consideration in deflector operation. 
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Fig. 3 Lowest deflector leakage current for the dates 
indicated. 

4. DEFLECTOR PERFORMANCE 

Results obtained from test-stand experiments have 
guided the development of the deflector. Significant 
improvements were made when we replaced the 
molybdenum used in the original deflector for sparking 
plates and the septum with stainless steel. l ) This was an 
unconventional choice of materials which was based on the 
observation that a spark could result in the transfer of a 
small sample of molybdenum from the anode to the cathode, 
where it became the site of enhanced field emission. The 
observation of increased FEE current for a heated cathode3) 

led to the design of the water-cooled high-voltage electrode 
shown in Fig. 1. The results shown in Tables 1 and 2 
pointed to the importance of the anode in high-voltage 
discharges (with a 2.5 mm gap). We used this as guidance 
in the choice of electropolished stainless steel for the 
septum, sparking plates and the supporting rails that hold the 
septum. Below we summarize some relevant features for 
optimum performance of the deflector. 

The high-voltage electrode was redesigned with a 
geometry that minimized the electric field enhancements at 
curved portions and near the ends. We have chosen its 
thickness and height to be as large as possible, consistent 
with the restricted space available. Two-dimensional 
calculations show that there is less than a 15 % electric field 
enhancement for the choices that we have made, but we 
have not attempted to calculate the field enhancement at the 
ends where there are compound radii. 

It is important to minimize the stored energy in the 
deflector. We use the water resistor for this purpose. 

The vacuum quality of the cyclotron is also important. 
We observed poor operation of the deflector, which was 
traced to a minor contamination of the midplane vacuum 
with roughing pump oil. The oil was cracked into elemental 
carbon by the rf and deposited on the deflector electrodes. 
Small flakes on the cathode served as sources of enhanced 
field-emission. A substantial effort was expended to clean 
the deflector and the midplane before deflector performance 
was restored. 

The results of all these efforts are shown in Fig. 3. It 
shows the progress in improving the det1ector as a function 
of time. The data show the best operation at the dates 
shown. All of the data were obtained with the magnet on at 
about 3 T and no rf. The deflector gap was 7 mm for the 
1989 measurement and about 5 mm for the other 
measurements. The most recent curve, May 92, was the 
same with the magnet on or off, but we did not attempt to 
operate above 85 kV (170 kV fcm) with the magnet and rf in 
operation. Operation at 85 kV with a magnetic field of 3.5 
T and 90 k V with the magnet off were for periods of 18 to 
24 hours. The peak performance was at 94 kV (188 
kV fcm), and this was achieved for several hours before the 
voltage was reduced. 
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The improvement between November, 1989, and 
December, 1990, was from the change from molybdenum 
to stainless steel sparking plates and septum, and changes in 
the geometry to reduce field enhancements. Electropolished 
cathodes were tested during this period with some success,3) 
but anodes were not electropolished. 

The water-cooled high-voltage electrode was tested 
between December, 1990, and March, 1991. This led to 
better peak performance and increased reliability for 
operation near the peak levels of performance. 

The performance shown for May, 1992, was obtained 
after a meticulous cleanup following the vacuum 
contamination that was discussed previously. We also 
started to electropolish all of the stainless steel anode 
components during this cleanup. These data were taken 
during a slow conditioning of the deflector after re
assembly. The conditioning included slow increase of the 
voltage to 85 kV during a 24 hour period and operation at 
90 kV (180 kVfcm) for a second 24 hour period followed 
by an increase to 94 kV for several hours, all with the 
magnet off. The voltage was increased to 85 kV with the 
magnet at 3.5 T for 18 hours and then rf power was turned 
on. The deflector voltage was lowered to about 40 kV 
while the dees were conditioned to their operating level. 
The deflector voltage was then increased to 85 kV with the 
rf and magnet in operation. This deflector then operated 
routinely under conditions of high rf power and a magnetic 
field of 3.5 T during a recent one week experiment at about 
135 kV fcm and with only a few p,A of FEE current. 

5. SUMMARY 

A water-cooled high-voltage electrode attached to an 
alumina feed insulator has been in use for over a year and 
has operated reliably. We believe that microdischarge 
activity originating from the anode is an important precursor 
to electrical breakdown of the gap. Appropriate surface 
treatments, such as electropolishing both the anode and 
cathode, appear to reduce microdischarges and sites of field
emitted electrons. We have adopted these procedures for all 
parts of the deflector that can be treated. We also carefully 
cleaned the inner surfaces of the dee that form a copper 
anode and we used a slow conditioning procedure with the 
magnet off after the deflector had been re-assembled. These 
meticulous procedures have permitted us to increase the 
maximum electric field that can be sustained to greater than 
180 kVfcm with a 5 rom gap during pre-run testing, and to 
operate the deflector reliably at electric fields up to 150 
kVfcm during cyclotron operation. We intend to test if 
fields of about 150 kV fcm can be used reliably with a gap 
of at least 6 rom. 
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SUPERCONDUCTING CYCLOTRON EXTRACTION SYSTEM 
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ABSTRACT 

The electrostatic deflector ill the Chalk River 
superconducting cyclotron is often required to operate at its 
high-voltage limit. To ease the operating constraints this 
limit imposes, a study has been undertaken to explore the 
potential effects of increasing the intrinsic magnetic 
deflection that is available in iron extraction elements (hill 
lenses), immediately following the deflector. Modifications 
to the hill lens geometry and compensation elements have 
been identified that significantly increase the magnetic 
steering. Beam orbit calculations show that a 20% 
reduction in deflector voltage may be possible, in principle, 
for ion beams of interest when the dipole fields in the hill 
lenses are changed by about 0.1 T. However, resulting 
perturbation effects must be well compensated to avoid 
substantially reducing the benefit. 

1. INTRODUCTION 

One of the limits to beam extraction from the Chalk 
River superconducting cyclotronl

) is reliable high-voltage 
operation of the electrostatic deflector, which often runs at 
its performance limit. Deflector development work at Chalk 
River has pursued several options to improve overall 
performance. Companion papers at this conference report 
on improvements made to the existing deflector,2) and on an 
alternative deflector configuration that has electrodes 
between the conventional sparking plates and the 
high-voltage electrode. 3) This paper describes results of a 
study to reduce the beam deflection required in the 
electrostatic deflector by enhancing the magnetic deflection 
available in extraction elements (two hill lenses) immediately 
downstream from the deflector along the extraction 
trajectory. In the following sections the layout of the 
extraction system is briefly described, some guidelines for 
changes are given, hill lens modifications and corresponding 
changes to magnetic field compensation are identified, and 
the calculated performance is presented. 

2. EXTRACTION SYSTEM 

Figure 1 shows schematically the extraction system in 
the cyclotron midplane and identifies the major elements, 
which are fixed. Briefly, the beam entering the deflector 
(A) in a dee gets an electrical push outwards, to escape the 

confIDing magnetic field and enter the magnetic channel 
(D,E), contained within magnet cryostat (G). The hill 
lenses (B,C) generate a radial gradient in the axial magnetic 
field, to provide radial focusing to offset the strong radial 
defocusing of the fringe field of the magnet. The hill lenses 
also produce a significant dipole field that steers the beam. 
The magnetic channel contains superconducting coils and 
passive iron structures, to provide radial focusing and 
steering. The iron elements generate perturbation fields in 
the midplane acceleration region that must be adequately 
compensated, especially for first harmonic perturbations in 
the regions where ",= 1. Iron bars (F) opposite the hill 
lenses, and (H) opposite the iron of the channel, provide the 
compensation. The superconducting coils are designed with 
compensation windings included. The extracted beam exits 
the cyclotron through a hole in the iron yoke (I). 

Figure 2(a) gives the cross section of the iron elements 
of lens 1 (B in Fig. 1). The cross section of lens 2 (C in 
Fig. 1) is identical to that of lens 1, except that each of the 
bars on the right-hand side has its vertical height reduced 
from 12 mm to 11.25 mm. Each lens subtends an azimuthal 
width of 10 degrees at the cyclotron centre, and a space 16 
degrees wide separates the two lenses. Stainless steel 
brackets mounted on the cryostat wall hold the lenses in 

o· 

1 METRE 

Fig. 1 Extraction system midplane layout. 
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Fig. 2 Cross section of hill lenses: (a) lens 1 without 
modifications; (b) modified lens 1; (c) modified lens 2. 

place in a hill gap. 

2.1 Requirements 

It is highly desirable for operational reasons that any 
changes to the extraction elements have as small an impact 
as possible on the beam circulating in the acceleration 
region. In particular, the co-ordinates of the beam entering 
the deflector should not be altered appreciably, especially 
the radial momentum. 

Extraction of beams with the revised system should not 
require magnetic channel winding currents that are 
significantly different from those required in the unmodified 
system. This means that the radial momentum at the 
channel entrance for a given beam must not be altered 
appreciably. By providing radially outward deflection, both 
hill lenses make the radial momentum at the channel 
entrance more positive; i.e., the beam is directed outwards 
more. This increased radial momentum would require 
channel currents outside the operating range for some 
beams. The remedy is to steer the beam radially inwards in 
lens 2 after it has experienced strong outward steering in 
lens 1. In effect, the beam should be "dog-legged" in the 
revised system by the changed iron in the hill lenses. 

3. LENS MODIFICATIONS 

3.1 Lens Additiuns 

Initial calculations with the code SUPERGOBLIN,4) 
modified to allow superposition of uniform dipole fields on 
the extraction region field maps for the unmodified hill 
lenses, showed that field changes of about 0.1 T could lead 
to an interesting reduction in the deflection required in the 
electrostatic deflector. However, the field changes would 
have to act over longer lengths of beam path than the 
existing lenses. The fields would be reduced in lens 1 and 
increased in lens 2 by roughly equal magnitudes, and the 
path lengths over which the fields act would be adjusted to 

maintain the radial momentum of the beam at the channel 
entrance so that it is essentially the same as the value 
without the modifications. 

To identify the shape of iron pieces that could be added 
to the lenses to get the desired field changes at the azimuthal 
middle section of the lenses, infmitely long, straight iron 
bars of rectangular cross section, magnetically saturated, 
were modelled analytically as current sheets. 5) Vertical 
surfaces of the cross sections were aligned with the 
background magnetic field, which ranged from about 2 to 
5 T. The cross section for required iron was built up by 
trial and error, to give the desired dipole field in the 
azimuthal middle section. Once the cross section of the iron 
additions was defined, calculations were performed using a 
two-dimensional code, EXMAP, based on the Biot-Savart 
law, to verify that the dipole fields were acceptable when 
the curved shape and finite length of the lenses were taken 
into account. The resulting cross sections for the iron 
changes are shown in Fig. 2(b) for lens 1, and Fig. 2(c) for 
lens 2. The azimuthal extent of the iron additions to lens 1 
is from 204 degrees to 225 degrees. Lens 2 modifications 
extend from 225 degrees to 240 degrees. EXMAP was 
used to calculate maps of the fields generated in the 
aC'celeration region and along the extraction path. These 
maps were combined with the maps for the unmodified 
pieces, to give a composite set of maps to use in 
SUPERGOBLIN. 

3.2 Compensation of Perturbations 

After detailed field maps were calculated for the 
extraction region, and used in SUPERGOBLIN to verify 
that the magnetic geometry produced the desired effects 
along the extraction path, the perturbation fields in the 
acceleration region were calculated and Fourier analyzed. 
The perturbation fields requiring correction were the 
average field change and the first harmonic. 

The compensation strategy was to first identify iron 
pieces that adequately cancel the first harmonic perturbations 
introduced by the iron additions to the hill lenses. Then, 
iron additions to deal with the average field perturbations 
were sought. These pieces were added to the system in 
diametrically opposite pairs, which avoided the generation 
of additional first harmonic fields. All iron additions are 
made in a symmetrical fashion about the midplane, to 
preserve the midplane symmetry. This process leads to an 
inevitable increase in second harmonic perturbations. 
Compensation of second harmonics is not easily dealt with, 
because suitable locations for appropriate compensators are 
not available. 

The compensator for the first harmonic was an iron bar, 
rectangular cross section 2.5 mm high by 0.5 mm thick, 
bent to have the inner surface on an arc of radius 664 mm. 
It subtends 10 degrees at the machine centre. This piece is 
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Fig. 3 Plot of first harmonic perturbation fields Bl from 
the iron additions to the hill lenses; dashed line, 
uncompensated; solid line, compensated. 

a simple addition to the existing compensating bar for the 
hill lenses. Figure 3 shows the first harmonic perturbations 
from the modifications to the lenses, before and after the 
compensation was added. The residual first harmonic at 
63 cm radius generated by the iron additions exceeds 18 G, 
but is reduced to 0.4 G when compensation is added. 

Figure 4 gives the midplane layout and the cross section 
of the compensator for the average field perturbations that 
the lens modifications generate. One pair of these pieces, 
arranged symmetrically about the midplane (Z=O), is 
located radially in front of the modified lenses, and another 
pair is 180 degrees away, radially in front of the first 
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Fig. 4 Schematic of the iron used to compensate average 
field perturbations caused by the hill lens modifications. 

harmonic compensator. Figure 5 shows the compensation 
of the changes to the average field. The poorest 
compensation is at the inner edges of the iron (see Fig. 4). 

4. RESULTS 

Extensive calculations were performed with 
SUPERGOBLIN using the composite field maps generated 
for the revised hill lenses. Two kinds of calculations were 
done. First, a wide selection of beams, with an average 
field ranging from 2.5 to 5.0 T, was run through the 
extraction system, starting at the entrance of the deflector. 
The setup of the cyclotron and the beam initial co-ordinates 
were those of the originally calculated beams for no 
modifications to the hill lenses. Second, calculations were 
done for several different beams, starting at injection of the 
beam into the cyclotron, followed by foil stripping, and 
acceleration out to the deflector entrance. The average field 
ranged from 2.5 to 3.2 T. Again, cyclotron setup and the 
beam initial co-ordinates were those for the system with the 
original hill lenses. However, the field maps contained the 
perturbations from the modifications to the lenses. Dee 
voltage was adjusted for entry into the deflector on the same 
tum as in the unperturbed calculation. 

Figure 6 illustrates the general trend of the calculated 
results. The upper curve represents the case with no 
perturbations in the acceleration region. About a 20% 
decrease in deflector voltage occurs for beams such as 
45 MeV /u carbon, which has an average midplane field of 
3.0 T. However, when the beam experiences the 
perturbations in the acceleration region from the additional 
iron, it is evident that the benefit may be decreased 
substantially. This situation arises because the radial 
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Fig. 5 Plot of the average field perturbations generated 
by the hill lens modifications; dashed line, 
uncompensated; solid line, compensated. 
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Fig. 6 Plot of the deflector voltage change resulting from 
enhanced magnetic deflection in the hill lenses. 

momentum at the deflector entrance is more negative than 
in the unperturbed case, and thus results in a smaller 
decrease in deflector voltage. 

Figure 7 displays some examples of the outer 10 turns 
for carbon (45 MeV/u, 3.0 T) and chlorine (8.5 MeV/u, 
2.5 T) beams with and without the additions to the lenses. 

(a) (b) 

(c) (d) 

Fig. 7 Orbit plots for C, 45 MeV /u without (a) and with 
(b) lens modifications; and for CI, 8.5 MeV/u without (c) 
and with (d) lens modifications. Scale interval: (a) and (b), 
1 cm; (c) and (d), 2 cm. 

The origins are at radii of 62 and 60 cm for the carbon and 
chlorine plots respectively. The short, slanted line in the 
second quadrants indicates the entrance face of the deflector. 
(The entrance midpoint is at a radius of 65.2 cm.) The 
orbit sensitivity to the small changes in the perturbations is 
evident. Calculations for several beams, with the average 
field BO, first harmonic Bl or second harmonic B2 
perturbations removed from the perturbation field maps, 
showed that the BO and Bl perturbations were consistently 
detrimental. However, B2 perturbations had radial 
momentum at the deflector entrance increased for some 
beams. 

We have reported the preliminary results from this study 
for compensating the incremental perturbation fields arising 
from iron added to the extraction system. Future work on 
this method of enhancing magnetic deflection will consider 
improved compensation for all of the extraction system 
perturbations, and the implications for redetermining the 
setup parameters for the more than 50 different ion beams 
that have been extracted to date. 
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MODEL STUDY OF AN ELECTROSTATIC DEFLECTOR CONFIGURATION 
WITH AN INTERMEDIATE ELECTRODE 
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ABSTRACT 

As part of a development program for electrostatic 
deflectors in the Chalk River superconducting cyclotron, an 
alternative electrode configuration has been studied, which 
has a set of electrodes between the high-voltage electrode 
and sparking plates of the traditional deflector geometry. 
These intermediate electrodes are driven by an independent 
power supply at half the deflector voltage and have a series 
water resistor for isolation. They grade the potential 
between main electrode and sparking plates and reduce the 
maximum energy available to main electrode sparks 
occurring along the magnetic field lines. A model was built 
and tested in a modest magnetic field of 0.5 T. 

1. INTRODUCTION 

The first element in the extraction system for the Chalk 
River superconducting cyclotronl

) is an electrostatic 
deflector, located in one of four dees. The electrode 
configuration is the traditional one of a negative, 
high-voltage electrode and a grounded septum, which bound 
the extracted beam path in the midplane. A cross section of 
this configuration is shown schematically in Fig. l(a). 
Above and below the high-voltage deflector electrode are 
sparking plates, to provide refractory surfaces that resist 
spark damage. Insulators off the midplane support the 
deflector electrode. 2) One of the insulators contains a 

SP 
--- IE 

S ~ _____________ s; __ aM -----

--- IE 

SP 

(a) (b) 

Fig. 1 Schematic of the deflector electrodes, (a) traditional 
arrangement, and (b) with intermediate electrodes (IE). E
deflector electrode; M - cyclotron midplane; S - septum; 

SP - sparking plates. 

column of high-resistivity flowing water that isolates a spark 
from the energy stored in the high-voltage cable and power 
supply,3) and provides a source of cooling to the deflector 
electrode. 4) The present status and recent developments of 
this system are reported in a companion paper at this 
conference. 5) One of the remaining challenges in this 
system is to develop the deflector system to the point of 
reliable operation at voltages above 90 kV and apertures 
greater than 5 mm. 

Work at Chalk River has followed several avenues in 
pursuit of better deflector performance. While development 
of the existing electrode design progressed, a study was 
undertaken to assess the potential reduction in deflector 
voltage requirements that could arise if magnetic elements 
following the deflector in the extraction path were altered to 
obtain more magnetic deflection of the beam.6

) 

Also, other electrode geometries were investigated in the 
search for reliable, higher voltage operation. This paper 
reports work on a model study of an alternative electrode 
configuration illustrated schematically in Fig. l(b). This 
configuration has electrodes placed at an intermediate 
position between the deflector electrode and the sparking 
plates of the conventional deflector configuration. This 
intermediate electrode system is described in the following 
sections along with the high-voltage system and insulators 
required; results are given for operation of a model m a 
0.5 T magnetic field. 

2. INTERMEDIATE ELECTRODE 

As shown in Fig.l the configuration studied here is 
basically the traditional deflector geometry, with a pair of 
planar electrodes added in the gaps between sparking plates 
and deflector electrode. These electrodes (IE) are held at a 
common potential that is half that of the main deflector 
electrode (E). The intermediate electrode segments divide 
the vertical space between deflector electrode and sparking 
plates in half. Consequently, the intermediate electrodes 
define the potential at their locations to be 50 % of the 
original gap potential (between electrode E at 100% and a 
sparking plate SP), rather than about 75 % without the 
electrodes, as predicted by two-dimensional electrostatic 
calculations. This grading of the gap potential significantly 
reduces the electric field on the deflector electrode, and 
presumably any resulting field emission of electrons. The 
intermediate electrodes are wide enough to have all of the 
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magnetic shadow of the deflector electrode fall on them. 
(The magnetic shadow is defmed by the magnetic field lines 
that pass through the deflector electrode.) Because the 
charged particles of a typical spark are confmed by the 
magnetic field lines, the intermediate electrodes will 
intercept all sparks originating at the main deflector 
electrode, and as a result the maximum energy available to 
particles in the spark is limited to half of what it would be 
without the intermediate electrodes. This should lead to 
reduced sparking damage. 

2.1. Intermediate Electrode Model Deflector 

Figure 2 shows the cross section of the model. Cross
section dimensions are full size, but the model length is 
20% of the deflector in the cyclotron. The metal 
components are stainless steel, and electrical surfaces are 
polished. The sparking plates (A) cover the pole tips of the 
magnet and are insulated from their surroundings with thin 
layers of Kapton. Each sparking plate is connected to 
ground through a 1 kO resistor, to monitor leakage current. 
The pole tips fit into the top and bottom surfaces of a 
vacuum chamber that enclose the model. The vertical gap 
between sparking plates is 76 mm. Insulator posts (B) are 
alumina (99.5%), coated with Cr20 3 for reduction of 
secondary electron emission.7) Their length is 10 mm. The 
septum plate (D) is wide, to support the sparking plates 

Fig. 2 Cross section of the model intermediate electrode. 
A - sparking plates; B - insulator; C - intermediate 
electrode; D - septum; E - deflector electrode; F - insulator; 
G - metal post. 

Fig. 3 Photograph of the intermediate electrode model. 

against the magnet pole tips and vacuum chamber walls. 
The gaps between septum and intermediate electrodes are 
5 mm, and the gap between septum and deflector electrode 
is 6 mm. The high-voltage connection to the intermediate 
electrode (E) is made on a metal post (G), which slips into 
a high-voltage termination. A high-voltage connection is 
made to the deflector electrode (E) at a hole in the end of 
the electrode. Insulator F is identical with insulator B, but 
has a length of 6 mm. The edges of the intermediate 
electrodes facing the septum have a 1.5 mm radius. 

Figure 3 is a photograph of the model and the feed 
insulators that provide high voltage to the electrodes. The 
electrode assembly fits between the poles of the magnet and 
the insulators fit into appropriate housings attached to the 
walls of the vacuum chamber. The chamber walls, sparking 
plates, and septum form the ground plane. 

2.2. High-Voltage System 

Figure 4 gives the basic electrical configuration. The 

Fig. 4 Schematic of the system to supply high voltage to 
the model deflector electrode and the intermediate 
electrodes. 
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major features are the power supplies, the isolation 
resistors, and the electrode configuration. The power 
supplies are standard switching units with small energy 
storage. They are usually operated from a control module 
that maintains a two-to-one ratio between their output 
voltage settings, with the smaller voltage on the intermediate 
electrode. The resistors shown in Fig. 4 are formed in 
flowing water in the interior of the custom-designed 
insulators. The high-voltage feed insulator for the deflector 
electrode has been described previously. 2,3) 

2.3. Feed Insulator 

High voltage to the intermediate electrode is supplied 
through the bore of an alumina (99.5%) insulator that 
contains a column of flowing, high-resistivity water. The 
insulator is 15.9 mm outside diameter and is 36 mm long 
between the cathode and anode terminations. Figure 5 
displays the insulator cross section. It has similar water 
circuitry to the feed insulator used for the main deflector 
electrode. A Teflon sleeve (B), vacuum-epoxied to the 
alumina, separates the water from contact with the alumina 
and provides a barrier to possible water leaks if the alumina 
body should crack. One end of the sleeve has an electrode 
(C) sealed into it with an O-ring (D), and the other end of 
the sleeve has a flange to seal for vacuum and water. The 
outer surface of the alumina (F) is coated with a thin layer 
of Cr20 3 , to reduce secondary emission of electrons near the 
cathode end (A) of the insulator.7) The high-voltage cable 
(L) is contained within a thin-walled Teflon tube (K), which 
in tum is within the insulator bore and the interior of a 

f-----1 
10 mm 

Fig. 5 Schematic of the high-voltage feed insulator for the 
intermediate electrodes. 

standard-size length of copper tubing (J) (inside diameter 
7.9 mm; wall thickness 3.5 mm). Water flows to and from 
the insulator bore in the annular regions formed by the 
insulator/tubing, the Teflon tubing (inside diameter 6.7 mm 
and wall thickness 0.4 mm) and the high-voltage cable 
(dielectric diameter 6.0 mm). Tubing and cable of these 
dimensions is readily available commercially. The isolation 
resistor (E) formed between the end of the cable and the 
output voltage termination is 10 mm long. The whole 
insulator assembly is mounted on a flange (H) and sealed to 
the vacuum chamber wall (G). Three sets of O-rings (I) 
provide sealing. The metal post (G) in Fig. 2 fits into the 
end of terminal (A). 

3. PERFORMANCE 

Figure 6 gives the current-voltage characteristic for the 
isolation resistor in the intermediate electrode feed insulator. 
The water resistor performed reliably at the maximum 
voltage applied across it of -57 kV. 

The intermediate electrode deflector model was installed 
in a small vacuum chamber inside the poles of a dc magnet. 
X-rays were monitored outside one of the chamber ports, 
and leakage currents were monitored for the sparking plates 
and the deflector electrode feed insulator surface. Also, the 
septum plate was isolated with Kapton and the current 
collected on it was measured. Current and voltage from the 
power supplies were measured with precision digital panel 
meters. The vacuum pressure was typically 1xlO·4 Pa, and 
the resistivity of the water to the insulator isolation resistors 
was in the range of 12 to 14 MO· cm. 
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Fig. 6 Feed insulator characteristic for the intermediate 
electrodes. 
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Several variations of the configuration shown in Fig. 2 
were studied. They include the electrodes with the support 
insulators (B), the electrodes with insulator (F), and the full 
configuration displayed in Fig. 2. Holes in the electrodes 
were filled as required with stainless steel inserts. 
Conditioning of these configurations to voltages of -100 kV 
on the main electrode and -50 kV on the intermediate 
electrode was straightforward, and was performed with the 
magnet off. With one exception discussed below, leakage 
currents to septum and sparking plates usually did not 
exceed a few microamperes during conditioning 
microdischarges, which were accompanied by X-ray 
emISSIOn. When the magnet was turned on, the septum 
leakage current was extinguished and X-ray emission 
ceased. Leakage current to the sparking plates increased, 
but subsequently decayed away to about 50 nA or less, 
which is consistent with the surface resistivity of the 
coatings on the insulator posts. The surface resistance on 
the insulator posts depends on the thickness of the Crp3 
coating (which was not controlled), but is usually the order 
of 1011 0 per square. 

Attempts were made to measure the intermediate 
electrode voltage directly with a high-voltage resistive 
divider (total resistance of 2 GO). The presence of the 
divider invariably led to enhanced sparking that did not 
condition away. The divider could be connected to either 
the intermediate or deflector electrode through a port in the 
vacuum chamber, via a 4.5 metre length of high-voltage 
cable and appropriate fittings, with no isolation resistor at 
the electrode end. Sparks occurred inside the vacuum 
chamber and discharges in air occurred in a bushing near 
the top of the divider. This divider had been used 
previously in another system with a similar connection 
method without such breakdown, but with a connecting 
cable about 0.5 m long. The energy storage in the 
full-length divider cable is the order of 1 joule. It appears 
possible that the availability of this stored energy might 
influence the sparking behaviour. 

The model deflector with an intermediate electrode 
operated satisfactorily in a 0.5 T magnetic field. Successful 
operation of the intermediate electrode feed insulator 
demonstrated a plausible system to provide another 
high-voltage source in the cyclotron dee with excellent 
isolation resistance essentially next to the electrodes. Such 
water isolation resistors of small physical dimensions have 
been used for about 7 years in the Chalk River 
superconducting cyclotron, and have been reliable. 

The next step in this development is to test an 
intermediate electrode assembly in the cyclotron. The 
preferred configuration is the one with only the post 
insulators (F) in Fig. 2. It is believed that a rigid electrode 
assembly can be designed that can be supported in the same 
fashion as the existing deflector electrode in the cyclotron. 
The feed insulator would occupy the space of the existing 

support insulator. However, a second high-voltage input 
system to the deflector dee is required in a region where 
space constrains are severe. 

4. ACKNOWLEDGEMENTS 

It is a pleasure to acknowledge technical assistance from 
J.E. Anderchek, D.G. Hewitt and D.R. Proulx. 

5. REFERENCES 

1) Big ham, C. B ., D a vie s, W. G . , 
Heighway, A.E., Hepburn, J.D., Hoffmann, C.R.J., 
Hulbert, J.A., Orrnrod, J.H. and Schneider, H.R., 
"First operation of the Chalk River superconducting 
cyclotron", Nucl. Instr. and Methods, A254, p237, 
(1987). 

2) Hoffmann, C.R. and Mouris, J.F., "Development and 
performance of electrostatic deflector insulators for the 
Chalk River superconducting cyclotron", Proceedings 
of the 1991 IEEE Particle Accelerator Conference, 
IEEE catalog no.91CH3038-7, p2337, (1991). Also, 
AECL Report, AECL-10414, (1991). 

3) Hoffmann, C.R. and Bigham, C.B., "Electrostatic 
deflector high-voltage system for the Chalk River 
superconducting cyclotron", Proceedings of the 1987 
IEEE Particle Accelerator Conference, IEEE catalog 
no. 87CH2387-9, 3, p1567, (1987). Also, ABCL 
Report, AECL-9374, (1987). 

4) Diamond, W.T., Mitchel, G.R., Almeida, J. and 
Schmeing, H., "Electrostatic deflector development at 
the Chalk River superconducting cyclotron" , 
Proceedings of the 1991 IEEE Particle Accelerator 
Conference, IEEE catalog no.91CH3038-7, p979, 
(1991). 

5) Diamond, W.T., Hoffmann, C.R.J., Mitchel G.R. and 
Schmeing, H., "The electrostatic deflector of the Chalk 
River superconducting cyclotron", these proceedings. 

6) Hoffmann, C.R. and Lindqvist, E.H., "Potential 
enhancement of magnetic deflection in the Chalk River 
superconducting cyclotron extraction system", these 
proceedings. 

7) Sudarshan, T.S. and Cross, J.D., "The effect of 
chromium oxide coatings on surface flashover of 
alumina spacers in vacuum", IEEE Trans. Electrical 
Insulation, EI-ll, p32, (1976). 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

580



PERFORMANCE OF BEAM CHOPPING SYSTEM FOR JAERI AVF CYCLOTRON 

W. Yokota, M. Fukuda, K. Arakawa, Y. Nakamura, T. Nara, T. Agematsu, S. Okumura, I. Ishibori 
Japan Atomic Energy Research Institute, 

1233, Watanuki, Takasaki, Gunma, 370-12, Japan 

and 

T. Tachikawa, Y. Hayashi, Y. Kumata 
Sumitomo Heavy Industries, Ltd., 

5-2, Sobiraki, Niihama, Ehime, 792, Japan 

ABSTRACT 

A beam chopping system was installed for the 
J AERI AVF cyclotron with external ion sources to sup
ply pulse beams with a wide variety of pulse interval, 
acceleration energy and ion species. A combination of 
a pulse voltage chopper in the injection line and a si
nusoidal voltage chopper after the exit of the cyclotron 
was adopted to extract a single beam pulse from the 
cyclotron beam. Beam deviation by the choppers and 
time spectrum of chopped beam were measured. This 
paper presents observed separate and total performance 
of a couple of choppers in comparison with the designed 
performance. 

1. INTRODUCTION 

The JAERI AVF cyclotron provides various ion 
beam characteristics in order to meet a number of re
quirements for beam utilization in the research pro
gram. I ) Pulsed beam irradiation is one of the important 
characteristics and is planned mainly for the in-situ anal
ysis of elementary process in irradiated materials and for 
basic research on radiation chemical reaction process. 

The chopping system was designed and made to re
duce repetition of naturally bunched beam from the cy-

Table 1. Design parameters of the chopping system 

elecrode length (cm) 
electrode gap (cm) 

drift length (cm) 
slit gap (cm) 

maximum voltage (kV) 
frequency (MHz) 

reduction rate l/m 

* maximum H+ energy 

P-chopper 
13 
8 

60 
2.4 
1.5 

0.001 - 1.0 

for a single pulse extraction: 75 Me V! 

S-chopper 
120 

4 
80 

0.4 
40 

1-3 
1/4,1/5,1/6 

clotron (11 MHz - 22 MHz) down to 1 kHz - 1 MHz. A 
pulse voltage chopper (P-chopper) was installed in the 
injection line to chop DC beams from the ion sources2) 

into pulse beams with intervals of 1 J-ts - 1 ms and with 
duration several times as long as the RF period of the 
cyclotron. A sinusoidal voltage chopper (S-chopper) was 
installed after the exit of the cyclotron to extract a sin
gle beam pulse from a train of plural beam pulses. Both 
choppers are of the parallel-plate electrode type. The 
design of the chopping system was reported in last the 
conference.3 ) 

Test operation has been carried out since October 
1991 to evaluate chopping system performance using H+ 
and He2+ beam. The time spectrum of chopped beam 
was measured by two different methods; one is oscillo
scopic observation by a Faraday cup, the other is de
tection of prompt ,-ray induced by nuclear reaction in 
target materials. Multi-turn extraction was estimated 
by comparing the duration of beam pulse chopped by 
the P-chopper with that of a beam pulse train from the 
cyclotron. Finally we extracted a single beam pulse of 
50 MeV He2+ beam using a couple of choppers. 

2. BRIEF REVIEW OF CHOPPING PROCESS 

A geometrical arrangement of the chopping system 
and the beam chopping process is illustrated in Fig. 1. 
The DC beams from ion sources are chopped by the P
chopper into beam pulses with 1 J-ts to 1 ms intervals 
and total time width T several times as long as the RF 
period of the cyclotron T c' The period of zero volt of 
P-chopper voltage T p is chosen so that the duration at 
the maximum beam current equals the effective bunching 
phase time tb (assumed at 150 degrees of Tc): Tp-t/=tb, 
where t/ is the ion transit time through the P-chopper 
electrodes). The resultant beam pulse is modulated by 
the buncller into plural bunches, followed by injection 
into the cyclotron. The bunches are separated into a 
pulse train by natural bunching during the acceleration. 
Each pulse is further divided into plural pulses (n pulses) 
by multi-turn extraction at the deflector. Time length 
of the extracted beam train is longer than beam pulse 
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width after the P-chopper due to additional pulses from 
the multi-turn extraction. 

The period of the sinusoidal voltage wave is 2mT c 

(11m: reduction rate), and the length of a beam pulse 
train must be shorter than the period to extract a single 
beam pulse from the train. This is realized when T is 
shorter than Tmax=2mTc-(n-1)Tc-tb, as shown in Fig. 1. 
The design parameters of the chopping system are listed 
in Table 1. 

3. MEASUREMENT OF BEAM DEVIATION 
AND TIME SPECTRUM 

We measured the beam deviation at the baffle slit, 
the wave form of chopper voltage, that of a beam pulse 
after the baffle slit and time spectrum of resultant beam 
pulses from the cyclotron. The beam deviation was mea
sured by a three-wired beam profile monitor 7 cm up
stream from the baffle slit. The wave form of the chop
per voltage was observed by an oscilloscope through a 
capacitive pickup. Chopped beams were detected by a 
Faraday cup after the baffle slit and the wave form of the 
beam pulses was observed by an oscilloscope. Though 
the level of random and non-random noises was high in 
this measurement, averaging and subtracting functions 
of background reduced it significantly and signals were 
observed very clearly. 

The pulse beam from the cyclotron bombarded an 
alumina target. The ,-rays emitted from the target were 
detected by a plastic scintillation counter and the spec
tra of time difference between the ,-ray signal and the 
P-chopper trigger signal were observed without any in
fluence of noise. The time length of the beam pulse train 
was obtained from the spectra. During the measurement 
of the P-chopper performance, beams were well focused 
at the baffle slit with a beam diameter smaller than the 
designed slit gap (24 mm) . 

We ensured that beam deviation by the S-chopper 
was large enough at the baffle slit gap, by observing one 
of every m beam pulses appeared in the ,-ray time spec
tra, since we have no beam monitor for the S-chopper. 

4. PERFORMANCE OF P-CHOPPER 

4.1. Beam Deviation and Wave Form of Beam 
Pulse 

Deviation of 12.5 ke V H+ beam at the baffle slit 
was measured over the range of the P-chopper voltage 
V pmax from 500 V to 800 V. The measured deviation is 
larger than the designed one by about 30% for all the 
preset value of V pmax. This suggests the difference of 
the preset and the actual V pmax . 

The chopper voltage falls linearly with time from 
V pmax to zero in 150 ns independently of V pm ax and T p, 

and the fall time is shorter than that in the design (200 
ns) . On the other hand, the voltage rises slowly like a 
logarithmic function and it takes 350 ns from 10% to 

cyciOlrOD 

S-c hop pe I 
h a rr lee lee t I 0 de 5 
51 it 

'[=~=Jb'bl U Icl e I 

=baffle ;Iit 

I I P -ch 0 P pe I 
e I ec t lode 5 

~ ion I 
- I:: ou ce 

e 1 rr---L....-.~---->.,;:"""--7-----,---~:::> t 

f) ~ r'-----------'L~ ~> 
t 

Fig. 1 Geometrical arrangement of the chopping 
system and diagram of beam chopping process. 
tt:ion transit time through P-chopper electrodes. 
Tr:rise and fall time of P-chopper voltage. 
tb:effective buncher phase. 
a) P-chopper voltage. 
b) Beam pulse after passing through P-chopper. 
c) Acceleration phase . 
d) A train of plural beam pulses from cyclotron. 
e) S-chopper voltage. 
f) Beam pulse after S-chopper. 
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90% for V pmax. The sum of the fall and the rise times is 
100 ns longer than that designed (400 ns). 

Signal-to-noise ratio is good in the wave form mea
surement on pulsed beam by the P-chopper, however, 
there is a reflection 1 ps after the signal, and this makes it 
difficult to extract total pulse width from the wave form. 
Therefore, we adopted full width at twentieth maximum 
71/20 as total width. The observed full width at half 
maximum and 71/20 are plotted in Fig. 2 in comparison 
with those designed. The figure also shows the result of 
calculation on the wave form of beam pulse using the 
observed chopper voltages. For full width at half max
imum, the observed and calculated widths are roughly 
close to those in the design. While the full widths from 
the calculation 7 el are close to those in the design, the 
values of 71/20 are different. In the observed wave form, 
the steep fall of the beam pulse suddenly becomes mod
erate below half maximum, and it does not agree with 
the result of the calculation. This may be a reason of the 
difference between 71/20 and 7el. As a result, the total 
width T is not defined clearly from the obtained data, 
and is uncertain between 71/20 and 7 eI. 

4.2. Estimation of Multi-turn Extraction 

The time spectra of the pulse train were measured 
for 50 Me V He2+ with the P-chopper voltage on and the 

c: 

c: 
<:> 

tot a I wi d t b 
I·:calculated 
) -: des i go 
full wi d t b at 

5 % max i mu m 
{ .: me a sur e d 

• 

• 

• 

• 

• 
o 

o 

f u I I wi d t bat 
b a I f rna x i mu m 

0: me a sur e d 
0: calculated 

des i go 

Fig. 2 Duration of 17 ke V He2+ beam pulse after 
the P-chopper. 

c: 
<:> 

2 .5 Ie • 

5 Ie 

/. 

%ampuise trai 0 fromcycl ot roo 
1::.: measured (50 MeV) 
beampulse cbopped by P-cbopper 
.: me a sur e d ( 17k e V) 
.:calculated 

Fig. 3 Estimation of multi-turn extraction from 
difference between He2+ beam pulse width after 
the P-chopper and pulse train duration from the 
cyclotron. 

S-chopper voltage off. The structure of the spectrum 
changed drastically by tuning the base magnetic field of 
the cyclotron. This indicates the importance of cyclotron 
tuning to minimize multi-turn extraction. Clear corre
lation was not observed between the time spectrum and 
beam extraction efficiency at the deflector. 

The number of multi-turn extraction n is deduced 
from the difference between the total pulsed beam width 
after the P-chopper and the duration of a pulse train 
from the cyclotron 7tr. The observed 7tr, under well 
tuned cyclotron condition, is compared with 71/20 and 
7e1 as function of 7p in Fig. 3. They increase linearly 
with the 7p and the differences are almost constant over 
a wide range of 7 p' This suggests that we can clearly 
define the number of multi-turn extraction n from the 
data. The difference of ttr from 71/20 and from 7e1 are 
about 2.57c and 57c , respectively, and n is estimated to 
be 4 to 6. As a result, it turned out that the assumption 
of n=5 in the design was reasonable. 

5. TOTAL PERFORMANCE 

5.1. Perfornlance of S-chopper 

At the baffle slit for the S-chopper, it is important 
that the accelerated beam is well focused and its diam
eter is smaller than the slit gap. The slit gap of the 
S-chopper baffle was set at 4 mm according to the de
sign. The minimum beam diameter was slightly larger 
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Fig. 4 Beam pulses with a long interval of 3.5 J.LS 

obtained by using the P- and the S-chopper . 

than the slit gap because about 10% of the total beam 
current hit the slit edge. We measured the minimum 
chopper voltage which allowed complete l/m reduction 
of beam pulses for m=4,5,6 without the P-chopper volt
age. It turned out from the result that the observed 
voltages satisfied the designed performance. 

5.2. Total Performance 

The result of beam deviation for each chopper 
showed the performance as designed or better. The only 
problem is that the beam pulse width after the P-chopper 
is uncertain between 71/20 and 7 cl in our measurement. 
If 71/20 is the actual total width (T=71/20), T is longer 
than T max and a single pulse cannot be extracted from 
a beam pulse train using designed reduction rate of the 
S-chopper. However, T can be reduced if we remove the 
condition 7p=t/+tb for maximizing the intensity of the 
single beam pulse and/or we use higher V pmax. More
over, the observed ttr is close to that in the design. 
Therefore, it is considered that observed performance 
satisfies the most critical requirement for the total chop
ping system: T<Tmax . 

The single pulse extraction was made for 50 Me V 
He2+ using a couple of choppers, with the P-chopper 
voltage interval of 607 c (3.5 I-ls) and 1/6 reduction rate of 
the S-chopper. In Fig. 4, beam pulses with 607 c interval 
are shown under high signal-to-noise ratio and the ,
yields of neighboring peaks are less than a hundredth of 
those for the extracted beam pulse. 

As a result, if the actual T is longer than that in the 
design within the uncertainty, it is not a serious problem, 
and the single pulse extraction from a pulse train is con
sidered possible over a wide energy range and a variety 
of ion species in the design. 

6. CONCLUSION 

The chopping system was designed and made to re
duce repetition of naturally bunched beam from the cy-

clotron down to 1 kHz - 1 MHz, which consists of a pulse 
voltage chopper installed in the injection line and a si
nusoidal voltage chopper after the exit of the cyclotron. 
The choppers were tested separately and as the overall 
performance. 

The observed beam deviation is close to that in the 
design for both choppers. The observed duration of the 
beam chopped by the P-chopper is also in good areement 
with that in the design in full width at half maximum. 
On the other hand, for the total width, there is uncer
tainty of two and a half times the period of the cyclotron 
RF. Even if the width is longer than that in the design 
within the uncertainty, it is not serious for overall per
formance of the chopping system, because shorter width 
can be obtained by using higher voltage and/or shorter 
zero-voltage duration of the P-chopper, and also the ob
served duration of a pulse train after the cyclotron is 
close to that in the design. 

The number of multi-turn extraction strongly de
pended on tuning of the cyclotron. We could minimize it 
by tuning base magnetic field, and the number of multi
turn extraction was estimated at 4 to 6 under well tuned 
cyclotron conditions, from comparing beam pulse dura
tion after the P-chopper with the duration of a beam 
pulse train after the cyclotron. We assumed it at 5 in 
the design and this turned out to be reasonable. 

Realization of pulsed beams of 50 Me V He2+ with 
3.5 I-lS interval was observed under high signal-to-noise 
ratio. The single pulse extraction is considered possible 
over a wide range of energy and a wide variety of ion 
species in the design. 
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ABSTRACT 

Only recently, one of the two elements 
of EMC2 was completed and was tested with liquid 
Helium to measure its performance in a varying 
transversal magnetic background field of maximum 
3T. It was found that all superconducting coils 
are capable of handling at least Is0A at 3T, 
al though the main coil set shows training above 
100A at 3T. Compared with the Is0A at sT for 
the single superconducting wire, this result 
is quite good. 
Further it was found that with a local heat 
input of ISH continuously, the quench current 
is still 100A at 3T. Since the coils are operated 
at a maximum of 80A at 4T, the thermal stability 
of the Aluminum mandrel and its cooling seems 
to be good enough to keep the coils superconduc
ting under all operational conditions of the 
cyclotron. 
Up to this date the production of both elements 
of EMC2 is almost completed. 

1. INTRODUCTION 

In 1989 the lay-out of a superconducting 
electromagnetic extracti:T ishannel for the AGOR 
cyclotron was presented' . EMC2, being one 
of the two electromagnetic channels of the cyclo
tron, is devided into two almost identical ele
ments named EMC2-1 and EMC2-2. Both elements 
contain a main dipole coil set, a gradient coil 
set and a correction coil set. All corresponding 
coil sets are electrically connected in series 
and are powered by a separate power supply. 
The position of the two elements in the median 
plane of the cyclotron is adjustable for good 
alignment with the beam that is to be accelera
ted. The total (almost radial) adjustment possi
bility is in the order of +-9mm. * 
By now EMC2 is almost completely manufactured 
and a preliminary version of EMC2-2 has been 
build for testing. The test results are presented 
in this paper. 

* The superconducting coils and elements are 
build by the University of Twente, The Nether
lands, The cryostat and moving mechanism is 
build by Leybold Woerden, The Netherlands. 

2. MAGNETIC STRUCTURE 

The mandrel of both E~IC2 elements are machi
ned out of a single piece of Aluminum. The super
conduc ting coils are wound and impregnated on 
separate mandrels and later pressed into the 
Aluminum structure. The coils are cooled by 
conduction only. For that purpose two liquid 
Helium channels are made, one located below 
the coils one located above the coils. Small 
holes drilled through the structure connect 
both Helium channels and form a feed through 
for the conductors of the lower coil set. Liquid 
Helium enters the element in the lower channel 
and leaves the element through the upper channel. 
All electrical connections are placed in the 
upper liquid Helium channel and glued there 
in place. 
The completed EMC2 elements are then closed 
by means of electron beam welding. Figure 1 
shows a section of the EMC2-2 structure. 

M: MAIN COIL SET 

LOWER LIQUID BELIUM CHANNEL 

Figure 1: The geometry of the EMC2 coil system 

3. MECHANICAL STABILITY 

Extensive mechanical calculations using 
the three dimensional CAE program PATRAN showed 
that under normal operating conditions the V02 
Mises stress level is not more than 16N/mm 
where as the maximum deflection is less than 
0.2mm (operational point B of the cyclotron, 
B=4.0sT). Since the forces acting on EMC2 differ 
both in direction and magnitude (especially 
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under fault conditions) the mechanical stability 
of the structure is a point of great concern 
in the design. Figure 2 shows the maximum forces 
on the elemen ts of EMC2 and the corresponding 
deformation of the structure. 

POINT FORCE FORCE THETA THETA STRESS DEFLECTION 

(N) (N) deg deg (N/rnnh (rnrn) 

EMC2-1 EMC2-2 EMC2-1 EMC2-2 

B 676 890 110 142 16.0 0.20 

B carr. 

coils 3092 2835 118 143 53.9 0.62 

only 

E 274 38 -93 -84 13.7 0.14 

E corr. 

coils 2800 1949 -63 -37 43.4 0.50 

only 

Note: The 3300 degree line of the cyclotron is roughly the line through 

the center of the cyclotron and the center of EHC2-2 

Figure 2: Maximum forces with corresponding 
stress level and deflections of EMC2 

The positioning of EMC2 relative to the beam 
makes a guide/slide mechanism to connect EMC2 
to the world necessary. Three motor driven 
guide/slide constructions

O 
make a +-9mm positio

ning parallel to the 330 line of the cyclotron 
possible (see figure 2). The position of EMC2-1 
relative to EMC2-2 is achieved by linking both 
elements using a hinge construction. Figure 
3 gives the construc tion of these guide/slide 
mechanisms. 

Figure 3: The mechanical construction of a gui
de/slide mechanism 

Figure 4 shows the hinge construction connected 
to the 80K radiation shield. Via a glass-epoxy 
thermal bridge EMC2-1 and EMC2-2 are firmly 
connected to one side of the 80K radiation 
shield. The guide-slide mechanism is connec ted 
to the other side of the SOK shield. 
FEM thermal calculations showed that without 
additional cooling the equilibrium temperature 
of the 80K shield would be 175K. Therefore, 
the SOK shield is connected to the 13bar, 80K 
cooling circuit of the system main Helium lique
fier thus keeping the outer radiation shield 
of EMC2 at a temperature of approximately 70K. 

Figure 4: EMC2-1 connected to the 80K shield. The hinge construction between EMC2-1 and EMC2-2 is visible 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

586



4. QUENCH BEHAVIOUR AND THERMAL PERFORMANCE 

To gain production experience and for doing 
quench test measurements, EMC2-2 is build on 
a full scale. The results of th2 quench tests 
for the different coil sets are given in figure 
5. 

+2001~--~~------~~----~ 
I GRADIENT COILS , 
I l.ST I 

,- 2.ST '~!i.ST 
I 2.0T , I 

, CORRECTION ,--- I 
, COILS I I 2.0T! I MAIN COILS 

--' 3T J 2:!-r· ST 
/ 3jV 

l.OT 

+150 

+100~ ____ ~5~ _____ 1~0 ______ 2~0 
-100 

-150 

\ CORRECTION COILS 

3.0T 

3.0T 

N 

MAIN COILS 

-200L------L------~------~ 

Figure 5: Results of the quench test done on 
EMC2-2 

From figure 5 it is clear that all coils are 
able (after training) to carry at least 150A 
at 3T transversal magnetic background field. 
The main coil set is the least stable since the 
cross-section of this coil is not constant. How
ever also for this coil training only occurs 
above 100A at 3T. Since for the superconducting 
wire 150A at 5T is given by the manufacturer, 
and keeping in mind that the maximum coil current 
is SOA at 4T, the results are fully acceptable. 

From the viewpoint of thermal heat loads on the 
elements, there are in the first place radiative 
and conductive heat loads. Conductive heat loads 
are reduced by introducing glass-epoxy elements 

between 4.2K and 300K, radiative heat losses 
are reduced by introducing an outer SOK radiation 
shield all around the EMC2 elements and an inner 
radiation shield in the beam bore of the elements. 
This inner shield not only reduces the radiative 
heat load from 300K, but also reduces the radia
tive heat load of the beam by a factor of 10

2 
Since the ~eam has an energy between 100l.J/mm 
and 200W/mm , and a certain percentage of this 
energy is lost in EMC2, this inner shielding 
is a must. 

Figure 6 gives the results of the quench test 
performed while heating the bore of EMC2-2 using 
small heaters (dimensions 20mmx20mm, the back
ground field is 3T). 

200r---~--~--~---r---.---' 

150 

'\ . 
\ \ 

100L---~--~10----LL--2~0~~L-~ 

P(W) 

Figure 6: Quench current of EMC2-2 in relation 
to a simulated beam load on the bore of the ele
ment 

The thermal stability of the Aluminum structure 
assures a quench current in the order of 100A 
at 15W heater power in 3T background field. This 
thermal stability seems enough to garantee the 
operation of EMC2 under all normal operating 
conditions of the cyclotron. 

5. PRESENT STATUS 

The construction of both E~lC2-1 and ENC2-2 
as well as the outer cryogenic system is almost 
completed. Planning is that the assembly of the 
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total structure is done in August 1992, followed 
by a total system test at the IPN in Orsay in 
september 1992. 
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MATERIAL CONSIDERATION FOR MAGNETIC CHANNELS 

J. Sura, L. Calabretta, G. Di Biasi, P. Gmaj, D. Rifuggiato 
I.N.F.N., Laboratorio Nazionale del Sud 

V.le A. Doria ang. S.Sofia, 95123 Catania, Italy 

1. INTRODUCTION 

In the attempt to optimize the extraction system 
of the LNS CS cyclotron we were looking for a two-bar 
passive magnetic channel which could fit the CS require
ments for the beam extraction system. 

Three sets of two-bar channels were tried: two sets 
- same geometry but different materials, one - different 
geometry. The results of theoretical estimates and mea
surements are discussed. 

2. THEORETICAL ESTIMATES 

For the theoretical estimates we used the simple 
model given in the paper by B.Carbonel et. al .. 1) We 
adopted their formulae with notations shown in Fig. 1. 

z 

~ B 
w 

2A 

~ R 

9/2 
2B.h 

'--~ 

Z 

x 

Fig. 1. Schematic explaining the used notations 
for a single bar. Capital letters - used in formulae, 
lower case letters - in the text. 

For a single bar we have the axial field component 
B = Bz(:X, 0) 

:Xl :X2 :Xl :X2 
B = M[arctan - - arctan - - arctan - + arctan-] 

Cl Cl C2 C2 

(1) 

and for the gradient G = ~! 

G M{ 1 1 1 
ctf1+(~)2]- cl[l+(~)2]- c2[l+(~)2] + 

1 

where 

:Xl x-R-A 
X2 x-R+A 
CI Z+B 
C2 Z-B 

For the magnetization M at full saturation we 
adopted the experimental value M=0.2770 Tesla from 
MSU data. 

The two-bar field in this model is a simple superpo
sition of the single bar fields . 

The obtained estimates are discussed below in COlll

parison with measured results. 

3. EXPERIMENTAL SETUP 

We are looking for a field distribution in a narrow 
aperture g=8mm. The bulk size of the probe is of the 
same order of magnitude. The only possibility to get 
nearly point readings was to cut a groove in the bars 
which let the probe pass through the bar set. A precise 
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-
h 

w 9 

Fig. 2. A two- bar channel. The groove is to let 
pass thru the Hall probe. 

machining of this groove meeting the probe sizes is rather 

difficult. That is why we decided to design each bar in 
two pieces. Figure 2 shows the schematic design. The 
bars are being held in a frame made up of brass. The 
cross-section of the frame at the groove position is shown 
in Fig. 3. A set of alignment plates and fixing screws is 
holding the bars in the test position. The whole setup 
is put in a test magnet equipped with a precise probe 
moving mechanism (precision within O.l1111U). 

4. RESULTS 

First we measured the magnetic field of bars made 
up of soft iron with dimensions shown in the upper part 
of Fig. 4. 

MAGNET 0420 1.5Tesla 

UPPER POLE 

GAP 60 

HOLDING SETUP 

CHANNEL BARS 

LOWER POLE 

a: 

" III 

B(kG.) 

4 

3 

2 

-1 0 
-1 

-2 

-3 

-7 

12 8 

2 3 .(mm) 

a: 

" III 

Fig. 4. Results for a symetric two- bar channel. 
The bar dimensions in milimeter5 are shown in the 
upper part. 1- theoretical field, 2- Armco iron, 3-
50ft- iron. 

HALL PROBE 

( 

Fig. 3. The two- bar channel fixed by a holding setup in the gap of the test- magnet. 
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The measured magnetic field represents the dashed 
curve 3. The minimum field is by -5.54 kGs lower than 
the unperturbed magnet field (which is 15.336 kGs). The 
solid line 2 gives the field obtained with Armco iron bars. 
This gives a slightly lower field i.e. -5.69 kGs. The curve 
1 shows the calculated field. Its value in the middle of 
the gap is -6.71 kGs. 

We see that the real field is "smeared" against the 
theoretical distribution. It might be considered homoge
nous within an aperture of 3 to 4 mm. The second 
channel was made up of Armco iron and the bars have 
different dimensions. It was expected to get both dimin
ished field and a given gradient. The sizes of the bars are 
shown in the left part of Fig. 5 as well as the calculated 
field gradient. The resulting measured field is given in 
the right part of this figure. The" smearing" effect is also 
well pronounced. For comparison the minimum field is 
-4.14 kGs and slightly shifted to the left of the middle 
point of the gap. 
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5. CONCLUSIONS 

Theoretical estimates fail using the model1) and 
bidimensional computer simulation by Poisson program 
is probably needed. 

The chosen materials do not differ substantially. 
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Fig. 5. Results for an asymetric two- bar channel. The bars are made up of Armco- iron. Left side - the theoretical estimates, 

right part - measured magnetic field. 
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DESIGN OF PASSIVE MAGNETIC CHANNELS 

G. Bellomo 
University of Milan and I.N.F.N. - Sez. Milano 

L.A.S.A. - Via Fratelli Cervi, 201 
20090 Segrate (MILANO), Italy 

ABSTRACT 

Passive magnetic channels are exten3ively used as 
magnetic shield or focusing devices for the extraction of 
beams from cyclotrons. The field properties in the beam 
aperture can be analyzed using a multipole expansion of 
the field in a two dimensional approximation, owing to 
the large length over aperture ratio. 

Analytical formulas, assuming uniform saturation of 
the iron, are given to calculate the multipole coefficients. 
The basic configuration for dipole e/o quadrupole are 
evaluated and compared. 

1. INTRODUCTION 

Passive magnetic channels, providing partial shield
ing of the main field and radial focusing, have been in
troduced in the 60's for the beam extraction from sin
crocyclotrons1 ) and have been subsequently used also in 
many cyclotrons. 

The most recent application ofthese devices is in the 
extraction system of superconducting cyclotrons like the 
K500, K1200 of MSU and of LNS/Milan. 2) In these ma
chines a considerable number of passive magnetic chan
nels (up to 10) are spaced all the way along the beam 
extraction path. They provide partial shielding of the 
main field (up to 3 kG) and radial focusing (gradients 
up to 4 kG/cm) . 

The geometry of these channels (called also focusing 
bars) is similar to the one given in Fig. 3 and indicated as 
type I. Owing to the large value of the main field (in the 
range 15-50 kG) of superconducting cyclotrons uniform 
magnetization of the iron bars can be safely assumed. 

Analytical formulas for the computation of the mag
netic field produced by rectangular block of saturated 
iron are well known. 3) An extensive analysis of the field 
properties of focusing bars is given in ref. 4) in terms of 
the multi pole coefficients obtained by numerical evalua
tion from the computed fields. 

An alternative approach based on a direct analytical 
evaluation of the multi pole coefficients is presented in the 
following. 

2. MULTIPOLE GENERATION WITH SATU
RATED IRON BARS 

K. Halbach has developed a technique for the gen
eration of multipoles using permanent magnets. 5) The 
multipole is made using equal blocks (rectangular, trape
zoidal, ring sector) spaced around a circle and with a 
changing direction of the magnetization. The multipole 
coefficients are evaluated for a standard block placed on 
the X axis (see Fig.l) and for a given magnetization ori
entation. 

The multi poles coefficients for all the other blocks 
are then obtained by the reference block considering the 
rotation of the block (angle ¢ of Fig. 1) and the orienta
tion of the magnetization. 

Y , 
I 

x 

Fig. 1. Coordinate system and parameters of a 
standard block. 

The calculation is two dimensional, i.e. the multi
pole is assumed to have infinite length in the direction 
of the beam path. 

In the case of passive channels for cyclotrons the 
length over aperture ratio (tipical values are 10 cm and 
1 cm aperture diameter) justify the two dimensional ap
proach; example are given in ref .. 4) 
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y y y 

x 

dipole (b1 < 0) quad. (b2> 0) 
Fig. 2. Geometries of the bars for the generation of dipole, quadrupole and sextupole field. 

Assuming midplane symmetry (y =0), uniform sat
uration in the positive Y direction and the rectangular 
type block of Fig. 1, the formulas given by HalbachS) can 
be simplified as 

By(x,y= 0) = ~bn (~yn-1) (1) 

where the field expansion is valid inside a circle of radius 
p not enclosing iron. (i.e. p ~ rt). The multipole 
coefficients bn are given by (p = rt): 

B, (0:2 - 0:1) 
1£' 

B, 1 ( n 1 • ( ) ---- cos - 0:1 sm n - 1 0:1 
1£' n - 1 

G~ cos 0:2) n-1 sin( n - 1 )0:2 ) 

(2) 

(3) 

with B, the saturated field in the positive Y direction. 
Rotation of an angle ¢ of the reference block gives new 
values of the multi pole coefficients 

(4) 

The geometry of the basic multipoles, dipole, 
quadrupole, sextupole, are presented in Fig. 2 with the 
appropiate sign of the multi poles to obtain shielding 
(b1 < 0), radial focusing (b2 > 0) and to correct the 
sextupole component of the main field. 

The general properties of the multipole using satu
rated iron are the following: 

• to generate multi pole of order N are required (N +1) 
bars 

• maximum efficiency for given bar thickness is ob
tained for 0: = 1£'/(2(N + 1)) where 0: = (0:1 +0:2)/2. 

These values are exact for block of trapezoidal shape 
and are only a good approximation for rectangular 
block 

3. 

• only multipole coefficients of order N + k(N + 1) , 
k = 0,1,2 ... are generated with decreasing values. 
Therefore: 

dipole 0: = 1£'/4 b1 ,b3 ,bs, ... 

quad 0: = 1£'/6 b2 , bs, bs , ... 

sext 0: = 1£'/8 b3 , b7 , bu , ... 

• The multipole coefficient of order N + (N + 1) can 
be eliminated using 0: = 1£'/(2N + 1) 

dipole b3 = 0 

quad bs = 0 

sext b7 = 0 

0: = 1£'/3 

0: = 1£'/5 

0: = 1£'/7 

with a modest reduction of efficiency. 

• change of sign of the multi pole coefficient of order 
N can be obtained rotating the all system by the 
angle of l£'/(N + 1) 

FOCUSING BARS 

As already mentioned passive magnetic channel pro
viding shield (b 1 < 0) and radial focusing (b 2 > 0) are 
normally indicated as focusing bars. 

The basic geometry is similar to the type I given 
in Fig. 3, although channels made with bars of circular 
cross section have been employed. 

The desirable feature of these channel should be, 
beside providing dipole and quadrupole components, to 
eliminate or minimize the other main components, i.e . 
sextupole b3 and possibly octupole b4 . 

Analytical evaluation of the multi pole coefficients 
can be made, with the formulas presented in Section 2, 
considering the two bars on the rigth side (positive X 
axis) as the sum of a bar of height H with positive mag
netization (positive Y axis) and a bar of height h with 
negative magnetization. 
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x x 

type I type 1I evolution type I 

Fig. 3. Geometries of the focusing bars producing dipole (shield) and quadrupole fields. 

Imposing the condition b3 = 0, b4 = 0 the solution 
can be numerically found and generally implies an height 
of the left bar not equal to h. 

Table 1. Multipole coefficients (kG) 
£ t· h I or varIOUS magne IC c anne s 

n type I type II dipole quad 
1 -0.845 -0.944 -1.691 0.0 
2 1.228 0.848 0.0 3.174 
3 0.0 0.0 0.0 0.0 
4 0.0 0.0 0.0 0.0 
5 0.028 0.080 0.057 0.0 
6 -0.192 -0.119 0.0 0.0 
7 -0.005 -0.043 -0.017 0.0 
8 0.018 0.002 0.0 -0.387 

Three specific cases can however be evaluated quite 
easily; 

• setting H = 00 a pure quadrupole field (b 2 > 0, b1 = 
b3 = 0) is obtained. The height h can be chosen to 
have b4 = o. This corresponds to 0: = 45° for the left 
bar; the value is exact for block of trapezoidal shape 
and only a good approximation for the rectangular 
shape. 

• for the type I configuration the sextupole component 
b3 depend only on the value of H; therefore b3 = 0 
using 0: = 60°. The value of h can be chosen to 
obtain b4 = 0; this corresponds to 0: = 47° 

• for the type II configuration the octupole coefficient 
b4 depends only on the value of h; selection of 0: = 
45° gives b4 = o. The value of H can be chosen to 
have b3 = 0, i.e. 0: = 50° . 

Type I and type II focusing bars represent practically 
the extremes of the useful range for this type of configu-

ration. Type I is limited by the total height H which in
crease with the bar thickness as shown in Fig. 3. Type II 
is instead limited by the small vertical dimension (H - h) 
of the bars on the right side for reasonable values of bar 
thickness. 

The multipole coefficients up to bs for type I and 
type II focusing bars are given in Table 1 for a selected 
case: aperture Tl = 0.6 cm, bar thickness 0.2 cm and 
saturation field B. = 21.4 kG. 

The main difference between type I and type II ge
ometry is the value of the quadrupole component which 
is almost 50% higher for type I case. The dipole com
ponent is instead 10% higher for the type II. For both 
cases the main imperfection multipole is the dodecapole 
component be. 

E 
u 
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2 
/ 

~ 0 ~------~~--+-~~~~~--~ 
X 

"0 ;r;. 
"0 

-1 o 1 x(cm) 2 

Fig. 4. Fields and gradients for type I geometry. 
Solid line field, dashed line gradient. 

The midplane fields and gradients for the two type of 
focusing bars are plotted in Figs. 4,5. Uniformity of the 
gradients is within 10% or better inside a region covering 
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Fig. 5. Fields and gradients for type II geometry. 
Solid line field, dashed line gradient. 

2/3 of the aperture. The uniformity normally increases 
(up to 5%) with increasing bar thickness. 

The possible ranges of b1 , b2 , varying the bar thick
ness, for type I and type II configuration are presented 
in Fig. 6 for the reference case; maximum bar thickness 
is 1 cm. 

4 ~--~-----r----.---~----~ 
r, = .6 em 

2 

2 
-b, (kG) 

4 

Fig. 6. Dipole (bd and quadrupole (b2 ) multi
pole coefficients produced by type I and II focus
ing bars, varying the bar thickness. 

4. COMPARISON OF THE GEOMETRIES 

For the extraction of the beam from the cylotron 
partial shielding of the main field as well as radial focus
ing is needed. They can be provided separately, using a 
set of multipoles of the Halbach type, or combined in a 
single device like in the case of the focusing bars. 

In Table I are reported the multi pole coefficients of 
the dipole and quadrupole channel of the Halbach type 

(see also Fig. 2) for an aperture rl = 0.6 cm and bars 
thickness 0.2 cm. 

The multipole components of order N + (N + 1) 
has been eliminated by appropriate selection of the bar 
height as indicated in Section 2. 

For the dipole there is a gradient of 0.100 kG/cm at 
2/3 aperture. In the case of the quadrupole the unifor
mity of the gradient is better than 10% for 2/3 of the 
aperture. 

As apparent from the Table, the type I focusing 
bars has half strength of the pure dipole and one third 
strength of the pure quadrupole. 

The use of individual multipoles seems therefore 
more efficient, for a given aperture and bar thickness, 
of the type I focusing bars. Furthermore, the focusing 
bars are not flexible enough for the independent selection 
of the dipole and quadrupole strength. 

The obvious, and perhaps dominant, advantages of 
the focusing bars are the simplicity of the device and 
the possibility to combine the two components (dipole, 
quadrupole) in a single channel of very short length. 
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DEFLECTOR DEVELOPMENT FOR THE K1200 CYCLOTRON 

Thomas Kuo* and Jerry Nolen t 

National Superconducting Cyclotron Laboratory 

Michigan State University 

East Lansing, Michigan 48824, USA 

ABSTRACT 

Certain progress has been made for the electrostatic 
deflectors of the K1200 cyclotron. At present, 80 kV at 
subJlA leakage current can be achieved. The system has 
been operated in a stable, very few sparks and almost 
zero current mode for about a year and a half. The 
progress is attributed to a better understanding of vari
ous discharge phenomena at high magnetic field and the 
treatments to eliminate them. The future plan is to fur
ther improve the voltage holding capability to 100 kV, 
so that 80 kV would be obtained routinely and reliably. 

1. INTRODUCTION 

The voltage holding capability of the electrostatic 
deflectors had been one of the limiting factors of extract
ing higher energy beams. For K1200, the field strength 
required for the extraction of the 200 Me V In, q/ A=0.5 
ions and the 135 MeV/n, q/A=0.33 ions is about 140 
kV /cm (84kV at 6mm). The early performance of two 
deflectors used for K1200 was not able to meet this re
quirement. About two and half years ago, highest prior-
ity was set for improving these deflectors to acquire the 
capability of this field strength reliably thus to remove 
the limitation on extractable beam energy. 

Progress has been gradual in small steps but in pace 
with the demands of beam requirement. At present, 80 
kV with subJlA leakage current is reachable. Below 60 
kV, the deflector operation has been very stable,very few 
sparks with very low leakage. Breakdown occurance and 
unscheduled repair has also been down to minimal. This 
progress was possible mainly due to a better understand
ing on the high voltage discharge mechanisms in the de
flector of a particular design. Some hardware improve
ment was important at the begining but became less crit
ical later on as our techniques of handling discharges are 
better developed. 

In the following sections, various discharge modes 
and the corresponding techniques of treatment are de
scribed. Future development to further improve the volt
age holding capability to 100 kV and to handle high ex
ternal beam operation for secondary/radioactive beams 
production is also proposed. 

*present address: TRIUMF. 
tpresent address: ATLAS, Argonne National Lab. 

2. DISCHAGRE MECHANISMS 

The origins and the characteristics of the discharges 
come from several subsystems in different modes. In 
terms of hardware the deflector system can be divided 
into three subsystems, namely: 

-HV power supply and feedthrough, 
-Supporting insulators and mountings and 
-HV electrode and anode plates structure. 

During our development, these three subsystems were 
studied and improved in the above listing sequence. In 
terms of the nature of discharges, they can be classified 
into two basic classes. The first is the random,short burst 
modes and the second the CW discharge modes. It turns 
out that the random modes are easier to be recognized 
and therefore easier to handle, but the CW modes are 
much more subtle thus the solutions to eliminate them 
are more elaborate. The following sections will discuss 
these individual modes in some details. 

2.1. Random Discharges 

Microscopic emissions It has been theorized that 
under high negative bias an electrode with macroscopic 
smooth surface will undergo micro-explosion 1) due to de
fects or fornign materials in submicron sites where the lo
cal polarizing field is so strong that the material around 
these sites are exploded away. These micro-explosions 
continue until the sites of defect is exhausted under a 
given bias. A new series of explosions will be initiated 
when the bias is raised to a higher level. 

Microscopic protrusions are also formed under high 
electric field resulting field emissions. The initial elec
trons collide with residue gas molecules and bombard 
the anode surface. Ions from the residue gas and from 
the contaminations on the anode surface are drawn back 
to the cathode releasing secondary electrons. If the mag
netic field is very strong, say 5T, these ions will be con
centrated onto the original emission sites, triggering in
tense secondary electrons and in turn intense ion emis
sions. This process eventually leads to a plasma discarge. 
A weaker magnetic field will allow this process to develop 
slower and to have higher possibility to melt off the pro
trusion. The behavor of this process is recognizable by 
its gradual current buildup prior to a spark or a gradual 
current decrament. 2) 

If the bias voltage increases slowly and constraint of 
current flow is added, these micro-explosions and micro-

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

596



protrusion emissions would not be too harmful. In fact, 
one wants to control these discharges at a rate that con
ditioning to a higher voltage can be done without dam
~ge by he~vy .discharges. Howe:ver, if the bias voltage 
mcreases m bIg steps, avalanchmg sequence of micro
di~charge would occur and major discharge events are 
trIggered. Although deflector is considered a DC device 
it acts like an unmatched transmission line during dis~ 
charge. Standing wave of high currents up to thousands 
of amperes in amplitude rings back and forth. Many ma
jor discharges will follow if the oscillation are not heavily 
damped .. 

Gas emission discharges Gas desorption from the 
metal lattice qf the cathode also contributes to random 
dIscharges whIle the gas released from the anode sur
rounding seems to be less eventful. It is inferred that 
when a burst of gas is released from the negative elec
trode, a glow discharge is formed which further induces 
more gas release. These mini glow discharges have been 
observed through a window of a test facility. A very clean 
oqservation was 9btained as follow. A cathode coated 
wIth non-absorptive glass was cycled with pressurization 
and evacuation after the typical conditioning had been 
carried out. Usually no recondition was needed to resume 
the voltage holding capability already reached. On the 
other hand, another cathode coated with Alumina layer 
(slightly porous) needed to be reconditioned for every 
cycle. 

Macroscopic defects Random discharges stemed 
from macroscopic defects usually identify themselves by 
major discharge intensity and light emitting events. For 
K1200 deflectors, we have encountered defects coming 
from many sources. Examples are: 

• material defects in supporting insulators. 

• defects in component fabrication, system assembly. 

• deterioration of negative electrode surface smooth
ness. 

• deterioration and damage on anode surface. 

• local sharp edges. 

• non-conductive dust particles or fibers attracted to 
the cathode. 

Some items also cause discharges in CW mode while 
those defects contribute to CW mode only are omitted 
here. 

Discharges induced by dynamic EM fields It has 
been observed that violent discharges occur in the de
flector during RF sparking when the deflector is set at 
a voltage beyond which it has not yet been conditioned 
to. In other words, the deflector is unstable in this con
dition. Similar effect takes place when the magnetic field 
is ramping up or down. One inferred that the RF pene
trated into the deflector induces an RF voltage superim
posed on the DC voltage. Likewise the change of mag
netic field induced an EMF voltage. In both cases the 
resulting field is higher than the level the deflector 'has 
attained, consequently discharges are triggerd. After re
peated confirmation of this phenomenum the simultane
ous conditioning of RF and deflector has been avoided. 

It is also manditory that when the deflector is being con
ditioned, ramping up/down magnet or bring up RF are 
excluded. 

2.2. CW Discharges 

The CW discharges (CWD) distinguish themselves 
from the random discharges by the continual current 
drainage. Currents start at a takeoff voltage then rise 
very rapidly with respect to voltage increase. Typical 
events are from defects such as whiskers developed on 
the cathode or from damage (craters and ridges) on the 
anode plates. There are situations in which several CWD 
start from different sites but at different takeoff volt
ages and they might superimpose with several types of 
random discharges. So the circumstance might be quite 
complex. Not all CWD are the consequence of the un
controlled random events. For example, metallic chips 
might migrate to the vicinity of the cathode and eventu
ally be attracted to the cathode surface. Once this hap
pens, the performance of the deflector will be severely 
hampered. 

Defects listed in the random discharge section are 
also sources of CWD. In addition to macroscopic defects, 
a few other discharge mechanisms exist even if the de
flector is in its perfect mechanical condition. They are 
called Reverse Penning, ExB and Thermal field emission 
modes. 

Reverse Penning mode This CW mode occurs as a 
consequence of a twofold symmetric electrical geometry 
imerged in a strong magnetic field perpendicular to the 
axis of the symmetry. The discharge is entirely symmet
ric from the negative electrode to the upper and lower 
anode plates up to very minor detail, as shown in Fig. l. 
This mode take place most frequently at the locations 
where the highest electric field exists, e.g. the semicircle 
edge of the end tips of the electrode at the median plane. 
The process ignites like an arc formation and once it has 
started the 'arc' current could be up to a few hundred 
microamps. The arc is able to self sustain even if the cur
rent is limited to 10 J1.A. We found that this discharge is 
most destructive and it is necessary to turn off the high 
voltage to extinguish it. Due to limitation of space, we 
shall offer the explanation in a separate publication. 

Fig. 1. The etching on the upper and lower 
sparking plates by CW reverse Penning mode. 
Note the complete symmetry of the crescent 
shape. 
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ExB mode Fig. 2 shows an image of ExB dis-
charge. The electric field is 140 kV Icm at 100 kV and the 
magnetic field is about IT. The plane of moment of the 
intense electron core lies in the deflector median plane 
but the pattern was captured symmetrically on both the 
upper and lower anode plates. The carbon tracks were 
produced by the hydrocarbon particles ionized by the 
ExB electrons. The electric and magnetic field made 
them record the image of the electron paths on the an
ode plates. 

Electrons are initiated from a site (see the fine line 
of the first half circle and the sharp begining point) and 
contained by the magnetic field. Upon returning to the 
electrode the electrons are repelled again. Positive ions 
produced very close to the electrode and also energetic 
enough are pulled onto the electrode, otherwise they are 
pulled to the anodes . The secondary electrons follow the 
trace of the primary ones and this process continues until 
a spark is triggered. Many isolated tracks were observed 
indicating that this process is common. ExB electrons 
are very destructive to the supporting insulators located 
at the median plane particularly at the metal-insulator 
interface. 

Fig. 2. Image of ExB electrons . note the spark 
damage from random discharge mode. 

Thermal field emissions Operation experience 
shows that the E1 deflector with bare electrodes (vs . 
coated) performed perfectly at the begining of extract
ing about half J-IA of Oxygen 1806+ at 80 MeV In, but 
started to draw current after two hours. If special atten
tion were not given, the deflector currents might grow to 
an unacceptable level. The leakage decreased slowly af
ter the beams was turned off. The time interval between 
beam on and leakage starting depends on how long the 
beams has been off, how high the beam currents and how 
the cyclotron is tuned. Subsequent inspection on the de
flector indicated that the current flow was in the form 
of thin but long electron sheet along the front surface 
of the electrode. The etching on the anode plates was 
very narrow (0 .2mm) but very long (about 30 cm), sym
metric on upper and lower plates. Before the cooling for 
the deflector system is added, a set of coated electrodes 
was used. The symptom of this thermal field emission 
was much improved, but how high can a beam current 
be extracted remained unanswered. 

3. HARDWARE IMPROVEMENT 

In the previous section, we concentrated on the de
scription of various discharge mechanisms but deferred 
the corresponding treatemnts for the sake of continu
ity and clearity. One might wonder that if that many 
discharge modes are recognized, the deflector problems 
would have already been half solved. This indeed is 
the case. Almost all of these discharges have been han
dled either by complete elimination or by minimization 
to a great degree (see Fig. 3. next page). The HV 
feedthrough and the supporting insulators were studied 
and improved first, then the anode plates and the nega
tive electrodes. Basically, the development for the one
segment E2 is completed as far as the 80 kV capability is 
concerned. The three-segment E1 is more involved due 
to its complex mechanical structure. 

3.1. High Voltage Feedthrough 

The version of HV feed through used for the K5003) 
superconducting cyclotron consists of a long metal rod 
mounted coaxially with a 5 cm diameter spark tube. The 
rod is terminated by a large corona ring which is isolated 
from ground by a quartz tube. Sparks between the cen
ter rod and the spark tube had been a problem. A new 
design adapted by the K1200 replaced the vacuum coax
ial line by a solid coaxial cable at atmospheric pressure. 
Fig. 4 shows the schematic of this design. The HV cable 
connects directly to the HV power supply and to the tip 
of the feedthrough which is latched into a hinge in the 
negative electrode. The HV tip and the ground tube are 
separated by a 15 cm long macor tube. The tip is made 
of Titanium and is brazed onto the macor tube by glass 
bonding. This bonding technique is developed at NSCL 
and is considered necessary because any metallic bond
ing would create macroscopic sharp points. The ground 
end of the macor tube is tapered so that the ground sur
face is gradually flared away to avoid abrupt field change 
at the cable-macor-ground tube interface. 

The center conductor of the HV cable is removed as 
suggested by Bob Roger of Texas A & M University Cy-
clotron Institute .4 ) The remaining carbon rubber layer 
provides about 6 H2/in resistivity so a cable of 10 feet 
has a resistance of 720 kO. The resistive cable reduces 
the spark damage but additional resistance, in the order 
of 50 MO made by a string of resistors, is found needed 
to make the sparks non-destructive. However, this series 
limiting resistance can not stop the damage by the CW 
mode discharges . In the event that the leakage currents 
exceed 10 J-IA during routine operation, the 50 MO string 
can be replaced with a 5 MO string in order to reduce 
the voltage fluctuation. 

Besides being used as HV feeding, the feedthrough 
is also used for deflector position drive. After 4 years of 
operation, our experience with this type of feedthrough 
has been very satisfactory. No HV or mechanical diffi
culty was encountered. 

3.2. Supporting Insulators 

The original sapphire insulators3) are being phased 
out for the reason that some of them glow to cherry red 
at 50-60 kV with large leakage currents . This is con
sistant with the observation that some insulators were 
found coated with thin metallic film at the HV end and 
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high temperature colorations were printed on the anode 
plates. The brazing joint was found depleted due to the 
evaporation of brazing compound from high tempera
ture. The metallic coating and the imperfection in fab
rication of seating contributed to frequent flashovers. In 
other words, there existed volume defect, surface defect 
and sharp point defect associated with the use of the sap
phire insulators . Before the new version of insulator was 
developed, only those which could sustain 80kV without 
glowing were selected. In the meantime , the problem of 
sharp point defect was corrected as much as possible (It 
could not be corrected completely because the original 
design called for sharp 90 degree fabrication). 

Several versions of insulator made of Macor were de
veloped. Macor is chosen for its machinability to achieve 
complex configuration, particularly for making ExB elec
tron barrier . Sharp edge design was removed and the 
metallic brazing was replaced by glass bonding. One ver
sion increased the insulator cross-section about 50 % and 
the binding area to the cathode 150 % for stronger me
chanical strength. All versions have been tested and used 
in the K1200 cyclotron. Their performance has been very 
satisfactory. 

3.3. Cathode Electrode and Anode Plates 

We have isolated the deflector system in three parts 
and studied them in operational sequence. With the first 
two parts free of discharges and difficulties we were able 
to concentrate on the deflector channel where the cath
ode electrode and the anode plates interact under the 
influence of a strong magnetic field. As we shall see later 
the effort to minimize the spark frequency and spark 
damage leads to the complete elimination of sparks on 
the anode plates which in turn leads to the complete sup
pression of the CW Penning mode and ExB mode. The 
thermal field emission is greatly reduced but not com
pletely suppressed yet since the development of cooling 
capability has just begun . 

Conditioning technique Spark cleaning has been 
the conventional or usual method of voltage condition
ing. The voltage holding capability is the prime object 
while the current drainage is considered secondary. In 
the situation of K1200, a moderate spark strength or a 
small current drain results in high power density on the 
anode plates because of the high magnetic field . Dam
age may develop very rapidly leading to a failure at low 
operating voltage.5) 

A new technique for conditioning was then de
veloped in order to minimize the spark damage. At 
first we added large series limiting resistors in the HV 
feed through to damp the high current ringings during a 
spark and clamp the maximum macroscopic pulsed cur
rents under 20 J.lA . The characteristics of leakage cur
rents or spark currents were monitored vs. time with 
resolution better than 0.2 second using a program called 
Fmon. The voltage is to increase in very small and gentle 
steps to smooth the micro defects. Each step begins with 
zero current, stops once a small current is seen. Several 
seconds to several minutes may be needed to bleed out 
the micro-emissions, mostly from gas desorption at lower 
voltage . At higher voltage pulsed discharges from a few 
J.lA to 10 J.lA (electronically clamped) followed by a con
tinual bleeding are seen . If no CW mode discharge is 
initiated, currents will fall back to zero for each step . 

The steps are in a few hundred volts incrament at 
lower voltage decreasing to 10 to 20 volts per step at the 
higher end. This procedure repeats for three cycles. The 
first is with the magnet current off (some residue field 
exists in the location of the deflectors). This cycle is 
used to clean the cathode (sites of micro-explosion, field 
protrusions and gas desorption), usually takes about 4-6 
hours to reach 60 kV for a bare electrode and about an 
hour for a coated one. The second is with magnetic field 
at about 1 to 2 tesla to clean the anode plates and to 
melt off residue field protrusion and gas desorption sites. 
The third cycle is for final conditioning at full operating 
field. Using this procedure, we usually obtain condition
ing without the high risk of damaging the deflector. This 
is demonstrated in Fig. 3. 

Fig. 3. The contrast of sparking condition be
tween using the new technique (lower) to the 
traditional method (upper). 

Anode sparking plates reflectory metals such as 
Tungsten have been used for sparking plates for many 
deflector designs. One must emphysize that the tung
sten plates must be of high purity and of high perfor
mance grade. The lower grade made by powder metal
lurogy will not work well because of its high impurity 
contents which contribute to the endless emission of ions 
of contamination. In addition, droplets of tungsten are 
sputtered off easily by the spark energy. These droplets 
are ionized and are attracted to the negative electrode . 
This action deteriorates the smoothness of the negative 
electrode hence triggers more sparks. 

Lower melting point alloy with strong modular 
strength such as stainless steel might be useful as spark
ing plate material. At NSCL we have explored the use 
of s.s. as an option over the high grade tungsten for its 
ease in fabrication and the simpler construction it allows. 
Sparking tests show that the s.s. evaporates in the form 
of metal gas and coats the negative electrode evenly when 
a major spark occurs. The craters created by the sparks 
show smoothier boundary edges. Encouraged by this re
sult the material was then used to make sparking plates 
for the E2 deflector . As a result , the negative electrode 
has maintained its smoothness ever since. Later on, the 
new conditioning technique and the use of electropol
ished s.s. anode plates made the complete elimination of 
random discharges possible. 
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Fig. 4. The deflector channel structure and the main features of the new feedthrough design. Note the cathode is wrapped 
around cpmpletely by a layer of dielectric coating. 

The ChalkRiver group also explored s.s., Ti and Mo 
as alternative anode material. Their conclusion is that 
Ti is the best when tested in a teststand.6 ) Further de
velopment at NSCL indicated that although s.s. works 
well in handling the random discharges, but on the other 
hand is not satisfactory in handling CW mode. We shall 
see in the following paragraphs that how this problem is 
solved. 

Surface treatment for cathodes As we have dis
cussed in section 2, the reverse Penning CW mode is field 
geometry dependent. It can be ignited even if the deflec
tor is in perfect condition. Although we have succeeded 
in suppressing almost all random mode discharges, this 
most destructive CW mode is still at large. We then de
cided to eliminate all electron emissions from the cathode 
by coating the negative electrode with dielectric mate-
rial. This method has been used for the high energy 
electrostatic separators at CERN. 7) 
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60 

70 

60 

-IOL-__ L-__ ~ __ ~ __ ~ ____ L-__ ~ __ ~ __ ~ ____ ~~ 

o 10 20 30 ~O 50 60 70 80 90 

kV 

Fig. 5. Both El and E2 achieved 80 kV with near 
zero current leakage using glass coated cathode 
endtips. 

100 

The coating development progressed in phases and 
lasted about a year. At first, one end tip of a test elec
trode was coated with binding glass while the other end 
was left bare. The test electrode was put into a brute 
force spark test up to 110 kV. The result showed that the 
coated end was completely free of any discharge while 
the bare end went through the usual spark action as ex
pected. In the second phase the end tips of the electrodes 
used for K1200 were coated. On March 18, 1992 both 
E1 and E2 were able to hold 80 kV at near zero leakage 
current in stable condition for the first time. The leak
age current vs. applied voltage is shown in Fig. 5. Since 
then both E1 and E2 have been routinely operated with 
high reliability. 

Still of concern was the fact that much of the elec
trode surface was uncoated. Thermal or non-thermal 
field emissions, emissions from attracted dirts and ExB 
CW mode were not yet eliminated. The third phase of 
this operation is to develop a technique to coat the entire 
length of the electrode except for a 6 mm band in the me
dian plane. The fully coated electrode works extremely 
well for the single-segment E2. All discharge modes are 
suppressed. No sign of spark or CW mode damage is de
tected on the anode plates after 6 months of operation. 
The plates are found undistinguishable from a new set. 

For the three-segment unit E1, the electrostatic per
formance is also excellent. However, the beam height in 
the E1 channel is taller than the uncoated bandwidth. 
The coating reacts to the impinging beams in some un
controllable manner. Many micro-explosions from the 
surface of the glass occurred until the glass layer is even
tually cleaned by the beams. The E1 finally takes beam 
up to half J-IA at stable operating condition. 

The glass coating technique requires high level skill 
to implement, and the high quality coating is quite diffi
cult to obtain. Industry produced anodized Aluminium 
surface might be a better alternative. Such electrode 
was prepared and put into E2 for test. The electrostatic 
performance is the best so far--very easy to condition 
to 80 kV, can be turned on full voltage like turning on 
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RF, etc. It is observed that the electron emission un
der beam bombardment seems to be much higher than 
the glass coated counterpart. The aluminium atoms in 
the oxide compound may be displaced by the impinging 
beams thus contribute to the higher electron emission. 
More operation experience will be acquired in the next 
few months. 

4. CONCLUSION AND FUTURE PLAN 

The R&D study on the K1200 deflector for the 
past few years provided us the basic understandings on 
various discharge mechanisms. The treatments to elim
inate these discharges led to a 80 kV capability. The 
80 kV with near zero current is chosen as an interme
diate goal at this stage of development, since 60-65 kV 
is required for certain beam energies specified by exper
imenters. The future demand calls for a reliable 80-90 
kV and a stable operation for extracting high external 
beams. Thus the goal should be a voltage holding ca
pability of 100 kV. To achieve this goal,it is necessary 
to take a complete review and assessment over the qual
ity of every subsystems. For hardware improvement, the 
immediate efforts will be: 

1. Adding cooling capability to E1 negative electrodes 

2. Special treatment for E1 on the hinge joints and 
beam entrance collimation 

3. Acquisition of higher rating HV power supplies 
(120kV,25nA) 

4. Further refinement in making dielectric coating, 
support insulators and HV feedthrough. 

In addition, the relationship of beam quality, beam 
tuning and extraction efficiency to the performance of 
deflector at high beam extraction will be studied. Fur
ther research on the HV discharge in vacuum under the 
influence of high magnetic field and the bombardment of 
high energy heavy ions will be continued. 
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RESULTS FROM THE DEFLECTOR TEST STAND AT TEXAS A&M UNIVERSITY 

D. May, G. Derrig, W. Dewees, P. Smelser, D. Tran and R. C. Rogers 
Cyclotron Institute, Texas A&M University, College Station, Texas, 

77843-3366, U. S. A. 

ABSTRACT 

The new room-temperature deflector test stand has 
recently been put in operation. We are beginning to test 
new insulator designs, new increased pumping-speed 
septa, and various conditioning strategies. Results of 
these tests and experiences with bringing these results to 
cyclotron operation will be presented. 

1. INTRODUCTION 

The electrostatic extraction elements (deflectors) for 
the K500 cyclotron are the primary limitation on the 
maximum extracted particle energy. This is the direct 
result of a limited long-term voltage holding capability of 
approximately 65 kV. At higher voltages sparking inevi
tably leads to damage to the insulators that results in 
complete failure to hold voltage without excessive drain 
current. 

The room-temperature deflector test stand was built 
to provide an opportunity to observe the deflector under 
sparking conditions and test various techniques for im
proving the voltage holding capability. Although the 
magnetic field in the test stand is only 0.7 Tesla, damage 
similar to that experienced in the K500 has been repro
duced. 

A few insulator designs, spark shield materials and 
septa designs have been tested and are discussed below. 

2. STORED ENERGY CONSIDERATIONS 

Fig. 1 shows the equivalent electrical circuit of the 
deflector assembly. The power supplies being used are a 
special low stored energy type, Glassman High Voltage, 
Inc. model PS/LGlOON-O.5X76, with an equivalent output 
capacitance of 200 pF. With a total distributed 
capacitance of 372 pF for the complete assembly, the 
maximum stored energy is 1.86 joules. The spark detec
tion circuitry of the power supply tums the supply output 
off in less that 10 Jlseconds, so it does not add signifi
cantly to the energy dissipated in the spark. 

RL RF 

_l_ :=~~~;;;~~~~~~~~~\i2\~~~ 
C C C C -T PS - T - COAX - T - GR I DEFL 

-"---- ~ ~ 

CpS - POWER SUPPLY OUTPUT CAPACITANCE - 200 pF 

CCOAX - CAPACITANCE OF FLEXIBLE COAXIAL CABLE - 74 p' 

C
GR 

- CAPACITANCE OF GLASS INPUT ROD - 46 pF 

C DEFL - CAPACITANCE OF DEFLECTOR ELECTRODE - 52 pF 

RL - DISTRIBUTED RESISTANCE OF LINE - 230 KO 

RF - FIXED RESISTOR. 270 KO 

Fig. 1 Equivalent circuit of deflector, input assembly and 
power supply. 
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Fig, 2 Glass encapsulated high voltage input rod. 
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The "glass rod" referred to in Fig. 1 and shown in 
detail in Fig. 2 is the high voltage input to the deflector. 
This assembly was developed to cope with the small 
diameter tube which passes through the cryostat of the 
main magnet. The small inside diameter of the tube leads 
to, even with an optimally sized center rod, unacceptably 
high gradients at the surface of a metal rod that would 
result in sparking. The assembly consists of a Pyrex tube 
that encloses a length of high voltage rated coaxial cable, 
Monroe type 40539, from which the outer sheath and 
ground braid have been removed. The center lead is 
almost fully withdrawn from the cable to take advantage of 
the resistivity of the carbon loaded corona shield. The 
resistance of the cable plus the fixed resistor at the deflec
tor end of the assembly gives a total resistance of 500 KO. 
This resistance helps dissipate some of the stored energy 
during sparking. The overall length of the rod is 1.03 
meters. 

3. FAILURE CHARACTERISTICS 

It has been found in the K500 environment that vol
tages in excess of 65 kV lead to sparking that results in 
damage to the insulators. This implies that a spark of only 
0.75 joules causes enough effluent to be generated at the 
spark impact point to cause a conductive coating to be 
deposited on the insulator surfaces. This appears to be the 
dominant failure mode and can be reproduced in the test 
stand even at its much lower level of magnetic field. 

In addition to the leakage that is caused by sparking, 
another leakage mechanism seems to be the direct result of 
coating of the insulators with hydrocarbons. It is thought 
that this is the result of the use of turbo molecular pumps 
with poorly trapped backing pumps. Although a cryopa
nel has been added to the K500, it is used to augment the 
pumping of the turbomolecular pumps. There is room for 
two more cryopanels that are scheduled for installation in 
the latter part of 1992. Improved traps are being added to 
the backing pumps to reduce the possibility of backstream
ing pump oil into the system. 

4. INSULATOR DESIGN 

The original design of the insulator followed that of 
the MSUNSCL as shown in Fig. 3. This design per
formed well in the test stand at MSU but had difficulty in 
the higher field of the K500. Further, this insulator is 
difficult to make because of the brazed connection bet
ween the sapphire and the metal end electrode. 

Fig. 4 is a modification to the original MSU design 
that features recessed end electrodes. This design was 
based on a suggestion 1) that leakage along the surface 
from the high gradient point formed at the junction of the 
metal to the sapphire would be reduced. This design did 
not show the expected improvement but performed about 
the same as the original design. It did give some operating 
experience using the epoxy bonding technique that showed 
an inability to accept side loads in this configuration. 

Fig. 5 is the present design being used in the K500 
and undergoing continued testing. This design continues 
the idea of recessing the contacts but has a much larger 
surface area for the epoxy bond for increased strength. It 
also uses MACOR as the insulator material. This design 
has shown no particular improvement in resistance to 
damage but does show some imprOVed ability to in situ 

cleaning by gas. This process is discussed below. 

-jIGH VOLTAGE 
,lECTRODE GROUND 
:ONTACT CONTACT 

SAPPHIRE I 
INSULATOR 

Brazed joints 
Sapphire to Molybdenum 

Fig. 3 Original insulator design. 

HIGH VOLTAGE 
ELECTRODE GROUND 
CONTACT CONTACT 
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No. 2214 Hi-Density 
Epoxy Adhesive 

Fig. 4 Insulator with recessed contacts. 
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Fig. 5 
K500. 

Insulator now in use in the first deflector of the 
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Fig. 6 Proposed self shielding insulator design. 

GROUND 
CONTACT 

Fig. 6 is a proposed design that attempts to cope with 
the plating problem by having an integral insulator shield. 
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EIINSULATOR 10 CYCLE· 340 
XMIN: 0.000, XMAX: 1.000 
YMIN: 0.000, YMAX: 1.270 

Fig. 7 POISSON field calculation of insulator in Fig. 5. 

EI SHIELDED INSULATOR CYCLE· 340 
XMIN: 0.000, XMAX: 1.000 
YMIN: 0.000, YMAX: 1.270 

Fig. 8 POISSON field calculation of proposed self-
shielding insulator. 

Fig. 7 and Fig. 8 show POISSON plots of the fields for 
the designs in Fig. 5 and Fig. 6, respectively. The equi
potential lines are in 5 % increments. The shield does not 

appear to cause serious distortion to the field. 

5. SLOTTED SEPfUM 

It was suggested l ) that better pumping in the sparking 
region might help remove some of the effluent caused by 
the sparks. To improve the pumping, a slotted septum as 
shown in Fig. 9 was built. The septum showed no unu
sual behavior in the test stand so it was installed in the 
K500. There has been no noticeable improvement with 
this design but there is some indication that the defle('t0f ;3 
more susceptible to the effects of the r. f. fields. 
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Fig. 9 Slotted system for improVed pumping in deflector 
housing. 

6. SPARK SHIELDS 

From the beginning of operation, tungsten spark 
shields have been used above and below the high voltage 
electrode. Stainless steel shields have been tried in the 
K500 but seem to damage more easily. Shields made of 
97 % alumina were tried in the test stand. The maximum 
voltage that could be attained with no magnetic field was 
only 90 kV. Further, when the alumina shields were 
removed it was found that the surfaces exposed to the 
high voltage had acquired a yellow color. This apparently 
was not a hydrocarbon coating on the surface because it 
could not be removed by vigorous scrubbing. It has been 
suggested that the color may be the result of x-rays pro
duced by the sparking. 

7. IN-SITU GAS CLEANING 

A technique for in-situ cleaning of the deflector 
insulators was developed by the MSUNSCL.2) This con
sists of flowing a small amount of gas across the insulators 
while increasing the voltage and monitoring the leakage 
current. In practice, the gas flow is set by monitoring the 
pressure in the cyclotron and typically is about 3 x 10-5 

torr. Several types of gas have been used: air, N2, 02' Ar 
and H. The higher molecular weight molecules seem to 
give quicker results in reducing the leakage current. It is 
possible, for light ion beams which do not require low 
operating pressures, to allow the gas to flow continuous
ly during operation to suppress the leakage current. 

A different technique has been attempted on the test 
stand. The gas is introduced at a sufficient rate to raise 
the pressure to the range of 40 to 500 microns. At these 
pressures glow discharges can be initiated. It has been 
found that cleaning in this manner with dry 02 can im
prove the voltage holding capability of the insulators but 
only for a limited period of time. Further, it was found 
that attempting the same technique with H2 resulted in a 
film of fine powder being produced throughout the deflec
tor housing. The physical appearance of the deflector after 
scrubbing with 02 was extremely clean with no evidence 
of any residue being created. 
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8. CONCLUSIONS 

Several different approaches to improve the deflector 
have been tried in the test stand but to this point only 
marginal improvements have been achieved. The test 
stand has been a valuable tool in that it allows rapid 
changes of configuration and has been most successful in 
duplicating the failure mechanisms of the K500. 
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SOME PERSPECTIVES IN THE BEAM TRANSPORT AND ANALYZING 
SYSTEM DESIGN FOR THE V-250 CYCLOTRON 

L.E. Korolev 
The D.V. Efremov Scientific Research Institute of Electrophysical Apparatus 

St. Petersburg, 189631, Russia 

ABSTRACT 

The existing beam transport system for the U-250 
cyclotron is designed in a traditional manner. Because 
of this the system does not allow the full experimen
tal possibilities of the accelerator, especially in nuclear 
physics investigations. Electromagnetic equipment de
sign experience acquired by specialists of the institute 
may be utilized in the design of the beam analyzing sys
tem, including that of the magnetic analyzer installed in 
the external beam line and of the broad range spectro
graph for the analysis of nuclear reaction products. Such 
additions will change the U-250 complex into a universal 
research center. 

1. DESIGN CONCEPTS FOR THE BEAM 
TRANSPORT SYSTEM 

A multichannel beam transport system is necessary 
for the successful realization of the research programme 
of the U-250 cyclotron. It is desirable for any trend of cy
clotron investigations to be provided with its own beam 
transport channel. Omitting the discussion on scientific 
directions, it may be remarked that the beam transport 
system of the U-250 cyclotron has to have at least 10 
transport channels, each with its own target device. It is 
not necessary to install every target in a separate room, 
especially for targets equipped with remote control de
vices for their dismantling and transport. 

It's unlikely ~o qualify the accelerator center as uni
versal if nuclear spectroscopy and nuclear reaction stud
ies are not provided with the appropriate equipment. 
Progress in this direction is possible only for a beam 
transport system equipped with a magnetic analyzer for 
the cyclotron beam and a broad-range magnetic spectro
graph for secondary-particle analysis. 

2. MAGNETIC ANALYZER PROJECTS FOR 
THE U-250 CYCLOTRON 

The criteria are widely known to appreciate the 
characteristics of various types of magnetic analyzers. 
The most important qualities of any analyzer are defined 

by its optical parameters and its cost. A real magnetic 
analyzer project makes a compromise between these con
siderations. High resolution force is the main desirable 
physical parameter for a cyclotron beam analyzer, while 
a large solid angle and momentum acceptance may be re
quired for satisfactory physical results from a secondary
particle analyzer. 

The production characteristics of an analyzer de
pend on its design features that define the costs of ana
lyzer manufacturing, installation and instrumentation. 

The main optical schemes of magnetic analyzers 
are widely known. It is a suitable moment to remark 
that in spite of their simplicity, single magnet analyzer 
projects with homogeneous magnetic fields are objects 
of the past because of their unsatisfactory physical char
acteristics. Similarly, an n = 0.5 magnetic analyzer is 
not a suitable construction for a modern accelerator cen
ter. This leads to the questions: What magnetic schemes 
are available? Are they the combinations of some mag
nets united in a general assembly? Evidently this direc
tion is a perspective one although, frankly speaking, it 
is not "terra incognita" - various assembly analyzers are 
also known l - 3 ). Study of these references shows the at
tempts of assembly-analyzer designers to achieve a work
able compromise between the high optical parameters of 
the analyzing device and a low production cost. Ev
erybody may estimate the results of such attempts in 
different ways, but it is the author's opinion that these 
designers deserve great respect. 

Magnet assembly analyzers are seldom used as a cy
clotron beam analyzing system although an example of 
such a project is not difficult to name 1). In the author's 
opinion, a 2700 magnetic analyzer may be considered an 
acceptable alternative to an assembly analyzer for the U-
250 cyclotron beam. This type of analyzer was produced 
by NIIEFA in two versions: 

a) as the MSP-133, an experimental model with a cen
tral radius of R = 0.6 m4); 

b) a'> the SP-017 analyzer of the U-240 cyclotron, with 
a central radius of R = 2.0 m. 
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The magnetic scheme of the SP-017 analyzer is 
shown in Fig. 1. Its basic parameters are: inhomogenity 
field index n = 0.872, central radius R = 2 m, design res
olution force Fp = 22600 (at 1 mm source width). The 
field inhomogenity is produced by pole faces that slope 
at a definite angle. Sextupole lenses are installed at the 
magnet edges for correction of second-order aberrations. 

I would like to put forward some arguments to sub
stantiate such a selection. The main argument for its 
preference is the large resolution force obtained; the sec
ond one is its compactness. Some doubts may arise about 
the simplicity of the manufacturing procedure for the de
vice. However, it is necessary to take into account the 
NIIEFA available know-how in the production and the 
fitting of such equipment. It is evident that the beam 
analyzer for the U-250 cyclotron has to realize the main 
design ideas of the SP-017 analyzer but not to copy one 
in all of the details. In the author's opinion, keeping 
the principles reported above will guarantee the effec
tive design of a magnetic beam analyzer for the U-250 
cyclotron. 

Among the secondary-particle analyzers, the assem
bly ones are sufficiently extended because of their sharp 
optical parameters. On the other hand, the split-pole 
spectrograph (Enge spectrograph) is known as a design 
alternative for an assembly analyzer5). A secondary
particle magnetic analyzer was designed by NIIEFA spe
cialists on the basis of the constructive features of the 
split-pole spectrograph. As a result the stepped-pole 
spectrograph MSP-144 has been produced at NIIEFA 6) . 

In this analyzer two homogeneous magnetic zones and 
straight boundary lines create suitable conditions for 
both broad-range momentum acceptance and large solid 
angle. Comparative characteristics of the Enge and 
MSP-144 spectrographs are given in table 1. 

It may be seen from these data that in optical char
acteristics the stepped-pole spectrograph is similar to the 
Enge spectrograph. However, the manufacturing fea
tures of the MSP-144 make it a simpler device than a 
split-pole analyzer. 

Table 1 
Comparative characteristics of the 
Enge and MSP-144 spectrographs 

Magnetic rigidity 
(T-m) 

Momentum ratio 
accepted 
simultaneously 
Pmax/Pmin 

Solid angle (msr) 

Resolution force (for 
1 mm width source) 

Enge MSP-144 
spectrograph spectrograph 

1.3 1.25 

2.6 2.7 

4-7 3.3-7.7 

(3 - 4.7)103 (3.4 - 4.2) 103 

The experimental possibilities of the MSP-144 de
vice were checked by specialists of LNR JINR (Dubna, 
Russia). Positive results of such checking have been 
expressed in the following production of four MSP-144 
units for LIN JINR needs. A photograph of the MSP-
144 analyzer is shown in Fig. 2. Data analysis of the 
stepped-pole spectrograph shows that this is an accept
able design basis of a broad-range magnetic spectrograph 
for the U-250 cyclotron. 

3. SOME COMMON REMARKS TO THE BEAM 
TRANSPORT PROJECT 

Generally speaking, the layout of the beam trans
port equipment is a problem of minor importance in 
comparison with the beam transport content problem. A 
symmetrical beam transport scheme is used in the U-250 
project where switch magnets are installed in the central 
transport line. Because of this it is natural to arrange 
the analyzing-magnet equipment as some supplementary 
block that may be added to the available beam transport 
system without essential changes in the cyclotron equip
ment layout. It is evident that the cyclotron beam ana
lyzer has to be arranged in such a manner as to provide 
their operation both together and apart. 

One further remark should be made about the beam 
transport project. The words "some perspectives" are in 
the title of this report. This expression is usually said 
in Russian when a real possibility takes place for their 
creation. Someone may put a question: Is it justly for the 
U-250 beam transport project? The author of the report 
has no doubts of the expediency of this project and he 
would be ready to cooperate with every specialist or firm 
if they would have an interest in these ideas. 
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Fig. 1. Optical scheme of the 2700 magnetic analyzer for horizontal (a) and vertical (b) planes. (Sp - sextupole lenses, S -
source slit, D - analyzing slit). 

Fig. 2, NIIEFA made MSP-144 spectrograph. 
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BEAM TRANSPORT SYSTEM FOR THE IUCF HIGH INTENSITY POLARIZED ION SOURCE 

W.P. Jones, T.J.P. Ellison, M.S. Ball, J.C. Collins, D. DuPlantis, D.L. Friesel, B. Hamilton, J.W. Hicks, and 
P. Schwandt' 

Indiana University Cyclotron Facility 
2401 Milo B. Sampson Lane 
Bloomington, IN 47408 USA 

ABSTRACT 

The new High Intensity Polarized Ion Source1) 

(HIPIOS) being built at IUCF is designed to increase the 
intensity of polarized beams by approximately an order 
of magnitude. The 30 m long beam transport system 
which connects the 600 kV ion source terminal to the 
cyclotrons, has been designed with the goal of increasing 
the transmission of beam from the source to extraction 
from the main stage cyclotron by another factor of five. 
In this paper we will discuss the new beamline design and 
improvements to the beam bunching and injection sys
tems which should provide this increase in transmission 
efficiency. The beam diagnostic system and procedures 
planned for tuning the beamline are discussed. 

1. GENERAL DESCRIPTION OF SYSTEM 

The beamline (BL1) consists of three 90 degree sec
tions with a dispersion free double waist at the end of 
each. The third section is followed by two quadrupole 
doublets coupling the line to the injector cyclotron. Each 
90 degree section consists of 5 quadrupoles and two 
dipoles. The first two are quite similar, with the mag
nets in the sequence QQDQDQQ. The quadrupole be
tween the dipoles will be used to zero dispersion and its 
derivative; the other four will be used to adjust the loca
tion and size of the double waist in the straight section. 
The third section was designed to splice into an existing 
beamline and its optics are somewhat different. Its mag
nets are in a QDQQDQQ configuration. Rf bunching 
will take place in the straight section at the end of the 
first 90 degree section, and polarization measurements 
will be made in the second. The second straight section 
will also contain slit systems to produce a pencil beam 
and steerers to use this pencil beam to map out the ac
ceptance of the cyclotron. The quadrupoles and dipoles 
have been designed to have apertures of twice the ex
pected beam envelope. Because of the low rigidity of the 
beams in the line this has not had a significant impact 

• Work supported in part by the National Science Foundation under 
Grant Nos. NSF PHY-8914400 and NSF PHY-9015957 

on magnet costs. 

2. BEAM DIAGNOSTIC SYSTEMS 

2.1. Introduction 

The beam diagnostic systems include a noninter
cepting beam position monitoring (BPM) system, phase 
pickups and longitudinal profile monitors; these latter 
two systems will be discussed in the section on beam 
bunching. Since the beam intensity will be so high (in 
the range from 1 to 100 J.lA), all these systems will be able 
to process information with high bandwidths (100 kHz) 
while still providing excellent (60 dB) signal to noise. 
Consequently, they will be used in high speed hardware 
feedback loops to keep the ion optical parameters opti
mized. 

2.2. The BPM System 

The BPM system, although based upon our previ
ous designs for the Cooler and present cyclotron beam
lines, has been completely redesigned. The systems will 
process information at rates up to 100 kHz, have a nom
inal accuracy of 0.1 mm, and precision of 0.02 mm. The 
entire system (pre-amplification and vector sum and dif
ferences of the rf signals, rf-IF conversion, and signal 
processing) is all contained on a single 4 layer board. 
Although the board will accept signal with frequencies 
as high as 60 MHz and will operate with an IF as high 
as 1 MHz, there are no standard "rf" components with 
exception of mixers. Instead, high speed operational am
plifiers are used in both in the rf and IF sections. Such a 
design would not have been possible, or would have been 
prohibitively expensive, 5 years ago. The board has 6 
analog inputs and 4 analog outputs. The input signals 
consist of: 4 information signals from the 0.05 m length 
electrodes (vertical top and bottom, and horizontal left 
and right); the local oscillator; and a calibration signal 
which can be switched on the board to any of the four 
signal inputs. The board also outputs 4 information sig
nals (corresponding to the 4 input information signals): 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

609



the horizontal and vertical beam positions, beam inten
sity, and quadrupole moment. 

3. EMITTANCE MEASUREMENT 

At the entrance to BL1, a quadrupole and wire scan
ner are being used to measure emittance of the beam 
entering the line by measuring beam size as a function 
of quadrupole strength. This information will then be 
input to a TRANSPORT calculation to determine the 
settings of the quadrupoles needed to bring the beam 
around the first corner with the desired properties. 

3.1. Measuring BeaIll Envelopes 

After the emittance has been measured, we will be 
in a position to use the BPM system to measure beam 
envelopes even though the BPM's are only measuring the 
centroid of the beam. The procedure planned is to use 
two x-y steerers located in the drift space before the first 
quad to sweep the beam along the surface of an ellipse 
that has the same shape and has one fourth the area of 
the beam. By making synchronous measurements of the 
beam centroids and steerer settings the shape and size 
of the beam ellipse at each BPM will be obtained. 

4. BEAM STEERING AND CENTERING 

BL1 has been designed so that, starting at the be
ginning of the line, pairs of steerers and BPM's are lo
cated approximately every 90 degrees in betatron phase 
advance (in both traverse planes) along the beamline. 
Redundancy is provided by the fact that each BPM mea
sures both horizontally and vertically and there are some 
BPM locations that are used for vertical information 
with the horizontal information being a secondary con
sideration. 

It is planned to steer the beam by stepping down 
the beamline using each steerer in turn to zero the 
beam's position at the BPM 90 degrees downstream of 
the steerer. Although this procedure can be easily per
formed in a " manual" mode, the entire operation will be 
automated. 

5. QUADRUPOLE TUNING PROCEDURES 

5.1. Dispersion Control 

BL1 is designed to have zero dispersion in the 
straight sections. For the first two corners which have a 
quadrupole magnet centered between the dipoles, there 
is a unique setting of that quadrupole which will zero the 
dispersion everywhere in the subsequent straight section. 
The BPM at the entrance to the quadrupole following the 
second dipole in the corner will be used to measure the 
change in horizontal position while the control computer 
is varying the two dipole fields. The sensitivity of this 
method is such that a 1 % error in quadrupole strength 
will give a 0.8 mm position shift at the BPM when the 

dipoles are being varied by + / - 1 %. This position ampli
tude is about 50 times the BPM system resolution, and 
thus it should be possible to set these quadrupoles with 
a precision of about 0.01%. 

Setting the quadrupoles in the third corner is 
somewhat more complicated because there are two 
quadrupoles between the corner dipoles. However the ef
fect on dispersion of one of the quadrupoles is four times 
than that of the other. Thus by using the sensitive quad 
in an analogous way to those in the first two corners, it 
will be possible to zero the dispersion in the last straight 
section in a straightforward manner. 

5.2. Focussing AdjustIllents 

In order to provide control of the position and sharp
ness of the waists in the straight sections, software con
trols for combinations of quadrupoles will be created. It 
is possible to generate four combos (linear combinations) 
which independently adjust the position of the x or y 
waist and the sharpness of the x or y waist. Combo's of 
the readouts from the beam sweeping system will pro
vide a measurement of each of these parameters. Con
sequently there will be a unique readout for every con
trol, leading to simple" manual" or automatic setting of 
quadru poles. 

6. BEAM BUNCHING AND PHASE CONTROL 

6.1. Overview 

There is a two-stage bunching system. In the ion 
source terminal there is a gridded single-gap buncher 
with a ramp waveform. This buncher will operate at 
the cyclotron frequency, or the 2nd or 3rd subharmonic 
for beam pulse-selection. This system pre-bunches up to 
90% ofthe beam into a 60 degree width bunch for further 
bunching by a resonant klystron buncher in the beamline. 
This second buncher has an adjustable length to maxi
mize the transit time factor for any beam species and 
any cyclotron rf frequency. The location of this buncher 
determines the ratio of the beam energy spread to phase 
spread at the injector cyclotron. It is located 21 m up
stream of the cyclotron to provide beams with an energy 
spread of +/- 1.5 keY and +/- 4 degrees. 

6.2. Buncher System Beam Diagnostics 

Both bunchers will be phase-locked to the beam, 
consequently automatically compensating for the myriad 
of mechanisms which can cause a change in the beam 
phase with respect to the bunchers. The voltage of the 
high energy buncher needs to be scaled as a constant plus 
an amount proportional to the square root of the beam 
current due to space charge effects; this will be done in 
hardware using a beam intensity monitor and fast signal 
processor to send a beam current dependent reference 
signal to the automatic level controller (ALC). 

At the entrance to the cyclotron, the beam bunches 
will be about 0.005 m in length. To measure their length 
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we are using a Longitudinal Profilometer (LPM) which 
consists of 3 parallel chemically-etched grids, separated 
by 0.002 m, mounted with their surfaces normal to the 
beam direction. The outer two grids will be grounded 
to prevent the center grid from sensing the electric field 
from the beam before its arrival. The signal will be 
taken from the center grid. We do not have instrumen
tation capable of resolving such high frequency signals; 
instead, a Bunching Factor Diagnostic (BFD) will cal
culate the bunching factor by comparing the amount of 
power detected at multiple harmonics of the fundamental 
frequency. 

We may, in addition, have automatic tuning of the 
buncher amplitude and phase. The buncher amplitude 
would be controlled by modulating the amplitude and 
synchronously detecting the output of the BFD to gen
erate an error signal. A similar system would modulate 
the buncher phase and synchronously detect the beam 
current at the output of the cyclotron. 

7. MATCHING TO INJECTOR CYCLOTRON 

The injection system for the Injector Cyclotron con
sists of two electrostatic cylindrical inflectors. The first 
element is used to compensate for the fringe fields of the 
cyclotron magnets and bends the beam in the opposite 
direction as the second element. The gap in this element 
has been increased by 25% to minimize its restrictions on 
the beam and provide greater flexibility in steering. The 
second element has been one of the primary restrictions 
for the present beamlines and because of voltage hold
ing capabilities in a confined space it is not possible to 
increase its gap. In the current system, the distance be
tween the inflection elements and the rf buncher is much 
less than in the new system and as a result the energy 
spread in a beam of a given pulse length is much larger 
than in the new system ( + / - 5.0% rather than + / -0.3%). 
This places a significant limit on the transmission from 
existing beamlines to the cyclotron. 

Four tuning combos will be generated using the last 
four quadrupoles to adjust the positions of the two waists 
and their sizes inside the cyclotron. 

8. BEAM INTENSITY MODULATION SYSTEM 
(BIMPS) 

An electrostatic quadrupole which is located after 
the junction of the new beam line with two existing in
jection lines will be used to modulate the beam intensity 
when beam is being shared by users with significantly 
different intensity requirements. This quadrupole, which 
will be off for the high intensity operation, will be pulsed 
on to blow up the beam when the switching magnet is 
set to bring beam to the secondary user who requires a 
less intense beam. This system has already been tested 
and found to be very effective in the present beamline, 
providing modulation of the beam current by a factor of 
1000 on alps time scale. 2) 

9. SUMMARY 

The beamline has been designed to incorporate di
agnostics which can, in essence, provide an error signal 
for each variable in the line. This will lead to a signif
icant reduction in the time needed for manual setup of 
the beamline and will make it possible to fully automate 
systems as they are commissioned. 
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SUPERCONDUCTING FOCUSSING CHANNEL FOR THE AGOR CYCLOTRON 
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Institut de Physique Nucleaire, 91406 Orsay, Francet 

ABSTRACT 

The AGOR cyclotron will be equipped with a fo
cussing channel consisting of two superconducting coil 
systems, placed inside a shielding tube. The channel will 
focus the beam during its passage through the magnet 
yoke. Magnetic, cryogenic and mechanical aspects of the 
design are discussed. 

1. INTRODUCTION 

Extraction of the beam from the AGOR cyclotron 
is performed by three channels: an electrostatic deflec
tor (ESD), a room-temperature electromagnetic channel 
(EMC-1) and a electromagnetic channel with supercon
ducting coils (EMC-2). The lay-out of these channels is 
shown schematically in fig.I. 

Fig.I. Median plane section of AGOR, showing the ele
ments of the extraction system. 

·pennanent address: Kernfysisch Versneller Instituut, Zernike
laan 25, 9747 AA Groningen, Netherlands. 
tWork jointly supported by the Institut de Physique NucJeaire et 
de Physique des Particuies (IN2P3), France and the Stichting voor 
Fundamenteel Onderzoek der Materie (FOM), the Netherlands. 

After the exit of EMC-2, the beam enters a passage 
through the magnet yoke through which it passes to the 
outside of the machine. In order to provide focussing 
for the beam on its 3.4 m long trajectory between the 
exit of EMC-2 and the beginning of an external beam 
guiding system, a set of two quadrupoles is foreseen in
side the yoke passage. Various aspects of the design have 
been described in AGOR internal reports, one of which 1) 

presents a summary with references to the other reports. 

2. FOCUSSING AND BENDING DURING THE 
YOKE PASSAGE 

2.1. Beam Focussing 

The first order optics of the extracted beam along 
the extraction path bears resemblance to a periodic 
structure with a FD lattice. The extraction chan
nels EMC-1 and EMC-2 provide horizontal focussing by 
means of their gradient coils, the fringe field being'hori
zontally defocussing. The first focussing element, located 
at the entrance of the yoke passage, is horizontally fo
cussing, the second, situated just after the beam has left 
the magnet yoke, provides vertical focussing. Since the 
orbits of the different ions are not far apart geometrically, 
focussing strengths could be chosen to be approximately 
proportional to beam rigidity with a maximum gradient 
of 36 Tim at a magnetic length of 0.2 m. 

2.2. Beam Bending 

The degree of saturation of the magnet yoke varies 
considerably over the operation range of the magnet. For 
the lowest excitations, associated with the acceleration of 
protons, the magnetic field in the yoke passage is nearly 
zero. However, at the maximum cyclotron field of 4 T 
the field in the yoke passage is 0.22 T. The trajectories 
of different beams in this passage therefore have differ
ent radii of curvature. In order to allow alignment of 
the beam onto the axis of the external beamline, the de
flection produced by the final extraction channel EMC-2 
is adjusted in such a way that all beams, regardless of 
magnetic rigidity, pass through one common point on 
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this axis. At this location, situated 1 m beyond the 
magnet yoke and called the 'Meeting Point' (MP), a 
small bending magnet is foreseen to provide alignment 
with the axis of the beam line. Inside the yoke passage, 
the variations in orbit curvature are associated with a 
spread in the transverse position of the different central 
orbits at the entrance of the first quadrupole, requir
ing a corresponding positioning range for this element. 
Calculations2) have indicated the feasibility of reducing 
the positioning requirement by the introduction of a soft 
iron shielding tube inside the yoke passage, inside which 
both quadrupoles are mounted. The calculated remain
ing field inside the tube is only 7.8 mT, resulting in 
straight trajectories inside the shielding tube leading to a 
reduced positioning requirement at the channel entrance 
of 18 mm. In addition, since all (straight) orbits pass 
through the MP, positioning is equivalent to a rotation 
around this point. 

3. STEERING 

Since the strength of the magnetic field along the 
trajectories of the extracted beams will not be known 
with adequate precision until measured field maps are 
available, the calculated field strengths in the extraction 
channels necessarily have a certain margin of uncertainty. 
In addition, the cyclotron's magnetic field may prove to 
have horizontal field components, due to misalignments 
or constructional tolerances, leading to vertical deflection 
of the beam. It is therefore necessary to provide steering 
in both horizontal and vertical planes before the beam 
leaves the cyclotron. For this purpose, a horizontally 
steering dipole coil, capable of a deflection of 5 mrad, 
is integrated in the first quadrupole. In addition, 2.5 
mrad of vertical steering will be provided in each of the 
quadrupoles by operating the upper and lower coil sets 
at different currents. 

4. DESIGN 

4.1. Coil Configuration 

Figure 2 shows a cross-section of the shielding tube 
at the location of the first focussing element. 

The beam aperture is 30 x 20 mm. All coils have 
a racetrack shape. The four windings with a flat cross
section constitute the steering dipole, which can produce 
a maximum field of 0.1 T. The focussing gradient inside 
the beam aperture consists of the stray fields produced 
by the two sets of four windings at both sides of the 
beam aperture, which simply are dipole coils with fields 
of opposite signs. 

Each winding carries 49000 Amperexturns at the 
nominal gradient of 36 Tim, which is constant within 1 % 
over a total width of 20 mm. The difference in current 
between upper and lower coils for the required 2.5 mrad 
of vertical steering is 10%. 
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Fig.2. Cross-section of shielding tube and first focussing 
element. F and G are gradient coils, D is the dipole coil. 

4.2. Cryogenic Design 

The coils will be fabricated in-house, using the wet
winding technique using wire with a diameter of 0.5 mm, 
including insulation. The wire itself has 561 NbTi fila
ments with a diameter of 10.3 pm and a copper to su
perconductor ratio of 2.4. The need for unequal currents 
in the upper and lower coils, required for vertical beam 
steering, implies that three current leads are required for 
each focussing element, one of the leads being shared be
tween top and bottom coils. Two additional leads are 
used for the dipole coil in the first element. The cryo
genic equipment associated with the channel is housed 
in a vertical cylinder connected to the beam pipe at the 
outside of the magnet yoke. It has a reservoir for liquid 
helium, the level of which will be regulated. The coil 
mandrels receive their liquid helium from this reservoir, 
the tube for the return gas being connected to the same 
volume, which also houses the current leads. A separate 
tube supplies cold gas from this volume to the thermal 
shield surrounding the coil mandrels. The return gas 
from the shield cooling and the gas emanating from the 
current leads is returned at room temperature to the suc
tion side of the compressors of the helium liqufier. The 
liquid helium consumption of the channel is estimated at 
41/h. 

4.3. Mechanical Design 

The mechanical structure of the channel has been 
designed to satisfy the positioning requirements, to cope 
with the magnetic forces and with the weight of the sys
tem. As explained in section 2, positioning is reduced 
to a rotation about the MP. This point, however, is not 
physically accessible since it is the location of the first 
steering magnet in the external beam line. Also, the lo
cation of the MP is defined with respect to the magnet 
pole, while the vacuum tube in which the channel is lo
cated is part of the main cryostat, whose position with 
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respect to the magnet is not accurately known. As shown 
in fig.3, these problems were solved by cantilevering the 
shielding tube containing the lenses from a picture frame 
support outside the magnet. 

Fig.3. Perspective view of the channel with its support 
structure. The buffer volume for liquid helium is not 
shown. 

This frame is positioned on a short section of a cir
cular track centered on the MP and supported by the 
magnet yoke. In this way, positioning is done with re
spect to the magnet, independently of the walls of the 
cryostat beam pipe. The shielding tube, located in the 
machine vacuum, is fixed to the picture frame, which is 
in air, by means of two horizontal rods passing through 
the vacuum wall using bellow seals. 

5. DIAGNOSTICS 

In operation, the beam must pass on the axis of 
the channel. The beam position with respect to the 
axis must therefore be measured at the entrance and at 
the exit of the channel. At the entrance, the channel is 
aligned on the beam by a rotation around the MP and 
the steering dipole in the first quadrupole is used to aim 
the beam at the MP. This dipole may turn out to be 
redundant, since the deflection produced by EMC-2 can 
also be used for horizontal steering. In the vertical plane, 
the vertical steering capability of the first lens is used to 
position the beam on axis at the location of the second 
quadrupole. The vertical steering of this element is then 
used to align the beam to the geometric median plane. 
The vertical position must therefore be measured at the 
second quadrupole and at a point further down the beam 
line. 

In summary, the following diagnostic equipment will 
be integrated in the channel: 

At the channel entrance : one harp for horizontal 
beam position. At the channel exit: one harp for hor
izontal beam position, one harp for vertical beam posi
tion. 

The quadrupoles will be protected from incident 
beam by means of a diaphragm at their entrance. The 
diaphragm will be equipped with beam current read-out 
and is be capable of safely accepting the dissipation of 
200 W of beam power. 

6. REFEREN CES 
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THE BEAM-GUIDING SYSTEM OF AGOR 

J .M. Schippers" 
Kernfysisch Versneller Instituut, 

Zernikelaan 25, 9747 AA Groningen, 
the Netherlands 

ABSTRACT 

The design and status of the beam guiding system 
between the AGOR cyclotron and two target stations 
(among which a magnetic spectrometer) is discussed. An 
overview of the optics and the matching of the extracted 
beams is given. Examples of beam-transport calcualtions 
are shown and some devices for beam diagnostics are 
discussed. 

1. INTRODUCTION 

In 1994 the super-conducting cyclotron AGOR will 
be installed at the KVI in Groningen. It will replace the 
existing Philips cyclotron. Within the existing build
ing, a new layout of the experimental area is made and 
new experimental setups will be installed at new tar
get stations: a large scattering chamber "Huygens Vat" 
and a new QQD-type magnetic spectrometer (resolution 
t::..p/p = 2 x 10- 4

). For the moment only the new beam 
lines to the QQD spectrometer and to the Huygens Vat 
have been designed in detail. In a later stage also beam 
lines to other target stations (for polarization experi
ments, gamma-ray spectroscopy, applied research and a 
facility for radio-therapy with protons) are foreseen. 

2. THE DESIGN OF THE BEAM-LINE OPTICS 

2.1. Global Description 

The beam lines are designed for particles with mo
mentum rigidities up to 3.7 Tm. For the two target sta
tions different types of beam-transport are possible: 
QQD spectrometer: 
-High resolution transport, dispersion matched beam. 
-Achromatic transport, mainly intended for heavy ions. 
Huygens Vat: 
-Achromatic transport, mainly intended for heavy ions. 

The beam lines are separated into several optical 
sections. In Fig. 1 the layout of the beam lines is shown. 
Globally the following functions are assigned to different 
sections: 

1) From extraction until Slit-1 the phase-space ofthe 
beam is matched using five quadrupoles. The extracted 

"This work was performed as part of the research program of 
the" Stichting voor FUndamenteel Onderzoek der Materie" (FOM) 
with financial support from the "Nederlandse Organisatie voor 
Wetenschappelijk Onderzoek" (NWO). 

beams may be regarded as originating at a virtual waist 
in the extraction channel. The horizontal and vertical 
waists have been chosen as object points for the trans
port calculations. These object points are imaged to the 
center of a small bending magnet, located at the position 
where all extracted beams will meet, each at a slightly 
different angle. Using the small bending magnet at the 
meeting point and the steering properties of the first two 
Q-poles in the extraction channel, the extracted beams 
can be aligned onto the optical axis of the beam guiding 
system. A triplet following the bending magnet makes 
an image at slit-system Slit-I. 

2) In addition to the betatron motions of the ex
tracted particles, there exist large correlations between 
the momenta and horizontal positions of the particles. 
The correlations correspond to dispersions between 1.6 
and 5.0 cm/(%t::..p/p) and may have a large uncertainty. 

AGOR Experimental Area 
layout Feb. 1992 

I 

ji.--)----Q 
(jEeR 

Fig.I. AGOR experimental area and beam-line 
layout at the KVI. 
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Fig. 2. Envelopes and dispersion lines (dashed) for two AGOR beams in high-resolution mode to the QQD magnetic 

spectrometer. 

These correlations could easily cancel the dispersion 
of the analyzing system necessary for high resolution ex
periments. Therefore, after Slit-1 the momentum cor
relations in the extracted beam are compensated using 
the system with the two bending magnets B1 and B2. 
Then at Slit-3 (located just before the exit of the cy
clotron vault) there are no correlations between particle 
momenta and horizontal positions anymore. 

3) Slit-3 serves as a new object point for the trans
port to the targets. Starting at this point the beam 
transport is the same for all AGOR beams so that, for 
the optical mode selected, the magnet settings just scale 
with beam momentum. 

4) Matching to the target conditions is performed in 
the last sections. 1 ) 

-The beam is transported to the Huygens Vat in an 
achromatic mode. For heavy ion beams the target-spot 
size depends strongly on the dispersion at the target, 
which should therefore be minimized. 

-At the QQD target the momentum dispersion Da ~ 
5.6 cmj(%tl.pjp) due to the analyzing magnets ANA1+2 
can be matched to the QQD dispersion and the reaction 
kinematics, so that the spread in beam momentum does 
not contribute to the spot size in the focal plane. Slit-3 
is imaged with a magnification factor M = 1j5 to the 

target. Then at the target the dispersion R I6 is: 

R I6 = M . D.lit3 + Da 

In this way the effect of a possible error D.zit3 in the com
pensation of the momentum correlations, is decreased 
with a factor 5. Further more, a large slit opening de
creases the contribution of slit scattering, which is very 
important for experiments at zero-degree. It is also pos
sible to tune the analyzing system as an achromat, al
lowing a larger acceptance and a smaller target-spot size, 
which may be important for heavy ion beams. 

2.2. Transport Calculations 

Beam-transport calculations have been performed 
using the characteristics of 11 different beams at extrac
tion, as calculated by the AGOR theory group. For these 
beams, scattered over the whole operating diagram of 
AGOR, the phase space properties have been calculated 
and the positions of the virtual waists have been derived. 

In Fig. 2. TRANSPORT calculations of the en
velopes of 200 MeV proton- and 5.6 MeV jnuc!. heavy 
ion beams to the QQD spectrometer are shown (point H 
and B in the AGOR operating diagram). In the figure 
the dashed line represents the dispersion. The compen
sation of the dispersion present in the extracted beam is 
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performed with B1 and B2. As can be seen, at the focal 
plane of the spectrometer the dispersion equals 0.0, re
flecting the effect of dispersion matching at the target. It 
is possible to change the lateral and angular dispersion, 
the horizontal and the vertical spot size at the target 
within certain ranges, which may be necessary to com
pensate for reaction kinematics. 2 ) 

In general, only in the first part of the beam line 
the magnet setting depends on the beam properties. It 
has been found that only 4 different "basic settings" are 
needed for the beam transport to Slit-I, while the setting 
of the lenses between Slit-1 and Slit-3 is directly related 
to the type of basic setting used before. After Slit-3 
in principle only a choice has to be made between an 
achromatic- or a dispersion-matched setting. 

Second order transport calculations have shown that 
aberrations induced by the analyzing magnets and two 
3D -bending magnets, used for shifting the beam axis 
35 cm in the vertical direction, increase the incoherent 
spot-size at the QQD-target more than a factor 3. How
ever, by adding two small sextupoles to the analyzing 
system these second order aberrations can be compen
sated sufficiently. 

3. BEAM DIAGNOSTICS AND CONTROL 

Beam diagnostics will be performed with beam
profile monitors, non-intercepting beam-current moni
tors, electrostatic pick-up electrodes and direct beam 
current measurements with Faraday cups and slit sys
tems. The beam profile monitors are mostly "harps": 
grids of 48 wires of 20ILm mounted on an actuator. Mea
surement of the secondary-emission current on the wires 
gives a spatial beam-intensity distribution. Also several 
non intercepting beam-profile monitors using the resid
ual gas in the beam pipe3 ) will be used. 

The read-out electronics for the profile monitors has 
been bought at the IPN at Orsay and it has arrived this 
year. The electronics for the pick-up electrodes is de
signed and prototypes have been tested succesfully. 

A non-intercepting beam current measurement de
vice has been tested successfully. Basically it is a toroid 
with a high-ILr core, surrounding the beam pipe. It serves 
as a current transformer, with the (chopped) beam cur
rent as the primary current. With electronics developed 
at the KVI, beam currents from leILA down to one enA. 
can be measured by integrating the secondary current in 
the toroid, see Fig. 3. Several pieces of this device have 
been built at the KVI. 

Signals from the instruments for beam diagnostics 
will be sent to a Micro-Vax of the central control sys
tem,4) via a BitBus line. Also the power supplies of 
the magnets will be controlled with BitBus. The control 
system is based on a local micro-controller, serving as a 
BitBus node. Every instrument (e.g. power supply or 
harp) is, in principle, interfaced to one node. In this way 
the central control system is relieved from details (of the in
struments at the nodes; only the principal messages (e.g. 

"set current" or "give profile") are sent and received via 
BitBus. 

The beam line has been divided into several vacuum 
sections and the PLC of the vacuum control system can 
also be connected via Bit Bus to a Micro Vax of the cen
tral control system. Then the PLC is also regarded as 
one Bit Bus node. 
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Fig.3. Signal from the inductive beam-current 
monitor, measured as function of beam intensity, 
simulated by a chopped current. 

4. PRESENT STATUS OF THE BEAM LINES 

In march 1992 the manufacuring of the magnets has 
started at Danfysik. The first batch of magnets is ex
pected t.o be delivered in the autumn of 1992, at which 
date the building phase of the beam lines will start. 

The manufacturing of almost all necessary compo
nents for diagnostics and the vacuum system has been 
completed now. 

The design and first tests of the control of the va
cuum system has started. Local pump control-stations 
have been built and are ready for installation now. 

5. REFERENCES 
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transport", AGOR-beta TN-BUN-21-5-91. 
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BUNCHER IN THE BEAM LINE FROM ECR TO SFC 

J.Z.Jiang, X.H.Zhou, Q.Wang, F.Wang, W.M.Jiang 
IMP, Academia Sinica,P.O. Box 31, LanZhou,730000, China 

ABSTRACT 

A buncher was used to produce the required 
bunched beams at the entrance of SFC. The buncher 
consists of two parallel mash plates. It is excited by 
an RF voltage with a saw-tooth waveform produced di
rectly from a waveform convertor without combining RF 
sine wave with different higher harmonics. There are sig
nificant advantages for using waveform convertor at the 
lower operating frequencies. The peak-to-peak ampli
tude of the saw-tooth wave is about 800v. The stabili
ties of the voltage amplitude and the phase are less than 
± I x LO- 3 and ±0.5° respectively. The maximum reguired 
RI" power is 500 W. 

1. INTRODUCTION 

To achieve high energy resolution of the output beam 
from HIRFL. The beam injected into SSC must be 
bunched to three degrees in RF phase. This corresponds 
to J.3 ns to 0.6 ns bunches for the 6.5 to 14 MHz fre
quency range of SSC RF and this exacting requirements 
must be established at the injection orbit by the exter
nal bunching system. The bunching system consists of 
a buncher flo and two rebunchers B 1 • fl2 ( rebuncher is 
not described in this paper ), see Fig.I. 

The new ECR ion source was installed and tested in 
the injection beam line. It is able to provide variant 
beams with continuons microwave into SFC. But the RF 
accelerating phase is about only few degrees in the injec
tor SFC accelerating gap. Most of beams must be lost 
if the continuous beams are injected derectly into SFC 
from ECR ion source. The buncher was designed and 
constructed t.o modulate the continuous beams from the 
ECR ion source and to match the RF accelerating phase 
with SFC in RF phase. 

2. BUNCHER 

The single gap buncher consists of two parallel mesh 
plates. The two electrodes with hexagonal mesh are 

made of copper plates by photo etching and are insu
lated with ceramics. The size of hexagon is 2 mm. Both 
width and thickness of the mesh are 0.1 mm. The gap 
between two electrodes is 5 mm and the diameter of the 
mesh section is 60 mm. Aligning the meshes of the two 
electrodes may increase the beam transmission of the 
two grids almost to that of a single grid. The efficiency 
of beam transmission is more than 83%. 

The buncher is excited by an RF volt.age with 
sawtooth-like waveform as indicated in Fig.2, it is pro
duced directly by a waveform convertor without combin
ing RF sine wave with different higher harmonics. There 
are significant advantages for using t.he waveform con
vertor to produce the sawtooth waveform at the lower 
operating frequencies. 

3. 

ECR ion Bource 

Fig.l Schelllati(' lil:'ollt of th .. ],lllldu'r fl" and til<' 
rehunchers fl 1 • fl~ 

WAVEFORM CONVERTOR 

Combination with higher sine wave harmonics is a 
normal way to produce the sawtooth wave. For example, 
using fundamental and second, third harmonics with the 
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definite amplitude and phase relationship can combine 
sawtooth waveform, as shown in Fig.3. The shape of 
the sawtooth waveform depends on how many harmonics 
were joined to combine. Although increasing the num
ber of the higher sine wave harmonics may get the ideal 
sawtooth waveform, the respective phase and amplitude 
control loops for every frequency must be built, and the 
many filters in the frequency multiplier and feedback di
vider are also difficult to make for wide band operating 
frequencies. In this case, the whole system is very com
plicated and expensi ve. 

A waveform convertor was designed and constructed 
in order to improve the technique of the combining saw
tooth waveform in the bunching system in HIRFL. Fig
ure 4 shows the block diagram of the waveform con
vertor and the waveform at the different points. The 
narrow pulses with width T were formed by "shaper
differentiator-shaper" circuits at the plus crossing point.s 
of the input sine wave. T is the period of the input sine 
wave, The capacitor C is charged with constant current 
I when Uti = O. The capacitor C is discharged quickly 
during the narrow pulses occur. As a result the sawtooth 
waveform was formed directly. There are only one am
plitude and one phase control loops in whole system and 
without any filters. (T - T)/T is used to evaluate the 
bunching efficiency of the sawtooth wave. This value is 
about 70 % for combining sawtooth waveform with three 
harmonics and without regard to the frequency ( see Fig. 
5 ). But the (T- T)/T value is from 91 % to 73 % corre
spondent frequencies from 6 to 18 MHz for t.he sawtooth 
waveform produced by the waveform convertor as shown 
in Fig.2. Here Tis 15 ns and this is compromise consider
ation. Although the smaller T is, the better, the sawtooth 
waveform contains rich high harmonics wit.h minimal T 

value . It is difficult to amplify such sawtooth wave with 
rich harmonics. It needs more wide band power amplifier 
and better matching, but these are more difficult prob
lems. 

Obviously, using waveform convertor are more sim-

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

619



pie and much cheaper than combining to produce the 
sawtooth waveform voltage, The shape of the sawtooth 
waveform is better than it is combined, 
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4. RF SYSTEM OF THE BUNCHER 

Figure 6 shows the block diagram of the buncher 
RF system, The RF signal from synthesizer is split into 
the waveform convertor in which the sawtooth wave is 
produced with the RF frequency range as same as the 
injector SFC drive frequencies ( 6-18 MHz ), The RF 

signal with sawtooth waveform is amplified by a 500 W 
wide band power amplifier and passes through a match
ing transformer to one of the two electrodes to which a 
resistance of 20011 is connected in parallel. 

The peak-to-peak amplitude of the sawtooth wave
form in the accelerating gap is about 800 V, The gap 
voltage is monitored by a resistance divider. The ampli
tude stability of the voltage is less than ±1 x 10- 3 , The 
relative phase between the mesh signal and the reference 
signal is stable to better than 0,5 degree, 
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BEAMLINES FOR A SECOND INJECTOR CYCLOTRON AT NAC 

John C Cornell, J Lowry Conradie and Dirk T Fourie 

National Accelerator Centre, PO Box 72, FAURE, 7131 Republic of South Africa. 

ABSTRACT 

A second solid-pole injector cyclotron (SPC2) is at 
present being constructed to provide pre-accelerated 
heavy ion beams and polarized hydrogen ions for 
acceleration into the K=200 MeV sector cyclotron (SC) 
at NAC. The transfer beamlines from an ECR source to 
SPC2, and from a polarized ion source to SPC2 are 
described, as is the transfer beamline from SPC2 to 
the SC. 

1. INTRODUCTION 

The large sector cyclotron (SC) at NACO is 
designed to accelerate protons to some 200 Me V, and 
also to accelerate a variety of light and heavy ions. It 
has operated successfully for several years now, with the 
solid-pole Injector cyclotron SPC1 providing the 
necessary pre-acceleration of light-ion beams from its 
internal hooded-arc PIG ion source. A second injector 
cyclotron SPC2, very similar in size to SPC1, is now 
under construction 2) and will provide pre-accelerated 
heavy-ion and polarized-ion beams, produced in two 
external ion sources. The two injector cyclotrons are 
situated at ground level (datum level zero), with their 
horiwntal median planes level with that of the SC, i.e. 
at + 1.5 m height. The SC vault extends downwards to 
the basement, 4 metres below ground datum. 

As can be seen from Fig. 1, these new ion sources 
are situated in the basement below the second injector 
SPC2, and on opposite sides of it. Both sources are 
arranged horiwntally, with their beams produced at 
1 metre above floor height, i.e. at 3 m below ground 
datum. Beam transport systems are therefore required to 
guide particle beams from both the ECR ion source and 
the atomic-beam polarized ion source, up into the 
common vertical axial injection beamline of SPC2. 

On leaving SPC2, the pre-accelerated particle 
beams have then to be transported towards the SC, 
which means that the beamline must join that from 
SPC 1, after which the injection path into the SC is the 
same. 

2. THE ECR TRANFER LINE 

The beamline from the ECR ion source has been 
described previously3) In some detail. We briefly 

~~~-- SC vo.ul t 

-"0----",--',<-- S pel 

SPC2 

POlo.rized
ion source------' 

Fig. I. Layout of the transfer beamlines at NAC. 

summarize the design here for the sake of completion. 
This line is shown on the left of Fig. 2, part in plan and 
part in section, because the line is a "twisted achromat" 
with one 90· dipole B1Q operating in the horiwntal 
plane, followed by a second (identical) dipole B2Q 
bending the beam into the vertical direction. A single 
(movable) solenoid lens L1Q controls the divergence and 
focuses the initial beam from the horiwntal ECR source 
onto the objective slit aperture, where some initial 
(partial) rejection of unwanted charge-states takes place. 

After the first 90· analysing magnet (Fig. 3) has 
completed the charge-state selection, the plane of 
dispersion is horizontal, and two pairs of solenoid lenses 
L2Q-L5Q then transport the selected particle beam along 
to the second dipole magnet. The first two lenses (L2Q 
and L3Q) are operated with opposing polarities, and 
therefore impart no net rotation to the dispersion plane. 
The next two lenses (L4Q and L5Q) are operated in the 
same sense, and impart approximately 90· of rotation, 
so that the plane of dispersion is vertical. 

A solenoid "field lens", formed by two solenoids 
R1 and R2 with opposing fields so as to impart no net 
rotation, is placed at the symmetry point of this system 
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Fig. 2. The transfer beamlines between the ECR and polarized-ion sources and the injector cyclotron SPC2. 

and allows us to focus the dispersed particles correctly, 
so that the entire system is achromatic. The midpoint of 
the system is also a horizontal and vertical waist, so that 
the focusing of the system as a whole is not affected by 
the operation of the field lens. As the focusing of the 
solenoid lenses may need fine-tuning, which would also 
affect the rotation of the plane of dispersion, we have 
manufactured the "field lens" in the form of an inner 
solenoid with two half-length solenoids on either end, 
which permits us to vary independently the focusing 
power and the absolute rotation imparted by this lens. 

Fig. 3 . The first 90° dipole of the "twisted achromat" 

in the beamline from the ECR source which is visible in 

the bac1cground. 

3. THE AXIAL INJECTION BEAMLINE 

Matching of the transverse phase-spaces of the 
beam to the requirements of SPC2 while taking account 
of the phase-space coupling which can occur in the spiral 
inflector requires a fairly versatile system. This has 
been provided by a system of 6 quadrupole magnets, 

Fig . 4 . Rotatable 2-triplet quadrupole telescope, prior to 

mounting in the axial injection beamline below SPC2 . 
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arranged as two triplets, and mounted in an assembly 
which can rotate them around the axial injection 
bearnline below SPC2. The completed quadrupole 
telescope is shown in Fig. 4, prior to installation The 
entire assembly itself has since been attached to the side 
of the opening in the 1.25 m thick floor slab, and 
pivoted so that it can be rotated out of the way to permit 
components of the axial injection line to be lowered 
from within the lower yoke of the cyclotron. 

Within the cyclotron yoke will be two more 
solenoid lenses plus an x-y steering magnet and a non
invasive beam centroid detector. The x-y steering magnet 
is formed using commercially-available laminations for 
the stator of an electric motor, with two sets of 
sinusoidally-wound coils, oriented so that their dipole 
fields are at right angles to each other. A POISSON 
plot of this magnet can be seen in Fig. 5. 

Fig. 5. POISSON plot of the field lines calculated for a 

sinusoidally wound x-y steering magnet, shown here 

operating in the x-direction only. 

4. THE POLARIZED-ION TRANSFER LINE 

The polarized-ion source is also located in the 
basement, like the ECR source, but with its extracted 
beam direction aimed towards the axis of the cyclotron 
projected down to the -3 m level. As shown in Fig. 2, 
the beamline which transfers the polarized ions into 
SPC2 joins up with that from the ECR source at the exit 
waist of the achromatic section discussed above. In 
order to achieve this, a smaller vertical achromatic 
system is used, consisting of two 45° dipoles together 
with several focusing solenoid lenses. 

The source itself was supplied together with a 
solenoid lens just after extraction and a 120° analysing 
dipole magnet, used as a diagnostic tool to optimize the 
extraction of the analysed mass-1 beam by using a 
Faraday cup and a diagnostic "harp". For transfer into 
SPC2, the dipole B1H will be switched off so that the 
polarized beam can proceed through the dipole undeflec
ted, until the waist formed by the solenoid Ll H is 
reached. (An aperture here will also remove some of the 

unfocused mass-2 particles.) A pair of solenoid lenses 
L2H and L3H will then transport the beam to another 
waist, where a Wien filter will be located, followed by a 
second pair of identical solenoids L4H and LSH. 

Thereafter the beam enters the achromatic system 
comprising two outer solenoid lenses and two 45° 
dipoles, with a solenoid "field lens" located at the 
symmetry point, i.e. in the middle of the 45° section. 
As before, the field lens is tuned so that the system is 
properley achromatic. The field lens is also divided into 
two halves, wired in series but with opposite polarities, 
so that no net rotation is imparted to the plane of 
dispersion. This trick is also used for the three solenoid 
lenses which lie between the Wien filter and the 45° 
dipoles, in order to preserve the direction of the 
polarization vector, discussed below. 

4.1 Vertically Polarized Beams 

The beam from the polarized ion source is polarized 
along the extracted beam axis, either forwards or 
backwards. The axis of polarization will then precess in 
the 45° dipoles. Polarized protons will precess through 
251.4 degrees, while deuterons precess through 
77.2 degrees. The Wien filter (or crossed-field analyser) 
will permit us to add to (or subtract from) the 
precession, by an appropriate amount, without deviating 
the beam from its path, so that when the particles reach 
the vertical axis of the injection system, the polarization 
vector is vertical. This vector is not expected to precess 
much in the axial fields of either SPC2 or the SC. The 
successive pairs of triplets of quadrupole lenses in the 
"high-energy" beamlines should also have limited 
depolarization effects, as they should tend to cancel out, 
preserving the "up" or "down" direction of the vertically 
polarized beam until the target is reached. 

4.2 Polarization in the Horiwntal Plane 

There is no space available in the vertical section of 
beamline beneath SPC2 for a second Wien filter which 
could rotate the axis of polarization into the horizontal 
plane at any specified angle, and another approach was 
therefore needed. The solution chosen is to allow the 
Wien filter in the horizontal section of bearnline leading 
from the polarized ion source to rotate. This can then 
serve in the normal way, as described above, for 
delivering a vertically polarized beam, and can also 
provide us with a horizontally polarized beam. For any 
arbitrary angle of polarization required in the horizontal 
plane in the vertical injection beamline, we can then 
calculate (a) the angle of rotation of the Wien filter (i. e. 
of the plane of polarization) about the horizontal beam 
axis, and (b) the angle of rotation of the polarization axis 
in the Wien filter. 
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As the particles traverse the vertical achromat, the 
polarization vector precesses about the direction of the 
magnetic field in each of the two 45· dipoles, so that the 
resultant vector ends up in the horizontal plane, and at 
the required angle. The subsequent solenoid lenses, and 
the axial dipole fields of SPC2 and the SC, as well as 
any dipole magnets encountered en route to the target 
area, will then cause the polarization vector to precess. 
For a horizontal vector this means that the vector will 
simply rotate in the horizontal plane, arriving at some 
angle on target, which can then be altered simply by 
changing the Wien filter's parameters. 

EXISTING LINE 
FROM SPC1 

I FROM SPC2 

I TO SC 

Fig . 6. The transfer beamline between SPC2 and the 

sector cyclotron, which joins the existing transfer 

beamline from SPCl. 

5. TRANSFER FROM SPC2 TO THE SC 

The beamline from SPC2 to the SC is shown 
schematically in Fig. 6, and is divided both physically 
and functionally into several sections. A triplet of 
quadrupole lenses prepares the beam initially by focusing 
it to a waist at the entrance to a zig-zag dipole achromat. 
The latter consists of two 90· dipole magnets, with a 
quadrupole doublet telescope between them, in order to 
provide the additional x and y waist needed to make the 
system non-dispersive. An analysing slit at the first 
waist makes provIsion for energy-selection, while 
another quadrupole is placed at the second waist to steer 
the dispersed particles correctly so that the system is 
achromatic. Diagnostic "harps" and scanners will be 
used together with Faraday cups for beam profile 
monitoring, as in the existing beamlines. 

After the achromat, a non-symmetric arrangement 
of four quadrupoles reduces the divergence of the beam 
so that it can be transported (via a 2-triplet quadrupole 
telescope) down a tunnel alongside the existing injector 
cyclotron. A new buncher located in this section will be 
used together with the existing buncher in the next 
section of line to provide longitudinal phase-space 
matching to the SC. The beamline then passes through a 
shielding wall, and joins the existing beamline linking 
SPCl and the SC. Matching of the transverse 
phase-spaces to the injection requirements of the SC will 
be carried in this latter section of the line, as is done at 
present with beams from SPC 1. 

All the magnets for this beamline have been 
manufactured, and the line is at present being built up. 
All the beam transfer systems discussed in this paper are 
on schedule for completion in time for accelerating the 
first beams in SPC22) 
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ABSTRACT 

The Heavy Ion Medical Accelerator in Chiba (RI
MAC) will be the first heavy ion accelerator complex for 
the clinical treatment of tumor in Japan. This paper 
describes design considerations of the beam transport 
system for the HIMAC. 

1. Introduction 

The HIMAC is an accelerator complex for the clin
ical treatment of tumor and is now under construction 
at National Institute of Radiological Sciences (NIRS).l) 
The ion species which are required for the clinical treat
ment range from He to Ar. The beam energy is designed 
to be variable from 100 Me V /u to 800 Mev /u for an ef
ficient treatment. As shown in Fig. 1, Beam transport 
system of the HIMAC can be divided into three region 
area, i.e. INJBT, EXBT, and HEBT, of which the for
mer two are to match with synchrotron requirements. 

The injection beam transport system2 ) (INJBT) be
tween the linac cascade and two synchrotron rings is 
designed to transport the beam alternately by using a 
fast switching magnet to two rings, which are placed on 
two stages, in the same condition for multi turn injection. 
The upper and the lower extraction beam transport sys
tem (EXBT) are designed to match a beam optics of a 
slowly extracted beam from each ring independently to 
that of each high energy beam transport system (REBT). 
The high energy beam transport system3) is designed 
to transport the vertical beam from the upper and the 
lower ring as well as the horizontal one from the lower 
one. This design allows simultaneous irradiation by hor
izontal and vertical beam. In addition, beams can be 
switched from one treatment room to an other one in a 
short time, keeping the good reproducibility of the beam 
position. 

2. Injection Beam Transport System 

The design conditions of the INJBT are: i) to trans
port the beam with the maximum magnetic rigidity of 
1.42 Tm corresponding to the energy of 6 Me V /u for ions 

with a charge to mass ratio of 1/4, ii) to obtain a good 
efficiency of beam transmission and iii) to be adjustable 
the beam to the optical condition of the multi turn in
jection. The acceptance for betatron oscillation and for 
momentum spread are designed to be 26.47rmm mrad 
and ±0.3%, respectively. 

The basic requirements for the INJBT are as follows. 
(a) Beam should be injected alternately to two rings in 
the same condition. 
(b) The Twiss parameters at the entrance of each ring 
should be easily adjustable to match the condition of 
multi turn injection. 
(c) Ions with different charge to mass ratio should be 
separated and the momentum should be analyzed for an 
efficient transportation and an easy beam tuning in the 
ring. 

A fast switching magnet is designed for the simulta
neous operation of two rings. The rising and the falling 
time of its power supply are 140 msec. The stability at 
the 10 msec flat top is regulated to be less than 2xlO-4, 
which is achieved in test by using a dummy load. 

A required size of beam duct is determined by con
sidering a centroid displacement of beam as well as an 
acceptance for the betatron oscillation and for the mo
mentum spread. First, the beta and the dispersion func
tion are calculated by using program MAGIC, 4) as shown 
in Fig. 2. Second, the position and the field strength 
of steering magnets and the position of profile monitors 
are determined for the centroid displacement caused by 
a misalignment and a field error of magnets to be sup
pressed within the size of 5 mm at a standard deviation. 
Third, for easy beam tuning procedure, a mirror symme
try optics is adopted to realize a waist to a waist trans
portation with a doubly achromatic condition. Finally, 
in the last section of the INJBT, a doubly achromatic 
condition can be realized by adjusting two quadrupole 
magnets, which ensures reducing an applied high volt
age between a septum and an electrode of an inflect or in 
each ring. Other additional four quadrupole magnets are 
prepared to match the beta function and its derivative at 
the entrance of the ring to the condition of the multiturn 
injection. 
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Fig. 1. (a) A plane view of the HIMAe. (b) A side view of the vertical beam line in the HEBT. 

A beam momentum and a charge to mass ratio are 
analyzed by measuring the field strength of the first 
bending magnet with a NMR and by using two hori
zontal slits. The measurement result is referred to the 
field strength of the main magnets at a flat base of an 
excitation pattern of the ring. 

3. Extraction beam transport system 

The EXBT of each ring is designed to transport 
the slowly extracted beam to the HEBT and to match 
Twiss parameters to the condition at the entrance of the 
HEBT. The acceptance for the betatron oscillation and 
for the momentum spread in the EXBT and the HEBT 
are designed to be 107l"mm mrad and ±0.2%. 

The beam optics from the entrance of the first elec
trostatic deflector in the ring to that of the HEBT is 
calculated as shown in Fig. 3, and the steering magnets 

and the profile monitors are assigned in the EXBT by 
the same manner as in the case of the INJBT. 

In addition, the fast beam shutter is installed to 
assure an accurate irradiation dose for the clinical treat
ment and for the biological experiment. The beam is 
adjusted to an optimum condition for profile, centroid 
and a spill structure by using the profile monitors and 
the spill monitor and by tuning the beam extraction ap
paratuses in the ring before transportation to the HEBT. 

4. High energy beam transport system 

The HEBT system consists of a horizontal and a 
vertical beam line. The horizontal beam line is designed 
to transport the beam from the lower ring. The beams 
up to 800 MeV /u are provided to two treatment rooms 
(B,C) a'1d two experimental rooms (for physics-general 
experiment and for secondary beam one). 
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On the other hand, The vertical beam line is designed to 
guide the beam from the upper ring and that from the 
lower one through a junction beam line. It can trans
port the beams up to 600 MeV lu to two treatment room 
(A,B) and a biological experiment room. It is possible 
for the same patient to be irradiated simultaneously by 
horizontal and vertical beam in the treatment room B. 
Further, the beam from the horizontal beam line can be 
guided to the vertical beam line by a switching magnet 
in the beam junction line. Therefore, the beams from 
the upper ring and the lower one can be transported al
ternately to the same target. 

For achieving a required dose uniformity (±2%) in 
even the case of a broad beam (max. dia. of 220 mm) 
which is obtained by using scanner magnets and scat
terer, the beam optics is designed such that the beam 
at each isocenter satisfies a doubly achromatic condition 
and is within the size of 10 mm. A typical calculation 
result is shown in Fig. 4. Further, this set of beam optics 
keeps the design acceptance of 107rmm mrad when the 
pole gap of all bending magnets are downsized to 60 mm 
for cost reduction. 

In addition, the beam should be switched within 5 
minutes from one course to the other by only adjusting 
the current of the switching magnet in order to obtain an 
efficient beam use for a treatment. The reproducibility 
of the beam position is required to be within ±2.5mm 
after beam switching. To satisfy the requirements, an 
excitation procedure of the magnet will be programmed 
for an initialization and setting the current, and its mag
netic field will be precisely monitored by NMR. Further, 
a residual field of the switching magnet will be also com
pensated by using a small current source. 

Beam profile monitors and steering magnets are as
signed for the beam centroid displacement to be re
duced within the size of 5 mm at a standard deviation. 
The beam profile monitor, which is a multiwire pro
portional chamber, was tested by using a proton beam 
of 70 MeV at NIRS and worked well in the intensity 
range corresponding to helium beams of 800 MeV lu at 
1.4x1 06 '" 1.4x1 011. 5) 

The secondary beam line will be prepared for the 
study of diagnostic and therapeu tic applications of a ra
dioactive beam, which are separated from the primary 
and any other undesirable ions. Further, the momen
tum spread can be suppressed within ±0.2% by using 
a wedge degrader. The vertical beam line from the up
per ring is also applicable for the same purposes. The 
produced radioactive beam is analyzed by four bending 
magnets and a slit, and is transported to the treatment 
room A or B. By using the radioactive beam, one can 
measure precisely the stopping point of the beam in a 
patient's body, and the treatment will be performed by 
using stable heavy ion beams with the same range as the 
radioactive beam. 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

627



em) 

5 

4 -

3 

c 2 -

.Q 

0 
c 
:::J 

LL 

c 0 
.Q 
~ -1 Q) 
0. 
(/) 

0 -2 

-3 -

-4 -

-5 
(m) 

175 -

150 -

125 -
c 

.Q 
0 100 c -
:::J 
LL 

ro 
Q) 75 
m 

50 -

25 

0 
0 5 10 15 20 25 30 35 40 45 50 55 60 

Orbit Length 

65 

11, 
------- 11', 

~, 

------- ~, 

(\ 
J \ 
J \ 
I \ 
J \ 
I 

70 75 80 
(m) 

Fig. 4. Beta and dispersion function of the vertical beam line to the isocenter of the treatment room A. 

5. Acknowledgment 

The au thors would like to express their sincere grati
tude to Dr. K. Kawachi and the members of the Division 
of Accelerator Research of NIRS for their supports and 
helpful discussions. The authors also express thanks to 
the engineers of Toshiba Corp. and of Mitsu bishi Electric 
Corp. for their useful assistance and discussion 

6. REFERENCES 

1) Y. Hirao, et al., "HEAVY ION SYNCHROTRON 
FOR MEDICAL USE" Nucl. Phys. A538,541c(1992) 

2) K. Noda, et al., "INJECTION AND EXTRACTION 
BEAM TRANSPORT SYSTEM FOR THE RIMAC 
SYNCHROTRON" in Proc. 8th Symp. on Accel. Sci. 
and Tech., 1991, Saitama, pp.205-207. 

3) H. Ogawa, et al., "BEAM DELIVERY SYSTEM OF 
HIMAC" in Proc. 7th Symp. on Accel. Sci. and Tech., 
1989, Osaka, pp.48-50. 

4
5

) A. S. King et al., SLAC-183, 1975. 
) M. Torikoshi et al., "DEVELOPMENT OF BEAM 

PROFILE MONITOR FOR HIMAC" in Proc. 8th 
Symp. on Accel. Sci. and Tech., 1991, Saitama, 
pp.317-319. 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

628



DESIGN OF A BEAM BUNCHER USING A HALF-COSINE DRIVING FUNCTION 

R. C. Rogers 
Cyclotron Institute, Texas A&M University, College Station 

Texas, 77843-3366, U. S. A. 

ABSTRACT 

A beam buncher design for the axial injection system 
on the K500 cyclotron is described. The buncher uses a 
unique, easily generated, driving waveform of repetitive 
half cycles of a cosine function. The effect on the beam 
velocity profile is to mimic the action of a true saw-tooth 
waveform. Considerations of single and multiple gap per
formance and their effect on the velocity profile and power 
demand are presented. 

1. INTRODUCTION 

The K500 cyclotron uses an external Electron 
Cyclotron Resonance Ion Source (ECRIS) and axial 
injection system to provide particles for acceleration. 
Figure 1 is a schematic drawing of the axial injection 
transport line showing the major elements of the system. 
The particles are extracted from the ECRIS by a d. c. 
voltage that provides a continuous current to the 
cyclotron. The particles can be more efficiently used if 
they are collected into "bunches" that are injected into the 
machine in synchronism with the accelerating voltage. As 
shown in the figure, the buncher is the last active element 
before the particles enter the hole through the upper pole 
cap of the cyclotron. 
1---------- I 

1 

1 

1 

Top view of horizontal elements ) 
/1 

~~-S~.~-2--~~.-$2~--~S.~-3~-n~-~3~~--.~.1~'-~H~~~M90-V I 
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Fig. 1. Schematic of the axial injection system for the 
K500 cyclotron. 

The action of a buncher using a sawtooth waveform 
has been previously described. I) Efforts to generate and 
support this waveform on several types of bunching 
structures have met with little success owing to the wide 
bandwidths and power requirements of the final amplifier. 
Most successful bunching has been achieved through the 
use of single-gap devices, using either a single sinusoidal 
waveform or two waveforms2) operating on the first and 
second or first and third harmonics. Multiple-gap systems 

that use several harmonics to construct the sawtooth 
waveform have also been successful. 3) Single-frequency 
devices typically recover about 30% of the original d. c. 
current while multiple-gap systems can recover as much as 
70-80 %, depending upon the number of harmonics used. 

The bunching structure described here is a single gap 
type using a driving waveform that is more easily 
generated than a sawtooth while yielding the same result. 

2. BUNCHER GAP EFFECT 

Figure 2 shows a sectional drawing of the bunching 
structure with an active gap constructed of two closely 
spaced grids with attached field shaping cones, driving 
voltage inputs and load resistors. The gap voltage is a 
sinusoidal waveform operating at the frequency of the 
cyclotron and at some fixed phase relative to the dee 
voltage. 

BNC fEED-THRU 
1.40UNTED ON 
1.35 FLANGE 

2 - 50 OHIA 
WATER-COOLED 
FILM RESISTORS 
BIRD ELECTRONICS 
TYPE 8710M 

Fig. 2. Sectional view of the single gap buncher. 
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The K500 cyclotron accepts the external beam 
through a helical inflector that has an output aperture at a 
fixed radius from the center of the machine. The velocity 
of the beam is adjusted to match the central magnetic field 
of the cyclotron and the radius of the inflector aperture. 
From this a beam wavelength can be defined as 

v· 
At, = .-! = 2 7I1l 

f 
(1) 

where Vi is the injection velocity, ri is the radius of the 
inflector aperture and f is the cyclotron frequency. Since 
rj is fixed the beam wavelength is constant. It is useful to 
discuss some features of the buncher in terms of this 
number At,. 

The velocity of the particles after exiting the gap is 
given by 

(2) 

where v.,g is the output velocity from the gap, v 0 is the 
input verocity, V is the peak voltage across the gap, Ve is 
the ECRIS extra&ion voltage, s is the distance across the 
gap and w is the radian frequency of the gap voltage. This 
result assumes that the change in velocity in the gap is 
very small compared to the input velocity and that the 
electric field in the gap is uniform. 

A normalized plot of the effect of the gap as a 
function of the gap distance, in terms of At" is shown in 
Fig. 3. Any single gap buncher of the type shown in Fig. 
2 has, in fact, three gaps. There is a long input gap, a 
short active gap and a long output gap. From Fig. 3 it is 
apparent that the long gaps, e.g., five wavelengths or 
more, have very little effect on the beam velocity. This 
effect can be further reduced if the grids are driven in a bi
phase or push-pull mode. In most cases the fields in the 
input and output gaps are not uniform, so the actual effect 
of these gaps must be evaluated on a cases-by-case basis. 
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Fig. 3. Normalized gap effectiveness as a function of gap 
width. 

3. WAVEFORM ANALYSIS 

The arguments for using a sawtooth waveform for 
bunching were presented in Ref. 1. However, this 
waveform is generated at small signal levels and must be 
amplified. The fast risetime and amplitude that are 
required for effective bunching place very large demands 
on the amplifiers in terms of power output capability and 
bandwidth. An alternative to the sawtooth waveform is 
that of a half cycle of a cosine wave. This signal is simple 
to generate at low power and a scheme will be presented 
for high power generation. 

Figure 4 shows a comparison of an ideal sawtooth 
waveform to an ideal half-cosine wave. The peak 
amplitude of the cosine wave is 0.7854 times the peak 

Fig. 4. Idealized sawtooth and half-cosine wave forms. 

amplitude of the sawtooth. This amplitude gives the least 
average error fit of the cosine to the sawtooth over the 
period. Figure 5 shows more realistic signals with 
nominal risetimes of 10 % of the period for both signals 
a.tId the same amplitude relationship. It is clear that the 
half-cosine wave very closely approximates the sawtooth. 

Fig. 5. Sawtooth and half-cosine wave forms with 10% 
risetimes. 

Fourier decomposition of the two signals with 
10 % risetimes gives the following relation between their 
harmonic components. 

Harmonic 
1 
2 
3 
4 
5 
6 
7 
8 

Table 1. 
Sawtooth 
0.777 
0.344 
0.190 
0.113 
0.070 
0.046 
0.030 
0.018 

Half-cosine 
0.836 
0.314 
0.181 
0.116 
0.075 
0.048 
0.030 
0.017 

The harmonic content of the two waveforms is almost 
identical with the higher harmonics being virtually equal 
since both signals have equal risetimes. 
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Equation 2 can be modified to include the harmonic 
terms as 

sinn1l"s 
V g Af,. n1l" 

Vg = vo:;---- sm (nwt + -S) (3) 
L.Ve n1l" Af, 

>t 
where the term n represents the harmonic number. The 
effect of the gap on each of the harmonic components can 
therefore be evaluated and the components recombined to 
give the resulting velocity profile. 

The active gap in the buncher under consideration is 
0.25 inches long which is equal to 0.126Af, for the K500 
cyclotron. The gap effect for each of the harmonics above 
is shown in the following. 

Harmonic 
1 
2 
3 
4 
5 
6 
7 
8 

Table 2. 
Gap effect 

0.974 
0.899 
0.781 
0.632 
0.464 
0.292 
0.131 

-0.008 

Figure 6 shows both the reconstructed half-cosine 
wave and the resulting velocity profile with each compared 
to its ideal waveform. The loss of risetime in the velocity 
profile is the result of the gap effect attenuating the higher 
frequency components. This effect is discussed in Ref. 1 
and is repeated in this form to provide quantifying values 
for this particular buncher configuration. 

."" 

HALF-COSINE BUNCHER RESPONSE 
GAP = .25 INCHES (.128 LAMBDA) 
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Fig. 6. Half-cosine voltage wave form and particle 
velocity profiles reconstructed from Fourier components. 
Velocity profile is constructed from gap effect modified 
components. 

4. POWER CONSIDERATIONS 

The power required for the buncher grids is 
dependent on the ECRIS extraction voltage and the 

distance to the inflector aperture, i.e., the drift path over 
which the bunching action takes place. For the location of 
the buncher shown in Fig. 1, the drift path is approx
imately 34 wavelengths. For an ideal sawtooth waveform 
that is symmetric about zero volts, this implies a peak 
voltage across the gap of 2.96% of the ECRIS extraction 
voltage. For the half-cosine wave a peak: voltage of 
2.32% (0.7894 x 2.96 from Section 3 above) would be 
required. Because the grids are driven in a push-pull 
manner the peak: voltage for each grid is then 1.16 % of the 
ECRIS extraction voltage. 

From Fig. 2 above or from the block diagram shown 
in Fig. 7 below, it can be seen that a 500 load resistor is 
connected to each grid of the buncher. This resistor 
provides the wide bandwidth load required to match the 
multi-harmonic driving voltage. The maximum extraction 
voltage required to match the K500 center region is 
approximately 18 kV. From the voltage calculated above, 
this leads to a maximum power requirement of 435 watts 
per grid. 

RF CONSOLE HIGH BAY 

Fig. 7. Block diagram of buncher electronics system. 

The power demand can be reduced by half by adding 
a second active gap one wavelength away. This will result 
in further degradation of the risetime of the velocity 
profile to the point where the result is little different from 
the use of a single frequency driving voltage. 

5. LOW POWER SIGNAL GENERATION 

Figure 7 shows the overall view of a buncher control 
system. The driving R.F. signal is derived from the phase 
regulator for the initial accelerating dee. This insures that 
the buncher signal has a properly phased signal for 
injection. The first module provides an amplitude control 
to the half-cosine generator and an adjustable phase R.F . 
signal to the half-frequency generator. The half-frequency 
generator divides the frequency of the input signal by two 
and provides a high purity sine wave of f/2 to the half
cosine generator. 

Figure 8 is a schematic diagram of the half-cosine 
generator. The half-frequency signal is applied to the 
input of a quadrature hybrid signal divider to provide two 
signals that are 90° out of phase. One signal is then 

1/1 RF" 
'NPvr 

) RG-174- DE!..AY LOOP ) 

" :t 47uf 

Fig. 8. Schematic diagram of half-cosine wave generator. 
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applied to a limiter to generate a square wave that is 
amplified and applied to the i. f. output terminal of a 
mixer. Note that this square wave is operating 
symmetrically about zero volts. The other signal from the 
quad hybrid is applied, through a delay line, to the r.f. 
input of the mixer. The delay is required to account for 
the delay in the limiter and amplifier. The half-cosine 
wave is then available at the 1.0. input terminals of the 
mixer. The square wave first biases the ring modulator 
diodes in a direction so that the output from the 1.0. 
terminals is in-phase with the r.f. input signal. When the 
square wave switches, it biases the diodes so that the 
output is 1800 out-of-phase with the input signal. Because 
the switching takes place at the peak of the input signal 
and happens each half cycle, the resulting signal is a half
cosine wave with a period equal to the period of the origi
nal r.f. signal. Another way of looking at this is that two 
signals of equal frequency, ff2, have been mixed with the 
result that the signal of cyclotron frequency, f, has been 
recovered. Further, the high frequency harmonics neces
sary for the fast risetime were supplied by the square 
wave. The fmal circuit provides amplitude control of the 
half-cosine signal. 

From Fig. 7 above, it can be seen that the half-cosine 
wave is split in a 1800 power divider to provide the bi
phase or push-pull driving signals to the amplifier chain 
and thus to the buncher grids. 

The design of this system was based on the 
proliferation of wide bandwidth high power amplifiers 
designed around the Motorola MRF151G power 
MOSFET. Although many amplifiers of this basic design 
are available and are advertised as being "linear" 
amplifiers, none that have been tested to this time should 
be represented as "linear". In fact, all the amplifiers of 
this design are operating in a Class AB mode and cannot 
support the half-cosine waveform. One amplifier has been 
found which can provide the proper amplification, 
Amplifier Research Model lOooL. However, this 
amplifier, available at a list price of $44,000 (U. S. 
currency) each, is prohibitively expensive for this 
application. 

6. HIGH POWER SIGNAL GENERATION 

Because of the extreme cost of amplification of the 
small signal waveform some design work has been done 
on methods of generating the half-cosine wave at high 
power levels. Fig. 9 is a diagram of a circuit that uses the 
MRF151G in a switching mode. This takes advantage of 
the device's high current capability and fast switching 
speed without the demand for wide bandwidth linear gain. 

The operation of this circuit is to apply a high power 
full-wave rectified signal to the center tap on the switching 
transformer. The gate switching waveform is applied so 
that the switching takes place when the current through the 
switching transformer is at a peak. This reverses the 
current through the transformer and gives the fast reversal 
of phase necessary to produce the risetime required for the 
half-cosine waveform. The rectification of the input signal 
is required to maintain positive voltage on the drain inputs 
of the N-channel MOSFET. The transformers for this 
type of application follow the design given in Ref. 4. 

oRr-vL 
+V~ 

o 
81-PHASE 
SWITCHING 
INPUT 

HIGH POWER 
HALF-COSINE 
OUTPUT 

Fig. 9. Preliminary circuit design for a high power half
cosine generator. 

A SPICE analysis of this circuit has been done and 
the important waveforms are shown in Fig. 10. Reading 
from top to bottom of the figure are the following signals: 

1. Half-frequency high power input wave, 
2. Rectified signal applied to switching trans
former, 
3. Gate 1 drive signal, 
4. Gate 2 drive signal, 
5. Half-cosine output signal. 

Note that the gate drive signals are at frequency f, not 
ff2. Also, the output half-cosine wave has essentially the 
same peak amplitude as the input wave. This indicates 
that it may be possible to switch the power through the 
circuit with very low loss. 
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Fig. 10. SPICE analysis waveforms for circuit shown in 
Fig. 9. 
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The high power input for the signal generation is 
supplied from an amplifier of modest bandwidth. For the 
K500 cyclotron the amplifier need only cover the frequen
cy range from 4.5 MHz to 13.75 MHz. Amplifiers of this 
bandwidth and nominal 500 watt capability are available at 
costs in the $10,000 price range. 

There are a few different power MOSFET devices 
available and the MRF151G may not be the best choice 
but this remains to be investigated. 

7. PRESENT STATUS AND CONCLUSION 

The buncher mechanical structure shown in Fig. 2 is 
installed and operating with a push-pull sinusoidal wave 
while work continues on developing a high power half
cosine signal generator. 

While the sawtooth waveform remains as an ideal 
choice for buncher applications, the half-cosine waveform 
must be considered because of its simplicity of generation. 
If high power generation techniques can be found, then the 
half-cosine waveform can potentially replace many 
expensive and complex multiple-gap, multiple harmonic 
systems. 

8. ACKNOWLEDGEMENT 

The author would like to thank Robert A. Gutierrez 
for assistance with the high power generation circuit 
design and SPICE analysis. Also, thanks go to John 
Vincent of the MSUNSCL for software for the Fourier 
analysis of the waveforms. 

9. REFERENCES 

1) Resmini, F. and Clark, D. J., "A Proposed Sawtooth 
Buncher for the 88-Inch Cyclotron Axial Injection 

System," UCRL-18125, University of California, Berke
ley Radiation Laboratory, March 1968. 

2) Lynch, F.J. ~. M., "Beam Buncher for Heavy Ions," 
Nucl. Instr. and Methods 159, 245-263 (1979). 

3) Ratzinger, U. ~. M., "The Three-harmonics Double
drift Buncher at the Munich Heavy Ion 
Postaccelerator," Nucl. Instr. and Methods 205, 381-
386 (1983). 

4) Granberg, H. 0., "Building Push-Pull, Multioctave, 
VHF Power Amplifiers," Motorola Application Note 
AR305 (1987). 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

633



INTEGRATED TOOLS FOR CYCLOTRON OPERATION 

W. Busse 
I-! ahn-Mei tner- I nsti tu t, Bereich Sch werionenphysi k 

Glienicker Stral3e 100, W-lOOO Berlin 39 
Germany 

ABSTRACT 

With reference to the generally accepted archi
tecture of modern control systems a review of facili
ties as implemented for cyclotrons presently being 
commissioned will be compared to commercially 
available control packages and tools. An attempt is 
made to point out their qualification to integration, 
their interoperability and present drawbacks. 

1. INTRODUCTION 

Modern process control systems use embedded 
distributed intelligence which is based on well de
fined hardware standards and more or less standard
ized software. Data bases hold all the necessary con
figurational static or dynamic views. More modern 
systems even implement software standards and inte
grate tools. Future control systems will be generated 
and run by fully integrated tool kits. These are the 
highlights which you might take along from control 
conferences and working group meetings. But where 
are we today? What in fact is a control system in this 
context? What are integrated tools? Are there any 
such tools available for accelerator, or more specially 
for cyclotron controls? 

An abstracted view of a machine control sys
tem is given by fig. I. The process in view and the 
product it has to deli ver are part of the lowermost lev
el. It may be called the SHAPING level where the 
manipulation of producing objects is carried out and 
where views of the resulting states or of the transi
tions between them are generated. The uppermost 
level, which could be called the REASONING level, 
comprises all the activities like DESIGN, MODJ.<:L
lNG, SIMULATION, OPERA'I'lON etc., which in 
general still involve human brains and human inter
vention. The area between these two levels is the 
TRANSAC'I'lON level, which transfers requests of 
the REASONING into appropriate actions of the 
SHAPING level and vice versa, according to well de
fined rules of interference. This intermediate level is 
the translator of functions and data according to their 

level-dependent meaning and representation; it has 
appropriately defined access interfaces to the upper 
and lower levels respectively. The process Control 
System is the vehicle for all the transactions. A good 
control system is completely transparent and offers 
the flexibility and expandability needed to adapt to 
changing functionality in either level. 

2. TOOLS FOR DESIGN AND IMPLEMEN
TATION 

The analysis of the functional requirements 
has presumably always been the basis of any control 
system design. However, the final implementation of
ten had to decide on acceptable drawbacks because of 
technological limitations or even man-power or finan
cial constraints. It must be admitted,however, that 
the need for more functionality has motivated and 
pushed technological development and that the ad
vent of new technologies has opened the view for re
finements in both, design and implementation. 

Whilst the system architecture is based on the 
functional requirements through the question 'what 
do we want to achieve?', the implementation of the 
hardware and a software architectures is based on 
'how do we want to achieve this aim?'. Again both 
have functional components which should reflect the 
overall system functionality. Although logically in
terrelated, the topology within the architectural 
schemes need not necessarily be the same, e.g. a giv
en hardware architecture can be the basis of different 
software architectures and vice versa 1). 

Presently all but the smallest systems use dis
tributed computing. The underlying hardware and 
software architectures are surprisingly similar and 
can largely be divided into three logical layers as 
symbolized by fig. 1. 
Hardware: 

- an upper layer made up of the operator interface 
and the application computers, 

- a middle layer of processors distributed around 
the accelerator dealing with sets of equipment, 

- a lower layer of processors which interface to dif-
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REASONING 

(application programs) 

__ --"I..b 
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access protocol! routines 

TRANSACTION 

(data driven 
interference rules) 

--------------------------~. access protocol! routin~~ .. ----------1 ..... ~ ............. . 

Hardware Interfaces 

Accelerator Equipment 

Fig.l: Schematic view of logical control system levels 

ferent types of equipment. 

The layers are interconnected by a communication 
network as the backbone. In most cases this is a 
local-area network for the upper and middle layet's 
with multidrop or individual links connecting the 
middle layer processors to those of the lower level 
Ceffig.2). 

Software: 
- an upper level comprising the applicalion pro

cessing, including the operator interface, 
- a middle level, transferring operational actions 

into hardware interface actions and vice versa 
(in general data driven), 

- and a lower level of equipment driving and 
hardware access routines. 

A (distributed) data base is the backbone, with its 
access routines from and to the upper and lower 
levels. It allows to separate the upper and lower 
levels from each other and to make them indepen
dent of each other by operational protocols which 
only deal with 'meaningful' operational param
eler::; and which are transparent with regard to dis
tribution and specific hardware. 

The hardware architecture is generally sup
ported by accepted standards with written specifica
tions. The hardware is commercially available and 
may often be chosen from a variety of products ac
cording to the actual needs. 

The same is, or is becoming, true for what I 

GENERIC SHAPING 

(manipulation and 

viewing of objects) 

would like to call the control system firmware, i.e, the 
computer and microprocessor operating systems, the 
network communication software and the software 
development environment. 

It goes without saying, that increased empha-
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Fig.2: Simplified view of the hardware architecture 
for CERN accelerator control I) 
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sis is now put on techniques for designing software in 
a more formalized way in order to reduce the increas
ing cost of ever more sophistication. 

Gi ven the fact of the commercially available 
hard- and firmware mentioned above, the idea is to 
base the underlying control system desig'n on a high
er level of abstraction. Initial discussions should not 
concern specific hard- and software architectures and 
implementations, but should regard the system as be
ing primarily independent of such aspects. 

A notion of L.Chapman 15 ) may serve as an ex
ample. His basic vision of a control system is a sea of 
objects spread over a computer network, organized 
logically and somewhat independently of the physical 
organization of the network. That is, any particular 
processor might contain one or more logical groups of 
objects, and an object group might be spread over 
multiple processors. These objects send each other 
messages in a simple, uniform way, regardless of 
whether these objects are nearby (e.g. in the same 
processor) or distant (e.g. on a different network 
node). Figure 3 illustrates a detail of an implementa
tion which is based on these ideas 

Tools are supposed to help their user achieving 
the aim in mind in a smooth and easy way. With 
wrong or badly adapted tools he will not succeed. 
With the aim of refinement good tools can be used to 
produce new more sophisticated tools intended for 
more sophisticated operations, and so on. 

Integrated tools produce an output which can 
be directly used as input for the next step. They are 
plug-compatible to a common backbone like hard
ware modules to their standard bus. They are the ba
sis of inter operability. 

Assuming that the hard- and firmware for a 
control system implementation is commercially 
available as mentioned above, tools for their produc
tion, e.g. CAD/CAM-techniques, need not be looked 

o Object 
o Instance Variable 

Method o Task 
X .... y Pointer 

Key 

X~Y Message (X sends to Y) 
X< Y Creates (X creates Y) 

Fig.3: Creation of an object which periodically 
reads some temperatures and sends the values to 
a window object which displays them graphically 

at. It is still felt, however, that there still is little 
choice among tools helping with the design and im
plementation of the software architecture or even 
tool-kits representing a tailorable control system 
which can be tuned to the user's needs. 

Commercially available tools exist e.g. to fa
cilitate software implementation: language sensitive 
editors, version management and control, graphical 
editors, program development environment for pro
grammable local controllers (development on host 
computer, down-loading, remote debugging) often 
even menu-driven via graphical user interfaces, test 
managers. These tools are in general part of the soft
ware delivered by the computer manufacturers. 

The next higher level of commercial support is 
by Computer Aided Software Engineering (CASE) 
tools. Various companies offer packages which they 
like to call workbenches and which lead the user with 
the help of graphical desk user interfaces through 
analyzing, architecturing, designing and program
ming phases. Code generation is not necessarily 
available. The integrating backbone is a project data
base which often may be a different manufacturer's 
product. These packages are mostly model based and 
implement methodologies like Structured Analysis 
(SA)2), Real-time Structured Analysis (RT/SA)3) and 
Structured Design (SD)4), the so-called SASD tech
niques. More modern implementations are based on 
Object Oriented principles, which seem to be more 
adequate to process control systems. However, object 
orientation is today where SASD was about ten years 
ago. An application of these techniques is discussed is 
discussed by G.Ludgate and E.Osberg5J. In summary, 
these tools completely integrate their sub-tools, run 
on many commercially available platforms, but in 
general do not produce the code to let you directly use 
the product which is designed with their help. 

The nest group of tools to be discussed consists 
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of products with embedded executable software for a 
specified range of applications. They offer graphical 
editors to let the user choose objects from g·iven selec
tions, choose their attributes and their interconnec
tions. The next paragraph will describe tools of this 
group in more details. 

3. SELECTED COMMERCIAL TOOLS AND 
APPLICATION EXAMPLES 

The following examples were cho::;en to illus
trate commercially available tools which can indeed 
help with implementing or generating an accelerator· 
control system. Their common feature is the genera
tion of animated synoptics for operator interaction, 
nevertheless their internal features and their range 
of completeness in the context of a process control 
system are totally different. 

3.1 DATA VIEWS, SL·GMS 

DATAVIEWS 6) and SL-GMS 71 (SL Graphical 
Modeling System) are two of the more complete devel
opment systems for building and managing graphics 
screens which can be (easily) embedded in user appli
cations. Both products enable the u::;er to generate so
phisticated graphical user interfaces to any applica
tion, e.g. monitoring and control, modeling, simula
tion. Apart from a very powerful drawing tool the 
user is supplied with a prototyping package (no pro
gramming is needed) and a library of run-time rou
tines for programming access to views, sub-views, 
graphical objects and their attributes, screen man
agement etc. Programming access is provided for 
most standard languages such as C, Fortran, Pascal, 
Ada. 

Figure 4 illustrates the positioning of these 
tools within an imagined control system as applica
tion. For monitoring the interface receives input from 
the application in form of application data, the inter-

data 
display 

Interface 

Application 

FigA: Illustration of the dialogues of a visualization 
and interaction interface with user and application 

face then delivers output to the user in the form of 
graphical data displays. For control the interface re
ceives input from the user in form of keystrokes, 
mouse picks or other locator events which is delivered 
as output to the application in form of control data. 
The data exchange can either be done by intermedi
ate files or by direct delivery to or from the product 
internal data structures using calls to the respective 
library routines. In the first case a description of the 
file structure must be maintained in both, the appli
cation and the interface, the second needs a sort if in
tegrating gateway between either data structures. 

Both products support a large number of plat
forms, operating systems and graphical interfacing 
standards. DATA VIEWS seems to be the more indus
trial and stable product being based on classical de
sign concepts, the design of SL-GMS follows the more 
modern object oriented principles but still is less ergo
nomic. 81 

Mind, however, that these products produce vi
sualiza tion and interaction interfaces, they do not 
generate a runnable process control system. 

3.2 Vsystem 

Vsystem 9), the Vista Control system software, 
is developed to control a given specifiable process 
through a CAMAC or VME hardware interface using 
Digital Equipments VAX-computers with the manu
facturer's VMS and ELN operating systems. Devices 
to be connected to the system have to be described in a 
data base of text entries which is afterwards convert
ed into binary format, the run-time data base.for use 
by the control software. A graphics interface based on 
window software provides control and monitoring 
functions, referred to as channels. The system incor
porates a comprehensive toolkit to creat.e operator 
displays, to connect device-channels to parts of the 
displays and to access information in the runtime 
data base. 

Before the system can be put into service, the 
system manager must provide a handler for each 
hardware interface describing its characteristics (if 
not delivered by VISTA) and he must specify a data 
base entry for each channel in the system which also 
includes the handler name for the hardware channel. 

Vsystem offers a variety of features which are 
known to be useful in process control systems, such as 
generic readers and reader banks, data logging, 
"strip-charts", alarms for specified channels. A se
quencer package is available to the operator to per
form sentence-like instructions on specified channels 
in a certain sequence. 

As any other commercial company in the field 
VISTA is continuously implementing enhancements 
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and new featur'es 10). 

Various accelerator control systems have im
plemented partial systems generated by the Vsystem 
package or are evaluating for future use. Figure 5 is 
an operator interaction display of the TRIUMF Beam 
Line 2C vacuum system II). 

Fig.5: Vsystem operator display of TI{IUMF beam 
line 2C vacuum system 

Assuming that all the hardware handlers men
tioned above are available, the user of this package 
need not write any software, unless he wants to inte
grate features which are not yet offered (e.g. model 
support, simulation). In this case, however, the user 
is either compelled to stay with the V AX hardware 
and VMS/EL!'J" software and especially with the sys
tem data base or he has to undergo a considerable in
tegrationjob where data integrity can be an issue. 

3.3 SYSTEMS BASED ON iNDUSTRIAL 
PROGRAMMABLE CONTROLLERS 

Various industrial systems within this group 
provide the highest degree of commercially available 
tool integration. This is due to the fact that one man
ufacturer delivers proven hardware and software 
which can be configured to the costumer's require
ments. Hardware and software configuration is 
achieved by putting together prefabricated modules 
with the aid of graphical tools, appropriately engi
neered for each level of the process control system 
hierarchy. 

The outstanding advantages of such sysstems 
are proven and guaranteed reliability in an industri
al environment, determined and stable behaviour 
even under extreme conditions, possibility of inter
connection and point-to-point communication. Pro
gramming, which means logical assembly of appro
priate building objects, is done by integrated 'pro
gramming tools' which can be used by 'programmers' 
of all levels. The packages also integrate 'program
mable' user interfaces. Complete compatability be-

tween hardware and software is guaranteed on all 
levels, documentation is automatic and maintenance 
is assured by the manufacturer. 

Generally speaking slower processing is the 
price to be paid for the reliability of such systems 
within industrial environment. Limited memory 
space which was an inconvenience of early imple
mentations is being overcome. 

Complete knowledge of the process to be moni
tored and/or controlled is another basic requirement 
for these systems to be appropriate. No modeling or 
basic research about the internal process behaviour 
is appreciated. Hence, these systems are favorable 
candidates for the implementation of turn-key sys
tems. 

The industrial example chosen here is the 
SIMA'I'IC·S5 12 ) system with the STEP-5 12) and 
COROSI2) programming and production tools. Fig
ure 6 is a pop-up of the base-leveIIlO-modules, func
tion generators and signal processing modules, their 
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Fig.6: Base level hardware of the SIMATIC-S5 sys
tem 

bus systems and interconnections as well as base
level local operator interfaces. Programming on this 
level is done with the tool package STEP-5 which of
fers a symbolic editor to define and name (globally 
uniquely) input- and output-signals or functions and 
to produce or to correct graphical views of their logi
cal interconnection with the help of ladder logic. 
COROS provides the tool to interconnect base-level 
equipment of subsystems, subsystems to site
systems and sites to central monitoring and control. 
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Commands to exchange data between processors and 
process image as well as reactioDl:; to be carried out in 
case of data changes can be defined. Messages and re
action strategies on alarms, alarm analysis and auto
matic archiving can be set up to the user's require
ments. 

In the accelerator field the SIEMENS tool kit 
has been successfully applied to e.g. the control sys
tem of the compact cyclotron Cyclone 30 at the Catho
lic University of Louvain, Belgium Ul Figure 7 is a 
schematic view of the system. The following function
ality is offered to the user: automatic startup and run
down to a standby state, automatic change of source 

r-------------, 
I Ver~ ordinoteur 
L _____ ~~~ ____ J 

--© 
Connexion 
Console de 
Programmation 

Enlrh./Sorli •• 
L0 9iques 

1---- Bus Int.rne 
Simalic 55 

Extension bU!l 
Poron.l. 

Extension bus 
Peronei. 

Enlr6 •• /Sorli •• 

Fig.7: SEvlATlC-S5 system as implemented for Cy
CLONE 30. The system also provides 2 shaft encoders 
to fine-tune parameter settings. 

or target material on operator request, intensity mon
itoring, intensity reduction if preset limits are ex
ceeded, calculation of extraction energy, automatic 
adjustment and shift compensation of the main mag
netic field, calculation and proposal of setting values 
for extraction of new beams, automatic call of the per
son in charge in case of a failure. The setting values 
for different beams are held in an archi ve for down-

loading if required. 
Keitel et aJ.14) report on a similar system im

plemented for the TRIUMF TR30 cyclotron on the ba
sis of Allen Bradley PLC's. 

4. CONCLUSIONS 

Highly integrated tool kit solutions comprising 
hardware and software exist for well defined pro
cesses. Due to their reliability and robustness they 
can be used in industrial environment and are appli
cable to turn-key systems. Some have been imple
mented for compact cyclotrons and other ion implant
ing machines. 

Partial solutions exist for systems where some 
flexibility and extensibility to new requirements or 
research about the process itself is desirable. Often 
more computing power and fast signal processing is 
mandatory in such cases. These solutions have been 
evaluated or implemented for medium scale systems. 

No complete example exists for the application 
of the above mentioned tools in large scale complex 
machines. On the contrary, while the complexity of 
these systems has increased several orders of magni
tude over the last twenty years the ability to reliably 
specify them and manage their implementation has 
not kept pace. 
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THE IUCF HIGH INTENSITY POLARIZED ION SOURCE CONTROL SYSTEM' 

T. Capshew, J.e. Collins, D.W. Frame, D. DuPlantis, J. Graham, D.D. Reid 

Indiana University Cyclotron Facility 
2401 Milo B. Sampson Lane 
Bloomington, IN 47408-0768 

ABSTRACT 

A high intensity polarized ion source (HIPIOS), 
capable of producing 1001l-A of protons at 600ke V with 
;:: 75% polarization is presently under construction at 
IUCF. An overview of the control system is presented, 
with a brief explanation of the bakeout and vacuum 
subsystems. HIPIOS will utilize a control architecture new 
to IUCF. Implementation through the use of VME 
hardware and programmable logic controllers, all under 
control via the VAX-based Vistatffi graphical user interface, 
and results from initial bench tests will be discussed. 

1. INTRODUCTION 

IUCF is deVeloping HIPIOS to improve 
substantially polarized beam intensity in the Cooler Ringl). 
The existing accelerator complex is controlled by PDP-Us 
driving DACs, ADCs and parallel I/O over a system built 
in-house from a long obsolete commercial standard2

). 

While it is possible, for many reasons it is not prudent to 
further expand this system. Since HIPIOS and its 
associated beamline (BL1C) can be operated 
independently of the IUCF accelerators and other 
beamlines, we chose to use them as an opportunity to 
become familiar with new controls equipment. HIPIOS 
and BLlC will be controlled through VMEbus, 
commercial VME cards, PLCs, GPIB, workstations and a 
commercial software system. Figure 1 presents a schematic 
representation of the HIPIOS control system. 

2. CONTROL SYSTEM COMPONENTS 

2.1 Software 

As in any computer intensive project, software 
costs eventually dominate, as long as manpower costs are 
accounted for. Recognizing this in our own control system 
and knowing that we could not afford to create our own 
graphical user interface system, we examined a number of 
existing systems. We chose the Vista3

) software system as 
best fitting our requirements and limitations. Vista 

provides the GUI framework and basic device access 
mechanisms. We need only create control displays for the 
operator using Vista tools and write that software which 
is unique to our equipment. 

The distributed control system uses ethernet and 
fiber optics to connect data acquisition nodes to graphics 
generating nodes and operator X-window terminals. All 
operator interaction will use X-terminals, not hardwired 
panels. Our operations staff have insisted that knobs be 
included at all control stations. (They do not want to use 
on-screen sliders.) Our goal is to have sufficient tools on 
hand at commissioning that neither knobs nor sliders will 
be necessary.4) 

2.2 Hardware 

The basic unit of the control system is a 21 slot 
6U VME crate built by VERO to our specifications so 
that crate power supplies can be serviced from the front. 
Most crates contain an AEON VME300 CPU board 
which includes an rtVAX300, 8Mb of memory, and 
VMEbus and ethernet interfaces, running the V AXELN 
operating system. Crates operated in hostile 
environments, such as inside HIPIOS, are driven by 
Augment fiber optic backplane extenders from a ground 
potential station and do not contain a cpu. There will also 
be a reboot link between the terminal and ground which 

Fig. 1. Controls block diagram 

'Work supported by the U.S. National Science Foundation under grant NSF PRY 90-15957 
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will allow the operator to reset all controls systems in the 
terminal. 

2.2.1 PLC 

The hardware in the new controls system which 
provides us a qualitative advance over the old system is the 
Programmable Logic Controller (PLC). We have decided 
on the Allen-Bradley PLCS/VME, a PLCS/1S equivalent 
in a VME form-factor. We use 32-point 24v input modules 
(A/B #1771-IBN) for status/interlock inputs, 32-point 
contact closure output modules (A/B #1771-0WNA) for 
device actuation outputs and 8-point thermocouple input 
modules (A/B #1771-IXE) for temperature readout. For 
spark protection, the PLCS/VME resides in the ground 
station VME crate and communicates with the HIPIOS 
high voltage platform via the fiber optic converter modules 
(A/B #1771-AF) and remote I/O adapter modules (A/B 
#177l-ASB). 

On/Off control, interlocks and status for power 
supplies, vacuum devices, bake out devices, RF devices and 
stops are handled in the PLC. Commands from the control 
computers are treated as requests by the PLC. If the pre
defined interlocks and conditions are satisfied, the PLC 
will honor the request via a contact opening or closure. All 
interlocks are hardwired or implemented under PLC 
ladder logic; controls computers do no interlock checking 
on their own. 

Programming the PLC is done with ICOM Ladder 
Logistics software running on a Pc. Currently a desktop 
PC is used, but we are ordering a laptop PC since 
portability will be important in diagnosing control 
problems in the future. 

Communication between the PLC and a controls 
computer is provided through a block of PLC memory 
accessible from the VMEbus. To reduce software 
overhead, the device handler divides this memory into 
blocks for treating reads, writes and error reporting. 
Because obtaining a data block from the PLC is 
comparatively slow, the handler supports a deferred read 
function where execution returns to the calling program 
immediately after a read command is issued. The program 
may later execute a handler call to return the last data 
block read or wait until it becomes available. The handler 
uses multiple read blocks so that mUltiple programs may 
have simultaneously active read requests. 

2.2.2 Analog I/O 

In choosing components for the analog section of 
the control system, multi-function cards were rejected as 
too costly to maintain in the long run. Standard 
commercial components were chosen where-ever possible. 

For analog acquisition we use ADAC 7000MF 

series ADC cards. These twelve bit (70l0MF) and sixteen 
bit (7040MF) VME cards allow their inputs to be 
multiplexed through an external chassis (S30SENV) using 
4012HLEX multiplexer cards. In this way one can have 
up to eighty analog inputs per VME slot. Inputs are 
differential to avoid common mode voltage problems with 
power supplies. Few sixteen bit inputs are needed so 
multiplexers are not used with the 7040MF cards. 

For analog control we chose Datel's DVME-626 
and DVME-628 DAC cards for fourteen bit and twelve 
bit resolutions, respectively. (Although the DVME-626 is 
a sixteen bit card, it is only monotonic to fourteen bits.) 
These cards were chosen primarily for their thermal 
stability (8ppm;oC). 

2.2.3 Isolation 

The DAC cards are not isolated from digital 
(VME) ground, while the supplies we are controlling 
require the outputs to be isolated from digital and frame 
ground. To cut costs, we decided to design and build an 
analog isolation subsystem ourselves; the isolator card 
(CYC-VOl) is the only non-commercial component we 
are using. It is a l60x233mm Eurocard which fits into a 
VME crate, using it's P2 connector for power and output 
connections. Inputs for the CYC-VOI come through DB-
2S connectors on the front panel. The CYC-VOl uses 
Burr Brown ISO-I02 amplifiers and PWM740 DC-DC 
conversion components to provide eight isolated outputs 
per card. The bandwidth of the system is limited to 6Hz 
to eliminate any switching noise from the ISO-l02. We 
implement these cards in VERO KM6 subracks to save 
expansion space on the VME backplane. 

2.2.4 EMI Shielding 

We have invested considerable thought to trying 
to protect expensive electronics in the hostile environment 
of the HIPIOS high voltage terminal. Because of the 
industrial ruggedness of the PLC components and the 
bandwidth limits and analog isolation for the DAC 
channels and because of costs, we shield only analog 
inputs, GPIB and serial lines. We are using ferrite beads, 
a 100 Ohm series resistor, a l.SKE18CA transzorb and an 
Oxley FLT /P / SOOO on each signal connection. There is a 
filter assembly on both signal and return connections for 
all signals attached to the VME crate. The filter 
assemblies will be mounted in the rear doors of a 
General Devices EMI shielded rack. Tests have been 
done using a proto-type which show that, by using these 
filter assemblies, damage to our electronics from typical 
discharge events should be minimized.5) 
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2.2.5 Motors, GPIB and serial links 

Motors will be driven by Oregon Micro Systems 
VME8 eight-axis controller boards interfacing to SD3 
motor drivers. This combination can handle a wide variety 
of motors with programmable velocity and acceleration 
proftles. 

We are using National Instruments GPIB-I014 for 
a GPIB interface and FORCE ISIO-2 for a serial interface 
supporting both RS-232 and RS-422 protocols. Both 
devices are serviced by separate programs rather than 
device handlers, even though interrupts are used to signal 
command completion. This does make new applications 
less convenient to create, but the variety in serial and 
GPIB devices is too great to admit a simple common 
service routine. 

3. OPERATIONAL SYSTEMS 

3.1 Bakeout 

A bake out system is needed to improve the 
vacuum conditions for source operation. Each chamber of 
HIPIOS has its own bake out sub-system, consisting of two 
heaters, two thermocouples and two temperature sensing 
klixons. All klixons are wired in series and pass the drive 
voltage for the main 110 VAC contactor. When any klixon 
reaches 170° F, it opens, shutting off power to all heating 
elements, providing highly reliable protection against 
overheating. 

The PLC is programmed to keep the temperature 
of each chamber within a range defmed by the user. If 
either thermocouple reads above the high setpoint, the 
PLC turns off the heating elements. When both 
thermocouples are below the low setpoint, the PLC turns 
the heaters back on. This algorithm protects against 
driving the system to an undesired temperature should one 
of the thermocouples fail. 

The bakeout system uses only one control display. 
A pair of temperature bar graphs, an ON/OFF control 
button, an indicator showing when the heaters are actually 
energized, a fault indicator and a strip chart showing 
temperatures vs. time form a group of controls which is 
repeated on the display for each of the HIPIOS chambers. 
There are also indicators for the emergency stop button 
and the klixon circuit and a fault acknowledge button. 
Most faults are not reset until this last button is activated 
to show that the user is aware of the fault. Display data is 
updated at 1Hz. 

3.2 Vacuum 

The vacuum control system must deal with a wide 
variety of devices, including a PLC system for on/off, 

interlocks and status for vacuum and water valves and 
flow switches, RS-422 for convectron gauge controllers6

), 

GPIB for cryotemp monitors (Lake Shore Cryotronics 
model 819), and ADCs for cold cathode ion gauge 
controllers (MKS Instruments series 421) and flow/ratio 
controllers (Vacuum General model 80-4). The 
convectrons have alarm setpoints and outputs (contact 
closures) which feed directly into the PLC system for 
interlocking (of cold cathode ion gauge high voltages, for 
example). The cryotemp monitors have alarm outputs 
(contact closure) fed to the PLC for interlocking of cryo 
gate valves. 

The vacuum system uses a number of control 
displays, some of them arranged hierarchically showing 
ever finer details of the system. Valve control is 
performed by placing the cursor on the proper valve and 
clicking a mouse button. Bar graphs provide pressure 
readings. Special buttons are provided to open or close 
sets of valves which experience has shown are often used 
together. We intend to automate pumpdown and venting 
procedures via the Vista command sequencer. 

4. CONCLUSIONS 

To date the new control system has met our 
goals. We have been quite pleased with how quickly 
bakeout and vacuum control have been implemented, 
considering that it is all new technology for us. 
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ABSTRACT 
A computer-based operator assistance system in

stalled at the AVF cyclotron in Japan is described. 
This system provides CRT display of cyclotron beam tra
jectories, feasible setting regions (FSRs), am search 
traces designed to enhance beam parameter adjustments. 
A system evaluation experiment was conducted am the 
operation time to reach required beam conditions was 
redtnrl by approximately 65%. In addition, results of an 
operator questionnaire survey indicated high system 
operability . 

1. INTRODUCTION 
A computer-based operation system which assists in

experienced operators has been implemented at the 
A VF (Azimuthally Varying Field) cyclotron of the Japan 
Atomic Energy Research Institute Q'AERI) 1,2). Cyclotron 
start-up operations require dozens of adjustable parameters 
to be finely tuned to maximize beam extraction efficien-

cy. Veteran operators use their experience and relatively 
easily perform a trial-and-error procedure. On the other 
hand, inexperienced operators have a difficult time be
cause operator consoles displaying measured beam parame
ters, alarm information, component status, etc. cb not 
provide enough information to guide these new operators. 

This operator assistance system provides three visual 
human interfaces to support beam adjustment of the axi
al injection ni central am extraction regions, i.e., 
(1) Beam trajectory is rapidly calculated am graphically 

displayed whenever the operators change the cyclotron 
parameters. 

(2) Feasible setting regions (FSR) of the parameters that 
satisfy the cyclotron's beam acceptance criteria are 
indicated. 

(3) Search traces, being a historical visual map of beam 
current values represented by various colored blocks, 
are superimposed on the FSRs. 

Since the above visual information is based on lip-

.. .. ~ 

~ -21 

Fig. 1. A typical operator console display. 
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plicable theoretical equations am nwnerical simulations, 
operators are able to quickly gain valuable operation ex
perience which ultimately leads to a reduction of the 
time to reach the planned cyclotron conditions. This sys
tematic combination of the computer computational 
power cnl hwnan intuitive ability is the primary 
advantage of our assistance system. 

The present study describes details concerning these 
three interface displays, cnl also discusses the results of a 
system evaluation experiment am an operator question
naire survey on system operability. 

2. VISUAL INTERFACES 
2.1. Beam Trajectory Display 

Veteran operators normally infer the beam trajectory 
parameters using their knowledge of the beam's internal 
behavior. The beam adjustment interface calculates the 
beam trajectories/envelopes using actual parameters am 
displays them on a CRT, thus whenever an operator 
changes the adjustable parameters, a graphical image is 
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Fig. 3. Acceptance criteria of the axial injection 
block. (a) For inflector (b) following lens D. 

created which is similar t<\ the expert's mental model. 
In Fig. 1, showing a typical operator console 

display, the bottom left CRT display shows a typical 
beam envelope of the axial injection block,') the region 
between the entrance to the yoke am the inflector (Fig. 
2(a)). The resultant envelopes are calculated within 
several milliseconds from the coil currents of four glazer 
lenses (A-D) am the magnetic field distribution using 
the transfer matrix method.') The top right display shows 
the central region beam trajectories which occur between 
the inflector cnl the second phase slit, being calculated 
within 3-4 s by the Runge-Kutta-Gill (RKG) method.5

,6) 

In addition, the layout of the phase slits is dynamically 
updated whenever they are changed. The bottom right dis
play shows the extraction region which is between the 
deflector cnl the beam exit (Fig. 2(b)) , where the x-axis 
represents the ideal trajectory. Before calculating the ex
traction region trajectory, the trajectory entering the re
flector is infered by measuring the position of the fmal 
turn using both the main probe am the deflector probe. 
Similarly to the phase slits, the layout of the deflector 
am the magnetic channel have a dynamically updated dis
play. 

2,2, FSR Display7) 
Veteran operators generally know the approximate 

range of parameter values; hence a real-time display of 
FSRs is provided. The FSR represents the parameter 
range which allows the beam to pass through its respec
tive region without hitting any components. By taking 
into account the spatially dependent beam acceptance cri
teria determined by the internal components, the FSR is 
derived by solving an inverse problem of the trajectory 
model. 

The procedure to calculate the FSR for the axial in
jection block is presented as an example. The acceptance 
of the inflector in the x-fJ phase plane is shown in Fig. 
3(a), whereas Fig. 3 (b) shows that occurring just after 
lens D, being considered as the adjustment target. The 
acceptance after lens D is approximated by the interior 
of a parallelogram defmed by the four lines 
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Fig. 4. Process used by the 
"search method" to obtain an FSR. 
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x=±c 
8=ax±b 

(1) 

(2) 

On the other hand, the beam is represented by an ellipse 

a22x 2 - 2al2x8 + all 8
2 = a22all - al2

2 (3) 

where aij are the x-8 elements of the sigma matrix for 
this beam state, being determined by functions of the al-

justable focal lengths of the lenses (Fa, Fb, Fc. am Fd). 
For the injected beam to pass through the inflector, 

the ellipse in Eq. 3 can not intersect the acceptance char
acteristics in Eqs. 1 and 2. This condition is derived 
from the discriminant of a quadratic equation, i.e., 

WI = all - c 2 < 0 (4) 

W2 = a2Z- 2al2a + aua 2 - b 2 < 0 (5) 

Where WI am W2 represent the degrees of insufficiency 
which satisfy the conditions of Eqs. 4 ood 5. 

Determining combinations of the focal length values 
(Fa, Fb, Fc, and Fd) which satisfy Eqs. 4 and 5 is ana
lytically difficult, although a nonlinear minimization prob
lem can be formulated. An objective function W(Fa,F'b,F'c, 
Fd) is defmed by 

w(Fa,F'b.F'c,F'd)=1 0 (wI~Oandw2~0)(6) 
\ Vawlz + (3w/ (WI>O or W2>0) 

where a ood (3 are respectively the weights of WI ood 
W2. The FSR is defmed as an area where the objective 
function is zero. 

To visualize an FSR in a two-dimensional plane, 
we developed a "search method" in which a fast search 
algorithm is applied to a gridded search plane. This new 
method combines nonlinear programming ood image pro
cessing techniques. Figure 4 shows the process used by 
the search algorithm. A golden section search, a type of 
line search algorithm, is first carried out to fInd a point 
where w=O. Then, starting from this point, the boundary 
of the region where w=O is sean:hed for. Next, the 
boundary is tracked (boundary following) using an image 

cD 

C/) 

~ II-~~;~~ 

Lens A 
Fig. 5. Search trace display showing colored blocks 
of the measured beam current values superimposed 
on the FSR display. 

processing boundary following technique. Finally, it is 
assumed that w=O at all points inside the bounda
ry (boundary filling). The resultant region and its bound
ary is an FSR. The top left display in Fig. 1 shows 
typical FSRs for the axial injection block. Operators 
change the displayed parameter by pointing/clicking a 
mouse on the desired search plane. 

The FSR also represents the sensitivity of each pa
rameter ood their mutual relation. A parameter's sensitivi
ty is determined by the length of the cursor lines inside 
the FSR, where a shorter length indicates a more 
sensitive parameter. The mutual relation between param
eters is indicated by the gradient of the FSR, e.g., an 
FSR sloping downward to the right indicates that the 
lens A and B will give the almost same effect on the 
beam. 

Using a VAX-station 3100, 200 ms is required to 
sean:h for and display an FSR for a particular plane, 
thereby providing real-time beam information. 

2.3. Search Trace Display') 
It is believed that operators are able to visualize, i.e., 

generate a mental map, of the beam current values in the 
operation space by memorizing action-response-sequences. 
To complement an operator's short term memory, search 
traces are superimposed on an FSR (Fig. 5). This 
display shows a historical summary of measured beam 
current values after any parameter "setting" adjustment 
by an operator. The beam current values are converted to 
a color scale and plotted as colored blocks at a position 
corresponding to the measured beam values. It should be 
noted that the search trace display indicates the cyclo
tron's actual condition, whereas the FSR shows the theo
retical one. Operators can refer to either display, correct 
the differences between them, ood search for the opti
mum set point which provides maximum beam current. 

2.4. Operation Flow Using the Interfaces 
Figure 6 is a block diagram of the information 

flow between the operator, assistance system, and cyclo
tron. The operator initially performs parameter setting al
justment by pointing/clicking the mouse at any position 
on the displayed search plane. The computer simultane
ously calculates the new FSRs and beam trajectory, and 
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(Mental Model) 

I (Beam Behavior ) 

I (Setting Regions 1 
I ( Se .. , , nsltIVlty ..J 
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Fig. 6. Block diagram of information flow in the 
operator assistance system. 
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the assistance system transmits the setting values to the 
cyclotron components am measures the new beam cur
rent, which is then displayed on the search trace display 
as a colored block at the corresponding value. The opera
tor can search inside or in the neighborhood of the re
gions by referring to the colored blocks. The three dis
plays enable operators to feel as if they are actually 
interfacing with the beam, even though it is not visible. 

3. SYSTEM EVALUATION 
To evaluate system effectiveness, the search time re

quired to reach maximum beam current conditions was 
measured. In addition, system operability was evaluated 
using written questionnaires. 

Nine operators (1 expert, 4 trainees, am 4 novices) 
were asked to obtain maximum beam current by perform
ing adjustments of the axial injection block by tuning 
the four lenses using three different interface modes: 

Mode 1: Using the existing console with four dials 
am a beam current meter. 

Mode 2: Using the assistance system without the 
FSR display. 

Mode 3: Using the full assistance system. 
Table 1 summarizes the resultant search times for 

the three modes nl give their medians. All values were 
normalized by mode 1. 

In mode 2, the average search time was redured by 
"" 80% of that in mode 1. This improvement in opera
tion is attributed to the search trace display nl the 
ability to make beam settings using a mouse. 

Operational improvements were increased an addition
al 15% using the full assistance system (mode 3), i.e., 
the search time was redured by "" 65% in comparison to 
mode 1. The FSR display decreased the search time be
cause an operator searches a smaller parameter area than 
without the display; thus more quickly reaching the 00-
sired optimal setting even though the theoretical model 
does not exactly represent the actual cyclotron conditions. 

Table 2 summarizes the results of an operator ques
tionnaire survey given to 7 operators (1 expert, 4 train
ees, nl 2 novices) to evaluate system effectiveness. 
Five system functions are considered am scored from 1 
(not effective) to 5 (very effective). Since scores ranged 
from 4.0-4.7, the operators highly evaluated the effective
ness of system operability. 

4. CONCLUSION 
1lIree human interface, real-time CRT displays used 

for cyclotron beam adjustment are described, i.e., beam 
trajectories, FSRs, am search traces. The beam trajectory 
display enables operators to feel as if they are directly 
interacting with the beam, while the FSR display pro
vides a visible expression of constraints among the al
justable parameters. The search trace display gives opera
tors a visual feedbock of their beam set point adjustment. 

Results of a system operation experiment showed 
that the search time to reach specific beam conditions 
was significantly redoced using these displays. The writ
ten questionnaires survey showed the operators highly 

Table 1 Swnmary of search times using three 

inteface modes 

~ator Level" Model Mode 2 Mode 3 

1 E 1.0 1.07 0.59 
2 T 1.0 0.76 0.86 

3 T 1.0 0.68 0.63 

4 T 1.0 0.97 0.73 

5 T 1.0 0.67 0.46 
6 N 1.0 0.92 0.85 
7 N 1.0 0.95 0.80 

8 N 1.0 0.65 0.42 
9 N 1.0 0.47 0.34 

Median 1.0 0.76 0.63 

" Level: E; Expert, T; Trainee, N; Novice. 

Table 2 Questionnaire results on the effective
ness of the operator assistance system. 

Function Ave. Histo~ram 

Score 5 4 321 
(1) Traiectory display 4.29 2 5 
(2) FSR display 4.00 2 3 2 

(3) Search trace display 4.14 3 3 
(4) Display layout 4.71 5 2 
(5) Operation by mouse 4.14 2 4 1 

evaluate system operability. 
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ABSTRACT 

The computer control system of the JAERI AVF 
cyclotron has been developed, and is now in operation. 
This system is a distributed computer system and is com
posed of a central computer serving man-machine in
terfaces, two sub computers executing sequential device 
controls, and device controllers installed in each device. 
The central computer and the sub computers are linked 
through an Ethernet. A device controller is connected to 
a sub computer by a signal-multiplexed communication 
system. One operator can easily control the cyclotron 
through this control system. To assist an operator, a 
knowledge based operation assist system has been de
veloped. This system provides sequences of operation, 
simulated beam trajectories, etc. 

1. INTRODUCTION 

The JAERI AVF cyclotronll has been constructed 
to accelerate many kinds of ions over a wide range of 
energies mainly for various fields of materials science 
research. It is required that beam condition can be 
changed rapidly and frequently for effective use of the 
cyclotron. The computer control system of the cyclotron 
was designed so that an operator can control devices 
smoothly without thinking about computers and pro
gramming. Using a man-machine interface and auto
mated sequential programs, the operator can turn the cy
clotron on or off and adjust device parameters efficiently. 
Such functions reduce the beam production time. 

The system is divided into three layers. The top 
layer provides the man-machine interface and manages 
lower layers. The middle layer executes the control se
quences of device groups. The bottom layer controls each 
component device. 

In the cyclotron operation, theoretical and empiri
cal knowledge is required for efficient beam production. 
To assist an operator with this knowledge, an operation 
assist system has been developed. 

Operator 
Console 

Message-Tree 

As sis t 

Message-Tree 

Fig. 1. Architecture of the JAERI AVF cyclotron control 
system 

2. SYSTEM ARCHITECTURE 

The system is composed of computer networks like a 
tree structure and is divided into three layers, as shown 
in Fig.l. In the top layer, a central computer named 
system control unit (SCU) manages the whole system 
and serves operators with man-machine interfaces and 
operation functions. In the middle layer, two subcom
puters named group control unit (GCU) control groups 
of devices. In the bottom layer, universal device con
troller (UDC), single-board computers, are installed III 

each device for specific contro!' 

SCU, GCU's and the operation assist system are 
connected to each other through an Ethernet. GCU 
communicates with UDC's through a signal-multiplexed 
communication system named Message-Tree. 
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2.1. System Control Unit (SCU) 

SCU comprises a central processing unit (Micro 
VAX 3500), two hard disks, and several kinds of inter
face devices. Using touch-screens, rotary-encoders and 
graphic displays provided by SCU, the operator can con
trol devices smoothly. SCU manages device conditions 
and control processes, communicating with GCU's. Var
ious files such as program files and parameter files are 
stored and maintained in SCU. For a new beam produc
tion, SCU calculates a new set of parameters from stored 
parameter files of accelerated beams. 

2.2. Group Control Unit (GCU) 

Two GCU's (rt VAX1000) execute control sequences 
for each group of devices according to commands of SCU. 
All devices are divided into four groups: ion sources, the 
injection system, the cyclotron, and the beam transport 
system. One GCU manages the first three groups, and 
the other manages the last group through Message-Tree. 
Local consoles can connect with a GCU to control devices 
directly from GCU for construction and maintenance. 

2.3. Universal Device Controller (UDC) 

A UDC is an eight-bit single-board computer, as 
shown in Fig.2, standardized for easy development and 
maintenance . 420 UDC's are used in the whole sys
tem. Table 1 gives the specification of the UDC hard
ware . System and application software is programmed 
into two ROM's . A UDC controls each device intelli
gently through optically isolated 32-bit digital inputs, 
32-bit digital output and 16-bit parallel input/output by 
executing up to eight tasks (including communication 
task) . Devices can be operated directly using a local 
panel connected with UDC, as shown in Fig.3. The local 
panel indicates preset and actual values of the device, 
and provides several buttons for operation. 

b 
Fig. 2. Universal device controller (UDC) 

Table 1. Specification of the UDC hardware 

MPU 
Clock frequency 
Memory 

Serial interface 

Board size 

Connector 

i8344(Intel) 
12 MHz 
16 kbyte ROM 
32 kbyte ROM 
32 kbyte RAM 
SDLC 1port 
iSBX 1port 
100mmx220mm 
(Euro card) 
DIN41612(96pin) 

Fig. 3. Local panel of UDC 

2.4. Message-Tree 

A Message-Tree is a signal-multiplexed communi
cation system between GCU and UDC's , and consists 
of an interface board installed in GCU, named message 
tree communicator (MTC), a signal distributor named 
message tree brancher (MTB) and UDC's, as shown in 
Fig.4. Fifty UDC's can be connected to a MTC through 
a Message-Tree, and five MTC's can be connected to a 
GCU. 

Message-Tree is a polling-addressing communication 
system; an MTC is a master and UDC's are slaves. MTC 
sends order messages to all UDC's through an MTB. An 
MTB distributes the messages to all connected UDC's. 
UDC's receive the message identified by the UDC num
ber and send response messages including only changed 
status data for reducing communication loads. These 
communications are executed every 100 ms. The major 
features of Message-Tree are the following : 

• electromagnetic nOIse immunity by using optical
fiber cables; 
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GCU 

MTC 

Ma in Memory 

Fig. 4. Block diagram of Message-Tree 

• transmission speed of 375 kbit/s; 

• transmission capability of 2.6 km; 

• synchronous data-link control(SDLC) protocol. 

3. OPERATION 

3.1. Operator Console 

The cyclotron is normally operated using an opera
tor console in the control room, as shown in Fig.5. The 
operator console consists of a pair of identical control 
units, and a monitor unit composed of a monitor TV for 
beam diagnostics, a 400 MHz oscilloscope for fast-signal 
measurement, etc. Each control unit provides a display
panel (20-inch CRT), an operation-panel (14-inch CRT), 
an adjustment-panel (14-inch CRT), the touch-screens 
on these panels , and four rotary-encoders, as shown in 
Fig.6. An operator can control devices by touching color
coded cells on the displays in combination with four 

Fig. 5. Control room of the JAERl AVF cyclotron 

- .ILiWIIIIII';'~fijl.!&~~ •• I1l'_I.'I. l:'iI=.'IIII ••• 

Fig. 6. Control unit 

rotary-encoders. The response time from a change of 
parameter to the display of changed actual parameter is 
about 250 ms. The cyclotron is operated efficiently using 
two control units simultaneously. 

3.2. Operation Procedure 

In normal operation , an operator has to go through 
two operational steps: starting up devices and adjust
ing device parameters. The former can be executed by 
auto- start mode starting up all devices sequentially. The 
latter can be accomplished through operator 's efforts to 
search for the optimum condition. Without any care of 
running programs the operator can control devices by 
touching cells on the displays for the following ways: 
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1. selecting the beam condition such as the beam en
ergy; 

2. loading the preset parameters into devices; 

3. starting up groups of devices; 

4. assigning a rotary-encoder for adjusting a device pa
rameter; 

5. adjusting the parameter with turning the rotary
encoder. 

When a fault occurs, a fail-safe sequence is executed 
automatically and the alarm is given in sound and dis
play. An operator can receive information about the 
fault to clear up the causes. 

Various data for every run of beam acceleration, 
such as ion species, acceleration energy and device pa
rameters, are recorded in a log-file which is useful to refer 
records of past operations for next beam production. 

4. SAFETY SYSTEM 

An interlock system always monitors the status of 
devices and irradiation rooms to reject the wrong op
eration and to stop devices immediately whenever any 
failure occurs. To prevent serious failures, a hardware 
interlock composed of relay circuits is used in combina
tion with software one. For more serious failures, an 
emergency switch which turns off the whole system was 
installed on the operator console. The beam current is 
always monitored so as not to exceed the limit of radia
tion safety. 

To protect crews and visitors from accidents, the 
announcement with a public- address system and the 
display with graphic panel give them information about 
the status of the cyclotron, and the operator can watch 
the insides of target rooms through a monitor TV from 
the control room. 

5. SOFTWARE 

The operating system of SCU is VMS, and that of 
GCU is VAXELN, and C language is mainly used in 
these systems. Since GCU has no magnetic disk, the 
control programs and device information stored in SCU 
are loaded into GCU's at system start-up. 

The programs for GCU are described in a concurrent 
interpretive language for sequence control of accelerators, 
named OPELA (OPEration Language for Accelerator).2) 
Sequence programs are described in this language and ex
ecuted concurrently. These programs can be debugged 
and modified easily and executed fast by using the inter
mediate codes. In these programs devices are treated by 
using logical names to set and refer to parameter values. 

The operating system of UDC (UDC44) has been 
developed for multitask programming to control devices. 
UDC44 consists of a kernel, a basic I/O system (BIOS) 
and a serial interface unit (SIU) handler. The kernel can 

manage eight tasks, and the BIOS manages communi
cation registers and input-output ports. The SIU han
dler is a communication task for Message-Tree. Appli
cation programs can be written in a high-level language 
PL/M51. 

6. OPERATION ASSIST SYSTEM 

Adjustment of cyclotron parameters requires a lot 
of theoretical and empirical knowledge. To provide op
erators with the knowledge an operation assist system 
is developed. The system is composed of two systems: 
a knowledge based expert system (Micro VAX II) and a 
beam trajectory simulation system (VAXstation 3100).3) 

The knowledge based expert system is programed 
by OPS83. This system shows the operational sequences 
for parameter adjustment when operators need advice. 
These sequences, written in the IF-THEN form, are 
stored in the knowledge base and referred according to 
the operational condition. The sequences of operation 
are divided into eight blocks from axial injection to ex
traction of the cyclotron, so that even an inexperienced 
operator can understand the sequences clearly. This sys
tem can be more powerful by acquiring the knowledge of 
operations from experienced operators. 

The beam trajectory simulation system visualizes 
beam trajectories and correlations among parameters. 
Beam trajectories are calculated and displayed graph
ically for axial injection, central region and extraction 
of the cyclotron, whenever operators change cyclotron 
parameters. Allowable setting range of parameters that 
satisfies acceptance of the cyclotron is indicated on multi
dimensional graphs. 
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AUTOMATIC CONTROL SYSTEM OF MAGNETIC SEPARATOR 
FOR KURCHATOV IAE CYCLOTRON 

V.Buranov.IN.Venikov.lo.Gotovtsev. 
L.Iudin. P. Komissarov, V. N. Unezhev. 

ABSTRACT 

An automatic control system for a magnetic 
achromatic separator of exotics (MASE) designed 
to investigate with a cyclotron the neutron
physical processes of small cross-section as well 
as to produce beams of radioactive nuclei is 
described. The characteristics of the MASE 
installation are given; hardware and software 
ensuring automation of its control are described. 
The automation system was developed on the basis 
of CAMAC modules controlled by a personal 
computer IBM PCI AT. The fibre-opt ics data 
exchange systems are used to connect the hardware 
with controlled objects. The system makes it 
possible to adjust automatically the magnetic 
field for the standard operation modes of the 
MASE installation, to detect the failures of 
individual units as well as to calculate and 
select new operation modes. Automation of the 
MASE installation allows a physicist-experimenter 
to change over the installation directly during 
experiment. The system considered can be used in 
other electrophysical installations. 

1. INTRODUCTION 

A magnetic achromatic separator of exotic 
nuclei (MASE) was proposed and implemented for 
the first time in I. V. Kurchatov IAE [ll. The 
separator is designed to perform the following 
experiments: 
-investigation of processes running with a small 
cross-section, study of the properties of exotic 
nuclei; 
- production of secondary radioactive beams; 
- correlation measurements in investigating the 
decay modes of giant resonances and other nuclear 
states. 

The schematic diagram of the installation is 
presented in Fig.l. A beam of charged particles 
with various masses in the whole energy range 
which exits from a target along the MASE 
longitudinal axis is formed by an aperture 
diaphragm within a required angular interval. The 
required dimensions of the beam at the target (an 
optical source) are ensured in an ion-optical 
system of cyclotron beam transport to be X ~3 mm 
and ZY ~ Z mm. A crossover in the hor izonta I plane 
is formed at the MASE center in the area of an 
analyzing diaphragm to separate in the best way 
the beam of a given energy range. The formation 
is performed by a doublet of quadruple lenses and 
a dipole magnet. This magnet is involved in 
analyzing the particles for momenta (the, turning 
angle of the axial trajectory in it is 30 ). The 
effect of the achromatic aberration of the 
separator on its energy resolution is eliminated 
by the analyzing diaphragm placed at an angle of 
6' with the beam axis. 

Fig.1. The schematic diagram of the MASE 
installation: 1 - ion guide; 2. 11, 16, 22, 25 
scintillators; 3 - collimator; 4 - profiiometer; 
5,14 - target chambers; 6 lock: 7,8,17,18 
quadruple doublets: 9 - analyzing magnet; 10 
analyzing diaphragm: 12 - collecting magnet; 13, 
23 - tel escopes ll. E-E; 15,26 - diagnostic units; 
19 - foil; 20 - quadruple singled - symmetrizing 
lens; 21 - aperture diaphragm; 24 - target. 

The beam 
relative to the 
a symmetrizing 
magnet focusing 
(horizontally). 

trajectories are 
MASE center (energy 

lens representing 
in a plane 

symmetrized 
focus i ng ) by 

a quadruple 
of analysis 

The second part of the MASE ion-optical 
system is reflection-symmetrical to the first one 
and intended for collection of particles having 
been analyzed and their transport to the second 
target (or a detector). 

The character of experiments to be made in 
the MASE sets high requirements to its 
reI iabi Ii ty, stabi Ii ty of operation, operative. 
change-over efficiently of diagnostics and 
quality of operator's work. One of the ways for 
improving the above characteristics of the 
cyclotron and the MASE installation consists in 
development of an automatic control system. 

THE CONTROLLED OBJECTS 

The controlled components of the MASE 
installation include the power supply devices for 
the magnets of its ion-optical system. To compact 
quadruple magnets having a high field gradient 
invariable over the whole aperture better than 
within 1% guarantee good conservation of the 
phase volume of the beam during its transport 
through the installation. 

The parameters of these magnets are listed 
in Tabl e 1. 

All magnets are energized from commercial 
reversible thyristor converters (RTCs) with a 
specially-developed stabilization system [2J. The 
converters are about 100 m distant from a control 
room. Water-cooled manganin instrument shunts are 
disposed near the RTCs. 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

652



---------------------
Parameter of magnet ---Magnet-index---________________________ ==~§~?_===~~~?1====~~~~~= 

Diameter of aperture, mm 56 38 38 

Length of pole, mm 210 210 130 

Supply current, A 1000 1000 1000 

Vo I tage, V 60 85 100 

Magnet weight, kg 48 24 15 

Magnetic field 25 35 23 
_~~~9i~~!~_r~~ __________________________________ _ 

Table 1. Parameters of MASE magnets. 

All devices for the control of the magnet 
current have the conventional negative-feedback 
stabilization scheme. The voltage from the 
instrument shunt is applied to the input of an 
error amplifier through an MDM converter to 
decouple conductively the power supply and the 
measuring circuits. Program-controlled digital
to-analog converters (DACsl ensure the control 
over the reference voltage at the input of the 
error ampl ifier and, therefore, the current in 
the windings within 2·10~. 

3. THE STRUCTURE OF THE AUTOMATIC CONTROL SYSTEM 

The Kurchatov rAE cyclotron uses a structure 
of automatic control with the control functions 
distributed among individual sUbsystems. The 
control system of the MASE installation is a 
constituent part of the cyclotron complex. 

A standard control station was developed on 
the basis of the CAMAC modules [4], The station 
includes measuring equipment to record analog 
signals in a range of -10 V to +10V and to 
control analog parameters within 10~, units for 
control over discrete parameters and interface 
modules connecting the equipment with a control 
computer and peripherals used for operator-system 
interaction. 

Wide use of commercial fiber-optics data
exchange systems is the important feature of the 
station [5), The hardware comprise a digital data 
transmission systems "Elektronika MS-4101", an 
analog data collection systems "Elektronika MS-
8201" and an analog data distribution systems 
"Elektronika MS-8401". Each system consists of a 
transmitter and a receiver connected by a fiber
optics line (FOLl up to 300 m long and ensuring 
the transfer of information with a rate of up to 
8 Mbitls. 

Use of such multichannel devices connected 
through the input and output registers evidently 
allows one to eliminate the conductive coupling 
between the control equipment and the controlled 
objects, to guarantee reliable protection of the 
communication lines from electromagnetic fields, 
to increase considerablY their reliability and to 
bring ADCs and DACs nearer to the controlled 
objects, which essentiallY improves the 
performance of the system in terms of error 
probability. 

An IBM PC/AT computer controlled by an MS
DOS 3.31 operation system is used as a control 

computer. The complex of control and checking 
programs is written in Turbo-Pascal 5.5 and 
occupies about 200 kbite in the main memory. The 
structure of the system is shown in Fig.2. 

I 
I I 

28 

Fig.2. The structure of the automatic control 
system for the cyclotron and MASE magnets: 1 
magnet; 2 - shunt; 3 RTC; 4 analog data 
collection system; 5 - digital data transmitting 
system; 6 - analog data distribution system; 7 
fiber optic line; 8 collection module; 9 
receiver; 10 - transmitter; 11 distribution 
module; 12 - input register; 13 -output register; 
14,15 - functional CAMAC modules; 16 crate 
controller; 17 - computer; 18 - CAMAC bus; 19 
cyclotron hall; 20 - electrotechnical hall; 21 
control room. 

The control computer, the CAMAC equipment as well 
as the digital receivers and transmitters of the 
fiber-optics systems are in the control room. The 
FOLs are laid from the systems to an 
electrotechnical hall 100 m distant from the 
control room. The response parts of the fiber
optics systems connected directly to the 
controlled objects and transducers are in this 
hall. 

4. SOFTWARE FEATURES 

The automatic control program for the power 
supply of the isochronic cyclotron and MASE 
installation magnetic circuits realizes the 
interaction with the RTCs setting the current in 
the windings of the magnets. The controlled 
parameters involve the voltages of the outer 
reference-vol tage sources, "ION", and the signal 
of current polarity and energizing of the 
converters "REVERS". The checked parameters are 
the voltages across the RTC shunts "SHUNT" and a 
signal 'STATUS" showing the presence of the RTC 
outer control authorization "STATUS". The values 
of the parameter "SHUNT" determining 
unambiguously the magnetic field configuration 
can be set by an operator or automatically in 
accordance with data stored in the computer. 

The whole complex of programs is controlled 
by a menu system (Fig.3J which fixes a certain 
current state of the dialog environment and 
offers several alternative paths of transition 
from this state. The main menu allows one 
- to start the program of setting the magnet 

currents; 
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- to calculate a new mode of magnet operation: 
- to select a precalculated mode from the mode 

database; 
to start a program changing the channel display 
form; 

- to exit from the program. 
The example presented shows the 

copy of the display screen - the case 

~CT"'HoaKit. TOKOa 

KOH ..... r~pau.lAI .. 

Bbl60P pe :l:llUa 

Pac~eT TOKOB MACa 

HE£-340 

HE6-a4-a:JK 

L-____ B_b_I_X_O_.Q ____ ----' HE6-"-aas 

-~De_ 
EttTEA - 3arP1l __ ~ __ 

- I1I:xK_TD 

Esc: - ..... MO. a ac: ___ HN 

y 8ac • _ ... - 10 ,.._ 

graphical 
when the 

Fig.3. The fragment of the operator menu system. 

operator selects the mode of 77-MeV ~e beam 
production by the MASE instaliation. The CTCs are 
controlled by a program 'Setting of current'. The 
character of interaction of the operator with the 
controlled devices is determined by three basic 
operation modes of the system: (11 monitoring and 
automatic adjustment, (2) general control and (3) 
channel control. Each RTC has a cell on the 
monitor screen, 'a channel window', to display 
the RTC and its magnet numbers, the RTC purpose 
and the status signals in the form of colored 
pictograms. The analogous variables are 
represented in the following way: the signals 
'SHUNT' and 'ION' by colored columns with a 
length proportional to the magnitude of the 
signal, the stored values by colored marks on the 
scale. Figure 4 shows an example of representing 
the status of the controlled and adjusted 
parameters corresponding to one of the real 
operation modes of the cyclotron magnetic 
systems. The MASE magnets work in the computer
controlled mode, all other magnets are only 
diagnosed. 

,-"--"---- TOM -~"T .. -'i 

~-g:~11 
17 -0.68171 
10 0.6248 
a .. -0.:177.1 

'" I. ~ g,,,,,, 

F J - HELP Ese - .... ".. F2 - IkIeop P_ ... -C-.1a-BO 

Fig.4. The information to be output onto the 
monitor screen in the mode of automatic 
adjustment of currents (example of 
representation). 

I 
I 

II 

The mode of monitoring and automatic 
adjustment ensures successive measurement of 
voltages across the shunts in all controlled 
channels and automatic fine adjustment of the 
voltages in accordance with their set values as 
well as indication of the most important status 
information. The 0.1% deviations of the measured 
parameter from its set value after being stored 
attract the operator's attention because of the 
change in color of the 'SHUNT" column from blue 
to red-framed blue; the 1% deviation changes the 
blue color to the red one. When the deviation is 
0.5%, automatic adjustment of the changed 
parameter is initiated. If the system is not able 
for any reasons to correct the changed parameter, 
it attracts the operator's attention by a sound 
signal. In mode (1) the system works without 
operator's intervention, the keyboard is blocked 
to protect from stray keystrokes. An encapsulated 
directive is provided for the system change-over 
in the general control mode. 

The general control mode ensures the control 
over a selected group of channels which can be 
used to execute the following operations: setting 
of vol tages, reset write-in, storage-to-mode menu 
writing, transition to the channel scan mode, 
output to the rna i n menu, prompt ca II. I n the 
pauses between the directives specified by the 
operator and after the execution of each 
directive the systems scans in turn the channels 
representing the information about their status 
and the voltage across the shunts. The general 
control mode is intermediate between modes (1) 
and (3). 

The channel control mode ensures the control 
of any selected individual channel. This mode 
makes it possible: 

to activate or deactivate the mode of 
automatic adjustment of currents; 

- to correct the currents coarsely or finely; 
- to write in the values of current; 

to set the current in accordance with its 
stored value; 

- to select other channel; 
to go over into the mode of successive call of 
channels. 

All above operations are executed by 
pressing so-called 'operative intervention key'. 

Simultaneously with the main modes the logic 
pickups are tested for status of locking. In the 
case of disconnection in the locking circuit the 
display indicates both the channel number where 
the locking has operated and the concrete reason. 
Moreover, the sound signal from the display will 
attract the operator's attention to the 
information about the failure. 

5. CALCULATION OF THE MASE MODES 

A program of automatic mode change was 
developed to automate some experiments to be made 
with the cyclotron and the MASE installation. The 
results of magnetic measurements were used as a 
basis to derive the analytical dependences of the 
quadruple lens gradients and the dipole magnet 
induction on the currents in the excitation 
windings, G(l) and B(I), and the inverse 
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functions 11=fIG) and 12=fIB), where 11 and 12 
are the currents in the MASE windings. Using the 
well-known relationships between the field 
gradient and the magnetic rigidity of focused 
particles (depending on their type and energy) we 
obtain the expressions: 

G = ~Z{ E~+'2EE) / q.c 

B pZ I I Ei+ 2EEo) I q-c 

where p is the radius of turning in the dipole 
magnet; OJ is the focusing force of the lens;Eis 
the kinetic energy of an ion; Eo is the ion rest 

energy; q is the ion charge; c is the velocity of 
light. 

It is convenient to express the ion rest 
energy through the parameters: 

Z -I 
E~d A+[O,OI·I'A-l{)O) -64)-10 j-931,141-(Z-N)'O,51 

where A is the mass number; Z is the number of 
protons in the nucleus; N is the multiplicity of 
the ion charge. Substituting the calculated 
values of Rand B into the derived dependences of 
the excitation currents it is not difficult to 
obtain their values for setting the specified 
operation mode of the MASE installation. The 
results of the calculations are written by the 
operator's command in the MASE mode menu. After 
this corresponding currents are automatically 
set. 

To identify the spectrum of nuclear reaction 
products separated by the MASE installation 
during experiment it is essential to know the 
range of their energies. Such calculations are 
mode operatively during the setting of the magnet 
currents. For this purpose a certain feature of 
magnetic rigidity separation of wanted 
( Bp 1 ) and accompanying ( B~i ), particles is 

used. Using the known dependence Bp = f(A,Q,N,E) 
(where A is the number of nucleons of the 
particle; Q is the ion charge; N is the nuclear 
charge; E is the kinetic energy of the particle) 
we obtain the equation with a single unknown 
quanti ty 

f IA 1,Ql,N 1,E 1 ) - f IAi,Qi,Ni,E i ) 0 

The prepared program allows the solution of 
this equation for a particle of any type and the 
representation of the calculated data as a table 
of possible energy ranges of transmission in the 
MASE for given types of particles. 

The automation of the MASE allows a 
physicist-experimenter to change over the 
installation directly during experiment without 
intervention of a cyclotron. 

6. CONCLUSION 

At present the automatic control system for 
the magnetic circuits of the cyclotron and the 
MASE installation ensures on-line control and 
monitoring of the analog variables within 2-10- 5

, 

check of the pickups of served equipment logic 
state, automatic change-over to the standard 
operation modes, acquisition of data on the 
operation time of the power supply systems and 
their stabi 1 i ty, etc. The considered automation 

system is being operated successfully in 
I.V.Kurchatov Institute of Atomic Energy and can 
be used for other electrophysical installations. 
In particular, a modification of the developed 
hardware and software complex will be used to 
create a control system for a mini-cyclotron 
being developed now for medical research [61. 
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THE NEW DISTRIBUTED CONTROL SYSTEM OF THE NAC 

H F Weehuizen, R K Fisch, E J S Franklin, M E Hogan, I H Kohler, J P Rogers, P J Theron 
National Accelerator Centre, POBox 72, Faure, South Africa 

ABSTRACT 

A microprocessor based distributed control system is 
being developed for a 200 MeV cyclotron and two injector 
cyclotrons. The system will be based on at least 25 IBM 
compatible PCI AT microcomputers grouped into functions 
of operator consoles, instrumentation controllers and 
database nodes communicating over an Ethernet LAN. The 
aims of the system design are flexibility of use, ease of 
configuration allowing for changing hardware and user 
requirements, and ready availability of data for 
performance analysis. 

1. INTRODUCTION 

The National Accelerator Centre (NAC) operates a 
200 MeV Separated Sector Cyclotron together with two 
injector cyclotrons. One of the latter is a light ion injector 
while the other which is still under construction will be 
used to accelerate both heavy and light ions. 1) The control 
system presently used to control these cyclotrons consists 
of the classical computer control architecture of a 
centralized computer controlling remote hardware which 
has little or no intelligence. Failure of the computer results 
in failure of the complete system. The present design is 
also such that the addition of extra operator consoles 
significantly increases the load on the system and thus 
impacts its performance. The most important limitation of 
the present system is that the number of processes that can 
simultaneously be handled by the minicomputers has a 
fixed upper limit and this is less than that required to 
control the cyclotron facility as it is finally envisaged. 

There is thus a need to develop a new system that can 
cope with all the future requirements of the NAC control 
system. These are as follows: 

a) It must be readily expandable to at least double the 
capacity of the present system. 

b) It must be sufficiently flexible to cope with the 
changing requirements of a partly experimental facility 
such as at the N A C. 

c) Hardware failures should have a minimal effect on 
the system. 

A distributed system inherently offers these 
advantages. New processes and functions required of the 
system are usually handled by new nodes which can be 
optimally configured to handle the new requirements. 

Expansion of existing facilities by the addition of new 
nodes means increased parallelism in the operation of the 
system thus providing minimal impact on the performance 
of the latter. 

Failure of a node results only in the loss of access to, 
and control of hardware related to the node, allowing the 
rest of the system to function normally. The only node 
whose failure could affect the viability of the system is the 
database node. In this instance a second node acts as the 
backup and mirrors the image of the active database node. 

2. THE NEW SYSTEM 

The new system, in keeping with control strategy, is 
designed to be as homogeneous as possible. It can be 
divided into four major functions, namely network, 
instrumentation nodes, console nodes, and database nodes. 
Figure 1 illustrates the system in block diagram form. 

Console 
Node 

o 

Instrumentation 
Node 

o 

Console 
Node 

M 

Instrumentation 
Node 

Database 
Node 

Graphics 
Node 

Instrumentation 
Node 

N 

Fig. 1 A block diagram of the new control system. 

2.1. The Network 

There are three major types of network in use today. 
Two of these are bussed networks, namely CSMA/CD 2) 
characterized by Ethernet, and the token bus3) 
characterized by MAP or mini-MAP. The third is the 
token ring4) and is characterized by the IBM ring. The 
latter is the least suited to the present application because 
of the complexities of wiring a ring structure and because 
the node interface is of the active type, reducing its 
reliability. 

A frequently chosen network for the control 
environment is that of the token bus, because of the bus 
structure and because the transmission delay is 
predictable.5) However the hardware is costly and the 
transmission delay is significant because of the long 
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circulation time of the token. 6, 7) 
Ethernet is attractive because it is a mature standard 

and the hardware is relatively inexpensive. The 
transmission delay is short in a lightly loaded network and 
is in fact shorter than that of the equivalent token bus up to 
a network loading of 50 %. The major criticism of this 
network is the probabilistic nature of the transmission 
delay arising from the randomized contention resolution 
mechanism that it uses. This can be excessive in a heavily 
loaded network, but provided that the network loading is 
carefully controlled it gives a performance superior to that 
of the token bus. Thus the latter network was chosen. 

Because the transmission delay of the network can be 
affected by network loading, it will be worthwhile at this 
point to see how the behaviour of the control system can 
affect the network load. Typically a single processor, real 
time system is event driven, i.e. every time an external 
status changes, an interrupt is generated in the computer 
which demands a response. It is up to the designer to 
ensure that the processor is not overwhelmed by external 
events in periods of high activity. The situation is 
aggravated in a distributed system communicating over a 
shared network where a high proportion of the actions will 
result in network activity. This will result in high loading 
of the network resulting in indeterminate delays which will 
impact both the behaviour of the system and its speed of 
operation. An alternative which is currently favoured by 
some of the real time community8,9) is to use a state 
driven system. Here the status of node parameters is 
broadcast over the network at regular intervals reSUlting in 
a constant load on the network, thus making transmission 
delays predictable. 

The method adopted at the NAC is to combine the 
two techniques. System status parameters are 
communicated at regular intervals of once per second as 
long as events are occurring at a rate greater than or equal 
to this. At lower event rates, an update occurs at the 
occurrence of an event or once every 10 seconds if events 
occur less frequently. The latter determines the maximum 
time interval that the state of health of each node is 
checked. 

For the transmission of operator commands, the 
virtual circuit facility of the transport layer is used to 
ensure the integrity of the command data. This is an event 
driven operation which is an acceptable compromise 
because the rate at which a human operator can generate 
inputs to the system is low and easily controllable. 

2.2. The System Nodes 

The IBM PC compatible computer is being used in a 
variety of applications for which it was never envisaged 
purely because it offers reasonable performance at a low 

price. Its reliability is good because of the extensive use of 
LSI technology. While its architecture is rather limiting, it 
is still economic to use more or bigger systems to offset its 
shortcomings. 

In an application such as is described here, a 
multitasking, pre-emptive scheduling operating system is 
essential. The networked environment together with a good 
graphical user interface and access to good database 
facilities are further requirements of the operating system. 
Currently there are several operating systems to choose 
from, such as a real time Unix, RMX for Windows, OS/2 
or possibly Windows NT when it becomes available. OS/2 
has been available for some time and currently provides the 
most effective solution to our requirements. However its 
future development in relation to our needs is not yet clear 
and a migration to one of the alternative systems is still a 
possibility. 

The PC systems used to run this software are 25 MHz 
386 AT systems with 8 Mbytes of memory and 16 bit 
peripheral cards for the instrumentation and console nodes 
while 33 MHz 486 AT machines will be used for the 
graphical interfaces and those nodes that require more 
performance. 

2.3. The Instrumentation Nodes 

These consist of the system as described above and 
use an expansion 110 bus that was originally conceived as 
an 8 bit microcomputer bus. The main processors of this 
bussed system rapidly outgrew the performance of the bus 
to become the standard PC as described above. 
Concurrently the 110 cards increased in sophistication and 
became based on the 8051 micro controller. Thus the 
original bus has evolved into a byte wide parallel 
communication medium between the host and intelligent 
110 interfaces. 

The function of the instrumentation node is centred 
around a variable table which holds all the current values 
of the parameters controlled by the node. There are 
several values for each parameter. The first group of values 
consist of a set point reference value and its associated 
status. The second group would hold the actual value of a 
variable and its status, including an error status if relevant. 
Further fields are used for housekeeping and link requests 
to the variable in the table. Application tasks are activated 
when any change to the reference group occurs and they 
perform the appropriate actions on the related hardware. 
Similar tasks continuously update the actual value and 
status group of the table from the hardware status. 

A communication task transfers information between 
the network and the variable table. At the request of a 
console node, this task can continuously communicate the 
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contents of the variable table over the network to update 
the actual values displayed at the consoles. It was 
originally intended that this communication would take the 
form of multicasting to the console nodes, but 
unfortunately the network software in use does not support 
this facility, so data broadcasting is currently being used. 
Unfortunately this loads the communication processors of 
all the nodes in the network, so point to point 
communication is going to be tried as an alternative. This 
will only increase the load of the transmitting node if more 
than one console selects the same page of variables, an 
infrequent occurrence during normal operation of the 
system. 

The communication task also receives commands 
from the console nodes to control the reference values of 
the variables. Before the process of reference value change 
can begin, a request must be made to allow control of the 
variable. Requests can come from several sources in the 
system but only one may control it, so any contention for 
access must be resolved at this point. Thus the source 
whose request is received first is granted access and all 
subsequent requests are refused until the source granted 
access releases control, or a communications failure 
occurs. The request/grant action is uninterruptible, thus 
avoiding ambiguity in assigning access. 

Alarm conditions requiring operator action can be 
spontaneously broadcast by this task as well. These would 
be repetitively sent at one second intervals until a response 
is received. 

Functions such as acquisition of dynamic data would 
be handled by a separate process as these would be 
application specific, although the data communication 
format is standard. 

2.4. The Console Nodes 

The present control system controls approximately 
1000 variables. These are logically divided into pages of 
approximately 20 variables each which can be displayed on 
a video screen. The display consists of the variable name, 
its reference value, actual value and status. Four analogue 
meters are available to provide an analogue display of the 
actual values of variables selected by the operator. In a 
similar manner the operator can link two set point units 
and a touch panel to the reference value fields of the 
displayed variables. The set point units are used to provide 
infinitely variable control of the selected variables while 
the touch panel is used to select predefined states. While 
the present console is effective it is cumbersome and 
expensive, thus obviating the use of mobile consoles. 

The new system offers similar facilities but presented 
in a different way. The facilities of the Presentation 
Manager are used to emulate the functions of the present 

system. Because the graphical user interface is used, it is 
easy to configure the displayed page and to include bar and 
line graphics. Graphical instruments are easily included, 
substituting for the analogue displays of the present system 
with no loss in useability. 

Initial trials of the system using a mouse as the input 
device produced mixed reactions. Some operators liked the 
use of the mouse while others complained that interaction 
with the system was too slow as repetitive sequences of 
operations required considerable movements of the mouse. 
If instruments other than the main video screen were being 
monitored while the cyclotrons were being adjusted, it was 
difficult to keep the mouse within the correct adjustment 
field. Simultaneous use of the set point function and the 
touch panel emulated on the screen was also not possible. 

A new interface is being developed which offers 
facilities somewhere between those of the full emulation 
just described and the discrete controls of the present 
system. A reduced function keyboard is being developed. 
This will provide direct page selection and numeric value 
entry for setpoint values. Included will be a joystick to 
allow the adjustment of set points and a LCD graphics 
display with optical sensors will provide touchpanel entry. 
These will all interface via the standard PC keyboard input 
allowing the use of standard software. This provides an 
economic solution and maximum flexibility in that either 
the new keyboard or a standard keyboard may be used. 
Mobile or temporary consoles can thus be standard 
computers. 

Central to the console software is a large variable 
table holding a copy of the information in the 
instrumentation nodes together with the names of the nodes 
from which they originate. This table is updated by the 
transmission of variable data from the various 
instrumentation nodes. When a page is displayed on the 
console the variable information is selected from the local 
table. Operator actions at the console are transferred to the 
local table process from where the commands are directed 
via virtual circuits to the correct instrumentation node. 

At startup the page layouts and variable groupings are 
fetched from the database node and held in memory thus 
forming a local memory resident database. It is held 
memory resident because network or disc operations would 
cause the console response to operator commands to be too 
slow. 

2.5. The Database Nodes 

The control system is required to be flexible in that 
the facilities at the NAC are still expanding and the 
equipment controlled by the system is subject to alteration. 
It is thus a requirement of the system that it be easily 
configurable. The hardware of a distributed system lends 
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itself naturally to reconfiguration, but the software must be 
designed to be so. The logical way to provide flexibility is 
to hold all the system variables in a database. The system 
may then be reconfigured by modifying the database. 
Commercial database packages for networked systems are 
based on a central file server serving the workstations over 
the network. This is not ideal for a control system as the 
access of a disc based database over a network is too slow 
for real time response. However the convenience of a 
single point of entry for configuration information is 
important. 

At startup, subsets of the main database are 
transferred to each node on the system as required and 
remain memory resident for access by the local node. The 
console nodes each have a complete list of all the page 
configurations and display formats of each variable and its 
logical address. The instrumentation nodes receive a list of 
the variables pertinent to their respective nodes. 

Another function of the database node is to log the 
status of the system at regular intervals for collecting 
trending information and for system status recovery after 
interruptions in operation or return to operation at a 
previously used energy level. 

The use of the database node is such that it is not 
crucial to the operation of the control system. If it did fail, 
operation of the system would continue, but several 
important facilities would be lost. Thus a mirrored disc is 
used on a separate node which is able to take over the 
functions of the main node should the latter fail. 

2.6. The Graphics Node 

This node has a 20 inch, high resolution colour 
graphics display which will be used initialIy to display the 
beam profiles derived from data collected by harp and 
scanner devices situated in the various beamlines 
throughout the facility. Up to six devices will be displayed 
simultaneously on the screen which wiII be refreshed at the 
rate of four to six traces per second. A laser printer will 
provide hard-copies of the screen information. 

The node will run application specific software under 
the supervision of the control nodes. The former will 
communicate with the instrumentation nodes that control 
the diagno&tic hardware. These will send data across the 
network to the graphics node where it will be prepared for 
display. A virtual circuit connection will be used here to 
provide flow control over the network as the graphics 
display task is computation intensive and thus will be 
slower than the data acquisition task. 

3. CONCLUSIONS 

The new control system offers several advantages 

over the old system which has now become obsolete. It is 
readily expandable with an upper limit beyond that 
required to run the present cyclotron facility. The data 
handled by the system is readily accessible to personal 
computers attached to the network so off line analysis of 
performance data is easily achievable. 

Because of the distributed nature of the system, its 
integrity is not dependent on any single node in the system. 
Failure of a node thus results in loss of a facility rather 
than the whole system. Equipment maintenance is 
facilitated through local control and through the nearly 
continuous availability of the control system as there is no 
need to stop the entire control system for maintenance 
purposes. 

The reliability of the new system is currently equal to 
that of the present system and is orders of magnitude better 
than that of the present system in its early stages of 
operation. 
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ION SPECTRA IDENTIFICATION SOFfWARE FOR 
THE ECR ION SOURCE AT NAC 

E J S Franklin and J G de Villiers 
National Accelerator Centre, PO Box 72, Faure, South Africa 

ABSTRACT 

A microprocessor based software package to aid in 
ion identification has been developed at the NAC. The 
package automates the scanning process and aids species 
identification by displaying theoretical peak positions. 
The analysing magnet current is accurately controlled 
giving high resolution scans over any analysing magnet 
current range. Provision is made for automatic recording 
of beam stability. Complete ion source setup information 
as well as the graph is recorded. It uses a graphical user 
interface and runs on top of the OS/2 multitasking 
operating system. A description of the system is 
presented. 

1. INTRODUCTION 

The National Accelerator Centre (NAC) operates a 
200 MeV separated sector cyclotron (Main Cyclotron) 
together with two injector cyclotrons (SPCl and SPC2)1). 
The latter has two ion sources: an electron cyclotron 
resonance (ECR) ion source and an ion source for spin 
aligned ions (lSI) (see Fig. 1). 

ECR 
SPC1 

Main 
Cye. 

Fig. 1. Schematic Layout of NAC Cyclotrons. 

Figure 2 illustrates the ECR ion source. The 
analysing magnet is used to select the ion with the 
required mass number and charge state. 
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Fig. 2. Schematic Layout of the ECR Ion Source. 

It was with a view to aiding the selection process that 
a program capable of controlling the analysing magnet and 
recording beam intensity on a Faraday cup was written. 

2. ORIGINAL METHOD 

Tests of the ECR Ion source were done with a 104 0 

analysing magnet with its object focus point on the 
extractor and the image focus point on a Faraday cup. 
Currents measured on the cup were viewed on a storage 
oscilloscope. For a permanent record photographs of the 
ion spectrum were taken and ion source settings had to be 
tabled by hand. 

The ECR ion source at the NAC has a solenoid lens 
located between the 90 0 analysing magnet and the ion 
source to focus the beam. The analysing magnet can be 
scanned from O.OA to 1O.0A. A set of slits in front of the 
Faraday cup can be adjusted to cut off unwanted beam or 
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to obtain better definition of mass numbers of a certain 
charge state, for example Kr9+. 

The spectra of the first heavy ion beam were 
recorded on an X-Y plotter. Ion source settings once 
again had to be tabled by hand and corresponding plots 
attached, taking care not to mis-identify charge states. 

The major disadvantages of this approach were: 
• the difficulty in matching observed peaks with an 

ion; 
• the possibility of making a mistaken 

identification, and 
• identification was time consuming. 

3. COMPUTER AIDED METHOD 

3.1 Principle 

As a PC was already in place for controlling the slits 
and the solenoid lens, it seemed reasonable to put it to 
work on the ion source as well. The idea was essentially 
simple: to store ion source settings along with the 
corresponding graphical spectra on disk and to be able to 
recall those settings and spectra for later reference. The 
computer must set the analysing magnet coil current (it 
should also read a return signal confirming the actual 
value) and read the beam current (on a Faraday cup). 

In order to investigate the entire ion spectrum the 
software performs an automated scan by varying the 
magnet coil current between two user specified values (for 
example, from O.OA to 1O.OA) and plots the beam current 
vs. magnet current, which is displayed on the video 
screen. 

Once the operator has identified at least two peaks of 
an element, for example helium, a constant K for the 
system can be calculated; viz.: 

where 

q V 
-=K
m ]2 

V is the extraction voltage, 
I is the magnet current, 
q is the charge on the ion, and 
m is the mass of the ion. 

(1) 

With this constant the program can calculate the 
positions of the charged states of any isotope and display 
these theoretical positions as an overlay on the graph. 
The analysing magnet current can then be set to the 
desired peak within lmA and the operator can optimise 
the ion source. A rescan - usually over a much smaller 
range - will update the beam spectrum, and the graph and 
setup parameters of the ion source can be saved to disk. 

Once K has been found for each of the vanous 
extraction voltages it can be used thenceforward without 
recalculation. 

3.2 Further Advantages 

After installation of the software in its basic form as 
described above, it was apparent that the presence of the 
computer could help with a few other aspects. 

3.2.1 Beam stability analysis 

While the scanned graph is displayed on the video 
screen, a free-moving 'dot' indicates the present magnet 
and beam currents being measured. This dot can leave 
'high' and 'low' markers behind to indicate the peaks and 
troughs of beam current. These markers are made to 
persist for a while so the operator can get an idea of the 
stability of the beam and so that variations too fast for the 
eye to follow are nevertheless noticed. 

To make this feature more useful the software keeps 
a record over time of these maxima and minima averaged 
over a user specified period. This is then displayed as a 
plot of maximum, minimum and average beam current vs. 
time (see Fig. 3). The plot is saved to disk along with the 
scan information and ion source parameters. 

3.2.2 Data storage/retrieval 

Obviously being able to save data to disk is a 
tremendous advantage. Not only can previous graphs be 
called up for comparison, but all information pertaining to 
the ion source itself can be retrieved enabling the operator 
to quickly reproduce the same beam. 

3.2.3 Fine adjustment of magnet current 

An unexpected advantage was the improvement in 
control over the analysing magnet coil current. The 
manual method relied on a rotary dial which provided 
good fine adjustment. Computer control via the DAC· is, 
however, much easier to use. With the mouse the 
operator can smoothly sweep the current through a range 
of values (using the dial the current tends to jump around) 
as well as directly set a specific value. 

3.2.4 Distributed control system 

The NAC is in the process of converting its control 
system to a distributed set of microprocessors linked via 

• Digital to analogue converter. 
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an Ethernet LAN2). The presence of this computer at the 
ECR ion source lends itself to connection to the new 
control system as an instrumentation node. It is 
conceivable that the graphical data could be displayed on 
the central graphics node and the entire source operated 
under remote control. 

3.3 Results 

Figure 3 is an example of a typical screen display 
after an automatic scan. 

In this case the analysing magnet was scanned from 
3.20A to 4.30A in 200 steps. At the right side of the plot 
can be seen the value of the calibration constant, K · = 

2.7235. Above the graph itself are displayed some 
overlays for He, 0, N and C. It can immediately be seen 
how these overlays help in identifying the ion species 
present. 

To the right of the graph the word SLOW indicates 
that the operator has chosen to use the slower and more 
accurate DAC which updates the screen only twice per 
second. A FAST setting uses a slightly lower accuracy 
DAC but updates ten times each second. The number 
below (e.g. 3.950) indicates the actual setting of the 
analysing magnet current. This value is set via the mouse: 
a digit is selected by double-clicking and then is made to 
run up and down with the two mouse buttons. This 

proved to be a most satisfactory way of adjusting the 
current. Above this, 1m and Ib refer to the actual magnet 
and beam current values. 

When the mouse pointer is moved into the graph area 
a crosshair appears and the beam current and magnet 
current corresponding to the crosshair position are 
indicated (the cross-hair has been removed to prevent 
clutter in an illustration that has been much reduced in 
size). Also visible on the 14N5+ peak (a bit below the 
maximum) is the 'dot' which indicates the present beam 
and magnet currents. 

The broken lines running across the graph near the 
top are an example of a beam stability plot: in this case 
the minimum, maximum and average beam value were 
recorded from 13:58:25 to 14:08:33. When a beam 
stability plot is displayed the time corresponding to the 
crosshair position is also displayed. 

Along the top of the screen are a number of menu 
options available to the operator. These are chosen by 
mouse (or with keyboard accelerator keys) . For example, 
a scan will be started from a menu option. 

Lastly, it should be pointed out that plots on the 
colour computer screen are naturally clearer and can show 
more information than can be reproduced here. 

Figure 4 illustrates the ECR ion source parameters 
stored for each plot; this particular set pertains to the plot 
of Fig 3 (optimised for 14N5+). 
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Figure 3. ECR ion source plot for a 14N5+ beam. 
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Fig. 4. ECR ion source infonnation stored for each beam. 

Figure 5 is included to illustrate a plot for Krypton in 
which each charge state has been resolved further showing 
the different mass numbers, namely 82Kr, 83Kr, 84Kr and 
86Kr. 
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Figure 5. Plot illustrating different mass numbers. 

3.5. Hardware 

The microprocessor is a 25MHz Intel 80386DX with 
8MB of RAM running the OS/2 v1.3 operating system. It 
has a 40MB hard disk drive and VGA screen. Input is via 
a mouse and keyboard. 

Locally developed hardware is used for controlling 
the analysing magnet power supply as well as for reading 
the beam current. This hardware resides in a separate 
crate (SABUS crate) and communication from the crate to 
the PC is via locally developed differential drivers. 
Naturally the analysing magnet power supply must be 
electronicall y controllable. 

4. CONCLUSIONS 

The major initial objective of this software was to aid 
in the identification of ion species, the manual method of 
comparing plots with pre-prepared schematic graphs being 
cumbersome and prone to error. Not only was this 
objective achieved but a number of other advantages came 
to light; namely, improved control of the analysing 
magnet, automatic recording of beam stability, easy 
retrieval of past data (both graph and ion source 
parameters) and the possibility of remote control. 
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MICRO-CONTROLLED VACUUM SYSTEMS AT NAC 

P.J. Celliers and E.J.S. Franklin 

National Accelerator Centre, P.O. Box 72, FAURE, 7131 Republic of South Africa 

ABSTRACT 

The vacuum systems for both the 'beam swinger' 
and the newly-installed spectrometer at NAC are 
controlled by an OS/2-based 386 micro-computer (PC). 
The operating system's multitasking environment allows 
both vacuum control programs to run simultaneously and 
its graphical capabilities provide an intuitive and easy-to
use interface for the operator. Graphical layouts of the 
systems, showing pump and valve states and beamline 
pressures, are displayed on the colour monitor, while a 
pointing device enables an operator to communicate with 
the system directly on the monitor. A local-area 
network allows control of the systems from any node on 
the network. A description of the hardware and soft
ware of the two vacuum systems is presented here. 

1. INTRODUCTION 

The new system for vacuum control is the third
generation of such systems being used at NAC. The 
first was an electronic system with a mimic panel to 
display the state of the system and press buttons to 
operate pumps and valves. The interlocking was done 
electrically. The second 1-3) is a microprocessor con
trolled system with a station-dependent mimic panel, a 
specialized keyboard and an alpha-numerical display for 
communications. The third generation has the following 
features: 
(a) dynamic display of the layout and state of the 

system, 
(b) simplified operator control via a mouse, 
(c) software access for later enhancements in the layout 

or control of the system, 
(d) standardization in hardware and communication, and 
(e) multitasking. 

A layout of the beamlines and cyclotron facility at 
NAC is depicted in reference 4. The systems under 
discussion are on the right of the figure. 

2. CONTROL 

The control for the new system uses a 386 micro
computer, a cardcage with the SABUS interface back
plane to hold all the necessary modules, a mouse and a 
VGA colour monitor (see Fig. 1). The layout of the 

vacuum system(s) is displayed on the monitor. The 
pressures measured by all the gauges and the states of 
the various pumps and valves are displayed in various 
colours at the appropiate positions on the screen. Green 
symbolizes a "closed" or "off" state and red an "open" 
or "on" state. Black symbolizes a valve state which is 
neither "open" nor "closed". It is therefore very easy 
for the operator to establish the state of the vacuum 
system. 

The computer communicates with the hardware by 
means of two differential drivers, one in the computer 
and the other in the SABUS crate. This crate holds the 
four 32-bit relay output modules, the four 80-bit opto
isolator input modules and the 32-channel analogue 
(ADC) input module. Each relay output module consists 
of 2.5 V reed relays which latch 220 V relays thus 
enabling the system to switch pumps on/off or to 
close/open valves. An electronic watchdog has been 
installed on each module which will cause the relays to 
unlatch if they are not addressed within 22 s. The 24 V 
opto-isolator modules are responsible for reading the 
limit-switches on the pumps and valves. The 2.5V ADC 
input module reads the analogue signals for the gauges 
and translates them to pressure readings. 

Each element (bit) on the modules can be addressed 
by means of the port addresses on the motherboard, the 
addresses of the modules and addresses within the 
modules. Correct wiring of these modules ensures that 
each vacuum element can thus be addressed. All these 
modules were designed and manufactured at the NAC. 

The computer communicates with the operator by 
means of messages on the screen. Changes in vacuum 
system state are represented by colour changes of the 
pump and valve symbols and a display of the pressure at 
the corresponding positions. Under OS/2 Presentation 
Manager a 'window' for each symbolic pump, valve and 
meter is generated on the screen. Any change in the 
vacuum state is reflected by writing to the respective 
window using its software window 'handle'. 

The operator communicates with the system by 
means of the mouse which is easy and intuitive to use. 
To change the state of a pump or valve the mouse cursor 
is moved to the desired window (pump or valve) and the 
left mouse button is depressed. This causes a request 
flag to be set. A white dot or square on the relevant 
window indicates that a request was made. If the 
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Beam swinger Spectrometer 

Fig. 1. A scematic view of the instrumental node for the two vacuum systems. 

interlocking conditions are met the state is changed. The 
right button is used to switch off any pump or close a 
valve immediately without considering the interlocking 
conditions or to reset the request before it was executed. 

The system is fully automatic by utilizing five OS/2 
threads in the program. They continiously monitor the 
pressure and limit switches, control the screen display 
and the relays, and handle all network communication. 

In addition to the monitoring, the following active 
procedures are also initiated as a result of a change of 
the state of the system: 

• Valves will close on any unacceptable rise in 
pressure. Because the request flag remains set the valve 
will open if the pressure decreases sufficiently again. 

• Valves are also protected from the particle beams. 
If a beam is passing through a beamline and the valves 
are closed for any reason, signals sent to the cyclotron 
interlocking system will result in stopping the beam on 
Faraday cups. 

• Turbopumps will be switched off if signals 
indicating malfunctions are received. If a turbopump 
fails to start, the fore-pump will be switched off in 20s. 

3. MULTITASKING 

The computer is supported by the OS/2 operating 
system with Presentation Manager as the graphical user 
interface. The programs are written in the C language. 
The multitasking environment allows more than one 

complete vacuum control system to run concurrently on 
one machine. Multiple windows and icons provide for a 
convenient display. One or both vacuum systems can be 
displayed on the screen in separate windows. The one 
that is displayed is graphically active and is identified by 
its title bar located on the top of the window. Messages 
can be sent or received from this window. To select 

Fig. 2. A screen copy of the colour monitor video 

display of the 'beam swinger' vacuum system. 
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another window to become active, the operator must 
shrink the active window by pointing the mouse to the 
'minimize' box at the top hand right comer of the 
present window and press the mouse button. Next, the 
mouse cursor is pointed to the icon which represents the 
program to be viewed and whose name is displayed at its 
bottom and the button is pressed to maximize the icon. 

The two vacuum systems mentioned above are the 
beam swinger and associated beam lines and the 
spectrometer beamline4l . The computer layouts for the 
two vacuum systems are shown in Fig. 2 and 3. 

...... eet,·)4V1Dbe~IdON 
Villue ""-01 Inu.tb. doeed 
Aequeet '-34V" b. twtIctteCI on 

SPECTROMETER 

Fig. 3. A copy of the colour monitor video display of 

the spectrometer vacuum system. 

4. LOCAL AREA NETWORK 

The network consists of a thick Ethernet baseband 
cable connected to the nodes via transceivers and cluster 
boxes where the nodes are closely spaced. The local 
computer with its hardware (known as the instrumenta
tion node), the console computer and any other nodes 
are connected to these multi port transceivers by means of 
the Ethernet communication interface as shown in 
Fig. 4. By means of the interface, data is sent to or 
received from the network. Data packages are sent at a 
rate of 10 Mbits/s and consist of data, the destination 
and source address. 

The local node controls the vacuum systems which 
are in tum being controlled by one or more console 
nodes. Each instrumentation node has a memory
resident table which is a dynamic database of all the 
actual values of vacuum system parameters at that local 
station. Any change in the state of the vacuum system is 
written to the local table and is transmitted to all the 
nodes on the network. The table in the local node can 
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console node local node 

Fig. 4. A schematic representation of the Ethernet 

network. 

also receive commands from the console nodes via the 
network, update the variables and then controls the 
instrumentation accordingly. 

The console node has the same programs as the 
instrumentation node, namely the vacuum control 
program and the console table program for the database. 
The console table is updated via the network when 
changes in the hardware are written to the local table and 
then transmitted to the console nodes. The latter then 
displays the updated vacuum system parameters on the 
colour monitor by writing the latest pressure and 
displaying the correct state of the pumps or valves. The 
table program can also display the actual and reference 
values of all the parameters in the database in a page 
format. 

Weare now running two independent vacuum 
systems on the local computer. In addition there is a 
console node situated in the control room from which 
both vacuum systems can be controlled. Control of the 
system from any other node has also been demonstrated. 
A detailed description of the NAC distributed control 
system, which includes the vacuum control, is given in 
the present proceedings5l . 

5. INTERLOCKING 

The interlocking function is only accessed when a 
request has come from an operator or if a system 
parameter such as the pressure or a limit-switch position, 
has changed. The interlocking conditions are specified 
for pumps and for valves. The pumps have separate 
conditions for fore-pumps and for high-vacuum pumps. 
The conditions for the valves are classified according to 
whether they are isolation valves (between beam lines), 
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ventilation valves, or valves connecting pumps to beam 
lines. 

The interlocking principle is as follows. Each 
parameter is identified by its state, its requested state and 
the number of requests. In the case of valves an 
additional value, the differential pressure across the 
valve, is set. To operate a pump or valve, all these 
various values (software flags) for the affected valve(s), 
pump(s) and pressure difference(s) are grouped together 
in a byte. If this value corresponds to a pre-calculated 
value then a pre-defmed action is taken and messages are 
written to the display window. 

The maximum pressure difference (MPD) allowed 
across the valves mentioned above, is set to change 
according to the geometrical average pressure difference 
across the valve. This is to ensure that the MPD will 
always have a realistic value. The relation is given by 

MPD mbar. 

PI and P2 are the pressures on each side of the 
valves. For high pressures (1000 mbar) the maximum 
difference is high (100 mbar) and for low pressure 
(1 x 10-6 mbar) the maximum difference IS low 
(100 x 10-6 mbar). 

These interlocking conditions were tested in the 
laboratory on an electric system of switches, LEDs and 
potential dividers before the program was installed on 
the various computers. 

6. METERS 

The software is designed to accomodate two sets of 
meters. One set has two voltage signal outputs and 
therefore two ADC channels are used, one for each of 
the Pirani and Penning gauge signals. Two tables of 128 
values each are also necessary for converting the voltage 
signals to pressure in mbar. 

The other set, which was built at NAC, supplies 
only one output signal and the relation for converting the 
signal to pressure is very simple. If the voltage is given 
by a 3-digit, 2 decimal figure, which we can write 
as A.BC volts, then the pressure IS given by 

B.C x 10-(A-9) mbar. 

The pressure is only recorded if the output voltage 
of the gauges change with 2/128 V. The accuracy of 
measuring the pressure is 1/128. 

7. TROUBLE SHOOTING 

The majority of problems are caused by valves 
which close unexpectedly. This is mainly due to faulty 
gauges or meters. On rare occasions some of the output 
relays malfunction, inhibiting pump or valve operations. 
A chart is available to locate the faulty relays very 
easily. 

8. CONCLUSION 

After two years of experience with the beamswinger 
system and a few months with the spectrometer system 
for it is evident that the performance is very good. The 
new NAC vacuum-meters also behave very well. 
Similar vacuum control systems will be installed in 
future systems for the second injector (SPC2) and 
associated beamlines4) • 

9. ACKNOWLEDGEMENTS 

The authors wish to thank Mr Hanekom for his 
assistance in preparing the computer-processed diagrams 
in this paper. 

10. REFERENCES 

1) Visser, K. and Mostert, H., "Vacuum control systems 
at the NAC cyclotrons," in Proceedings of the 11th 
Int. Conf. on Cyclotrons and their Applications 
(Ionics Publishing, Tokyo, Japan, 1986) pp 426-427. 

2) NAC Annual Report 1984, NAC/AR/84-01, pp. 81. 

3) NAC Annual Report 1985 NAC/AR/85-01, pp. 91. 

4) Botha, A.H. et al., "Commissioning of the NAC 
Separated-Sector Cyclotron", in Proceedings of the 
11th Int. Conf on Cyclotrons and their Application 
(Ionics Publishing, Tokyo, Japan, 1986) pp 9-16. 

5) Weehuizen, H.F. et aI., "The new distributed control 
system of NAC", (these proceedings). 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

667



TWO DIMENSIONAL SCANS WITH ADAPTIVE DOMAIN CONTROL 

Stefan Adam and Anton C. Mezger 
Paul Scherrer Institute (PSI) 

5232 Villigen, Switzerland 

ABSTRACT 

Methods to investigate the combined effect of two 
parameters being varied, can be helpful for online opti
mization of the beam setup in an accelerator complex. 
Compared to single parameter scans, twodimensional 
scans provide more insight into the way how parame
ter changes can modify the accelerator performance. 
For one dimensional scans it is common practice to mon
itor the beam losses while scanning and to cut back the 
interval originally forseen when the beam losses exceed 
a critical value. In the program described in this paper, 
the principle of adaptating the interval to be scanned, 
is extended to the two dimensional case: The domain of 
allowable parameter variations is built up during the pro
cess of scanning. With this new method, twodimensional 
scanning is not anymore bound to the disadvantage of us
ing extremely narrow scanning intervals, nor does it run 
the risk of producing too many beam shutoffs. 

1. THE NAME OF THE GAME 

The program for two-dimensional scanning pre
sented in this paper was given the name "GEISS". This 
name is neither an acronym, nor does it point back to 
greek origins, it is simply the Swiss-German name for a 
goat. The name of this animal was felt to fit the idea of 
the program, for goats are curious and they are able to 
find distributed parts of herbs in the mountains without 
falling down a slope.· A short name that is easy to re
member can also help to make a program popular with 
the control crew. 

2. THE ORIGINAL SCOPE OF THE PROGRAM 

For the control system of the PSI accelerator com
plex1) ,2) a series of individual programs for onedimen
sional scanning had been summarized in a single scan
ning program of general applicability due to selectable 
parameter-files. 

Some programs for two dimensional scanning were in 
use, but their replacement by a single program appeared 
to be difficult. These programs had differences in their 

functionality, in particular with respect to the shape of 
the twodimensional domain to be scanned. In addition 
to differences between individual programs, most of the 
twodimensional scanning programs had a common prob
lem: when the scanning domain was fixed before the 
start of the scanning, the size of this domain had to 
be chosen carefully finding a compromise between us
ing only small parameter variations and running the risk 
of a beam shutoff (interlock). The task to construct a 
generally applicable program for twodimensional scan
ning therefore started with the search for a solution to 
the problem of the scanning domain. 

In one dimension the solution is evident: while the 
active variable is changed stepwise, some passive param
eters that give an indication on beam losses are continu
ously monitored along with the main passive parameter 
recorded by the scan. If the beam losses become higher 
than a predefined critical level, the scanning stops, even 
if the parameter variation has not yet reached the end of 
the scanning range forseen at the start. Such a scheme 
of adapting the range while scanning had to be realized 
in the twodimensional case as well: the scanning domain 
had to be built-up online. 

3. REALIZING THE BASIC FUNCTIONALITY 

In most of the cases of two dimensional scanning for 
parameter optimisation in a accelerator, one can clearly 
distinguish between the primary and the secondary pa
rameter to be varied e.g. parameter changes of RF de
vices are much more reproducible than changes of the 
current in a big magnet. The parameter that is more re
producible is considered as primary parameter, which is 
changed up and down many times, while the secondary 
parameter is changed by single steps only. The differ
ent role of the two active parameters is the reason why 
the program "Geiss" is based on a sequence of onedimen
sional scans which is quite an asymmetric way of treating 
the two scanning parameters. 

The main framework of the program "Geiss" is 
based on the principle of extend ability of a onedimen
sional scan (see fig. 1). 
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Fig. 1. Candidates for domain extension. The 
changes of the secondary parameter by one step up 
and down from a successfull point within a line seg
ment of primary parameter scanning are the set of 
candidates for domain extension from this elemen
tary subdomain. 

A onedimensional scan that has been completed, 
varying the primary parameter, represents a horizon
tal line-interval in the two dimensional plane, hence an 
elementary sub domain where scanning has proven to 
be possible. This elementary sub domain cannot be ex
tended to the left nor to the right hand side, because the 
onedimensional scan has been done with limit-checking. 
In the vertical direction however, from each point of this 
sub domain, an extension upwards and downwards is fea
sible. Such movements, which represent changes of the 
secondary parameter by one step up or down, while the 
primary parameter remains within the range of the scan
line, form the set of candidates for domain extension. 

secondary parameter variations· 

o 

X 
X 

primary parameter variations 
E > 

Fig. 2. Cancellation of candidates pointing 
towards each other. Extension candidates that 
point upwards from the lower scan-line cancel with 
their counterpart pointing down from the upper 
scan-line. 

During the build-up of the domain in the twodimen
sional scanning process the program tries to extend the 
known sub domain using candidates for domain exten
sion. If the elementary movement of domain extension 
leads to excessive beam losses, the parameter is stepped 
back, this candidate is eliminated and another candidate 
has to be tried. If a candidate for extension is success
ful, it becomes the starting point for a new horizontal 
(primary parameter) scan. 

Two adjacent horizontal scan lines always have some 
pairs of extension candidates that cancel each other (see 
fig. 2). These pairs have to be eliminated from the list 
of candidates after every one dimensional scanning, ex
cept for the very first. Candidates of domain extension 

that have no counterpart from the neighbouring scan, 
but which point to an endpoint of a neighbouring scan
line have to be eliminated as well because this endpoint, 
in the previous scan, has proven to lie outside the al
lowed region. After these bookkeeping operations are 
done, another attempt to extend the domain via an ex
tension candidate follows. When the list of extension 
candidates has become empty, the process of twodimen
sional scanning is complete. 

The main working cycle of this twodimensional scan
ing can be summarized as follows: 

A) initialisations 
B) do the first primary parameter scan 
C) cycle, while there are extension candidates: 

1) try candidates (secondary parameter steps) 
a) discard candidate upon warning 
b) else take as new starting point 

2) do a primary parameter scan (warning limited) 
3) update list of candidates (add new, cancel pairs) 

D) display the scanning results 

4. FUNCTIONALITY EXTENSIONS 

The basic functionality described in the previous 
section is not sufficient to get a useful program. An el
ementary additional requirement is that in spite of the 
automatic domain control based on loss warnings the 
two dimensional scanning range must be confined. Abso
lute minima and maxima of the active parameters have 
to be given and the program has to treat these absolute 
limits in a different way than the loss warning limits. 

The aim to avoid beam interlocks requires that be
ween two primary parameter scans, when both active 
parameters are varied, to move to the starting point of 
the next extension candidate, this travelling path should 
remain inside the allowed domain. To make this "good
path" option work, the program has to maintain a table 
describing the valid domain. This table records all the 
successful scans sequentially including their vertical po
sitions and their horizontal limits. It is independent of 
the candidate list which gets empty at the end while the 
domain table steadily grows. 

Another important entry in this domain table is the 
"father" pointer indicating from which scan line the ex
tension link originated that lead to the present scan line. 
These pointers bring a tree organisation into the domain 
table. Travelling inside the domain from one scan line to 
another corresponds to motions along branches of this 
tree. The tree of scan lines has an unusual structure. 
Compared to tree structures used for commercial data 
processing it has extremely few branching nodes. Most 
of the nodes in this tree have just one father and one 
son, but if a branching occurs, there is no principal limit 
to its multiplicity. The strange structure of the tree of 
scan lines reflects the fact that this tree is an image of 
the topology of the domain (see fig. 3). 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

669



Fig. 3. An example of a domain with a complicated 
shape and of the corresponding tree structure de
scribing the topology of the interconnections be
tween scan lines. 

In the description of the basic functionality a sym
bolic program step requires "to choose a candidate" , but 
it leaves open how this choice is implemented . Sev
eral strategies for selecting the next extension candidate 
have been tested. Aiming at a minimal number of non
scanning steps, mainly for the secondary parameter, the 
following scheme appeared to be quite favourable: 

The highest priority is given to domain extension 
candidates starting from a scan line located as near as 
possible to the present scan line (wrt. to chronological 
order). If this criterion is still ambiguous, the selection 
strategy tries to use the same direction for the extension 
of the domain as for the previous scan. With these two 
criteria there is still no priority difference among a group 
of adjacent, parallel extension candidates; in that case 
the middle one is selected. 

5. TEST FUNCTIONS 

The program "Geiss" is organized in a way that all 
scanning and moving operations in the twodimensional 
space of parameter variations are requested by calling 
a single function. This central moving and measuring 
function can therefore be replaced by a test function that 
gives a similar response to the calling program, but does 
not vary any real parameter. The requests to change ac
tive parameters are just used to update the coordinates 
of the current point. These coordinates then serve as 
independent variables in a mathematical formula calcu
lating the value of the passive parameter to be passed 
back. A loss warning is simulated by the test function 
when the passive parameter gets larger than a critical 
value. 

Several of these test functions have been used where 
each one is conceived to demonstrate a different part of 
the program functionality. The "fourdip" function was 
the first of those test functions, it was made to test the 
ability of the program "Geiss" to find the boundaries of a 
non convex domain (see fig. 4). The functions "nautilus" 

(with a spiral shaped domain) and "snake" primarily 
checked the "goodpath" option, requiring that param
eter movements must remain inside the valid domain. 
The "sta-logo" test and also the "snake" are examples 
that define domains where the connections between scan 
lines have a complicated topology. 

10 20 

...........................................••... .......•...•.......•..••••......•••••••••..••.••• 
54150 54200 54250 5000 54350 54450 Sen·X 

Fig. 4. The domain and the contour lines of a twodi
mensional simulated scan using the test function 
"fourdip" . 

54150 54200 54250 54300 54350 54400 54450 ScanX 

Fig. 5. A scan with the "nautilus" test func
tion. Running the program "Geiss" with this test 
function checks that parameter motions remain in
side the valid domain. 

6. RUNNING EXPERIENCE AND IMPROVE
MENTS 

A very early version of the program was tried out 
with real beam during machine development and was 
successful in finding the allowed domain avoiding inter
locks. After some more test with real beam a wishlist for 
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improvements came up. An urgent requirement was to 
inhibit multiple scanning of the same domain. In some 
scanning experiments, the fact that beam losses are not 
reproducible, and therefore the beam loss limits are vary
ing, made the program scan the same parts many times. 
This fault was cured by restricting the scanning range 
not only to the absolute parmeter limits, but to the part 
of the horizontal line that has not been scanned before. 
The "diagonal band" test function was programmed to 
check the multiple scanning inhibition offline. It uses 
a simple mathematical function, but includes a random 
function component. 
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Fig.6. A two dimensional scan of flattop phase 
and main magnet excitation recording extraction 
losses. The strange shape of the domain where scanning 
is possible reveals the advantage of a program that finds 
this domain automatically. 

As twodimensional scanning can take quite some 
time, a way to abort the running program was intro
duced. Beam interlocks can occur any time, also in the 
middle of a running scan. The scan then stops and the 
operator can decide whether he wants the program to 
exit or to continue. A special option allows to continue 
scanning, but avoid the region having been scanned at 
the moment of the interlock. In studies of extraction 
losses the contour lines were concentrated at the bound
ary of the scanned domain giving no information on the 
loss structure inside the area. This drawback could be 
avoided using a new procedure to select the contour lev
els. It makes a statistics on the distribution of measured 
values and divides the integral curve - number of mea
sured points vs. measured parameter values - into equal 
slots wrt. to the number of measured points in order to 
get the set of parameter values for contouring. 

In order to reduce the total scanning time without 
loosing much information an option was introduced that 
can diminish the number of tries to extend the domain. 

An entry in the list of extension candidates is deleted by 
this option when the number of adjacent candidates is 
smaller than a critical width that can be specified. 

An example of a twodimensional scan result with 
real beam is shown in figure 6. 

7. THE USER INTERFACE 

Before a twodimensional scan can be started, a long 
list of options and parameter values must be available to 
the program. This list includes e.g. the device names 
for active, passive and loss monitoring parameters, the 
absolute limits, the critical values for warnings as well 
as step size and time delay for the active parameters. If 
the operator would have to type in all this data for each 
measurement, the program "Geiss" would never be used. 
Complete sets of these running parameters are stored in 
individual parameter files, the operator has just to select 
one of the sample cases from a list and tell the program 
to start scanning. 

Using the multi-window techniques of the OSF
motif (Open Software Foundation) display system on the 
VAX Workstation, the operator could be given a good 
overwiew and full control over the activities of the pro
gram. Selecting a predefined case, changing critical val
ues, and changing device lists can easily be done with 
pointing to items in well separated scroll windows. Start 
and stop of the program and continuation after an inter
lock can be steered with click buttons. 

The continuous display of the domain accumulated 
so far and of the current parameter values (position in 
the domain) had been forseen for testing only, but as 
twodimensional scanning can be quite slow this display 
was kept for the application case. It steadily informs the 
operator on what the scan is doing. 

8. CONCLUSIONS 

The twodimensional scanning program "Geiss" has 
become a good tool for beam optimisation. The method 
to build up the valid domain while scanning has proven to 
work well and makes the program much more useful than 
previous ones with a fixed scanning domain. The window 
based user interface and the online graphic display are 
essential to the success of this program. 
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ABSTRACT 

The control system for the RCNP ring cyclotron and 
beam lines was designed in 19S7, and the constructions of 
individual device control units and their softwares were 
completed in 1990. The control system was installed in 
the new ring cyclotron building in autumn of 1990, and 
final adjustments and operational tests were executed by 
using the softwares of control computers. After the ac
celerated proton beam from the injector A VF cyclotron 
was injected to the ring cyclotron, the computer control 
system has been used for the beam acceleration of the 
ring cyclotron. The software of this control system per
forms its basic facilities almost satisfactory under actual 
cyclotron operation. 

1. INTRODUCTION 

The control system consists of a computer network 
with a central computer (a system control unit SCU 
using microVAX 3500), four computers (group control 
units GCU using a micro VAX II and three diskless rt
VAX 1000's) and many control cabinet racks. 1) The SCU 
computer has charge of a concentrated control of the to
tal system, file managements and a man-machine inter
face. The RING-GCU subsystem (microVAX II) covers 
the controls of injection beam line, cyclotron magnets 
and injection-extraction system. The RF-GCU subsys
tem (rtVAX 1000) covers the covers the controls of RF 
system, vacuum system and cooling system. The BT
GCU subsystem (rt VAX 1000) covers the control of mag
nets of the beam lines. The DIAG-GCU subsystem (rt
VAX 1000) covers the cont.rol of beam diagnostic devices. 
Each group control computer is also connected to many 
device controllers by an opt.ical communication system. 

The con t.rol cabinets located in the cyclotron vault., 
experimental halls and power supply areas, and contain 
universal device controllers (U DC's) which control com
ponent devices, associated local panels, the drivers of the 

• Systems Engineering Development Department, Smnitomo Heavy 
Industries, Yato 2-4-15, Tanashi, Tokyo 188, Japan 

stepping motors and AC motors, input signal multiplex
ers, analog-to-digital converters and interlock relays. 

2. POWER SUPPLIES OF MAGNET COILS 

The UDC's and associated local control panels are 
installed within power supplies of the cyclotron coils, 
i.e., main coil, auxiliary coils, trim coils and magnetic
channel coils. The communication data between GCU 
computer and UDC are stored in the memories of UDC 
named a communication register (CRG). 

The power supply of the ring cyclotron main coil 
uses a high precision digital-to-analog converter for the 
coil current setting, and its CRG has unique status bit 
corresponding to the GP-IB interface. The firmware of 
the power supply control for the main magnet coil con
sists of six tasks. Task1 starts at 200 ms intervals to ini
tialize the GP-IB port, output a preset value, and read 
the current value. Task2 is a communication task, and 
uses the CRG as the communication area. Task3 s·tarts 
at 10 ms intervals to calculate the output current value 
depending its cycling mode which set the ratio of the 
output value to the final preset value. Task4 starts at 
10 ms intervals for the operation of the sequence control 
depending on the present status and setting commands. 
They are the startup and shutdown sequences, the po
larity change of the output current, and the interlock 
and status monitorings and correspoding status transi
tion operations. Task7 starts at 100 ms intervals for the 
local panel controls. TaskS starts at 100 ms intervals for 
the GP-IB input-output processings. 

3. POWER SUPPLIES OF THE RF SYSTEMS 

Power supplies of intermediate stage and final stage 
amplifiers were constructed since 19S7 in the early stage 
of the construction of the ring cyclotron, the designs to 
control the power supplies by using UDC's were not in 
time. Therefore the control units including UDC's were 
connected externally to the power supplies already com
pleted. On the contrary other power supplies were de
signed by considering the controls using UDC's together 
with associated local control panels, and control units 
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containing UDC's and local control panel were included 
inside the power supply cabinets. The power supplies of 
the RF system amplifiers can be operated locally with
out using UDC, but other power supplies such as magnet 
coils of the ring cyclotron and the beam lines cannot be 
operated without UDC even in a local control mode. 

The firmware of the power supply controls for the 
amplifiers of RF system consists of five tasks. They 
are input of actual values from an analog-to-digital con
verter, a communication task, output of preset value to 
a digital-to-analog converter, sequence controls including 
startup and shutdown of the power supply and checking 
functions of interlock and status signals, and local input
output controls. 

The harmonic numbers of accelerations at the ring 
cyclotron are 6, 10, 12 and 18, and ratios of the RF 
frequencies of the ring cyclotron to the A VF cyclotron 
are 3 and 5. 2) These relations determine the RF phase 
differences between three accelerating cavities and a flat
topping cavity. The UDC for the phase adjustment of 
RF low level system reads the detected phase values and 
outputs new setting value for RF phase. The UDC for 
an automatic tuning of RF low level system reads an 
injected power from the final stage amplifier, a reflected 
power from a cavity, an amplitude and a phase of the 
input impedance to cavity. 

Fig. 1. Central operator console. 

4. CONTROLS OF STEPPING MOTORS AND 
AC SERVOMOTORS 

The stepping motors are used for the open loop con
trols of the positions of electro-static channels, frequency 
tuning devices of RF power amplifiers and cavities, vari
able width slits and beam probes. 

At power-on time, the UDC for the driving of step
ping motor has no pulse value corresponding to the 
present position. Then a GCU subcomputer downloads 
the pulse value for the position at power-off time, or it 
sets new pulse value at either limit position used for a 

calibration. One UDC can control up to four stepping 
motors. When the UDC receives a drive command from 
the GCU sub computer or a local control panel, the UDC 
controls the positions of a device by outputting control 
pulses to the driver module of a stepping motor. The 
UDC controls hold and brake functions and also inter
lock conditions if necessary. 

Some position controls of RF cavities use AC servo
motors with a closed loop control. One UDC can control 
upto four AC motors. After selecting motor number, the 
UDC reads the present position from a potentiometer 
through analog-to-digital converter, determines driving 
direction by comparing the present value with a preset 
value, and outputs driving signals until reaching to final 
preset position by checking interlocks relating the driving 
direction. 

5. ADJUSTMENT OF DEVICE PARAMETERS 
AND DISPLAY OF DEVICE STATUS 

Device states can be displayed on two twenty-inch 
CRT displays with touch panels of the central operator 
console.(Fig. 1) The screens for device status, not ready 
device list, fault device list and dynamic parameter value 
are prepared. These values are also displayed on the 
computer console terminals of GCU sub computers, and 
are useful to check the control functions for not only 
maintenance aids but also daily operations. 

In the early stage of the construction operational 
tests of the device control systems were performed at 
the local panels of the control units in the cabinet racks 
installed in and near the cyclotron vault and experimen
tal halls. After completing installations and checks ofthe 
device control systems, their control functions were con
firmed at GCU sub computers and finally at SCU main 
computer. 

All the control informations of each device is dis
played on a memory of the UDC called communication 
register CRG. The sub computers GCU's usually have 
updated copies of the CRG data of UDC's. According 
to the requests from the tasks of the SCU and the op
erator console, the main computer SCU gets necessary 
CRG data from the corresponding GCU. For each con
trol information a proper name called operation name is 
assigned, the main computer and sub computers can refer 
CRG data by using the operation name. After defining 
the operation names on SCU, the device control func
tions are checked from the computer console terminal of 
the GCU by using not bit images of the CRG but more 
familiar names based on the operation name. In this pro
cess the validity of the operation names can be checked . 
Next the control functions are checked from the operator 
console by using the main computer SCU. Twenty-nine 
processes run on the SCU with issuing mails between pro
cesses, and total software system is rather complicated. 
Therefore it is often to run a particular process with a de
bugging mode for checking purpose. After finishing these 
procedures, the control software itself becomes open to 
general operators of the ring cyclotron system in spring 
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of 1991. 
During the checking procedures of the control func

tions it is often to use the displays of GCU and the oper
ator console simultaneously. A device control is initiated 
from the operation screen of the operator console by se
lecting particular cell. Then the following control result 
is displayed on the display of GCU, and the control func
tion can be confirmed. They are performed by comparing 
device states, preset values and measured actual values 
on both GCU and SCU (operator console). 

6. INTERLOCK SYSTEM 

Device status signals used for external interlocks to 
other devices are collected in an interlock control unit 
through a signal distributer box with terminal boards 
and status display lights. The control unit contains a 
UDC and relays to output the signals for an interlock 
circuit. The interlock system for power supplies, a beam 
handling and an interface to the radiation protection sys
tem and the injector cyclotron are constructed by us
ing hardwiring and conservative relays. Software inter
locks using sequence programs, written by a basiclike 
interpreter-type language, are also supplementarily exe
cuted on GCU subcomputers. Processes of SCU main 
computer also contain software interlock facility. 

Devices are controlled by UDC, and hardwired in
terlock signals are also connected to UDC's in an inter
lock unit. Many interlock units are distributed to control 
cahinet racks: two units for cyclotron magnet coils, eight 
units for RF cavities and amplifiers, two units for injec
tion and extraction devices, six units for beam lines, and 
also for beam diagnostic devices and radiation protection 
system. The UDC for interlock handles 48 digital input 
signals and 16 digital output signals. Interlock signals 
such as flow switches of magnet. coils are inputed to dig
ital input port of the UDC in addition to the hardwired 
interlock circuits. These signal data are sent to GCU 
sub computers and the SCU main computer. The digi
tal output port of the UDC is an interface between the 
hardware interface and the software interface. 

The software interlock conditions are created in 
GCU computers and the SCU main computer. Each 
digital output signal of the UDC has operation name 
correspondig to its function, and the software interlock 
conditions are outputed to UDC's by referring opera
tion names. The digital outputs are taken into hardware 
interlock relay circuits. Excess beam current on slits 
at beam lines and in the ring cyclotron will stop beam 
before acceleration by using this software interlock func
tion. After this interlock system sends an information on 
a selected beam line to the radiation protection system, 
the control system receives additional interlock data con
cerning a safety condition on transport.ing beam to the 
specific beam course in experimental hall. The degree 
of vacuum data can be also used as software interlock. 
Compared with the hardware int.erlocks the flexibility 
of the software interlock funct.ion is very useful for the 
dynamic change of interlock threshold values t.o actual 

parameters. 
Another type of the software interlocks is a direct 

output of the interlock conditions to the UDC of power 
supplies and motor drives. Fault sequence programs in 
GCU sub computers can control the status of power sup
plies and other devices by using their operation names. 

7. SEQUENTIAL STARTUP AND SHUTDOWN 

Operations of the ring cyclotron and beam lines con
sist of parameter setting to devices according to a beam 
condition, device startups, parameter adjustments, shut
downs and fault status handlings. For realizing an auto
matic sequential operation it is convenient to grouping 
many devices. Considering an operation unit of the ring 
cyclotron and beam lines, control facilities are divided to 
a few groups. Individual group consists of a few blocks, 
and each device belongs to one block. Startup and shut
down procedures of the system can be performed by three 
methods: operations in unit of group, operations in unit 
of block and operations in unit of device. 

The RING-GCU sub computer covers the controls 
of injection beam line, cyclotron magnets and injection
extraction system. Devices connected to the RING-GCU 
sub computer belong to INJBT group or RING group. 
The INJBT group consists of INJBT1 block and IN
JBT2 block. Power supplies in the upperstream part 
of the injector beam line belong to the INJBT1 block, 
and power supplies in the downstream part of the injec
tor beam line belong to the INJBT2 block. The RING 
group consists of MAINC block (power supply of main 
coil), AUXC block (power supplies of auxiliary coils), 
TRIMC block (power supplies of trim coils), MICMEC 
block (power supplies of injection and extraction mag
netic channels), EIC block (injection electrostatic chan
nels) and EEC block (extraction electrostatic channels). 

During the coil current setting a cycling function of 
the coil current has been introduced as a firmware of the 
UDC's. In the case of the RING group startup, at first 
the startup sequence (ON sequence) of the MAINC block 
runs. When the cycling state of the main coil becomes 
the third state, the ON sequences of remaining AUXC 
and other blocks begin to run. Then the field distribu
tions of the sector magnets of the ring cyclotron become 
to the desired distributions. A fault state processing pro
cedure for discharges in the electrostatic channels is in
cluded in the UDC firmwares. 

8. TREND DISPLAY 

Variations of coil currents, degrees of vacuum and 
temperatures of cooling water can be displayed graphi
cally on the trend display screen of twenty-inch CRT dis
play. Three screens for the trend displays are prepared 
and each display shows eight parameters. 

For the startup procedure of the power supplies of 
the ring cyclotron magnet coils, one can use the ON se
quence operation of the RING group and the trend dis
play of magnet coils. A cycling pattern of the main coil 
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current together with auxiliary and trim coil currents 
can be recorded on this trend display. On the opera
tions of electrostatic channels and RF systems one can 
use the trend display to show the relation between the 
degree of vacuum, high voltages and leakage currents for 
a diagnostic purpose. 

9. COMMUNICATION WITH CONTROL SYS
TEM FOR EXPERIMENTAL INSTRUMENTS 

By using a power-line connection system one power 
supply can change its connection to magnet coils in beam 
lines and experimental instruments. Many devices in the 
beam lines are controlled by the SCU main computer. 
However it is also necessary to control some devices that 
are connected to SCU from experimental side for some 
specific precesses such as a dispersion matching beam 
handling. 

The communication function between the SCU main 
computer and a control computer for experimental in
struments is realized by a process named PCP (commu
nication process with personal computers and VAX com
puter by DECnet). This process opens a link to other 
computers with a name of PCP-PORT, and it is neces
sary that the control computer for experimental instru
ments establishes a logical link to this port. 

The PCP process treats functions such as 
connection-disconnection of the communication, conver
sion from operation names to operation name numbers 
for the speedup of data access, device parameter trans
mission and adjustment, device on/off operation, device 
status monitoring and operation and data transmission 
of beam profile monitors. 

A VAX computer in the counting room performs 
the man-machine interface of the control system for ex
perimental instruments and is connected with intelligent 
VME crates for the control of experimental instruments 
and the SCU computer. The uses of control functions 
by this remote VAX computer are now open to users of 
experimental instruments. 

10. INITIAL OPERATIONS OF THE RING CY
CLOTRON 

Software of the control system has been constructed 
assuming the usage at final stage of the particle accelera
tion. For example, the interlock checks is to be executed 
from beam injection to beam dumps in the experimental 
halls. However an initial beam test of the ring cyclotron 
was restricted to the beam injection part, and it is nec
essary to modify both hardware and software interlock 
sequences depending on particular test purpose. 

The group and block start/stop facilities have been 
used partly at initial beam acceleration period. The start 
and stop sequences of injection beam line group and cy
clotron magnet group have been executed several times 
up to now, but the startup procedure of devices for RF 
system is executed manually one by one. The data of 
accelerated particles and their energies are limited to a 

few cases for the present and the data on frequency and 
position relations of cavities and relating devices have 
not been included in the software properly. Therfore an 
automatic frequency tuning procedure for RF system is 
not yet completed now. 

During the initial startup procedures the use of a 
trend display is very useful for the checks of operation 
itself and firmware contents of the UDC's such as cycling 
procedure at startup time of the power supplies of mag
net coils. For the startup procedure of high voltages of 
RF cavities and electrostatic channels rather complicated 
time sequences are considered, and their operations were 
confirmed together with the variation of degree of vac
uum in the cyclotron chamber and also leakage currents. 

Interlock system concerning with beam stopper and 
radiation protection system was tested for hardware 
wiring only using actual ring cyclotron operation, and 
the tests for software interlocks is left for future beam 
acceleration. Trivial troubles on the operations at the 
central operator console were temporarily fixed by using 
the console terminals of the GCU sub computers, and the 
softwares of the SCU computer are updated later by in
cluding this operational experience. 

During a beam injection process of the ring cy
clotron many beam diagnostic devices such as slits, beam 
profile monitors and beam viewers have been applied, 
and many checks on device position and beam current 
measurement including noise current observation were 
done. For slight beam current the lack of beam viewers 
in injection part of the cyclotron made the beam tranport 
procedure to be difficult. Continuous measurements on 
reliability and reproducibility of the control system are 
necessary for the present particle accerelation period. 

11. CONCLUSION 

The accerelated proton beam from the injector A VF 
cyclotron has been injected to the ring cyclotron and the 
computer control system is used for the beam accerela
tion of the ring cyclotron. The software of this control 
system performs its basic facilities almost satisfactory 
under actual cyclotron operation. 
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ABSTRACT 

Early experience in the implementation and porting 
of several control programs to the DECwindows/Motif 
environment in the TRIUMF Central Control System 
(CCS) is presented. A description is included of the 
separation of form and function under the Motif win
dowing system, and how applications were easily imple
mented using the UIL interface description language and 
the VUlT interface builder. Several operator interface 
(OPI) issues and different ways of graphical data repre
sentation in a control system are discussed. Applications 
involving two cyclotron sub-systems, a fourth harmonic 
RF cavity and the laser control system of an optically 
pumped H- polarized ion source, have been adapted to 
the new environment. The evolution included porting 
applications under VMS from UIS to XUI and then to 
Motif. 

1. INTRODUCTION 

In the world of workstations there have been a num
ber of window managers and graphical systems with 
which software developers have plied their trade. In 
the past, systems have mostly been proprietary and 
quite limited in their platform interoperability. A ma
jor change occurred in these areas when personnel from 
the Massachusetts Institute of Technology (MIT) and 
Digital Equipment Corporation (DEC) developed the X 
Window System (commonly referred to as X). Currently 
"It is widely recognized as a standard for network-based 
window systems and is supported by a consortium of 
well-known, highly respected companies ... " .1) 

The X window system has been commercially avail
able since first release of MIT Xll in 1986 but until ap
proximately the beginning of 1990 there had not been 
a widely accepted, non-proprietary (open) X based win
dow manager. Motif is just such X based graphical user 
interface. It is the product of the Open Software Foun
dation (OSF) which is a non-profit organization founded 
in 1988. 

The experience with Motif windows within TRI-

UMF's Controls Group has been gained mostly but not 
exclusively from two projects, development of the RF 
booster remote OPI and a port of the optically pumped 
ion source's laser OPI. These two projects presented dif
ferent perspectives of using Motif given that one project 
was a development from scratch and the other was a port 
from an old window manager and graphics environment 
known as VAX Workstation Software/User Interface Ser
vices (VWS/UIS). 

2. THE HISTORY OF GRAPHICS PACKAGES 
AND WINDOW MANAGERS IN THE CCS 

VWS/UIS is an early windowing and graphics sys
tem from DEC that runs on the VMS operating system. 
In 1987 within TRIUMF's Cyclotron Division, a project 
was started to explore using a workstation as an oper
ator control console. The original plan was to provide 
local control for the laser sub-system of a polarized H
ion source. A VAXstation II/GPX running VMS and 
VWS/UIS was acquired and used successfully. 

VWS/UIS supports many of the features that are 
now commonly expected with windowing systems. From 
the initial release of VWS/UIS there were some major 
restrictions. The product is not an open system and 
thus has the constraints of proprietary packages. The 
basic omission is the ability to redirect input and out
put between workstations. Graphics from a VWS work
station can only be displayed locally. The efficiency of 
generating interfaces was also found to be a problem. In 
describing VWS DEC states "Its procedural interface, 
the User Interfaces Services (UIS), provides a high-level 
programming interface to the graphic subsystem" 2) but 
this avoids the issue of efficiency in producing graphics 
applications. Although a high-level programming inter
face is provided, the interface elements (graphic objects), 
are quite low level and it requires relatively a lot of ef
fort to construct higher level components such as data 
plots. This issue of efficiency would be aided by some 
type of interactive interface editor but none is provided. 
VWS/UIS seems to have been recognized by DEC at an 
early time as being a dead end product and from their in-
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volvement in the development of the X Window System, 
a new package called DECwindows/XUI was made avail
able. The migration from VWS/UIS to DECwindows is 
quite difficult because the systems are very different. A 
guide to migration and some tools are available to help 
the process of moving to the new system but our expe
rience has been that that is it best to re-examine the 
application in view of the X perspective rather than try 
and port the older VWS/UIS ideas. 

Application 

I Motif Widgets 

I 
Xt Intrinsics 

I 
X Window System 

OS and Networking 

Hardware Platform 

Fig. 1. User Interface Development Model 

DECwindows/XUI is a blend of a proprietary win
dow manager and the open X Window System. It ad
dresses some of the open/proprietary issues and takes 
advantage of the advances of X. One particularly impor
tant suppliment to the X Window System is the User 
Interface Language (UIL). This is a higher level of ab
straction than exists in X and provides for the separation 
of form and function within a graphics application. UIL 
helps in the topics of efficiency, by allowing a high level of 
specification of graphics objects (widgets/gadgets), and 
in organization, by letting you separate the layout and 
appearance of the application from the functions pro
vided. Again, no interface builder/editor has been in
cluded to increase development efficiency. A separate 
issue is the standardization of the look and feel of ap
plications between various vendors' platforms. The so
lution to this problem was the need for an open window 
manager. As mentioned in the Introduction, one answer 
to this came from OSF with the product Motif. DEC 
has embraced the Motif window manager with a product 
called DECwindows/Motif. A migration from DECwin
dows/XUI to DECwindows/Motif was undertaken on the 
laser control workstation. Motif is currently available 
from a number of vendors, for various hardware plat
forms and operating systems. 

The main Motif components are as follows: 

1. Style Guide.3 ) Describes the principles, phi
losophy, and components used to build con
sistent and well-integrated applications. 

2. Window Manager. Allows user to manip
ulate multiple applications on the screen. 
Plays the principal role of enforcing style 
guidelines. Includes configurability of ap
pearance and behavior. Provides for consis
tancy. 

3. Interface Toolkit. Provides a library of 
graphical objects which can be consistently 
used by all applications. 

4. User Interface Language. Allows appli
cation developers to describe the presenta
tion characteristics of the interface indepen
dently from the application code itself - sep
arate form and function. 

5. Documentation. Includes Style Guide, pro
grammer and user documentation. 

The migration from DECwindows/XUI to DECwin
dows/Motif is relatively easy. Typically, procedure and 
parameter names are straight substitutions and only oc
casionally are the number of parameters in a call differ
ent. Tools are available to make these translations but 
only some languages are supported, fortran is not one of 
them. DECwindows/Motif is somewhat faster at draw
ing graphics than DECwindows/XUI which is somewhat 
faster than VWS/UIS but in general the hardware plat
form is a bigger factor in graphics speed than the soft
ware being used so although the increased performance 
is welcome, it is not such a critical issue. A common fea
ture between DECwindows/XUI and Motif is that appli
cations can make use of a multilayer development model 
(see Fig. 1). 
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Fig. 2. Using the VUlT Interface Builder 

The various levels of abstraction allow developers 
to accommodate the tradeoffs between performance and 
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special needs at the low end, and the efficiency of devel
opment and maintenance at the high end. In particular, 
it is worth examining two features at the high end of the 
abstractions. Concepts within the User Interface Lan
guage and the availability of interactive interface builders 
have been found to be important aids in application de
velopment. 

UIL is a specification language that describes the 
characteristics of the graphical interface. This specifica
tion describes the graphical objects, known generically 
as widgets and gadgets, in the interface and specifies 
the procedures to be called (callbacks) when a change of 
state occurs as a result of a user action or other event. 
There is a UIL compiler that translates the UIL source 
module into a User Interface Description (UID) binary 
file. When the application executes, the resource man
ager reads in the UID file and builds the run-time struc
tures necessary to create the user interface. This means 
that the UID file can be changed to alter the appear
ance and structure of the interface without altering the 
executable image and its flow. The result is a separa
tion of form and function. A simple example of this is 
to have several UID files with text in different languages 
and only one executable image. The UIL level of ab
straction is very useful and has been enhanced by the 
availability from several sources of interactive interface 
editors that build UlL. DEC's product which has been 
used by the TRIUMF Controls Group is called VUlT. 

This is a WYSIWYG-style editor that greatly en
hances a developers ability to build, test and modify 
Motif application interfaces. DEC VUlT generates and 
imports Motif standard UIL which is non-proprietary so 
the interface's form is portable between environments. 
Having an interface editor that generates UIL allows the 
interface to be developed separately as opposed to it be
ing included in the application program. The UlL file 
which is created contains a static definition of the user 
interface but at the user's request a simulation of the 
run-time appearance and behavior of the interface can 
be obtained using the simulation feature. 

Interface builders such as VUlT increase productiv
ity in a number of ways: 

1. Laying out an interface with the builder is 
faster than writing UIL or Xt Intrinsics code 
and a continual view of the interface is avail
able so the edit/ compile/run/ adjust cycle is 
eliminated. 

2. Standard UlL and X Window System in
terfaces mean that applications can be used 
on a variety of hardware and software plat
forms without modifications or enhance
ments. 

3. The interface builder checks the legality 
of resources and relationships and then re
stricts the user to legal choices, the user does 
not have to know or look up this informa
tion. 

4. Portions of existing interfaces can be copied, 
exported and imported to allow re-use of 
previous work. 

5. Resources are easily configured into the wid
get definition. 

6. Changes made to a single widget in the work 
area can be propagated to multiple widget 
definitions throughout an interface via liter
als and lists. 

7. The builder's default parts box can be ex
tended to include the user's own widgets. 

8. Extensive, on-line, context-sensitive Help is 
available. 

9. A widget tree browser is available to help 
manage and navigate the interface and aid 
in understanding the hierarchy of an unfa
miliar interface. 

3. LASER APPLICATION 

A polarized H- ion source (14) has been developed 
that relies on lasers4) for optical pumping of a rubidium 
vapour charge exchange cell. The laser control system 
continues to evolve from a VAXstation/CAMAC setup 
using VWS/UIS for local control to a local and remotely 
operated system using Motif. Figure 3. shows the sim
plifide block diagram of the 14 laser control system. The 
local VAXstation connects to CAMAC and can run au
tonomously and remote X windows servers can connect 
to that VAXstation via ethernet. 

to Loser Equipment 

14 Laser Local Control System 

a Central Control System 

Ethernet 

to Site Ethernet f6f6 
I I I I 

VAXStations X-Terminal 

Fig. 3. Simplified Block Diagram of the 14 Laser 
Remote/Local Control System 

3.1. Laser Operator Interface Evolution 

Early developments used a VAXstation II/GPX, 
VWS and UIS. That software is easy to use but low 
level. It is slow to modify and does not allow remote 
operation but it allowed the requirements to be fulfilled. 
The decision was made later to use DEC windows/XU I 
to provide support for remote operation. 
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At the end of 1991, DECwindows/Motif superseded 
DECwindows/XUI and migration was done from XUI to 
Motif. The early XUI windows had been done at the UIL 
and Xt Intrinsics level while Motif windows used VUlT. 
In the near future all VWS/UIS will be phased out and 
Motif will be used for both local and remote operation. 

Laser rnt Slgn.l 

Galvo 33920 Err Slgn.l 

Offset 1210 Hardware 

Integrator So!tware 

Feedback Last Save 22-Jan-92 
12 45 00 

Fig. 4. Parts of the 14 Operator Interface. 

3.2. Lessons Learned 

When the decision to move from VWS/UIS to 
Decwindows/XUI was made, a re-evaluation of the old 
OPI was made by the software developers and the pri
mary user. Several salient points came out of the discus
sIOns: 

1. Make simplifying the window interface a 
high priority. 

2. Minimize descriptive text and where possible 
put text on buttons, etc. 

3. Remove diagnostic information from the top 
level interface. 

4. Add Help via a pulldown menu. 

Running both the VWS/UIS software locally for the 
end user and simultaneously running X for remote devel
opment has allowed the system to be used while the new 
development was underway. In addition, X allows multi
ple connections so more than one developer was able to 
be working on the new interfaces while the old system 
continued to run. The use of VUlT later on made the 
prototyping cycle between developer and end user much 
easier because changing the interface was then simpler 
than editting UIL code. 

4. RF BOOSTER APPLICATION 

The 160 KV, 92 MHz booster cavity is amplitude and 
phase regulated by a VME/PC-AT ba.sed local control 

system. 5 ) This control system is partitioned into three 

subsystems: digital, analog, and rf. It also includes au
tomatic power-up sequencing, cavity conditioning and 
tuning functions. These and other parameters can be 
controlled locally through soft buttons and knobs in con
junction with a plasma discharge display. Some functions 
can be controlled remotely from Central Control System 
using a DECwindows/Motif based OP!. 

to RF Equipment 

I 
I 
I 
I 

RF Booster Local Control System I 
I 

---------------------~ 

,. "', "",'00' 6 6 
I I I I 

VAXStations 

Central Control System 

X-Terminal 

Fig. 5. Simplified Block Diagram of the RF 
Booster Local/Remote Control System. 

Figure 5. shows the simplified block diagram of the 
RF Booster Control System. VAXes in the CCS commu
nicate with the RF VME crate via a CAMAC-to-VME 
link. 

4.1. RF Booster Operator Interface 

The primary goal of the interface design was to cre
ate an operator interface that is consistent and easy to 
use. The main guidelines were as follows: 

1. Adopt the operator perspective. Take oper
ator's point of view. Involve operators and 
RF engineers in the design. 

2. Give the operator control. Provide multi
ple ways for operators to access application 
functions. Use progressive disclosure. 

3. Use real-world metaphors. Allow direct ma
nipulation. Provide rapid response. 

4. Keep the interface natural. Provide natural 
colors and screen elements' positions. 

5. Keep the interface consistent. Keep 
intra-application and inter-application con
sistency. 

6. Communicate application actions to the op
erator. Provide feedback, anticipate errors, 
provide warnings. 
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Fig. 6. RF Booster Operator Interface. 

4.2. Lessons Learned 

.. 
I 

During the prototyping, a close liaison was main
tained with the RF engineers and the cyclotron opera
tors. A number of interesting requests came out of this 
work: 

1. Push buttons were desired instead of sliders 
for varying the setpoints. 

2. Binary status indicators were setup in groups 
so that abnormal conditions can be seen at 
a glance without having to read the specific 
text. 

3. Some indication that the interface is active 
was included. 

4. Setpoints and readbacks were paired as vec
tors with the same scaling so that abnormal
ities can be identified without having to read 
a textual number, just compare the vectors 
for equal length. 

A beneficial point of doing development using an 
X based system is that most of the work, including the 
OPI, can be done from the sanctity of the developer's of
fice with their local workstation instead of working in the 
often unpleasant environment of the laboratory's sub
systems. This aspect is another area of increased effi
ciency. 

5. CONCLUSIONS 

Our early experience shows that developing an op
erator interface with a graphical interface builder such as 

VUlT is more productive than using the toolkit directly. 
Having some experience in using VUlT and having im
plemented callback routines, one can build the graphical 
user interface for a small (2-3 controlled object) applica
tion in an hour. 

Motif and its environment has some favourable fea-
tures, among them: 

1. Documented standards from many sources. 
2. Available from many vendors (it's open). 
3. Interface builders available from many 

sources. 
4. It's object oriented. 
5. Multilayer implementation (layers of ab

straction) . 
6. Separation of form and function. 
7. Interoperability between hardware and soft-

ware platforms. 

Motif's problem areas seem to be the following: 

1. Low level software is complex. 
2. No specialized widgets for data visualization 

(graph, histogram, etc.). 
3. No suitable means to display help informa

tion. 
4. Strongly associated to C programming lan

guage, so other languages are not a good 
fit, in particular, the XUI to Motif porting 
tools do not support applications written in 
Fortran. 
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ABSTRACT 

The KAON Factory central control system study 
employed a uniform approach to requirements analysis, 
architectural design and programming based on well es
tablished object oriented principles. These principles 
were applied to the successful analysis, design and imple
mentation of the control system for the TRIUMF Beam 
Line 2C Solid Target Facility. The specification for this 
control system was created in collaboration with Beam 
Line 2C equipment management experts and, once the 
analysis models were validated, an approach was devel
oped for the direct translation of these models into C 
code. A commercial real time database was central to 
this translation, as inter-object data and control flows 
are implemented by channels in the database. This pa
per focuses on the experience gained in the use of ob
ject oriented techniques during the complete analysis
design-implementation cycle of a working control system 
and on the utility of implementing such a system using a 
commercial real time database and graphical interface. 

1. INTRODUCTION 

Beam Line 2CI) uses a proton beam from the TRI
UMF Cyclotron to produce radioisotopes. The Beam 
Line 2C Solid Target Facility (BL2C STF) irradiates 
solid targets and consists of a water system, a beam en
ergy degrader and various pipes, pumps, valves, sensors 
and actuators. The water system is a significant com
ponent of the STF and is composed of an elevating wa
ter subsystem, a cooling water subsystem, a nine metre 
water column and associated hardware. The elevating 
water subsystem is used to insert and remove the solid 
target, and the cooling water subsystem is used to pro
vide shielding and cooling while the solid target is being 
irradiated. 

When a solid target is to be irradiated, it is mounted 
on a float and water from the elevating system reservoir 
is pumped into the water column until it is full. The 
assembled target and buoyant float are placed in the wa
ter column and the elevating water is drained from the 
water column. As the water drains from the water col
umn, the target/float assembly descends with the water 
until it reaches the irradiation level, where it is latched in 
position. Once the column is empty of elevating water, 
water from the cooling water system is pumped in and 
continually circulated through the water column while 
the target is being irradiated. 

The water column accepts water from both water 
subsystems. However, mixing of cooling and elevating 

'Present address: Superconducting Super Collider Laboratory, 
2550 Beckleymeade Ave., Dallas, TX, USA 75237 

water in the water column must be avoided because the 
cooling water may be radioactive and the volume of wa
ter in the two water subsystems exceeds the reservoir 
capacity of each subsystem. A spill of radioactive cool
ing water may result if water originating in the reservoir 
of one subsystem is inadvertently drained from the water 
column into the reservoir of the other subsystem. One 
of the responsibilities of the STF control system is to 
ensure that this does not happen. 

2. OBJECT ORIENTED ANALYSIS 

The Beam Line 2C control system requirements 
were specified via an object oriented methodology which 
was developed during the KAON Factory Project Defi
nition Study.2)3) This object oriented methodology uses 
the notation of the Yourdon methodology with Ward
Mellor extensions4 ) to describe objects according to their 
static characteristics, their dynamic characteristics and 
their mutual interactions. 

The static characteristics of an object can be iden
tified when the object is not changing as a consequence 
of interactions with its environment. * These characteris
tics include the object's name, its attributes, its relation
ships with other objects and its potential relationships 
with other objects. Since the extended entity relation
ship diagram5) (EERD) graphically represents entities, 
their attributes, their relationships and their potential 
relationships, the EERD is suitable for modelling the 
static characteristics of objects. 

In contrast to static characteristics, the dynamic 
characteristics of an object can be identified by observ
ing an object's response to stimulation from its environ
ment. Since behaviour is defined as anything an [object] 
does involving action and response to stimulation,6) it is 
clear that an object's behaviour is key to any description 
of its dynamic characteristics. The dynamic response to 
an external stimulus is mode dependent. For instance, a 
person who is unconscious will respond to a different set 
of stimuli than the same person would when conscious. 
The state transition diagram7) (STD) can be used to 
represent this mode dependent behaviour. When an ex
ternal stimulus occurs, the STD indicates whether or not 
the object will respond to the stimulus. The STD also 
indicates how the object will respond by identifying what 
actions will be done and/or what activities will be started 
or stopped. 

A complete description of an object is obtained us
ing the object structure diagram (OSD), which is shown 
in Figure 1. On the OSD, object behaviour is repre
sented by a behaviour transform, object actions and ac-

* i.e. when the object is in equilibrium 
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Figure 1. Sample Object Structure Diagram 

tivities are represented by data transforms, the object's 
static properties are represented by a data store and in
formation flows are represented by directed arrows. The 
behaviour transform encapsulates a state transition dia
gram, and the data store encapsulates the object EERD. 
OSD information flows are classified according to their 
persistence over time and their information content. In
formation flows which persist over time are represented 
with double arrowheads; information flows which do not 
persist over time are represented with single arrowheads. 
An information flow which contains data is classified as 
a data flow and is represented with a solid line. Events, 
conditions and activation prompts are represented by 
dotted lines. Conditions and continuous data flows per
sist over time. Discrete data flows, events and activation 
prompts do not persist over time. The small bubbles on 
Figure 1 indicate information flows which cross the ob
ject's boundaries. Whereas data flows, events and con
ditions may cross object boundaries, activation prompts 
are always confined within objects. (Activation prompts 
start or stop object activities and/or activate object ac
tions. ) 

Object interactions are modelled on an object in
teraction diagram (OlD). On the OlD, the representa
tion of inter-object information flows is the same as on 
the OSD. However, it is on the OlD that objects which 
transform mass and energy (terminator objects) are dis
tinguished from objects that transform information (sys
tem objects). Each terminator object on an OlD is rep
resented by a box and each system object is represented 
by a data transform t. Each terminator object is paired 

t which explodes to the object's OSD 

with a system object, and this system object mediates 
between the terminator object and other system objects. 

3, BL2C CONTROLS REQUIREMENTS 

The uniform, object oriented methodology de
scribed in Section 2 was applied to the requirements for 
the BL2C STF Control System. As the only CASE tool 
available on site was DECdesign, a CASE tool from Dig
ital Equipment Corporation, this tool was used to pre
pare the BL2C STF models. The strict Yourdon-Ward
Mellor methodology implemented by this tool did not ac
commodate some aspects of the object oriented method
ology. For instance, the OlD should show both system 
and terminator objects, but DECdesign only allows ter
minator objects to appear on the Context Diagram. As a 
consequence of this inadequacy, only EERDs and STDs 
were used to describe the BL2C STF objects. The OlD 
and the object OSDs were inferred from the EERDs and 
STDs. 

To determine the BL2C STF controls requirements, 
BL2C equipment management experts were interviewed 
in detail. Their responses were analysed to identify 
BL2C STF objects, their static characteristics and their 
dynamic characteristics. EERDs and STDs were used 
to describe these characteristics and were subject to on
going review and verification by the equipment manage
ment personnel. 

During object model verification, additional objects 
were identified. The initial analysis of the BL2C STF 
produced an EERD which showed only a single, mono
lithic water system. This view did not adequately de
scribe the two water subsystems and the water column. 
As the requirements analysis progressed, it was evident 
that the water system model should reflect this structure. 
In retrospect, more effort should have been devoted to 
the analysis of the static characteristics of the STF. 

4. THE LOW LEVEL BL2C CONTROLS 

The BL2C hardware is accessed via serial and par
allel CAMAC systems. Concurrent with the analysis 
process, a low level interface to the BL2C STF sys~em 
was created using a VAX/VMS commercial real tIme 
database and screen generator obtained from Vista Con
trol Systems (VCS). This interface enabled the BL2C 
equipment management experts to run the system by di
rect manipulation of the CAMAC hardware. The VCS 
real time database is made up of a number of channels. 
Each channel may represent an analogue, binary, or in
teger value or an array of values. Periodically~, a pro
gram updates the database and the corresponding hard
ware to ensure that they are consistent with each other. 
VCS provides an X windows screen generator to allow de
velopment of graphical interfaces to database channels. 
VCS also provides libraries of system calls which can be 
made from user software (in C or Fortran) for access to 

:j: typically at 1 second intervals 
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database channels. One of the many facilities offered by 
the VCS system calls is the ability for a user supplied 
VMS Asynchronous System Trap (AST) handler to be 
attached to a database channel. Once an AST handler 
is attached to a channel, it will be called whenever the 
value of the channel changes. Upon being called, the 
AST handler may be passed a parameter, which is de
fined by the user when the AST handler is attached to 
the channel. 

5. IMPLEMENTING BL2C OBJECTS 

Once the object models were validated, inter-object 
information flows, including flows from terminator ob
jects, were defined as channels in the real time database. 
Control flows and conditions were implemented as bi
nary channels. Discrete data flows and continuous data 
flows were implemented as analogue channels. Inter
object communication is implemented by attaching an 
AST handler from each object to the relevant channels 
in the real time database. The AST parameter men
tioned in Section 4 is used to identify the corresponding 
information flow. This mechanism ensures that each ob
ject is informed of the arrival of events and discrete data 
flows or of the change in a condition or a continuous data 
flow. 

STF object behaviour is implemented by direct 
translation of the object STD into a state-event-action 
table, which is described by a C structure. The object 
instance state is maintained in private memory and a 
transition condition on an STD becomes one or more 
events associated with database channels. The transition 
actions associated with each state-event pair are imple
mented by a C function. Using this translation schema, 
each BL2C STF object is composed of: 

• a private data structure describing the object in
stance. Included in this data structure is a record of 
the object instance state, a list of the database chan
nels accessed by the object and their values, and a 
state-event-action table. 

• the VMS Asynchronous System Trap (AST) han
dler, which serves as a transaction centre for object 
events and/or conditions, and 

• the C functions which implement the object's ac
tions and activities. 

When an AST occurs, the associated event is indi
cated by the AST parameter. The event and the current 
object instance state serve as an index into the state
event-action table. The AST handler uses this index to 
look up the new state and the address of the C func
tion which implements the actions associated with the 
state-event pair. The new state is recorded as the cur
rent object instance state and the associated C function 
is called. The AST handler then checks for transition 
conditions which may now be valid. If a valid transition 
condition is found, the AST handler again looks up and 

STF OPERATOR 

Need Expert Help 0 Get help when flashing! 

\JUAB 0 

Ready 10 Tune 0 

Ready to R\U\ 0 

Shutdown 0 I i 
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I1'ARlI:E1'J'OADJ(n 0 Tcavet Subsystem 
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.r-------,. 
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Low High 
85.00 MeV 0 0 

62.00 MeV 

Figure 2. STF Operator Control Panel 

calls the C function associated with the transition and 
updates the object instance state. When no more tran
sition conditions are satisfied, the AST handler exits. 

The considerable overheads inherent in VAX/VMS 
process creation precludes creation of separate processes 
for object methods which are continuously active. In
stead, continuous activities are emulated by calling any 
enabled activities during execution of the AST handler. 

6. DISCUSSION 

A significant aspect of the analysis was the mod
elling of the BL2C Solid Target Facility Operator. Mod
elling human behaviour is challenging because of the 
large number of modes involved and because of the wide 
range of behaviour which, typically, must be modelled. 
However, if the specialist knowledge about how to oper
ate a system can be captured and accurately modelled 
in an STD, the STD can be implemented. By captur
ing this information and implementing the operator as 
a system object, the complex sequences and interactions 
which would require an expert operator can be consider
ably simplified to the point that a non-expert can safely 
operate the system. In the case of the BL2C STF opera-
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tor model, the interactions required to operate the BL2C 
Solid Target Facility were reduced to only six pushbut
tons and three numerical inputs, as shown on Figure 2. 

The STF operator object can recognise dangerous 
or unsafe situations and, by popping up a dialogue box, 
inform the operator that an equipment management ex
pert is required. Other dialogue boxes are used to inform 
the operator of the necessity to manually load or remove 
a target/float assembly. 

The use of real time database channels for informa
tion flows between objects enabled concurrent and inde
pendent code development and testing during the BL2C 
implementation phase. Since all inter-object informa
tion flows are defined as database channels, each object 
refers to appropriate database channels for its informa
tion flows, rather than to the objects from which the 
information flows originate. Thus, the coding and test
ing of objects did not depend on the existence of other 
objects and could proceed concurrently on an object-by
object basis. 

Figure 3 illustrates a test page used for verification 
of object behaviour during code development. This test 
page represents a fragment of the BL2C OlD. By con
vention, all input information flows to the water column 
object are shown on the left hand side of the test page 
and all output flows are shown on the right hand side. 
The water column object is represented by the large cir
cle on Figure 3 and the water column state (Cooling) 
is shown in the box above this circle. The small circles 
labelled SLIM07 and SLIM09 are pushbuttons control
ling binary channels. These channels can be toggled by 
clicking the mouse on the corresponding circle. In this 
manner, events and condition changes may be simulated. 
The remaining inputs to the object are analogue chan
nels which represent data flows. These may be changed 
by mouse and/or keyboard input, again simulating an 
input to the object. The water column object behaviour 
can be ezercised by simulating the various combinations 
of input events, conditions and data flows. As the inputs 
change, the state changes and output information flows 

can be observed and verified by direct comparison with 
the object's STD. This technique facilitated the thorough 
testing of each object in isolation, rather like component 
testing of an electronic assembly. Only when an object 
passed its component test was it installed in the system. 

7. CONCLUSIONS 

The object oriented analysis of the BL2C STF con
trol system produced a requirements specification which 
could be directly translated into code. In particular, the 
information captured by modelling operator behaviour 
allowed implementation of the complex operator control 
sequences required to operate the facility as part of the 
operator object. This enables safe operation of the sys
tem by non-experts. 

The use of the real time database from Vista Con
trol Systems to implement inter-object information flows 
allowed concurrent and independent implementation of 
the BL2C STF control system objects. This implementa
tion would have taken a single programmer nine months. 
Instead, three programmers were able to use the object 
oriented requirements specification to concurrently im
plement the STF control system objects in only three 
months. 
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THE TR30 CONTROL SYSTEM - A CASE FOR OFF-THE-SHELF SOFTWARE 

R. Keitel, D. J. Dale, and B. F. Milton 
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C. 

V6T 2A3, Canada 

ABSTRACT 

The TR30 is a 30 Me V high intensity H- cyclotron 
for medical isotope production. The control system for 
this machine was implemented using commercial soft
ware and hardware wherever possible. An Allen Bradley 
PLC programmed in ladder logic was used as the control 
processor. The console supervisory system consisted of 
two IBM PCs running the Allen Bradley Control View 
software. With this approach, a very low software to 
hardware cost ratio of 1:2 was achieved with no penalty 
in functionality. 

1. INTRODUCTION 

The TR30 is a compact cyclotron for production of 
radionuclides for medical use. The first machine of this 
type was designed and built on the TRIUMF site under 
a technology transfer agreement between TRIUMF and 
Ebco Technologies Inc. of Vancouver, B.C. The machine 
accelerates H- ions up to an energy of 30 Me V. Two high 
intensity proton beams - up to 350 J-lA total current of 
different energies can be extracted simultaneously. 

2. REQUIREMENTS 

2.1. Control System Scope 

The TR30 control system looks after the cyclotron 
from the ion source to the ends of the beam lines. This 
includes all aspects of device and machine protection. In
dependent systems are responsible for the control of the 
RF feed-back system, the target stations, site services, 
and the enforcement of personnel safety, especially with 
respect to high voltage and radiation. These systems are 
beyond the scope of the control system and this paper. 

2.2. Required Features 

The control system has to provide operator access 
for control and diagnostics to all elements of the TR30 
vacuum system, to the power supplies of the injection 

line, to the main magnet, to the two beam lines, to ex
traction and diagnostic probes, and to all beam diagnos
tic elements. In addition, control and status information 
must be exchanged with up to six target stations, the 
RF feed-back control system, and the radiation safety 
system. The control system uses 700 digital and 220 
analog control channels. All device protection is carried 
out by the control system thus avoiding hard-wired inter
locks. With commercial applications in mind, emphasis 
was placed on reliability and ease of operation and main
tenance. 

3. DESIGN AND IMPLEMENTATION 

Over the past years, with the increased performance 
of personal computers, a wide variety of commercial 
products for process monitoring and control has become 
available. I) For various reasons these systems have not 
been widely used for accelerator control, although the 
progress in technology makes them more and more at
tractive. 

In the TR30 project, it was decided at an early stage 
to base the control system on one of these commercially 
available software/hardware solutions. Expected bene
fits from this approach were 

a) greatly reduced software costs by being able to 
concentrate on application programming and by avoiding 
system programming tasks, 

b) the industrial ruggedness and quality of the final 
product, and 

c) simplification of documentation and maintenance. 
It was felt that these benefits would by far outweigh 

the limitations of a general-use software package over a 
tailor-made in-house solution, provided the commercial 
system was "open", i.e. allowed the addition of user
written code to add missing functionality. 

After evaluation of a variety of commercial systems, 
the TR30 control system was based on an Allen Bradley 
solution: a programmable logic controller (PLC) and the 
ControlView * console software package. 

*ControlView is a trademark of Allen Bradley Corp. 
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3.1. Concept 

The control system uses three networked processors 
in a two-layer architecture, a device control layer at the 
lower level and a supervisory layer at the higher level. 

The device control layer implements the functions 
for basic device control such as analog and digital device 
readout, device switching, setpoint change and device in
terlocks. It provides fast beam trips and vacuum trips, 
some sequencing and fast closed-loop control, as well as 
the interface to the safety system, target stations, etc. 
When this layer is shut down, e.g. for software or hard
ware servicing, all devices are switched to a safe state. 
This is necessary because all interlocks are provided by 
this layer. In general, valves are closed, all other de
vices are switched off. Exceptions are made for the gate 
valves to the probe housings and for the five cryo-pumps 
which do not change state if the control system is brought 
down. This prevents damage to the probes and main
tains the high vacuum in the cyclotron tank and in the 
beam lines during control system service. 

The supervisory layer provides the operator inter
face through graphics screens a pointing device, and and 
alphanumeric keyboard. Higher level functions such as 
alarming, data logging, trend displays, slow closed-loop 
control and some automation are also provided in this 
layer. 

3.2. Hardware 

The device control layer hardware consists of one 
PLC 5/25 processor, four crates of 1771 series I/O mod
ules at ground potential, and one I/O crate at the ion 
source potential of approximately 25 kV. The ion source 
crate is connected to the rest of the system by a fibre
optics link. There is no redundancy in this layer. 

The supervisory layer consists of two IBM compati
ble PCs (80386), each equipped with 4 MBytes of mem
ory and a 60 MByte hard disk drive. The PCs are located 
in the operator console. Each drives one colour screen, 
one monochrome screen, and a printer. Control of the 
TR30 is possible using only one of the console computers 
although there is some loss of convenience. 

The two layers are networked with the Allen Bradley 
Data Highway Plus, a serial token-passing bus with a 
speed of 57.6 kbits/sec. Figure 1 shows a schematic dia
gram of the hardware setup. 

3.3. Software 

Reading and writing of the I/O modules and the 
communication between the PLC and the console pro
cessors are all part of the PLC system firmware. The 
PLC application program for the TR30 device control 
layer wa'l developed using the Ladder Logistics t pack
age of the AI Series software from ICOM Incorporated. 
The application is developed on a PC, e.g. one of the 

t Ladder Logistics is a trademark of IeOM Inc. 

CONTROL ROOM 

PC CLONES 
(386) 

AB DATA HIGHWAY + 

FIBRE OPTIC UN!( 

SERVICE 
ROOM 

AUX. RACK AT 25KY 

Figure 1. Overview of the Control System Hardware 
Configuration 

console PCs, and downloaded into the PLC5 user mem
ory where it can also be modified on-line. The program 
is "written" in ladder logic, a programming paradigm 
which is borrowed from drawing relay logic diagrams. 
This method of programming is highly intuitive for con
trols engineers and technicians. As a result, software and 
hardware implementation are closely coupled. The pro
grammer draws the diagrams using the interactive ladder 
editor of the Ladder Logistics software. The assembling 
of the diagrams into machine code is taken care of by the 
programming software. An short example of ladder logic 
code as it looks to the programmer in the ladder editor 
is shown in Fig. 2. 

The supervisory control layer uses the Control View 
software package from Allen Bradley. Control View con
sists of a core, a proprietary real-time operating system 
for the PC and optional application modules. The core 
maintains a current value data base of user-designated 
PLC variables ("tags"). Raw values are periodically 
scanned, i.e. read from the PLC, and scaled according to 
information which the programmer provides when con
figuring the data base. The data base and the update 
rates for different scan classes are configured by filling in 
forms. The application modules are set up in a similar 
way. No programming skills are required. The TR30 
system uses the ControlView modules for alarming, data 
logging, trending, derived tags, and event detection. 

A special application module is the ControlView 
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graphics editor which is used to design the graphics pages 
for the operator interface. One can assign attributes like 
colour, visibility etc. to the objects on a graphics page. 
These attributes may depend on and change with tag 
values in the current value data base. Lists of function 
key commands can also be attached to graphics objects. 
Again, these assignments are done interactively. Graph
ics pages can be modified while the control system is 
operating. 

Control View is an open system due to the C-Toolkit 
library option which allows the user to develop custom 
tasks and easily integrate them into the system. 

3.4. Operator Interface 

The operator interfaces to the Control View system 
using a pointing device such as mouse, trackball or touch
screen, and the PC keyboard. 

For the TR30, a mouse was chosen as the pointing 
device and the user interface was designed so that the 
operator runs the machine essentially from pictures and 
menus. This can also be done by using function keys 
and command line input from the keyboard only. Using 
the ControlView tools, a set of sub-system pages and 
device control panels was developed which are accessed 
through a customized menu system. A sub-system page, 
e.g. for the vacuum system or a beam line, shows a 
graphical outline of the sub-system. The operator selects 
and operates devices with the mouse or function keys. In 
addition, complete information for each device, including 
the state of all its interlocks, can be obtained by calling 
up the device's control panel. Figure 3 shows a hard 
copy of a beam line page. 

3.5. Implementation Experience 

Only one of us (DJD) had previous experience with 
PLC programming. The Control View package was a 
newly released product. In both cases the learning curve 
was very short. Most of the desired functionality was 
easily achieved with the features available in the lad
der logic and ControlView. Custom C code was written 
to accommodate the non-linear scaling of the vacuum 
gauges, to generate customizable alphanumeric display 
pages on the monochrome screens, to provide an on-line 
diagnostic probe scan, and to develop a command pro
cedure processor with more functionality than provided 
by the ControlView macro processor. 

For a new product, ControlView proved to be quite 
complete, mature and bug-free. Missed were tools for 
more tightly integrating the development of the ladder 
logic and the ControlView application as well as tools 
for monitoring and optimizing the use of ControlView 
resources. 

As the TR30 was the first machine of its type, the 
control system implementation was done in two stages: 
At the start of commissioning, an open loop system was 
provided. During commissioning and as operating expe
rience was gained on the machine, more operator support 
was added such as closed loops in the PLC, event driven 
adjustments in ControlView, and command procedures 
for routine operational tasks. 

The Ladder Logistics package contains extensive on
line diagnostics features. The actual state of all inputs 
and outputs and internal program variables as well as the 
activity of the ladder rungs can be inspected on-line in 
real-time. This proved invaluable during commissioning 
of the system. 

In ControlView, fixing application bugs and upgrad
ing the system was very easy as it mainly involved inter
active changes of screens or configuration form entries. 
Due to the layered system architecture and the redun
dancy at the console level, there was very little down
time due to control system work. This was especially 
important as all interlocks were provided through the 
device control layer. 

Of course there are limits in any off-the-shelf sys
tem. On the hardware side, only DACs with 12-bit reso
lution were available. Therefore higher resolution inter
faces to the power supplies for the cyclotron magnet and 
four beam line dipole magnets had to be developed. The 
control circuitry of a few other power supplies had to be 
modified to match the Allen Bradley signal levels. On 
the software side, the C-Toolkit allowed straightforward 
work-arounds in the few cases where we encountered dif
ficulties, such as inadequacies in the Control View ex
pression syntax and in the macro processor. The low 
Data Highway speed and database update rates created 
problems for diagnostic probe scans which were solved 
by data buffering in PLC memory and slightly delayed 
readout carried out by a C-Toolkit task. 
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Figure 3. Example of a beam line sub-section page 

Although the restriction to EGA resolution in the 
graphics displays is of mainly aestetic importance, it 
should be corrected in a future Control View release. 

4. Summary 

In summary, the decision to build the TR30 control 
system based on a PLC and commercial software proved 
to be very successful. The control system was built on 
schedule and on budget. An unusually low ratio between 
overall software and hardware cost was achieved without 
loss of functionality. This was mainly due to the high 
"entry level" which both the Control View and Ladder 
Logistics packages provide for the system designer. Since 
the initial commissioning of the system several function
ality upgrades have increased the amount spent on soft
ware and pushed the ratio from 1:3 closer to 1:2. Figure 
4 shows a break-down of the control system costs. 
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FORMAL SPECIFICATIONS FOR A CYCLOTRON CONTROL SYSTEM 

Jonathan Jacky and Ruedi Risler 

Department of Radiation Oncology, 
University of Washington, 
Seattle, WA 98195, USA 

ABSTRACT 

We are preparing a comprehensive specification for 
the computer control system of a cyclotron and treat
ment facility that provides particle beams for cancer 
treatments with fast neutrons, production of medical iso
topes, and physics experiments. The informal (prose) 
specification describes the control system as thoroughly 
as is practical using standard technical English, supple
mented by tables, diagrams, and some algebraic equa
tions. We are supplementing the prose specification with 
a formal (mathematical) specification. Potential advan
tages of formal specifications are discussed, and expe
riences writing and using formal specifications are de
scribed. 

1. INTRODUCTION 

The Clinical Neutron Therapy System (CNTS) at 
the University of Washington is a cyclotron and treat
ment facility that provides particle beams for cancer 
treatments with fast neutrons, production of medical 
isotopes, and physics experiments. The facility was in
stalled in 1984, and includes a computer control system 
provided by the cyclotron vendor.l} The University is 
now developing a new, successor control system. This de
velopment project is motivated by requirements to make 
the system easier and quicker to use, easier to maintain, 
and able to accomodate future hardware and software 
modifications. 2) 

We are attempting to achieve high reliability and 
safety by applying rigorous software development and 
quality assurance practices. Modern recommendations 
for the development of safety-critical computer-based 
systems3,4) emphasize the need for an explicit statement 
offunctional and safety requirements, and a development 
process that can be shown to produce an implementation 
that meets the requirements. A central idea is that de
velopers should provide a functional specification that 
allows system outputs to be predicted if system inputs 

are described. 
We determined that our first step in this project 

should be the production of a comprehensive specifica
tion for the new control system, to serve as an authorita
tive and complete guide for software development, test
ing, and instruction of facility users. 

2. THE INFORMAL SPECIFICATION 

We first prepared an informal (prose) specification, 
expressed in standard technical English, supplemented 
by tables, diagrams, and some algebraic equations. 

The informal specification consists of four parts. 
Part I is an overview of the system that describes the 
facility, the hardware organization of controls, and intro
duces much of the vocabulary used in subsequent parts. 
It comprises almost 100 pages of single-spaced text. Part 
II is a detailed specification of operations which users 
perform at video terminals and control consoles. It com
prises over 250 pages, including many illustrations of dis
plays. Part III will be a detailed specification of internal 
operations involving the cyclotron and therapy appara
tus itself, which are only indirectly visible to users, and 
will comprise about 100 pages. Part IV will be a largely 
tabular presentation of numerical operating parameters 
whose values can be changed independently of the rest 
of the specification. We plan to maintain these tables in 
a relational database. 

Parts I and II have been prepared for distribution 
outside our department as technical reports 5

,G) and we 
anticipate releasing the other parts as they are completed 
in coming months. 

3. FORMAL SPECIFICATIONS 

The prose specification is organized to help facility 
users read and understand it, so they can offer meaning
ful reviews. However, this organization is not necessarily 
the best for purposes of programming and analysis. An 
alternative is to make greater use of mathematical nota-
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tions, annotated sparingly with English. Such specifica
tions are called formal specifications. 

Formal specifications are distantly related to popu
lar design notations based on data flow diagrams, which 
have been applied to acclerators. 7

) We are investigating 
notations that provide more mathematical rigor, in the 
sense that they allow more properties to be inferred or 
calculated. 

There are potential advantages to developing pro
grams from formal specifications. They can be more pre
cise and compact than English specifications, and can be 
automatically checked for certain kinds of errors. They 
can be used to prove or calculate whether the specifi
cied behavior is consistent with certain intended prop
erties, such as safety. Formal specifications can support 
systematic software development methods where every 
development step can be justified and checked. 

4. A FORMAL CASE STUDY 

We have prepared a formal specification for com
putations that calculate control system state variables 
from input/output device register contents (and vice
versa). Specified behaviors include scaling and offsetting 
analog quantities to match data converters (ADC's and 
DAC's), adjusting analog quantities according to calibra
tion curves, encoding groups of digital signals as discrete 
variables, and detection of errors (where clients invoke 
operations with invalid parameters) and faults (where 
input/output devices report inconsistent data). 

Our specification is motivated by our facility but is 
quite generic and should be widely applicable. It is pa
rameterized so that an implementation can be adapted 
to different control systems by providing tables of con
figuration data, rather than changing executable code. 
The specification is not merely descriptive, but is also 
used in the formal development of a detailed design. 

We used a formal notation called Z8,9) (pronounced 
zed) for this work because it is a good match to our cho
sen table-driven strategy. Some of our preliminary exper
iments with Z have appeared,10) and we have prepared a 
detailed report of the present work.11) Excerpts appear 
in the following subsections. This brief report does not 
permit much explanation, so these excerpts will not be 
meaningful to readers unfamiliar with Z; they are only 
included to show what a formal specification looks like. 

4.1. The System Configuration and the System 
State 

At the lowest level, input/output is accomplished by 
data converter hardware. Data converters accomodate 
signals connected to the controlled process. Signals may 
be digital or analog, and carry information which is input 
or output with respect to the computer. 

Data converters contain registers. Every register is 
identified by a unique address, and holds contents that 
encode the value of one signal in a form intelligible to the 
computer. In any particular configuration, a fixed set of 
addresses is populated with registers. 

We distinguish register contents from control pro
gram state variables. While registers hold contents, vari
ables have values. 

Expressed in Z, we have: 

[ADDR, CONTENTS, VAR, VALUE] 

ioreg : IP ADDR 
iovar : IP VAR 
map: VAR <-> ADDR 

map ~iovar~ ~ ioreg 

Sys ______________________________ _ 

[

register: ADDR -+t CONTENTS 
variable: VAR -+t VALUE 

-------

dom register = ioreg 

dom variable n dom map ~ ~~var __ 

The sets ioreg and iovar, and the relation map 
model some of the tables that describe the configuration. 
We have actually specified a whole family of control sys
tems, where each assignment of values to ioreg, iovar and 
map determines a particular control system that belongs 
to the family. 

4.2. Translating between Registers and State 
Variables 

The function encode determines the translation be
tween variable values and register contents. The oper
ation Translate uses encode to calc.ulate variable values 
from register contents (or vice versa): 

encode: 
(ADDR -+t CONTENTS) -+t VAR -+t VALUE 

Trans late ______________ _ 

!::::.Sys 
vars? : IP VAR 

variable' = 1,ariable EB vars? <j encode registel" 

This schema can be specialized in each direction. 

Encode == [ Translate 11'egister' = register] 

Decode == [ Translate I variable' = variable] 
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4.3. Formal Development 

We have not yet shown how the all-important func
tion encode is constructed. In the full reportll ) we con
struct the function encode from configuration tables, cal
ibration formulas and other available information. A se
ries of representations for encode are presented, where 
each successive version provides more detail. We find 
that encode can be expressed: 

encode register v = 
translatcseq (class v) (addr _seq v 9 register) 

This suggests an effic.ient implementation in an im
perative programming language, as explained in the full 
report.ll ) 

4.4. Non-constructive Definitions 

Formal spec.ifications bear a superfic.ial resemblance 
to executable programs, but there is an important differ
ence: programs must be constructive, but specifications 
can be non-constructive. This is an advantage because 
non-constructive definitions can be concise and expres
sive. For example, they make it easy to define inverse op
erations, as in the definition of the Decode operation that 
translates state variable values to register contents (sec
tion 4.2). However, at some point it is necessary to show 
how items so defined can be implemented; this requires 
converting them to constructive form, as demontrated in 
the full reportY) 

4.5. Handling Errors and Faults 

In most computing applications, it is expected that 
programs should detect and report errors (where clients 
invoke operations with invalid parameters), but it is left 
to the users to deal with faults (where operations fail 
despite valid invocation by the client). Control systems 
differ from other computing applications in part because 
they are expected to handle some faults. 

An advantage of a formal specification is that it isn't 
necessary to rely solely on inspiration to discover poten
tial errors and faults; some of them can be calculated. 
The precondition of an operation desc.ribes the set of ini
tial states for which a final state is defined. States which 
do not satisfy the precondition of an operation are usu
ally those that designers consider erroneous or faulty. It 
is poor practice to implement operations that admit such 
states, since their response to errors and faults is unde
fined. For our operation Encode, the precondition is: 

PreEncode ~ :J Sys' • Encode 

The expression on the right can be expanded: 

PreEncode __________________________ ___ 

Sys 
vars? : IF' VAR 

vars? ~ iovar 
:J reg: IF' register. Reg Valid 

The first line in the predicate deals with the input 
parameter vars?; failure to satisfy this predicate is an 
error. The second deals with the contents of register; 
failure to satisfy this predicate is a fault. 

We must extend the specification to deal with such 
conditions. When an error or fault is detected, it should 
be reported, but the system state must not otherwise 
change, for example: 

BadReg 
3Sys 

----------------------

vars? : IF' VAR 
status: STATUS 

status = bad reg 
-, (:J reg : IF' register • Reg Valid) 

A similar schema BadVar describes the case where 
the input variables are not valid. Then the Encode op
eration can be extended: 

T _Encode ~ 
(Encode 1\ Success) V Bad Var V BadReg 

These three outcomes exhaust all possibilities. 
Therefore, the operation T _.Encode is defined in every 
possible state. 

4.6. Checking the Development 

An important advantage of formal development is 
that each step can be calculated, inferred or otherwise 
formally justified, and then checked. This ability to 
check each intermediate development step, rather than 
having to wait until an executable program can be pro
duced and tested, distinguishes formal development from 
more intuitive software development methods. 

In addition to checking each step in turn, the entire 
development can be checked against the original require
ments. For example, we would like to claim, 

"All possible inputs will be handled properly" 

but this statement is much too vague to relate to 
our formal specification. Trying again, we say, 

"If the configuration tables are accurate, then 
valid input signals will be translated to the 
proper state variable values, and invalid input 
signals will be detected." 
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Here the features of the formal specification begin 
to emerge, but we need still more detail. Trying once 
again, we begin, 

"If a group of signals are entered into the rout
ing table, and the addresses to which the signals 
are connected are populated, and the signals are 
found in the tables to be members of recognized 
classes, and the value of each signal falls within 
the permitted range for its class membership, 
and ... " 

Rather than press on in this vein, we resort to formal 
notation. We are trying to state a hypotheses about 
signals: 

_ Sig Valid ~ ___ . _____ ~ ____ ~ 
sigs: IP SIGNAL 
scontents : SIGNAL --H CONTENTS 

sigs = dom scontents 
TOuting ~sigs~ <::;: ioreg 
member ~sigs~ <::;: ran classdef 
:3 Reg Valid. 
sigs = signaqvars?~ /\ 
scontents = { a : dom reg. routing- a I--> reg a } 

-- --- ---------------

Other parts of the hypothesis can be formalized in 
the same way. A formal conjecture which expresses the 
requirement, "All valid signals will be handled properly", 
IS: 

Sig Valid /\ SigMatch Var /\ Encode r 

V v : vars? • :3 c : CLASS. c = class v /\ 
variable' v = 
translate c {s : sigs • member s I--> scontents s} 

Proving this conjecture could check for errors in 
the development, and provide confidence that the for
mal specification expresses the intended requirements. 

5. FUTURE WORK 

The first formally-specified subsystem scheduled for 
implementation is the controller for the leaf collimator 
that is used to shape the therapeutic neutron beam. 2) 

The program will be written in a Pascal dialect 12 ) and 
will run on a Digital Equipment Corporation MicroVAX 
II computer. 
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THE SUPERCONDUCTING SEPARATED-ORBIT CYCLOTRON 
TRITRON 

U. Trinks 

Physik Department, Technische Universitiit Miinchen, 
D-8046 Garching, Germany 

ABSTRACT 

The Tritron will be a separated-orbit cyclotron with 
superconducting channel magnets and superconducting 
accelerating cavities . All magnets and cavities are ma
nufactured, the assemblage is going on . The Tritron 
design is expected to overcome the focusing problems 
and current limitations of other types of cyclotrons. It 
seems to be a promising candidate for providing high cw
currents of protons and heavy ions up to specific energies 
of c:::' 600 MeV lu at rather low cost. 

1. THE TRITRON DESIGN 

The Tritron project is a study of a new type of cyclo
tron, a super conducting separated-orbit cyclotron with a 
MP-tandem as injector 1,2) A separated-orbit cyclotron 
was proposed first by F.M. Russell .3 ,4) The Tritron shall 
increase the ion energies by a factor of 5. The beam is 
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guided by 238 superferric, independently adjustable 
channel magnets with alternating gradients along a spi
ral orbi.t with almost 20 turns . The spiral consists of 
30°-arcs and drift lengths between them. The turn se
paration outside the channel magnets is ~r = 4 cm. Ra
dially neighbouring channels are joined into 12 flat sec
tors (see Fig.1). In each second of the intermediate free 
sectors a superconducting rf-cavity with fixed frequency 
l/rf = 170 MHz provides for the rather strong accelera
ting voltage corresponding to the turn separation. In the 
remaining intermediate sectors beam position probes for 
both transverse coordinates are installed to control the 
current setting of the channel magnets, when centering 
the beam along the spiral orbit . 

The specific feature of the Tritron design is the 
strong transversal and longitudinal focusing .5,6) The 
betatron oscillation numbers can be chosen far from the 
stability limits, resonances can be avoided. Longitudinal 
focusing is caused by the fact, that the magnetic field will 

2 3 [ml 

Fig . 1. Plan view of the Tritron hall. 
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not be isochronous for non-central particles. The relative 
variation of the revolution frequency !:l.v I Va is given by 
the variation of the velocity and of the mean orbit radius 
r (turn length over 2'71-): 

!:l.v !:l.r 
(1) 

Vo r 

Va = vrf/h with the harmonic number h is a subhar
monic of the fixed rf-frequency. Va is the velocity of 
the isochronous particle running along the orbit, that is 
with !:l.r =0 and !:l. v = O. If the field levels of all channel 
magnets are adjusted properly, the central particle in the 
bunch will move with !:l.r = O. However the energy of the 
central particle may differ from the isocronous energy, so 
that !:l.v i= O. Then the resulting frequency deviation !:l.v 
will lead to stationary coherent energy and phase oscilla
tions of the whole bunch with respect to a particle mo
ving isochronously, if the slope of the accelerating voltage 
as function of the phase is positive. The oscillation num
bers are approximately Qcah ::::: 0.3 per turn. Noncentral 
particles with !:l.r i= 0 will execute incoherent synchro
tron oscillations with respect to the centre of the bunch. 
Due to the difference concerning the !:l.r - term in Eq.1 
the oscillation numbers Qinc are about 0.7 . Qcah. 

The beam centering procedure starts at the first po
sition probe. Here the beam is assumed to be cente
red already, however with a horizontal angle error of the 
beam axis, which will not be measured by the probes. 
Then the currents in both succeeding channel magnets 
will be changed equally, until the beam is centered at the 
next position probe, too. If the first channel is radially 
focusing (positive gradient) and the second radially de
focusing (negative gradient), then the angle error will be 
reduced automatically, as shown in Fig.2. 

cavity 

Fig. 2. Centering the beam at probe 2 causes a reduction 
of angle error, if the first magnet has radially increasing and 
the second decreasing field. 

The injection is made simply by three superconduc
ting channel magnets. The third one imposes the ben
ding limit for the Tritron, because it has the smallest 
bending radius with einj = 30 cm, compared to £11 = 43 
cm for the channel magnets on the first turn. For extrac
tion no element is needed at all. In principle several rings 
of the Tritron type with increasing radii could be combi
ned to achieve specific energies of the ions of several 100 
MeV lu. 

All main components of the Tritron were new deve
lopments with uncertain results, Therefore the final en-

ergy was chosen to be rather moderate: e.g. for protons 
a maximum energy of ::::: 43 Me V corresponding to an 
maximum accelerating voltage of::::: 0.53 MV per cavity 
was planned. In the meantime all cavities and channel 
magnets are manufactured (except the first two of three 
injection magnets) and partly tested with much better 
results than expected originally. Best values so far for 
the unloaded quality factor Qa, for the maximum vol
tage U max, and for the maximum gap field Egap in the 
cavities are: Qa = 1.9 . 109

, U max = 1.2 MV and Egap 
= 10.6 MV 1m. The maximum current in the main coils 
of the channel magnets, achieved without any training, 
was 2000 A (design value 1450 A). Thus the magnetic 
induction can be as high as Bmax ::::: 1.9 T in the sec
tor channels respectively::::: 2.4 T in the third injection 
channel, which was made from FeCo. Due to these en
couraging test results maximum energies of::::: 74 MeV 
for protons respectively::::: 6 MeV lu for the very heavy 
ions may be obtained, provided that the terminal voltage 
of the tandem is at least::::: 15 MV. 

The fixed rf-frequency causes the revolution fre
quency Va = Vrf/h as well as the final energy T2 to 
have discrete values. Due to the longitudinal focusing 
harmonic numbers h ranging from ::::: 14 to ::::: 55 can 
be used. In the upper right quarter of Fig.3 the corre
sponding energy levels T2 are shown as horizontal bars 
with h as parameter. The density of the levels increases 
strongly with growing values of h. By the choice of the 
initial energy and rf-phase a distinct stationary coherent 
energy oscillation will be stimulated, so that the final en
ergy can be varied somewhat (yet !:l.r = 0 for the centre of 
the bunch!). Thus the gaps between neighbouring levels 
can be filled partially (not shown in Fig.3). While the 
right ends of the bars are meaningless, the left ends give 
(on the horizontal axis) the effective accelerating voltage 
QI A . U max needed at least per cavity, according to: 

(2) 

Here QI A and T a are the specific charge and rest ener
gy. f3 and I' correspond to T2 at the mean extraction 
radius r = r2 = 1.45 m. Trans is the transittime factor. 
Neglecting Trans, from Eq.2 follows Q/A . Umax '" T2 in 
non-relativistic approximation, For small values of h the 
linear dependence is apparent. At high numbers h the 
decreasing transittime factor requires higher accelerating 
voltages. 

In the upper left quarter of Fig.3 the final energy is 
plotted versus the injection energy T 1: 

T2 = 1'2 (r2) 2 T1 
1'1 r1 

(3) 

In non-relativistic approximation this again has a linear 
dependence: with r1 = 0.66 m follows T2 ::::: 4,9 T1· 

In the lower left quarter of Fig.3 the specific charge 
(vertical axis) is given, which is needed to bend the ions 
with the energy T1 along the third injection channel, 
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either with Binj = 2.4 T or 2.0 T (bending limit), accor
ding to 

In non-relativistic approximation T1 is proportional to 
(Q/A)2 . Btnj ' In the lower right quarter of Fig.3 the 
effective accelerating voltage is shown for given Q/ A and 
cavity voltage U max. 

Figure 3 demonstrates the limits imposed on the 
different types of particles. Protons with Q/ A = 1 could 
be injected by Binj < 2.4 T without problems for all 
harmonic numbers h ~ 11 , however the limitation of the 
cavity voltage Umax will lift the minimum h to h = 14 
corresponding to Umax = 0.81 MV and T2 = 74.7 MeV. 
Light ions with Q/ A = 0.5 would need Bmax > 2.4 T 
for h :s 20, the bending limit sets the minimum to h 
= 21 corresponding to T2 = 31.2 MeV /u and a cavity 
voltage of at least U max = 0.77 MV. Energies near to the 
Coulomb barrier of about 5.5 MeV /u can be obtained for 
h ~ 49 with Q/ A . Umax = 0.16 MV. The injection energy 
would be T1 = 1.16 MeV /u . Due to the very low yield of 
ions with specific charge Q/ A ~ 0.215 for 238U, 208Pb or 
even 198 Au at this low energy, the induction Bmax = 2.4 
T in the injection channel is of crucial importance for the 
very heavy ions, which are of special interest for physics. 
The accelerating voltage in the cavities then has to be 
Umax ~ 0.73 MV. 
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Fig . 3. Characteristics of the Tritron . Explanations see text . 

2. THE MAGNETS 

The channel magnets are of the window-frame type 
with the coils bent up and down at the ends (Fig.4) .7) 

The entrance and exit edges are not tilted . The ben
ding radius of the innermost channels is l?l = 43 cm. 

It increases from turn to turn by D.f2 = 26 .94 mrn. All 
sectors (sector angle 20°) are of equal geometrical shape 
except the last two, where one channel is removed for 
injection respectively extraction . Cooling is made indi
rectly by cooling pipes (thermal siphon) . Each sector 

o 

- 1 

-2 

-3 

Fig. 4. Cross section through a magnet sector with two 
adjacent channels. G gradient windings, D insulating layers . 

consists of two steel sheets (Fe with 1.8% Si), each 30 
mm thick, with curved slots every 4 cm (width 22 mm, 
depth 15.5 mm) . All pieces from steel are Ni plated to 
avoid rust. The maximum induction is limited by the 
saturation of the steel to about Bsat ~ 2 T. Thus the 
overall current density in the superconducting coils can 
be chosen ~ 600 A/mm2, and the radial width of the 
coil can be made small (~ 3 mm). The coils consist of 2 
x 13 windings (including a separate gradient winding in 
each half-coil) of a Rutherford-type cable (0 .69 x 2.88 
mm2, 14 strands, each diam. 0.4 mm and 54 filaments, 
Cu/Nb = 1.4, 2 insulating layers of glass cloth with pre
preg, each 0.1 mm thick) . The half-coils were wound 
directly into the slots by a computer controlled winding 
machine (640 half-coils within 17 months )and then va
cuum impragnated with epoxy in situ . A copper profile 
(with a 11 mm bore for the beam) shields the coil from 
beam losses. Flat disc springs between the copper pro
file and the coil prevent the coil from cracking. The total 
effective width of the coils and the walls of the shield is 
9 mm. So one gets for the maximum radial geometrical 
aperture ax : 

D.r 
ax = ----",.--- - 9 mm 

1+~ B u . t 

(5) 

The normalized field gradients are ~~ . ~ = 3.6 m- 1 in the 

radially and -4.9 m- 1 in the axially focusing channels , if 
the gradient windings are operated without current : Ig 
= O. The field indices n = ~~ . -fi- increase linearly with 
the turn number (see Fig. 5). The betatron oscillation 
numbers range from Qx ~ 1.3 to 1.6 and Qy ~ 0.8 to 
1.7 for Ig = O. Axial misalignments of the magnet sectors 
with a first harmonic amplitude of 0.3 mm would cause 
a strong increase of the axial betatron amplitudes at the 
Qy = 1 resonance. To shift the field indices of the 10 in
nermost turns upward, the corresponding channels could 
be operated with a current Ig -# 0, opposite to the current 
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in the main coils. In order to correct even non-resonant 
axial deflections from misalignments, small superconduc
ting magnets (J Bt5s ~ 5 .10- 3 Tm) with radially direc
ted fields will be inserted into the six intermediate sector 
gaps in front of the position probes. The distribution of 
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Fig. 5. The field indices nl and n2. 

8 

the cables in the coil cross section should be as uniform 
as possible to avoid disturbing field terms of higher order 
than the linear one from the gradients. Quadratic con
tributions of I·~B I > 5.10- 3 at x = ± 4 mm apart from 
the central orbit would cause the dynamic aperture to be 
less than the geometrical. Negative quadratic contributi
ons at the ends of the coils, where both half-coils spread 
apart, can be compensated by positive terms introduced 
by proper choice of the distance of the gradient windings 
from the central plane of symmetry and by additional 
insulating layers between the half-coils and the ground 
of the slots in the steel (~0.5 mm). Field measurements 
showed, that the relative quadratic contributions, aver
aged along the channels, stay below 1.5 . 10-3 at x = ± 
4 mm for Ig = O. 

The local magnetic field inside the superconducting 
coil induce persistent screening currents in those fila
ments, which are not yet occupied by a transport cur
rent. The resulting dipol fields depend on the present 
and previous current settings and cause the gradient to 
depend on the current too. Above ~ 500 A, the varia
tions of the gradients by these magnetization effects were 
measured to be less than 5%. The effect on the quadra
tic field contributions is negligible. These results are in 
agreement to those obtained from a computer model cal
culation. 

In order to guide the beam along the central orbit 
the current of each of the 238 channels has to be adju
sted individually. The difference between maximum and 
minimum current of all channels is less than ~ 170 A. 
All main coils will be connected in series. Each half of a 
main coil has a superconducting switch with supercon
ducting contacts in parallel, which will be turned to the 
superconducting state as soon as the appropriate current 
of the coil is achieved. Further variation of the current 
from the power supply will be shared between the switch 

and the coil, according to the ratio of the inductances. 
The switches are made of superconducting wires (hairpin 
shape) with the copper matrix etched off along ~ 3 cm, 
which can be heated above the critical temperature with 
an Allen-Bradley resistor. The filaments at the ends of 
the switch are mixed with those of all strands of the coil 
cable and pressed within a copper tube (pressure ~ 5.104 

N/cm2
) to form the super conducting contacts. 

From voltage measurements across a complete sec
tor and across individual channels the inductances ofthe 
channels were determined to range from 1 to 3.10-4 H in 
agreement with values calculated from the field energy. 
The mean inductance of the 40 superconducting swit
ches was 2.6 .10- 7 H. From this one expects a current 
variation in the main coils of some 10-3 of the varia
tion of the switch current. Indeed a relative change of 
the field of < 6 . 10-4 in channel 19 e.g. was observed, 
when the main current in channel 18 was lowered from 
1000 A to 850 A, while the switches of all other channels 
(including that of channel 19) were superconducting. If 
the main current of several neighbouring channels was 
changed simultaneously, the field variation in the chan
nel with the switch superconducting was larger, indica
ting an increased 'cross talking'. This effect will not set 
in, when the beam is thread through succeeding chan
nels, because then the main current of only one channel 
per sector will be changed. 

The rate of current change in the superconducting 
switches could be as high as 20 A/sec without quenches 
for currents in the switches below 220 A. At a rate of 0.5 
A/sec no switch quenched below 310 A. The total resi
stance of all normal conducting joints between adjacent 
coils was less than 2.7 .10- 70 corresponding to a mean 
value less than 7 .10- 90 per joint. The total dissipated 
heat in the joints would be less than 1 W per sector at 
the maximum current of 1800 A. 

When energizing all channels at the same time, ex
tended eddy current loops are induced in the steel, which 
are linked to all channels and which decay with a time 
constant of the order of several minutes. If only one 
channel is energized while the flux is kept constant in 
all others by the superconducting switches, then no long 
lasting eddy currents are observed. 

3. THE CAVITIES 

The six rf-cavities with a radial length of 120 cm 
are of the reentrant type with radially prolonged accele
rating lips, forming a wedge-shaped gap of 62 mm length 
at the first beam hole and 128 mm at the last, see Fig.6. 
The accelerating lips are ~ 90 cm long and ~ 15 cm high. 
The surrounding bulge for the magnetic rf-flux was cho
sen as big as possible to keep the surface fields and thus 
the losses small. All radii of curvature were made suf
ficiently large to get the electrical peak field not more 
than 1.5 of the maximum field in the gap. The beam 
hole diameters are 13 mm, the length of the cutoff bores 
in the accelerating lips is 30 mm. The radial field and 
voltage characteristics are shown in Fig.7. The radial 
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increase of the voltage due to that of the gap length cor
responds approximately to the requested curve according 
to Eq.2 ({3 and "( according to r1 ~ r ~ r2). So far a ma
ximum voltage U 20 = 1.2 MV was obtained at the last 
beam hole corresponding to a maximum electrical gap 
field at the 13th hole of 10.6 MV 1m and a maximum sur
face induction of ~ 0.023 T near to the first beam hole. 

The cavities are operated in the fundamental mode at 

1233 

Fig. 6. Cross sections of the upper half of a cavity. Numbers 
In mm. 
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Fig. 7. The radial characteristics of the normalized voltage 
U and gap field E. 

a frequency of l/rf = 170 MHz. No currents should cross 
the horizontal plane of symmetry. Therefore the cavi
ties can be made from two halves, which are connected 
simply by a flat joint. The cavity halves were fabrica
ted by electroplating copper (for the most parts 10 mm 
thick) onto fibre-glass shells, which were removed after
wards .9) The copper halves were electroplated with a 
~ 5tLm thick layer of PbSn (4 Sn, 96 Pb atoms), which 
has a critical temperatur of Tc = 7.5 K. Two O-shaped 

cooling pipes are attached on both sides of the cavity. 
During a test more than 100 W dissipated rf-power were 
removed without quenching the cavity. 

Due to rather small mechanical tolerances the fre
quencies ofthe cavities are equal within ±3·10- 4 . Tuning 
is made in three steps: coarse (20 kHz) by mechanical 
deformation (at the arrow in Fig.6), fine (300 Hz) by 
moving sapphire rods into the rf-field volume, and fi
nal phase corrections by a fast electronic control system 
adapted from the S-DALINAC .10) Sapphire has a low 
rf-loss factor and high thermal conductivity at low tem
perature. The frequency shift due to electromagnetic 
pressure was -230 Hz at a maximum voltage U20 = 1200 
kV at the last beam hole. Frequency variations due to 
acoustic vibrations are less than 10 Hz, partially owing 
to the fact, that the cavities are supp·orted very near to 
the nodes of the fundamental vibration (frequency: ~ 
170 Hz). 

PbSn is a better superconductor than pure Pb be
cause of its enhanced stability against chemical reactions, 
the lower BCS resistance and better throwing power du
ring the electroplating procedure .11) The temperature 
dependent part of the surface resistance is given by 

-5 1 9 1 -15.1 
RBcs = 6.85·10 l/ .. Te~ (6) 

with RBCS in 0, l/ in GHz and T in K. Due to the rather 
low frequency of 170 MHz the cavity needs not to be 
cooled down below 5 K. At T = 5 K one has RBCS = 
2.3 .10- 8 0, which gives the unloaded quality factor Qo 
= G I RBcs = 4.1.109, where G = 95 ° is the geometry 
factor of the cavity. This Qo-value represents an upper 
limit. Additional contributions RRES to the surface resi
stance Rs, which are independent from temperature, e.g. 
dielectric layers, normal-conducting spots or magnetic 
flux causing persistent currents will lower the Qo-value. 
The stray fields of the channel magnets and current leads 
have to be shielded by thin steel sheets below ~ 10-4 T. 

In Fig.8 some measurements of the Qo-values versus 
U 20 respectively the maximum gap field Emax at the 13th 

beam hole are shown. The temperature was below 5 K, 
the background induction ~ 8.10- 5 T. The cavities were 
electroplated with the PbSn-layers in alphabetical order. 
The improvement of the later Q-values indicates the pro
gress in the surface preparation technique. The curves 
slope at low voltages slightly, at those above ~ 600 kV 
more steeply due to starting field emission. The dotted 
curves are for constant dissipated heat, 6 W respectively 
12 W per cavity. The broken line gives the limiting va
lue mentioned above. The best measurements are not 
far from this limit. Up to now the quality factor sho
wed no degradation during several months, though the 
cavities were exposed to air each time, when the vacuum 
vessel was opened. The insulating vacuum is not sepa
rated from the beam vacuum in the Tritron. This good 
results in spite of the large total surface of ~ 3 m2 per 
cavity can be explained by the fact, that the heat, dissipated 
ill small normal-conducting spots e.g., will be led 
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away from the thin PbSn layer into the copper body very 
effectively, causing a rather small temperature increase 
and preventing the spot to grow, at least below a cer
tain maximum power input. In addition the skin depth 
of the rf-fields in normal-conducting PbSn exceeds the 
thickness of the layer considerably. 
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Fig. 8. Unloaded quality factor Qo versus the voltage U 20 

resp. the maximum gap field. 

4. PRESENT STATUS 

The assemblage of all parts inside the vacuum ves
sel is going on. The cryosystem including the refrigerator 
(150 W at 4.6 K) is operating well. Evacuation of the 
vessel needs about 24 h. Cooling down from 300 K to 
4.2 K was accomplished within 50 h with somewhat re
duced refrigerator power, up to now with ~ 40% of the 
final mass (~ 6 tn). The beam guiding system between 
the tandem and the Tritron is ready except the post
buncher 13) , which is under test. The computer control 
system ofthe tandem and Tritron is in an advanced state. 
First beam entering the Tritron is expected at the end 
of this year. 

5. FUTURE DEVELOPMENTS 

The Tritron development was started to overcome 
the limitations of the conventional cyclotron on the 
energy due to transverse resonance and focusing pro
blems, and on the beam intensity due to the missing 
longitudinal focusing and the extraction problems. The 
maximum proton current of the 590 Me V - ring cyclotron 
at the Paul Scherrer Institute in Villigen/Switzeriand is 
expected to be 1.5 rnA .14) With cyclotrons of the Tri
tron type proton energies as high as 1 GeV and currents 
comparable to those in linacs (~ 100 rnA) appear to be 
attainable in principle. A 500 MeV proton beam with 
a current of 10 rnA, that is a beam power of 5 MW, 
would give a spallation neutron source with a thermal 

neutron flux of 1015 n/(cm2 sec), which is comparable 
to the highest flux from a nuclear reactor (at the Insti
tute Laue Langevin in Grenoble). While the flux from 
a reactor hardly can be increased much above this value 
due to cooling problems in the core (power density ~ 3 
MW II), the power density in the target of a 500 MeV 
spallation source would allow currents of more than 100 
rnA. Of special interest on the long-term will be the pos
sibility to produce energy by fission without the safety 
problems of nuclear plants, avoiding radioactive waste 
with long lifetimes by transmutation. For this purpose 
superconductivity improves the efficiency considerably. 
Of course, there will be many steps in the development 
of high intensity Tritron rings before, therefore the fol
lowing design considerations are restricted to a proton 
current of 10 rnA . 

A system of two Tritron rings will be investigated . 
The extraction radius of the first shall be equal to the 
injection radius of the second ring: r~x = rf% .. The to:al 
beam losses shall not exceed 10 W or 10- m relat1ve 
units to avoid quenching of the saperconducting elements 
as well as high activation levels. Then the geometrical 
aperture ax,y should be at least 10 standard deviations 
Ux,y, assuming a gaussian particle density. With the turn 
separation 6.r = 10 cm, Bmax = 1.75 T and B.at = 1.9 
T one gets from Eq.5 ax = 43 min (LAMPF: 19.1 mm, 
PSI-injection cyclotron: ay = 35 mm). 

All cavities are assumed to be equal and about twice 
as large as the present Tritron cavities. Larger cavities 
with a weight of ~ 3 tn would be difficult to handle and 
to produce with the present electroforming technique. 
The accelerating gap length shall range from 20 cm at 
the first and 40 cm at the last beam hole. 16 beam 
holes with a radial distance of 150 cm from the first to 
the last are planned. The accelerating lips are vaulted 
asymmetrically with respect to the radial axis, so that 
one flat magnet sector could be installed in the concave 
side without loosing space at a most dense packing of 
the cavities along the ring, as shown in Fig.9. The cut
off bores in the accelerating lips with a diameter of 43 
mm will have a length of 120 mm. The overall length 
of the cavities will be about 3 m, the frequency in the 
fundamental mode is estimated to be I/rf ~ 90 MHz. At 
the last beam hole a maximum voltage U 16 = 2 MV is 
assumed, corresponding to a field in the gap E16 = 5 
MV 1m respectively a maximum gap field Emax = 5.8 
MV 1m near the 10th beam hole. The dissipated heat in 
the cavity walls is given by 

R. 
Pw = 211" . I/r f . Ecav . G (7) 

Here Ecav is the electromagnetic energy stored in the 
cavity, and R. = RBcs + RREs is the surface resistance. 
The dissipated heat in the existent Tritron cavities is 
about P w ~ 6 W at a field level of Emax ~ 5.8 MV 1m 
(see Fig.8). The dissipated heat in the walls of a new 
cavity is estimated to be at most about Pw = 36 W, 
assuming for I/rf/G about one half and for Ecav about 12 
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Fig. 9. Schematic plan view of a large Tritron ring for 500 
MeV protons. 

times the value of the old cavities. Rs is assumed to stay 
constant . 

The mean orbit radius at extraction is given by 

Nsec (lgap + 2drift) 
T16 = e + 27l' 

with the bending radius 

rno . c (3 . "I 
e=--'--

e Bmax 

(8) 

(9) 

19ap = 40 cm is the length of the accelerating gap at 
the 16th beam hole. drift = 18 cm is the drift length 
between the effective edges of the accelerating gap and 
the succeeding channel magnet . 

U' 
Nsec = f·-u 

16 
(10) 

is the minimum number of sectors, with U 16 = 2 MV, 
and U' according to Eq. 2 (Q/ A = 1 for protons and 
Trans = 1) . The factor f,:::, 1.15 takes into account, that 
some overvoltage is needed for accelerating at a phase 
below 7l' /2, and that the cavity of one sector will be omit
ted to leave space for the injection channel. Combining 
Eq.2,8,9, and Eq.l0 gives r16 as function of "I at extrac
tion 

T16= ~~. (11) v,- - ~ 2e BTn.a.: 

r16 [m) 8 
U· 10 [MV) 

Fig. 10. The extraction radius r16 and the accelerating vol
tage U' versus the extraction energy T2 

Figure 10 shows r16 and U' versus the final energy T 2. 
Both curves are almost straight lines for T2 > 200 MeV. 
Due to Eq.l0 the number of sectors and the number of 
cavities Ncav = Nsec - 1 depend linearly on T 2. In table 1 
some data of three systems are summarized, each consis
ting of two Tritron ring, with the final energy 500 MeV, 
750 Me V and 1000 MeV. r~n and r~~ indicate the injection 
radius of the first resp. the second ring, r~~ the extrac
tion radius of the second ring. The number of sectors is 
assumed to be 16, of course detailed beam dynamic cal
culations may lead to somewhat smaller numbers. The 
maximum power, which has to be transmitted to a 10 
rnA proton beam per cavity, is less than 190 kW. Present 
input couplers for superconducting cavities are operated 
at up to ,:::,200 kW. The limiting effects for the beam 

Table 1. Some data of 2-ring systems for 500 Me V, 750 Me V 

and 1000 MeV 

a) b) c) 
T r~~) [MeV] 500 750 1000 

T rII ) 151 271 393 

T rfJ 33 101 180 

r~~ [em] 486 663 845 
rII 
In 326 503 685 

!fn 166 343 525 

U' ~ r~~ ) [MV] 40 57 75 
U' rn) 12 16 20 
U' ) I 1 4 7 9 rin 

N!.c 16 16 16 

N!~c 22 32 42 

Nca.v 21 + 7 31 + 9 41 + 15 
Nmag 608 768 928 

II [MHz] 7.4 6 4.9 

h = IId/lIo 12 15 18 

current are similar to those known from proton storage 
rings . The beam creates fields, the space charge fields 
and those from image currents on the beam tube walls, 
which act back on the beam itself. All related effects de
pend mainly on the longitudinal and transverse coupling 
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impedances. Pure indudive and capacitive impedances 
cause real, intensity dependent shifts of the betatron and 
synchrotron oscillation numbers, and some change of the 
bunch dimensions. A resistive impedance causes ima
ginary frequency shifts ~w and eventually instabilities, 
with the time constant ofgroth given by T = -1/8'(~w). 
In the Tritron the beam runs either in a copper tube in
side the channel magnets or in a cavity gap. The influ
ence of the slits between the tubes and the cutoff bores 
of the cavities is assumed to be negligible. 

The resistive wall effect of the copper tubes is ex
pected to be much less compared to that of stainless steel 
vacuum chambers normally used in storage rings. The 
surface resistance of cold copper at 500 MHz for example 
is about 40 times less than that of stainless steel at room 
temperature (anomalous skin effect). Furthermore each 
individual bunch traverses one ring within 16/1/0 ~ 3 . 
10-6 sec. This limits the time for the development of 
an instability. The reactive part of the impedance in the 
Tritron is mainly determined by the space charge effect. 
It decreases strongly with increasing particle energy. It 
can be overcome by choosing the injection energy suf
ficiently high. In addition, in the Tritron rather large 
shifts of the betatron oscillation numbers are admissible 
due to the insensibility to resonance problems. Longi
tudinally the high accelerating voltage per turn causes 
unusual high synchrotron oscillation numbers, so that 
rather large shifts are admissible here also. 

The super conducting cavities are traversed by 16 
bunches in parallel, radially distributed along a large 
range. So the exitation of higher order modes by the 
beam has to be expected. Some special features of the 
Tritron cavities may be helpful to overcome these pro
blems. First the cavities are single cells, resulting in a 
simple line spectrum without broad passbands. Thus 
there will be a certain chance to detune the cavity with 
respect to the frequency of a special higher order mode, 
which may be excited by the beam. Secondly, the qua
lity factor of all modes with surface currents crossing 
the horizontal plane of symmetry are reduced due to the 
poor flat rf-joint. Finally, the cavity volume is accessi
ble from all sides to install higher order mode couplers in 
an effective manner, avoiding trapped modes as in some 
multicell cavities. The interaction of several parallel high 
intensity bunches with a superconducting Tritron cavity 
can be investigated experimentally by triggered electron 
pulses through the beam holes, theoretically by means of 
computer codes. So far various storage rings with super
conducting multicell cavities operate stably with beams 
above 10 mAo In HERA at DESY a current of 60 mA is 
envisaged for the near future. 
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ABSTRACT 

A series of workshops has been held during the last year 
discussing the accelerator technical background for a new 
European pulsed spallation neutron source (ESS).l) The 
basic design parameters are discussed for a high power 
(5MW), high current (1.7mA) FFAG synchrotron as a 
possible solution for the accelerator. 

1. INTRODUCTION 

The specification for the source was based on the 
requirements for future use of neutrons in condensed matter 
research. An average beam power of 5 MW is chosen to 
give an average thermalized flux of about lOiS n/cm2/s, 
equivalent to the High Flux Reactor at ll...L Grenoble. The 
required pulse length is less than 3 JIs at a repetition rate of 
50 Hz. The operation of such a source will require the 
highest standards in terms of availability (greater than 90%). 
Five different schemes have been considered as possible 
accelerator systems that might meet the source requirements: 

1) A linear induction accelerator. 
2) A linac followed by collector rings and rapid and medium 

cycling synchrotrons accelerating a relatively low current 
(125 pA) to a rather high energy (40 GeV). 

3) A linac followed by a rapid cycling synchrotron. 
4) A linac followed by a number of compressor rings. 
5) A linac followed by a Fixed Field Alternating Gradient 

(FFAG) synchrotron. 

Here the FFAG alternative is discussed in terms of its basic 
design parameters as well as a more general listing of its 
advantages and disadvantages. Preliminary calculations of 
the magnets demonstrate the feasibility of such complex 
magnets. 

Guest scientist from JINR, Dubna, Moscow, Russia 

2. GENERAL FEATURES OF FFAG TYPE 
ACCELERATORS 

We first list the advantages and disadvantages of an 
FFAG for a 5 MW beam power, 50 Hz repetition rate 
facility with less than 3 JIs pulse length. 

2.1 Advantages: 

About 80% of the total beam power is gained in the FFAG 
ring. This makes the power of the injector linac rather 
low, and the neutron flux associated with injection losses 
also relatively low. 

The time structure of the injector linac is relaxed, because 
the adiabatic trapping makes the chopping of the linac 
beam unnecessary. The chopper system, which is 
required for the compressor ring solution, provides a 
time structure in the linac beam to minimize the losses 
associated with the injection into the compressor rings. 
It provides a zero-intensity interval of about 100 ns 
every microsecond; this means a substantial fraction of 
the beam will be delivered during transient portions of 
the rf field. 

A higher energy means a lower number of particles for the 
equivalent power. This results in smaller transverse 
apertures and smaller peak current per pulse, or shorter 
pulses. 

The losses for charge exchange injection are less critical the 
lower the beam power and energy at injection into the 
ring is. These losses are mainly caused during the 
trapping right after injection. 

The larger the energy gain in the FFAG the lower are the 
losses during the trapping procedure. 

The beam losses during the acceleration process are very 
small relative to the rapid-cycling synchrotron option 
because: 
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-The main field is dc (no pulsed magnets). 
-The radial aperture is large. 
-The momentum acceptance is very large. 
-The shimming of dc magnets is easy. 

Good stability conditions: the beam does not see the ferrites 
of the extraction kickers except for the last few turns, 
therefore coherent instabilities are relaxed. 

The stacking of beam at an energy between injection and 
extraction is a future option for intensity upgrading. 

A higher repetition frequency can easily be realized at a 
later stage. 

2.2 Disadvantages: 

The FFAG is not an existing machine. The evaluation of 
reliability and performance needs special discussion. 

The magnets are very large, with a high flux up to 4 Tesla. 
The radial type magnets are not complicated, but so far 
no prototypes have been studied. 

The working point is determined by the hardware of the 
magnets. Special systems (e.g., pole-face windings) 
need to be built for the fine tuning. 

The operation of superconductors in the radiation field 
requires special attention to the losses. 

Ferrite-tuned cavities require large ceramic windows for the 
acceleration gap. 

Concepts for non ferrite loaded RF systems such as rotating 
capacitors (ROTCO) need additional study. 

The high beam intensity requires special studies of beam 
loading effects. 

The shielding for higher energy is more costly. 
The operational costs for the FFAG cannot be based on 

existing operating machines. 

3. BASIC DESIGN FEATURES AND OPTIMIZATION 
OF THE BASIC PARAMETERS 

In the range of 1-3 Ge V, the required proton beam 
power for a given thermal neutron flux is approximately 
independent of the incident proton energy. The repetition 
rate of 50 Hz is specified by the user community. The rf 
harmonic is the first or second in order to avoid coupled 
bunch instabilities. 

If we assume 2_1014 accelerated ions-a figure achieved 
at the CERN ISR-the final energy must be 3.12 Ge V; a 
50% increase in the number of accelerated ions would 
reduce the maximum energy to 2 GeV. The higher energy 
means higher bending magnet strength, but it does provide 
a number of advantages. For comparable Laslett tune shifts, 
the injection energy for 2_1014 would be 430 MeV, whereas 
that for 3_1014 would be 560 MeV. Choosing the lower 
intensity means a power gain in the FFAG of a factor of 7 
rather than 4. 

From experience at both the Rutherford and Los Alamos 
neutron sources, the most severe particle losses are at the 
injection energy. This is partially due to losses in the 
charge-exchange injection process and partially due to 
incomplete longitudinal trapping into the rf bucket. Both 
machines are limited by activation due to these losses. We 
expect such losses in the FFAG to be much smaller because 
the dc magnetic field provides ample time for careful 
trapping, and the injected beam will make few traversals of 
the stripping foil due to the brightness of the beam and short 
injection time. Because the threshold for the most damaging 
neutron-producing events is 100 MeV, the neutron 
production in the FFAG due to injection losses will be only 
about one tenth that for comparable losses in the compressor 
ring option. 

There should be virtually no losses after the trapping is 
completed because there is no changing magnetic field to 
track. The vacuum chamber will be very smooth over most 
of the accelerating range, and the extraction kicker magnet 
will not be seen by the beam until it reaches full energy; 
coherent instabilities should be much less severe than for a 
comparable normal synchrotron. 

In a scaling FFAG, the average magnetic field increases 
with average radius as <r>k. Gamma transition is given by 

Y tr = .j(k+ 1). We would like to choose ring parameters to 
avoid the crossing of Ytt in order to avoid the possible 
exciting of strong longitudinal beam oscillations, possible 
emittance blow-up, and, in the worst case, particle losses. 
Because the relativistic yat 3 GeV is 4.197, we consequently 
desire that the field index, k, should not be less than 20. 
The radial tune will be close to Ytt and thus around 4-5. For 
the optimum phase advance of 70° or so (to insure a small 
and smooth beam envelope), we will need about 20 sectors. 
The radius should be larger than 40 m in order to provide 
adequate room for the rf cavities, the injection and the 
extraction systems. The radial magnet width is determined 
by the field index, k, and the injection and extraction 
energies. For the values, k=25, Tinj=500 MeV, and 
Tcxt=3 GeV, the radial aperture is 2.5 m. 

4. BEAM DYNAMICS CALCULATIONS 

The sector model used comprises one positive magnet 
placed between two negative magnets to enhance the flutter 
and consequently the vertical focusing. The field between 
the two magnets is assumed to follow a COSINE curve from 
o to 1t with a width appropriate to the magnet gap, and the 
separation is arbitrary. On the outer side of the negative 
magnets, the field is assumed to go zero as a COS2 function 
with an arbitrary width. The length of the plateau region of 
the negative magnets is specified, and that of the positive 
magnet is calculated to provide the required net bending 
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angle. In the absence of a return yoke, the field from one 
coil pair would have this qualitative shape. 

The ORBIT program was originally written during 1983-
1985 to study FFAGs for the German SNQ program.2

) It 
calculates quickly, by orbit integration, the properties of a 
general scaling FFAG (where all orbits are photographic 
enlargements of a reference orbit). The exact equations of 
motion are used, and the axial field at the reference orbit, 
which is entirely arbitrary, is input The code has been 
recently extended to treat the model currently considered by 
surveying the parameter space and calculating the dynamic 
aperture. A new option to include terms to the fifth power 
in the axial displacement shows that the effects of these 
terms on the dynamic aperture are small-typically less than 
1%. 

Injection will be done by charge exchange of H- ions 
from a linac. For a 100 mA beam, the current requirement 
of the FFAG is reached in 0.32 msec or about 262 turns. 
The linac beam is already so bright that we do not wish to 
place more than one turn in a given volume of phase space, 
and thus we will arrange the injection such that most ions 
will pass through the stripping foil only one time. 

Extraction will be done in a single turn with a fast 
kicker. The kicker impedance is seen by the beam near full 
energy only at the end of the acceleration cycle. 

5. MAGNET DESIGN 

Vertical focusing in a radial FFAG is due primarily to 
the alternating gradient created by the presence of negative 
gradient magnets; that in a spiral FFAG is due to the edge 
angles as is the case in a typical isochronous cyclotron. 
Because of orbit scalloping there is some edge angle 
focusing in a pure radial machine. In the absence of 
negative field magnets, there must be strong spiral angles 
(60-70°), and such large spiral angles induce significant 
nonlinearities. Although these nonlinearities are beneficial 
in expanding the tune spread to provide Landau damping, 
they do significantly reduce the single particle stability 
limits. As was already shown in 1985, a pure radial 
machine becomes reasonably compact if strong magnetic 
fields of 4 T are used.3

) Thus we here seek a compromise 
of a machine with a modest spiral angle (_30°), a feasible 
positive field (-4T), and an easily obtained negative "gully" 
field (- -2T). 

The basic design for a radial type FFAG magnet has 
been studied4

) using the 3-D program PROFI.5
) The 

detailed design is of a magnet with a main pole 1.0 m 
(azimuthal) by 3.2 m (radial) and two poles carrying the 
return field. The field varies in radial direction between 
1.16 and 3.5 Tesla, corresponding to a field index of k=15; 
the ratio of positive to negative bending is 3.02. The 
azimuthal field distribution through one half of the magnet 
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Figure 1. FFAG-Midplane Field at Extraction 

is shown in Figure 1. The remaining flux, which is not used 
for the gully fields, is guided back through a return yoke. 
Additional calculations demonstrate the possibility of going 
up with the maximum field to 4.4 Tesla, of realizing a field 
index of k=26, and of adjusting the ratio of peak to gully 
field between 2 and 5. More detailed design studies will be 
done after the optical parameters of the FFAG are fixed. 

6. RF STUDIES 

The main characteristics of the accelerating system in an 
FFAG are the existence of a large accelerating gap in the 
radial direction (2.5 m)-as in a cyclotron-and, at the same 
time, the need to modulate the resonant frequency-as in 
synchrotrons. The first, together with a relatively low 
frequency (less than 2 MHz), implies large geometric 
dimensions of the cavity. If we accept the standard method 
of changing frequencies employed in conventional 
synchrotrons, then ferrites would be used to increase the 
cavity frequency. In this case, the large cavity volume will 
require a large ferrite volume resulting in a high price. Such 
a structure was suggested for the MINI ASPUN project of 
ANL.6

) An accelerating system for ESS, based on this 
report, was presented during EPAC-1992.7

) This cavity is 
a rectangular box extending a quarter wave along the beam 
path with specially shaped accelerating electrodes in the 
radial beam plane. The variation of the resonant frequency 
is accomplished through a polarization current wrapped 
around the ferrites. Ceramic insulators may be used in the 
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accelerating gap to separate the vacuum volume from that 
containing the ferrites. However, the creation of the 2m 
long insulator to hold high vacuum with high reliability is 
expected to be a very complicated design problem. 

The main parameters of this structure are contained in 
Table I. 

Table I Properties of the FFAG rf system. 

frequency range 1.66-2.06 Mhz 

harmonic number 2 

accelerating Voltage/ 200 keY 
turn 

cavity voltage 20 kV 

number of cavities 10 

Bferrib> 0.0150 Tesla 

ferrite volume/cavity 2.4 m3 

ferrite Jl 64.9-100 

shunt impedance 8800 Ohm 

maximum current 230 A 

stored power 0.22 MVA 

power losses/cavity 23 kW 

peak power density lost 94 CKW/m3) 

The possibility of varying the resonant frequency by 
means of a rotating capacitor may be taken into account as 
well. In this case, there should be a special design to reduce 
the resonant line down to 3-5 m length. The weakest 
component and most complicated design task of such a 
structure would be the rotating condenser (ROTCO). Taking 
into account that the highest voltage achieved on the 
ROTCO plates is 40 kV8

), one would need at least five 
such accelerating cavities. One advantage of this scheme is 
the reduction in power (less than 100 kW required). This 
compares favorably with the ferrite loaded cavities, where 
substantially more power is required. We will also consider 
a hybrid system containing both a rotating condenser and 
biased ferrites to provide tuning variability. 

The frequency can be reset very quickly so that capture 
and acceleration of a new bunch can start virtually 
immediately after the extraction of the previous bunch. 
After capture and bunching, the maximum voltage is applied 
for the duration of the cycle in contrast to the sinusoid used 
in a conventional synchrotron. These considerations yield a 

substantially reduced cavity voltage for a given repetition 
rate as compared to a normal synchrotron. 

If a faster acceleration time should turn out to be 
advisable to limit the time over which instabilities act, more 
rf power can be added. With such an increase, the repetition 
rate could be increased to obtain a greater current 
throughput. 
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ABSTRACT 

A technique for the detection of trace amounts of rare 
iSOLOpeS. Cyclotron Mass Spectrometry (CMS). is described. 
lllis technique uses the relationships between particle mass. 
charge. magnetic field strength and cyclotron orbital 
frequency to provide high mass resolution. The instrument 
also has high sensitivity and is capable of measuring 
isotopes with abundances of < 10- 12. Improvements now 
being implemented will lead to further increases in the 
sensitivity and enhance operating parameters such as cost. 
portability. and sample throughput. 

1. INTRODUCfION 

Measuring the abundance of trace isotopic constituenL~ 
has applications in many fields. In biomedicine. Ule use of 
carbon-14 (140 has an important role in studying the 
metabolism of drugs and DNA sequencing. Archaeological 
applications include the radiodating of carbon cont.'lining 
srunples to obtain accurate ages of fossils ,Uld anUlropologic 
artifacts. In planetary geology. the abundance of Ule 
isotopes of iridium in past geological periods has given rise 
to the "catastrophe" theory of mass extinctions. 
Environmental applications of Ule trace detection of isotopes 
also abound. such as in tlle mea<;uremelll of the C02 content 
of ice cores and deep ocean water or measuring the 
distribution of combustion byproducts in Ule aunosphere. In 
general. tllese applications require a very high sensitivity 
and selectivity. 11le combination of Ule srunples being very 
dilute in tlle isotope desired (<10-9) and containing other 
atoms and molecules WiUl almost the same atomic or 
molecular weight makes essential a detection scheme witll 
high sensitivity and specificity (or resolution.) 

One method of high-sensitivity detection has been 
Accelerator Mass Spectrometry (AMS). I) In this 
technique. tlle sample of interest is ionized. and a charged
particle accelerator is used to detect single atoms of the 
isotope of interest llle first use of an accelerator as a mass 

*present address: University of California Lawrence 
Livermore National Laboratory. Livennore. CA 94704 

analyzer was made in 1939 by Alvarez. who measured 3He 
at natural abundance using a cyclotron. The "modem" era 
of AMS began in 1977. when Muller proposed using a 
cyclotron for carbon and beryllium measurements2•3). and 
Ule groups at the University of Rochester. and McMaster 
University demonstrated 14C detection Witli tandem 
accelerators4,5). AMS has developed over the last decade 
and a half into a powerful tool for use in the detection of 
trace quantities of materials .• having been employed in a 
variety of environmental. archaeological. and geological 
studies. Virtually all work is perfonned on large tandem 
accelerators. By using the high energy (~ 1 million 
electron-volts) inherent in these accelerating schemes and 
ion detection techniques capable of measuring a single 
particle. ,Ulalysis of isotopes which are present in samples at 
it level of I part in 10 15 has been achieved. 

Unfortunately. the use of AMS is not widespread. 
AMS measurements are perfonned at central. multimillion 
dollar facilities. WiUI experimenters bringing or shipping 
Uleir srunples to the site to be analyzed. There are several 
reasons for tllis. First. tlle facilities are large and expensive 
to acquire. operate. and maintain. llle utility requirements 
are substantial. and a mulli-person crew is required to 
operate the instrument Second. because of the large 
accelerating voltages used. subst.'lntial amounts of radiation 
are produced. necessitating heavy shielding. Third. the 
srunple preparation is complicated. requiring the production 
of solid srunples suitable for use in sputter ion systems. 
Combined. tllese factors have made AMS a relatively 
expensive technique with low sample tllroughpuL 

To ret.'lin tlie advantages of conventional AMS without 
tlle disadvantages of the large accelerator facilities. the 
original idea of using a cyclotron as tlle accelerator has been 
revived. witll the new wrinkle tllat the cyclotron be small 
and that the accelerating voltages be modest In tllis 
incanlation. tlle technique has been dubbed Cyclotron Mass 
Spectrometry (CMS.) Here. the large cumbersome 
accelerator has been replaced by a compact, low-energy 
cyclotron. Previous work at LBL 6.7) has demonstrated the 
principle of these devices and has shown that CMS can have 
significant detection advantages over the scintillation 
methods used routinely in biomedical research for 14C. As 
a result, several smaJl cyclotron spectrometers are now 
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Fig I Schematic diagram of the cyclotron mass spectrometer 

under development around the world. However, the utility 
requirements, sampling methods, and sensitivity of CMS are 
still such that widespread application of the technique to 
common problems is not currently feasible. 

This paper describes the development program now 
underway at Lawrence Berkeley Laboratory (LBL) to 
improve the performance and operating characteristics of 
CMS. The new CMS system will be more compact, less 
expensive, and have a higher sample throughput than 
existing AMS and CMS instruments. To meet these goals, 
improvements are now being undertaken in the ion source, 
the injector system, and the cyclotron magnet system. In 
this paper, these improvements are briefly described and the 
general operating characteristics of the new machine 
presented. 

2. eMS IMPROVEMENT PROGRAM 

Figure I shows a schematic diagram of the LBL CMS 
system. To improve the performance over existing devices, 
changes are being made in the ion source and beam 
transport and injection line. This will lead to enhanced 
sensitivity and increased sample throughput. In order to 
reduce the size, weight, and complexity of the system, the 
magnetic field of the cyclotron will be produced by 
permanent magnets rather than electromagnets. These 
improvements are described below. 

The ion source typically used in AMS (and present 
CMS) is a cesium sputter ion source. A solid sample 
(graphite for 14C analysis) is prepared and bombarded by an 
atomic cesium beam. The resulting ions are then collected 
and sent to the accelerator. This type of source can produce 
modest ion currents with modest beam quality. However, 
sample preparation, i.e. the production of a solid sample, 
can be laborious and time consuming, leading to low sample 
throughput. In addition, the many steps in preparing the 
sample make contamination of the sample more likely. 

At LBL, substantial experience has been obtained in 
developing negative ion sources for fusion and ion 
implantation applications using magnetic multicusp 
sources. I 0) In these devices, medium-density, low 
temperature electric discharge plasmas are used to directly 
produce negative ions from gas phase precursors. These 

sources have high negative ion emission yields and superior 
beam emittance. Recent experiments have shown that C
can be formed in these sources as well. Figure 2 shows the 
negative ion yield from a multicusp source using C02 as the 
precursor gas. As can be seen, a substantial fraction of the 
ions produced is C-. Further research is underway to 
optimize this type of source for C- production. If 
successful, this source will provide a simple to operate, high 
throughput source of negative ions without the need for 
complicated processing procedures. 

After their production, the ions are transported to the 
cyclotron analyzer. In a previous instrument, the ions were 
radially injected. Although this radial injection system was 
relatively straightforward to implement, it introduced losses 
to the ion beam. As the sensitivity of the detection depends 
on the ion current available, it is important to minimize 
these losses. 

One method to possibly improve the transmission of the 
beam is to use axial rather than radial injection of the ions. 
Axial injection, in general, is very efficient, and may be 
simpler than undergoing the several bounces needed for 
radial injection. To this end, trajectory calculations have 
been performed to design a spiral inflector, an electrostatic 
channel which twists or "tilts" as it guides the ions down the 
axis of the machine and into the midplane. Several designs 
have been produced. Figure 3 exhibits one candidate, 
showing one of the two parallel electrodes. All these 
designs guide the ions to the cyclotron midplane with ion 
orbits centered on the machine axis, but the inflectors differ 
in the detailed 

Fig 2 C- ion output from a magnetic multicusp source 
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Fig 3 Inflector design for axial injection of ions into the 
cyclotron. 

specification of the tilt angles and electric field. Acceptance 
calculations are being performed to optimize the design. 

The third improvement now being implemented in the 
CMS will substitute permanent magnets for the existing 
electromagnet now used in producing the magnetic field. 
This change has several important advantages. First. the 
overall size and weight of the magnet structure is reduced, 
as the magnet coils and power supplies are eliminated. 
Second, the electrical power and cooling water consumption 
of the instrument is minimized. With permanent magnets, 
the CMS will be quite portable and could be placed aboard 
aircraft. small boats, or out in field locations. It will also 
reduce operational costs. Using samarium cobalt as the 
magnetic material, a design for the magnet structure has 
been produced which has both the required field ( 1 n and 
uniformity ( 1 part in 104). Figure 4 shows a view of the 
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Fig 4 Schematic diagram of permanent magnet systme for 
the cyclotron. 

design. This figure shows one quadrant of the machine. 
The cyclotron has axial symmetry about the centerline. The 
midplane (marked R in the figure) is a mirror plane, with the 
exception that the magnet field vectors in the SmCo points 
away from the pole face in the lower half of the machine. In 
this concept, the pole faces of the magnet are part of the 
vacuum vessel. A more detailed descriftion of this design 
appears elsewhere in these proceedings. I) 

3. SYSTEM CHARACTERISTICS AND PROJECT 
STATUS 

The advanced CMS is being designed and optimized for 
use with 14c. Some of the operating characteristics are 
shown in Table 1. Construction of the permanent magnet 
structure and the axial injection system should be finished 
by the end of 1992. Ion source development is occurring 
concurrently, with integration of the source and cyclotron to 
take place in 1993. 

In addition to these developments, additional 
improvements are anticipated. In particular, improvements 
to the beam transport and low resolution mass selector will 
be made to decrease their size. Earlier devices used a Wien 
filter for this purpose, but a bending magnet analyzer may 
be used instead. In addition, advanced accelerator structures 
may also be used, such as the dee structure proposed by 
Chen et al.8) This advance would allow for an even higher 
mass resolution in the same cyclotron structure. 

4. CONCLUSIONS 

Cyclotron mass spectrometry (CMS) is a potentially 
powerful analytical technique with applications ranging 
from studies of global warming constituents to the 
biological metabolism of pollutants and pathogens. A 
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P3r3meter V31ue 
Ion source Magnetic multicusp 
Species 14C 
Injector type Spiral inflector 
Injection energy 5kY 
First orbit radius 4cm 
Extraction radius 12cm 
Extraction energy <50kY 
Pole face radius 15 cm 
Pole gap 1.6cm 
Magnetic Field IT 
Field Source SmCo Ma.2;nets 

Table I Cyclotron design Parameters 

development program is now underway which will increase 
tlle sensitivity and improve operational characteristics, such 
as portability and sample preparation, while at me same time 
reducing the cost of the instrument and its operation. These 
improvements will make CMS more widely available for 
routine analysis of trace materials. 
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A NEW DESIGN PROPOSAL FOR A 200 MEV SUPERCONDUCTING RING-CYCLOTRON MAGNET 
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ABSTRACT 

A new magnet design for a superconducting 
ring-cyclotron with proton energies in the 200 Me V 
range is presented and discussed. The proposal features 
four separate 30-ton iron sectors at room temperature 
and superconducting coils which are confmed to each 
sector and located between the poles and return yoke, 
outside extraction. The design characteristics of the 
magnet configuration are examined using results obtained 
by numerical field computation and orbit integration. A 
preliminary analysis of these results confirms that the 
proposal is feasible and can be used to develop a super
conducting ring-cyclotron for clinical proton therapy. 

1. INTRODUCTION 

The interest in radiotherapy with proton beams in 
the energy range from 200 to 250 MeV and efforts to 
provide suitable facilities for this purpose have increased 
dramaticall y during the past decade 1-5). A trend from 
multidisciplinary to fully dedicated accelerators has 
emerged for such applications, and it is now more 
important than ever to establish and examine all machine 
options available. Traditionally the proton energies and 
beam properties required for radiotherapy fall into the 
realm of cyclotrons, and indeed most pioneering work in 
this field has made use of synchrocyclotrons. A super
conducting 250 MeV synchrocyclotron for application in 
hospitals already has been studied6 ). Existing iso
chronous superconducting cyclotrons have difficulty in 
reaching the required energy range owing to problems 
with beam focusing, and their operational characteristics 
are also less attractive for the demands of clinical 
treatment schedules. Recently a more conventional 
isochronous cyclotroll has heml proposed as all 

alternative, therefore, which retains the layout and 
features of superconducting cyclotrons but employs 
normal coils 7) • 

Proton-therapy programmes also are supported on a 
multidisciplinary basis by several ring cyclotrons (a 
designation which is assumed to include separated-sector 
cyclotrons in this paper). The better quality and CW 
characteristic of the beam which can be obtained from 
such machines hold important advantages for proton 
therapy, but existing ring-cyclotron facilities are far too 
complex and expensive to rate as a suitable choice for 

dedicated radiotherapy centres. Inherently super
conducting ring-cyclotrons (SRC) should be well-suited 
for such applications, because they would combine a 
relatively compact size and good beam properties with 
reliable and cost-effective operational characteristics. 
The complexity could be kept within acceptable limits 
for a fixed energy SRC operating in the stand-alone 
mode without the requirement for pre-acceleration, 
transfer and matching of the beam. A crucial issue is 
the magnet design for such a machine, because 
comparable magnets do not exist at present and stringent 
requirements must be met with simple solutions. A 
promising design option employing S-coils 8) is currently 
being studied at the National Accelerator Centre, and the 
results obtained thus far are presented and discussed 
below. 

2. CYCLOTRON CONSIDERATIONS 

The SRC layout is adopted from existing 200 MeV 
room-temperature ring cyclotrons and features four 34

0 

sector magnets and two >.12 rf-resonators. The 
resonators have triangular (~47°) dees located in 
opposite valleys between the sector magnets and operate 
at the 4th harmonic of the orbit frequency Va. The 
choice of Va = 26 MHz essentially determines the 
machine size as well as the rf and magnetic field 
requirements. The rf-system works at a fixed frequency 
of 104 MHz (FM broadcasting range) and the magnetic 
field in the cyclotron centre just exceeds 1.7 tesla. The 
200 MeV orbit radius is close to 1.04 m and requires an 
average field of 1\12.1 tesla. 

The radial field shape is determined by isochronism 
which must be maintained with extremely high accuracy 
( 6 B / B < 10-4 ) and inherently yields good radial 
beam focusing. The azimuthal field shape has to provide 
sufficient and suitable (resonances) vertical beam 
focusing to overcome the defocusing effect of the iso
chronous radial field increase. In order to achieve this 
without spiral geometries, the field at extraction must 
typically vary from about 4 tesla in the sectors to 
~ 1 tesla in the valleys. The iron mass of the magnets 
should not exceed 120 metric tons under these condi
tions9), and superconducting coils are necessary to 
produce such fields. The relatively low magnetic field 
in the valleys permits the efficient use of conventional 
electric and magnetic extraction devices. 
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A special feature of such an SRC is that the beam 
would be accelerated right from the centre, most 
probably by making use of a small internal ion source. 
Assuming a dee voltage of 60 kV and considering that 
only a low beam current at fixed energy is required, the 
magnetic field in this . region is acceptable for this 
purpose. The resonators should be made such that the 
peak acceleration voltage increaSes to ~ 200 kV at full 
radius, thus relaxing magnetic field tolerances 
significantly and providing strong phase compression of 
the beam to improve the extraction efficiency. Access to 
the central region is possible from the valleys which are 
not occupied by rf-structures. Obviously, an extensive 
design study would be necessary to determine the details 
of the central region layout, but it should be less difficult 
to fmd a suitable solution here than in conventional 
superconducting cyclotrons. The essential requirement is 
that the isochronous magnetic field can be produced and 
maintained right from the cyclotron centre. 

3. MAGNET CONFIGURATION 

The design concept, employing S-coils in the 
proposed magnet configuration, is shown schematically 
in Fig. 1. Its most attractive feature is that the coils are 
removed completely from the valleys to a place where 
they do not take up space which is needed for other 
cyclotron components, in particular in the central region 
and at extraction. This characteristic allows the sector 
geometry to extend right to the cyclotron axis as in 
conventional superconducting cyclotrons, but retains the 
conceptual advantages of ring cyclotrons with regard to 
vertical focusing and extraction of the beam. 

The magnet configuration has a diameter of 4.2 m 
and is 3 m high. A pole radius of 1. 15 m was selected 
to place the onset of the radial fringe field beyond the 

o o ( b) 

I" II I " , 

Fig. I. The schematic lay-out of the proposed sector 

magnets showing the S-coils (a) located between the 

poles and return yoke, and in (b) radial elevation and 

(c) radial section. 

(c) 

200 MeV orbit. A constant pole gap of 20 mm allows 
sufficient vertical space for the anticipated beam 
intensities, but excludes trim coils from this region. 
Each sector magnet features one pair of superconducting 
excitation coils which are located in a cryostat between 
the poles and return yoke. The cryostat is accessible 
from either side of the magnet, and a space of '" 100 mm 
between the warm magnet surfaces and the coils at 
4.2 • K should make ample provision for its structures. 

The eight identical coils have a simple compact 
geometry and are relatively easy to fabricate. The 
azimuthal coil width is just over 1 m and a height of 
1 m was found to be adequate. Average current 
densities in the range of 40 A/mm2 should be acceptable 
for coils of this size if the magnetic field does not 
become too high. A current-carrying coil section of 
400 mm x 175 mm was chosen to allow a maximum 
excitation of the magnets in the order of 2 x 3 MA. 
The dimensions result in a sturdy coil structure which 
facilitates mechanical support from the surrounding 
magnet parts. The substantial electromagnetic forces 
expected to act on the coils can be reduced by filling the 
core region of each coil with iron. A filler piece 
bridging the gap between pole and return yoke through 
an opening in the cryostat is suggested for this purpose. 
Alternatively the coils can be wound directly on a full 
core of magnet steel which is then included in the 
cryostat and thus cannot extend to the warm magnet 
parts. Such a design reduces the field in the coils even 
more and seems to be technologically advantageous. 

4. FIELD ANALYSIS AND ORBIT PROPERTIES 

The theoretical assessment of S-coil fields is 
facilitated by considering that the two coil-sets above and 
below the median plane are essentially short octupoles 
with regard to the cyclotron axis, but have opposite 
polarity and azimuthal conductor sections which result in 
strong dipole components. On the cyclotron axis and in 
the median plane only axial components of the dipole 
field remain, and the field at the axis can be calculated 
analytically. It is also quite simple to evaluate the field 
in the median plane if the coils are represented by 
filaments. A typical result obtained in this way is shown 
in Fig. 2 and clearly illustrates the characteristic field 
properties of S-coils in the median plane. Off the axis 
and median plane the analysis of the coil field becomes 
much more involved, except for the azimuthally 
averaged field components to which multipoles cannot 
contribute, by definition. However, fully 3-dimensional 
numerical field computations are necessary to evaluate 
the radial as well as azimuthal field properties of sector 
magnets with S-coil excitation. 

A three-dimensional field analysis of the magnet 
configuration was carried out at the Paul Scherrer 
Institute 10 ) by making use of the TOSCA codes 11l . 
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Fig 2. The magnetic field computed in the median 

plane for a filament representation of four symmetric 

34
0 

wide S-coils at a radius of 1.45 m. The filaments 

with clockwise and antic10ckwise current directions are 

located 1.01 m and 0.19 m away from the median plane 

respectively. 

The field obtained in the median plane for a mean 
current density of 46.3 A/mm2 in the S-coils is shown in 
Fig. 3. Perhaps the most unusual result is that the 
magnetization contributes up to "'2.5 tesla in the pole 
gap at smaller radii, but only 1.7 tesla near extraction. 
This effect is a consequence of the extremely 
inhomogeneous field produced by the S-coils which use 
the magnet steel to 'pump' as much as possible magnetic 
flux into the central region of the cyclotron. It is 
remarkable that the magnetization field contributed near 
extraction does not change more than usually over the 
azimuthal range of the pole gap, in spite of the influence 
of the high octupole currents and although the iron is 
fully saturated. 

-1.0 -o.s o o.s 1.0 X/m 

Fig. 3 The magnetic field computed in the median 

plane of the proposed sector magnets; equi-field 

contours at 0 .3 tesla intervals are shown from 0.6 to 

4.2 tesla within a radius of 1.2 m, together with five 

equilibrium orbits. 

Results obtained by numerical orbit integration in 
this field are summed up in Fig. 4, for orbital frequen
cies of 26, 26.5 and 27 MHz. The field is too high for 
all three frequencies , but it becomes approximately 
isochronous within '" 1 % when it is multiplied with 
appropriate scaling factors which correspond to · average 
current densities of 42.7, 44.3 and 46 A/mm2 

respectively in the coils. The apparent 2 % field increase 
in the central region is most probably due to the discreti
zation used in the calculation of the field, but there can 
be little doubt that only minor modifications of the poles 
are needed to correct the remaining deviations from 
isochronism or possible field aberrations which might 
occur in practice. 

The focusing properties are satisfactory for the 
beam requirements and no unusual resonances are 
encountered by the beam in the IIx/Ilz-diagram. For 
orbital frequencies of 26 and 27 MHz the extraction 
energy is limited to "'205 MeV by the onset of the radial 
fringe field or by losing vertical beam focusing, but a 
maximum proton energy of ~ 220 MeV could be reached 
for 26.5 MHz if the radial fringe field is used to extract 
the beam. Under these conditions the fringe field is 
entered beyond 216 MeV and the IIx= 1 resonance is 

1.0 

===== t ;:::,0 
(a) 

-+--:l 

----b-- 27 .0 MHz 
---e--- 26 .5 MHz 
---B-- 26 .0 MHz 

0.9 
0 R im 

0.5 

V z (b) 

.2 

0 26 .0 MH z 
26 .5 MHz 216 

0 

'" 27.0 MHz 
0.0 

1. 0 V x 1.5 

Fig . 4 The radial slope of the normalized revolution 

time (a) computed for orbital frequencies 110 of 26, 26.5 

and 27 MHz respectively, and (b) the focusing 

characteristics obtained for the beam when the field has 

been made isochronous accordingly . 
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passed at Vz = 0.75 between 221 and 222 MeV. The 
average phase slip is only about 1.5° (rf) per tum in this 
region and the orbit separation increases to 
~ 2.5 mm/MeV in the process. This could be enhanced 
further to a value between 5 and 7 mm/Me V with the 
help of coherent beam oscillations at Vx = 1 which 
provides favourable conditions for making effective use 
of extraction devices in a 4-sector machine. 

S. MAGNET STRUCTURE 

Construction and assembly of the magnets is 
facilitated considerably by their reduced size, which also 
has structural advantages. A preliminary assessment of 
different assembly options indicates that the magnet poles 
should be integrated into a single cylindrical vacuum 
chamber by mounting them on the inside of the top and 
bottom lid of the chamber. The individual pole pieces 
are "'0.9 m high for such a design and suitable spacers 
can be inserted on the radial rim of the pole gap to 
provide the necessary support. The yoke sections and 
pole pieces of each magnet also must be bolted together 
to ensure structural integrity, but the requirements are 
quite conservative. Calculations show that the attraction 
between the poles will not exceed 1.6 MN per sector at 
full excitation, and that the deformation of the pole gap 
is insignificant under these conditions. The strongest 
structural forces are those transferred from the S-coils 
which push the magnets radially outwards. Suitable 
links must be provided between the four magnets at the 
top and bottom yoke sections to ensure their radial 
stability. 

Without doubt the most difficult mechanical 
problem is to prevent the S-coils from moving 
excessively within the confmement of the cryostat. The 
Lorentz force acting on the coils when they are perfectly 
positioned has been analysed using the field computed 
with TOSCA, and the results are presented in Fig. 5. 
The maximum field across the superconductors does not 
exceed 5.4 tesla for a mean current density of 
44.3 A/mm2 in the coils, but overall the forces are quite 
high. Each coil is pushed radially away from the 
cyclotron axis with 3.8 MN and pulled towards the 
median plane with 0.9 MN. A force of 4.2 MN acts 
azimuthally on the vertical coil sections. Although the 
resulting stresses are far within the acceptable limit for 
potted coils, the total forces clearly demonstrate how 
important it is to reduce the field in the coils as much as 
possible by optimizing the magnet design. Winding the 
coils directly on a full iron core and increasing the area 
of the return yoke somewhat would help considerably to 
attain this goal. The moments acting on the coils for 
deviations from the ideal position still have to be 
investigated, and the whole cryogenic design needs 
proper attention, but it should be technologically feasible 
to develop and operate such magnets successfully. 

z 

~~Y U"\ S 

S x 

Fig . 5 . The Lorentz force components calculated on the 

centre line of the S-coil above the median plane of the 

proposed sector magnet for a mean current density of 

44.3 Almm2. 
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Accelerated Radioactive Nuclear Beams: Existing and Planned Facilities 
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ABSTRACT 

An over-view of existing and planned radioactive 
nuclear beam facilities world-wide is given. Two types of 
production methods are distinguished: projectile 
fragmentation and the on-line isotope separator (lSOL) 
method. While most of the projectile fragmentation 
facilities are already in operation, almost all the ISOL
based facilities are in still the planning stage. 

1. INTRODUCTION 

The advent of intense Radioactive Nuclear Beams 
(RNB) in this decade may rival in importance the 
development of heavy ion beams in the 1960s. 
Radioactive beams were mentioned, for the first time, 
during the concluding discussion of the Symposium on 
Nuclides far of Stability in Lysekil in 1966 where J.P. 
Bondorf pointed out "the rich field of information that 
would be opened by a future use of unstable targets and 
projectiles in nuclear reaction studies".1) The first 
radioactive beams were produced in 1969 by a group from 
LRL (later LBL), Berkeley, that accelerated fission 
fragments from a 252Cf source placed in the MIT MP Van 
De Graaff.2) The idea wa, kept alive in Europe mainly by 
members of the CERNIISOLDE group. However, even as 
recently as 1977, a CERN Workshop on Intermediate 
Energy Physics concluded that there was not a sufficiently 
strong physics case to warrant a major RNB construction 
project.3) This has now changed profoundly, as a host of 
scientific questions has been raised that can only be 
addressed with radioactive beams. What is even more 
important, several crucial technological advances have 
occurred in the preceding years tl1at allow the generation of 
intense RNB s for meaningful physics experiments. 

The science of RNBs has been discussed at 
several workshops and conferences.4-11 ) The key new 
physics feature is tllat the neutron-to-proton ratio of 
radioactive projectiles can be varied over a wide range for 
experiments in the nuclear-, astrophysical-, atomic-, and 
material sciences. For example, in stellar processes at 
elevated temperatures the time for nuclei to ~-decay 
toward more stable configurations may be long compared 
to the time it takes these nuclei to undergo nuclear 

reactions. This may lead to the synthesis of heavier 
elements from lighter precursors. An understanding of this 
process requires the measurement of a large number of 
nuclear reaction- and structure parameters, many of them 
involving radioactive beams or targets. RNBs may 
themselves have extreme nuclear matter distributions, if 
they are located near the neutron- or proton drip lines, and 
may produce even more exotic nuclei in compound nucleus 
or transfer reactions. This could provide access to new 
closed shells or regions of deformation, new nuclear 
shapes, and new forms of collectivity. Hyper deformed 
(axis ratio 3: 1) and "banana" shaped nuclei have been 
predicted for nuclei that can only be studied with RNBs. 
The flexibility in the choice of the neutron to proton ratio 
offered by RNBs will allow the exploration of isospin 
dependent nuclear properties over a wide range of isotopes 
and isotones (and explains why the RNB facility proposed 
for North America has been given the name IsoSpin 
Laboratory). For details about these fascinating scientific 
questions the reader is referred to the above mentioned 
conference- and workshop proceedings. 

2. PRODUCTION METHODS 

There are two methods of producing high 
intensity RNBs: one is based on the fragmentation of high 
energy heavy ion projectiles on a light target and the 
second on the fragmentation, spallation, or fission of heavy 
targets by energetic light ion beams, followed by the post
acceleration of the radioactive species. The two methods 
are the kinematic inverses of each other and in many ways 
complementary. Projectile fragmentation has been used 
successfully in several laboratories while the second 
approach -- termed ISOL method -- is still in the 
development stage. The ISOL method derives its name 
from tlle fact that the central part of the RNB facility is 
similar to an Isotope Separator On-Line. A third 
method12-13) using peripheral reactions at low energies 
and a superconducting solenoid spectrometer has been used 
to produce RNBs of modest intensities; it will, however, 
not be discussed here in detail. 

2.1 Projectile Fragmentation 

Projectile fragmentation (PF) is a reaction process 
in which the heavy ion projectile reacts peripherally with 
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the target nucleus, leaving the projectile with much of its 
initial momentum and a small angular spread. The cross 
section for PF becomes a significant fraction of the total 
reaction cross section for heavy ion beam energies of 
-50MeV/u to several GeV/u. The projectile fragments are 
characterized by a wide distribution in A and Z and need to 
be purified in magnetic spectrometers to become useful for 
nuclear physics experiments. Due to overlapping charge
to-mass ratios a purely electro-magnetic separation is 
inadequate and a Z dependent ion-optical element in the 
form of a degrader has to be added. Many RNBs produced 
by PF in the past have been used at the full projectile 
energy. For other experiments, however, lower energies 
are needed and the RNBs have to be decelerated by 
passage through an absorber or -- after injection into a 
storage ring -- by an RF system. To avoid severe 
degradation of the beam quality during deceleration 
stochastic- and/or electron cooling has to be applied. 

The advantages of using the PF method for RNB 
production are: short separation times (-/lS) and therefore 
no losses due to radioactive decay, no chemical selectivity 
(the release of the radioactive species from the target is 
independent of Z), simple production targets (no large 
amounts of unwanted radioactivity are produced), high 
product collection efficiency (~SO%) due to forward 
kinematic focusing, and reliable operation. Some 
disadvantages are: low primary beam intensity compared to 
the ISOL method, target thickness limited by the 
acceptable momentum spread of the secondary beam, high 
projectile energies necessary for fully stripped ions in the 
separator (SO-SOOMeV lu), poor secondary beam emittance 
(depending on the production mechanism and the target 
thickness), moderate beam purity, and difficult deceleration 
without intensity loss. TIle RNB production luminosity of 
a modem PF facility can reach 3xlO35 cm-2s- 1. A recent 
survey of the PF method has been given by ShelTill. 14) 

2.2. ISOL Method 

Compared to PF, the ISOL method takes a 
complementary approach to RNB production. A high 
energy beam of light ions (typically protons) impinges on a 
thick target and creates radioactive species through target 
fragmentation, spallation or fission reactions. TIle products 
are produced with low kinetic energies and stop in the 
target. Target materials vary greatly, depending on the 
intended reaction mechanism, the chemical properties, and 
the half-life of tlle desired isotope: pure metals like Ta, La, 
Nb, V, and compounds like UC, ThO, and HfSSi3 are used 
in solid-, liquid-, foil-, or powder fonn. To facilitate the 
removal of the activity from the target, transport to the ion 
source, and ionization, all parts witll which the radioactive 
element comes into contact are kept elevated temperatures 
(up to -2S00C). If desired, a limited Z selection can be 

obtained by varying the temperature of the transport line to 
the ion source. The radioactivity is introduced into an ion 
source in gaseous fOlm and singly or multiply charged ions 
are produced. They are accelerated to energies of a few 
tens of keY and mass-analyzed by an isotope separator. 
The function of the separator is to provide beams for post
acceleration that are free of unwanted isotopes, isobars, 
ionic charges, and molecular ions. 

The most effective method for post-acceleration is 
a series of LlNACs operating at -100% duty factor, since 
they have excellent transmission and good beam quality. 
To make the acceleration process more economical the ions 
are, in general, stripped at intermediate energies. Most 
.planned ISOL-based RNB facilities intend to provide beam 
energies of at least 1.2Me V lu and some may go as high as 
30MeV/u. The RNB production luminosities are very high 
(~I 039 cm-2s-1) which is one of the main advantages over 
PF-based facilities. Other advantages are the high beam 
purity, ease of energy variation, and excellent beam quality 
characterized by small transverse and longitudinal 
emittances. Some disadvantages of the ISOL method are: 
RNB yields that are strongly dependent on the 
target/product chemistry, losses due to radioactive decay 
caused by delays associated with diffusion and effusion, 
tlle generation of large amounts of unwanted radioactivity, 
and the need for a post-accelerator. A recent survey of the 
ISOL metllOd has been given by Ravn. 15) 

3. EXISTING AND PLANNED PROJECTILE 
FRAGMENTATION FACILITIES 

3.1 Bevalac, Berkeley 

The Bevalac has been considered the 
"grandfather" of the projectile fragmentation method. (For 
a detailed account of its capabilities see Ref. 16.) Using 
primary ion beams as heavy as 23SU with energies of up to 
2.1GeV/u radioactive beam experiments have been carried 
out since the early 1970s. 1 7) Primary intensities of 
IOS/pulse can be routinely obtained at a pulse rate of one 
per 6s. The potential of the PF method was shown in a 
pioneering experiment in 1979 when over 64 isotopes 
formed in the fragmentation of 4SCa were observed, many 
of them for the first time. IS) Presently four beam lines are 
dedicated to RNB research: one for the radiotherapy 
treatment program, two for low- and medium mass nuclear 
science studies, and a fourth line for higher mass (A ~ 100) 
experiments. The latter is connected to the Bevalac's 
Heavy Ion Superconducting Spectrometer. All beam lines 
are operated in a dispersive mode tllat allows the separation 
of RNBs according to NZ and Z. Additional selectivity 
can be obtained through time-of-flight selection. In 
favorable cases up to I % of the primary beam can be 
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converted to RNBs. Polarized- and low-energy beams 
have been produced for magnetic and life-time 
measurements. 19) 

3.2. RlIffiN, Japan 

The primary beam accelerator for the RIKEN 
RNB facility is a K=540 separated sector cyclotron injected 
by a heavy ion LINAC and an AVF cyclotron. High 
intensities of high charge state ions from ECR sources 
result in a variety of heavy ion primary beams with 
energies of -100MeV/u. The facility has produced RNBs 
since 1990 and was recently described in Ref. 20. A 
second-generation projectile fragment separator for RNBs 
(RIPS) has been constructed as an achromatic spectrometer 
in which the projectile fragments are analyzed by a 
combination of magnetic and energy loss elements. The 
strong kinematic forward focusing characteristic of the PF 
process and large geometric- (5msr) and momentum (6%) 
acceptances of the spectrometer result in high intensity 
secondary beams. The maximum rigidity of RIPS is 65% 
larger than that of the cyclotron, which allows the analysis 
even of very neutron rich fragments at the highest primary 
beam energies. An example of typical conditions for the 
production of light, neutron-rich RNBs is: a primary beam 
of ISO at 100 MeV/u with an intensity of 100 pnA and a 
converter target of Be witll a tllickness of 1.1 g/cm 2 

Under these conditions the following RNB intensities were 
observed: 1.7x105 SHe/s, 2.8xl04 II Li/s, and 4.4x03 

14Be/s. These beam intensities have allowed secondary 
reaction studies with cross sections as low as 1mb. 
Recently a spectrometer system has been added to RIPS for 
the exclusive measurement of secondary reaction products. 
Also, low energy RNBs to -5MeV/u can be obtained with 
a degrader technique. An intermediate-energy PF reaction 
mechanism is used to obtain spin-polarized RNBs with 
~5% polarization.21 ) The polarized RNBs are emitted off 
the forward direction and are guided into RIPS by a beam 
swinger. 

3.3. GSI, Germany 

At GSI RNBs are produced through the 
fragmentation of heavy ion projectiles up to U from a 
synchrotron (SIS 18), with typical energies of 0.5-1 Ge V lu. 
The secondary beams are analyzed in a Imge zero-degree 
achromatic spectrometer (FRS)22) and can either be 
studied directly in its focal plane or injected into a storage 
ring (ESR). Eventually, the ESR will be able to reinject 
beams into SIS18 for acceleration to higher energies. The 
FRS uses the energy-degrader technique and a combination 
of dipoles and quadrupoles to achieve A and Z resolution 
and to spatially sepmate individual isotopes. Its resolving 

power is 1.5x103 for 20n mm mrad beam emittance and its 
efficiency for projectile fragments is -60%. Its luminosity 
for fragment production is ~3x1035 cm-2s-1.22) The 
feature of tlle GSI facility that is unique among the PF 
installations is tlle coupling of the FRS to the storage ring. 
It allows the direct observation of the decay of 
accumulated RNBs, measurements of their masses, and the 
study of tlleir interaction with an internal gas target. 
Cooling tlle circulating beam with electrons results in a 107 

fold improvement in the phase space density (a momentum 
spread of .1p/p=2xlO-6 has been observed).23) Cooling is 
necessary for tlle successful deceleration of the beam due 
to tlle momentum dependence of the emittances. It is 
expected that beams can be decelerated from -500MeV/u 
to <5MeV/u, and low energy RNBs thus would become 
available not only from ISOL- but also from PF- based 
facilities. There are, however, two effects that curtail the 
usefulness of this technique: one is the space charge forces 
in the ring that limit the number of circulating ions to 
_106_107, and the other is the time it takes to cool the 
beam, which is on the order of several seconds, and rules 
out the deceleration of very sh0l1 lived isotopes. 

3.4. GANIL. France 

The primary heavy ion beams at GANIL are 
produced with two K=400 cyclotrons that can be operated 
independently or in tandem. In the latter case stripping 
between the cyclotrons is employed to obtain higher charge 
states and final energies of 30-100 Me V lu. Beam 
intensities are well above 1012 ions/s and a one-order-of
magnitude upgrade is planned. A novel beam focusing
and reaction-product-collection device named SISSI has 
recently been installed at the target position. It increases 
the RNB intensities by a factor _10. 24) 

The principal instrument for the production and 
study of secondary radioactive beams is LISE, a zero 
degree spectrometer consisting of two dipoles and several 
quadrupoles. 25-26) The first dipole analyses the projectile 
fragments according to A/Z, a slit in the dispersion plane 
selects the desired momentum bite, and the second, 
symmetric dipole compensates the dispersion of the first 
one. Consequently, the spectrometer is doubly achromatic 
in angle and position, and the flight path between the target 
and the final focus is independent of the emission angle of 
the reaction products. By introducing an energy degrader 
of variable thickness in the dispersive plane, q/A 
ambiguities can be resolved and the spectrometer operates 
as an isotope separator. To improve furt11Cr the isotopic 
selection a "Wien filter" has recently been added that 
sepmates the nuclei according to their velocity. Using the 
USE spectrometer, all existing neutron-deficient nuclei up 
to Ti (Z=22) have been studied. Recent results from LISE3 
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are reported in Ref. 27. A second spectrometer at GANIL, 
SPEG, is particularly well suited for the measurement of 
masses of exotic nuclei. It combines high resolution time
of-flight with magnetic analysis and achieves a mass 
resolution of m/&n=1000. Mass measurements have also 
been discussed using the two coupled K=400 
cyclotrons. 28) 

3.5. NSCL. East Lansing 

At the National Superconducting Cyclotron 
Laboratory (NSCL) primary ion beams in the energy range 
50-200MeV/u are produced by a K=1200 superconducting 
cyclotron. A beam analysis device, A1200, connects the 
cyclotron to the experimental areas. With suitable targets 
installed at its "object" position the A 1200 also can be 
used to collect and separate RN13s produced by PF and 
deliver them to several experimental devices. The A1200 
was designed as an achromatic device with two 
intermediate images that allows for momentum 
measurements and the placement of degrader foils, as 
discussed for the other PF facilities. 29) The A1200 has a 
resolving power that ranges from 0.7 to 1.5x 1 03 depending 
on the chosen solid angle in the range from 4.3 to 0.8msr. 
Despite the good resolution very exotic nuclei can only be 
produced with modest purity. For example, for 65 As the 
expected RNB purity is -5xlO-4. However, since the 
production rate is only -lOis the flight time relative to the 
cyclotron RF cycle can be used to discriminate against 
unwanted nuclei. CUiTently, the construction of a large 
superconducting solenoid is underway Ulat will allow the 
production of RNBs through transfer reactions with 
primary beams of ~50MeV/u.30) 

3.6. Planned PF Facilities 

In Italy two laboratories have plans for radioactive 
beams. At the "Laboratorio Nazionale del Sud," Catania, a 
K=800 superconducting cyclou·on will be injected by a 
15MV MP-Tandem. RN13s can be produced from medium 
light ions at energies of 50-80MeV using the PF 
method.31 ) A fragment recoil separator is used to analyze 
the secondary beams and supply them to the experimental 
areas. 

At the same laboratory low energy RNBs can be 
obtained by operating the cyclotron in a stand-alone mode, 
using an external ECR source, and transporting light ion 
beams with 50-80MeV/u energy to the Tandem area where 
they will be used to bombard a Ulick target. Target recoils 
will be attached to aerosols, transported to a negative-ion 
source and extracted by a 150kV potential. After isotope 
separation the ions are injected into the Tandem, which 

will provide RNBs with energies up to 8MeV/u and 
projected intensities of ~1O pnA. 

The second Italian project is at the Legnaro 
Laboratory associated with the ADRIA facility.32) It has 
two accelerator rings that have a maximum magnetic 
rigidity of 22.3Tm. The first synchrotron can deliver ion 
beams with intensitjes in excess of 10 11 s-1 and energies of 
1-2.5GeV/u to a production target for PF. The secondary 
beams are injected into the second ring and cooled 
stochastically or by elecu·ons. After accumulation of a 
sufficient number of radioactive ions (_107) deceleration to 
the Coulomb balTier is planned. The extracted beams will 
be used for nuclear structure studies. 

A large PF facility is under construction for the 
Dubna Laboratory, FSU, using two coupled cyclotrons that 
will provide beams from H to U with intensities of ~1013 
s-1 and energies of 100-20 MeV/u.33-34) The RNBs will 
be analyzed and studied with several instruments: a 
projectile fragment separator (COMB AS), a time 
projection chamber, a He-filled neutron counter, and a 41t 
y- and charged particle spectrometer. The separator is 
preceded by a beam swinger to allow the production of 
spin-aligned secondary fragments. Future expansion of the 
Dubna facility will include two storage rings (K4 and KlO) 
with maximum rigidities of 4 and lOTm, respectively.35) 
Both rings are equipped with electron coolers. RNBs 
produced by PF of the primary beam from the K4 ring can 
be injected into the K 10 ring through a projectile fragment 
separator. The authors of the proposal (Ref. 35) "specify 
the main purpose of the project by dedicating it to the 
production of high precision RNBs." 

At the Research Center for Nuclear Physics, 
Osaka U ni versi ty, Japan, a secondary beam channel is 
under construction. 36) Its central instrument is a fragment 
separator employing the degrader technique described 
earlier. Calculations show that a mass resolution 
m1&n",330 and a Z resolution Z/t,Z",200 can be expected. 
The separator receives its primary beam of medium heavy 
ions from a K=400 cyclotron. 

4. EXISTING AND PLANNED 
ISOL-BASED RNB FACILITIES 

In contrast to the PF situation, there is only one 
ISOL-based RNB facility in operation. Yet, as of this 
writing, (June 1992) there are twelve proposals for ISOL 
facilities in nine countries. The proposals are in various 
stages of development and no attempt will be made to 
judge their merits or chances of realization. Only very 
blief descriptions can be given here. 

4.1. Louvain-Ia-Neuve. Belgium 
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The RNB facility at Louvain-la-Neuve has 
successfully produced pure RNBs of 13N and 19Ne for 
astrophysical experiments.37-38) This was done by 
coupling together two cyclotrons: Ule first, using a beam of 
up to SOOIlA of 30MeV protons and suitable targets, 
produces large amounts of light radioactive isotopes near 
stability. The radioactive species emanate from the hot 
target and are ionized in an ECR source. The second 
cyclotron accelerates them to -lMe V lu for astrophysical 
experiments. Measured intensities for 13N and 19Ne have 
exceeded SO ppA. The high mass resolution of the second 
cyclotron was crucial for obtaining high RNB purities. 

There are plans to expand Ule facility at Louvain
la-Neuve to produce other intense RNBs for nuclear-, 
astrophysical-, and solid-state studies (ARENAS3). 39) The 
upgrade is mainly based on the development of efficient 
ECR sources for high charge states Ulat will allow the 
production of RNBs near the Coulomb barrier. For 
asu'ophysical studies a post-acclerator with an energy range 
ofO.l-l.OMeV/u is under study. 

4.2. PRIMA, ISOLDE/CERN, Switzerland 

The ISOLDE facility is presently being 
reconstructed at a new experimental hall where it will 
make use of a I Ge V proton berun from the CERN PS 
Booster. In 1989 a detailed proposal (PRIMA) for the 
post-acceleration of radioactive ions from the ISOLDE 
facility was presented.40) The physics motivation for 
PRIMA came predominantly from astrophysicists and has 
influenced the specifications: mass range 6-30u, energy 
;;:;lMeV/u, and intensities _109s- 1. Radioactive beams 
from ISOLDE3 would be accelerated in a pre-su'ipper RFQ 
accelerator, stripped at -200ke V lu, and further accelerated 
in a system of four LINACs of the interdigital H-type with 
magnetic focusing. To extend the mass and energy rrulge 
in the future, higher charge states are needed and Ule use of 
an electron beam stripper combined with a 
superconducting booster LINAC is being investigated. 

4.3. PSI, Switzerland 

Plans are being discussed to construct an RNB 
facility at the Paul ShelTer Institut (PSI).41) A primary 
production beam of S90MeV protons witll a current of 
;;:;lmA is available. Contrru'y to most other ISOL-based 
projects, it is proposed to focus on the "thin target" 
approach. In tllis metllOd tlle target thickness is kept thin 
enough (-0.2-lOmg/cm 2) to let the proton-induced reaction 
products recoil into a stopping ga.~. Compared to Ule thick 
target method there is a loss in target tllickness of -104. To 
compensate partially for this, the PSI proposal envisions 

using up to 1000 targets of 0.2mg/cm2 in a gw; volume of 

2Q (STP). Anotller approach uses a 1m long gas target at 
10 bar with a volume of 20Q. In both cases the radioactive 
atoms are separated from the bulk of the gas by a skimmer 
technique and introduced into an ECR source. The post
acceleration could be accomplished with an existing 
K=120 cyclotron to give RNB energies of 1.0-30MeV/u. It 
is often assumed that the thin target approach is insensitive 
to chemical disCIimination since the release from the target 
does not involve diffusion or desorption processes, and that 
it can, therefore, deliver elements that are usually 
inaccessible to the ISOL method. It should, however, be 
kept in mind that much of the chemical discrimination 
takes place in the iOll source and depends strongly on its 
operating temperature. ECR sources, in particular, have, 
tllUS far, not been developed for high temperatures. 

4.4. ISIS, Rutherford Laboratory, England 

At the Rutherford Appleton Laboratory (RAL) a 
proton beam of 800Mev and 1001lA (2001lA after upgrade) 
is available for RNB production. It has been proposed to 
construct an RNB facility following the technologies 
developed at ISOLDE/CERN.42) In a first option RNBs 
with masses up to A=80 and q=l will be accelerated in a 
series of RFQs and LINACs to energies of 6.S MeV/u. By 
going to q>l and boosting the heavy ion LINAC, RNBs up 
to mass A=180 would become available. In a second 
option the RFQ injects directly into a fast-cycling 
synchrotron that would deliver light RNBs with energies 
up to 20MeV/u. In a future development the synchrotron 
could inject ions back into the ISIS ring and RNBs with 
40.6 and 120 Me V lu energy could be obtained for light and 
heavy ions, respectively. It has been discussed to combine 
the ISOLDE/PRIMA proposal with the RAL plans to 
create a "European High Intensity Radioactive Nuclear 
Beam Facility."43) 

4.5. RNB, Moscow, Russia 

An RNB facility at the Moscow Meson Factory is 
under discussion. 44) The proposal differs in several regards 
from other ISOL-based facilities. It is planned to use the 
full-intensity 600MeV-1mA proton beam on thick porous 
or liquid targets. To cope with the large amounts of 
radioactivity a purification step using gas-phase chemistry 
is interspersed between the L:1fget and the ion source. The 
chemical system also serves to transport the activities at the 
velocity of sound to a remotely located ion source that 
produces multiply charged ions. The post-acceleration 
proceeds in two steps: an isochronous injector cyclotron 
(K=208) coupled to a separated sector cyclotron (K=600). 
This accelerator complex will yield energies above the 
Coulomb bruTier (~SMe V lu) for masses A;;:;lS0. As an 
altemative, a system of CW LINACs for Ule acceleration of 
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RNBs from lkeV/u to 6.5MeV/u is being developed. 44) 
Eventually a storage ring with cooling and acceleration 
may be added. 

4.6. GANIL, France 

GANIL has been at the forefront of radioactive 
beam research for several years using the PF method. 
There is now a proposal to add a unique ISOL-based 
facility using light ions as primary beams.45-46) This will 
be facilitated by an upgrade yielding beam intensities close 
to 5x1013 and 5x1012 for Ar and Kr, respectively. The 
arguments for using light ions as primary beams are that 
the cross sections for producing nuclei far from stability 
are larger, and that thinner targets can be used that will 
shorten the diffusion time and, therefore, reduce decay 
losses. (This will, however, not affect desorption-limited 
delays.) The basic features of tllC proposal are: the use of 
light C or Ar beams at energies of 100MeV/u with 
intensities of -5xlO13 s-1 on tllick targets, ionization of the 
radioactive species in an ECR source, and post-acceleration 
with a combination of RFQs and LINACs. The final 
beams will have energies >25Me V /u and can be injected 
into ilie main beam line at GANIL to make optimal use of 
the experimental areas. Another method of post
acceleration is to use the combination of an injector 
cyclotron and a separated-sector cyclotron similar to the 
"standard" GANIL design. 46) The two cyclotrons also 
would serve as a powerful spectrometer. 

4.7. PIAFFE, Grenoble, France 

A second RNB facility in France (PIAFFE) is 
proposed for the high flux reactor at tlle Institut Laue 
Langevin in combination with ilie SARA accelerator 
complex at Grenoble. 47) The goal is to produce beams of 
neutron-rich nuclei in tlle mass range of A= 70-1 50u with 
energies of 2-10 MeV/u (~20MeV/u for masses A~85u). 
The expected beam intensities are 105-109 s-1 depending 
on the nuclear species. The production target consists of 
-O-3)g of 235U immersed in a iliermal neutron flux of 
(l-3)x10 14 neutrons/cm2/s. One of tllC advantages of 
using neutrons for RNB production is iliat target heating by 
ilie beam is negligible; the only heat source is the fission 
process. Two target anangements are contemplated: A 
iliick hot target where tlle release of tlle radioactive species 
is based on diffusion, and a series of thin targets where the 
activity recoils into a stopping ga~ (He). In the first case 
the ion source is -1 m from tlle target at tlle end of a 
transfer tube. For the He-jet system a skimmer 
anangement is used to separate the transport gas from the 
activity iliat is then introduced into an ECR source outside 
the biological shield of tlle reactor. After mass separation 

'1=+1 ions wiili 30 keY energy are transported (under 
vacuum) 450m(!) to the SARA accelerating complex, 
which consists of two coupled cyclotrons wiili K=88 and 
160. Wiili a new extraction system tlle 2-lOMeV/u energy 
range of interest in nuclear physics could be covered. The 
over-all efficiency of the facility is estimated to be _10-4. 
The projected intensities for certain neutron-rich isotopes 
compare favorably with iliose expected from some proton 
machines. The factor limiting the RNB intensities is, 
apparently, ilie safety of the reactor. 

4.8. E-Arena, INS, Japan 

An update of the Japanese plans for an RNB 
facility at tlle Japanese Hadron Project (JHP) was given 
recently by T. Nomura48) (see also Ref. 49). The primary 
beam is H- with an energy of IGeV and a maximum 
average cunent of 400jlA. Standard ISOL techniques are 
used to generate the radioactive ions that are then 
accelerated to a maximum energy of 6.5 MeV/u by a series 
of RFQs and LINACs. The planned mass ranges are A~60 
for ions with q=+I, and A~120 for q=+2. Substantial 
developments have been canied out to accelerate "slow" 
(lkeV/u) ions to 45keV/u. For N2+ ions a transmission of 
92% ilirough a Split-Coax RFQ operating wiili a 30% duty 
factor has been obtained. In preparation for ilie E-Arena at 
tlle JHP a development project is underway tllat makes use 
of a 45 Me V primary proton beam from the INS K=68 
cyclotron. RNBs of light isotopes of interest in 
astrophysics will be produced wiili energies ~IMeV/u. A 
high resolution mass separator is an integral part of the 
project; it has achieved a resolution of mI&n=5000. 

4.9. ISAC, TRIUMF, Canada 

One of the earliest proposals for a radioactive 
beam facility (lSAC) was made by Canadian 
researchers.50) Recent updates· were given in Ref. 51 and 
52. ISAC will make use of the variable energy proton 
beam (185-505MeV) at TRIUMF. Variable primary 
energy could be useful to enhance the production of 
desired nuclei while suppressing the "background" of 
unwanted ones. It is planned to couple the target/ion 
source via a high-resolution separator to an RFQ pre
accelerator, followed by a stripper and a drift-tube LlNAC 
as post-accelerator. The final energy of ~1.5MeV and ilie 
mass range of A~60 were chosen mainly to study 
astrophysical problems. Presently, a Test Isotope 
Separator On-Line (TISOL) is in operation. One of its 
unique features is an on-line ECR source. This and oilier 
developments canied out at TISOL are intended not only 
to support a future ISAC proposal but also ilie plans for an 
IsoSpin Laboratory in North America discussed below. 
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The specifications of a TRIUMF-based RNB 
facility are in flux, depending on tlle fate of KAON. If 
KAON gets built, locating ISAC at a 3 or 30GeV beam 
line has been discussed.5!) Higher primary beam energies 
would have the advantage of larger cross sections for 
nuclei far from stability and reduced energy deposition in 
lie target. 

4.10. OREB, Oak Ridge 

At lie Oak Ridge National Laboratory an RNB 
facility is under construction that could, in principle, 
provide 95 proton-rich isotopes between 6He and 84Rb 
wili energies >5MeV/u.53) The facility is based on tlle 
ORIC cyclotron (K=105) as a light ion (LI) primary beam 
accelerator. The maximum energies for 1 H, 2H, 3He, and 
4He are 55, 52, 140, and 105 MeV, respectively, and the 
desired nuclei are typically fonned in (LI; xn,yp) reactions. 
Negative(!) radioactive ions are generated by one of two 
meliods: for elements willi elecu'on affinities greater tllan 
-2cV direct surface ionization on hot LaB6 can be used, for 
other elements a charge-exchange vapor cell may be 
employed. After exu'action the ions are accelerated to 
300keV and injected into lie existing 25M V Tandem 
electrostatic accelerator. Ref. 53 gives details about 
expected RNB intensities and the planned physics 
program. As is Uue of tlle TISOL facility at TRIUMF, 
some of lie work at OREB is undertaken to support plans 
for a future full-scale RNB facility in N0I1h America. 

4.11. The IsoSpin Laboratory, North America 

In 1989, as contribution to the Long Range Plan 
for Nuclear Science,54) the author proposed the 
construction of a High Intensity Radioactive Nuclear Beam 
Facility in North America, later named IsoSpin Laboratory 
(lSL). The scientific case for such a facility was discussed 
at several meetings.55 ) 8-9) A Steering Committee for the 
ISL has been formed that has published a report 56) 
detailing the research opportunities at the ISL and 
showning its technical feasibility in the form of a "bench
mark facility" (EMF). The "design philosophy" for tlle 
ISL is to push tlle technologies for producing and 
accelerating radioactive species to their limits to obtain the 
highest RNB intensities feasible. Accordingly, the 
intensity of the primary 0.5-1GeV light ion beam 
(-100p/J-A) will be considerably above the -2WA tllat have 
traditionally been used, for example, at ISOLDE/CERN. 
The primary beam intensity is limited by the power density 
in lie target to ~lkW/cm2 for many materials (total power 
-40kW). Besides tlle conventional surface- and plasma 
sources ECR- and Laser sources will playa major role in 
lie ISL. The ch~u'acteristics of tlle target matrix ~ll1d tlle ion 

source must be matched to lie chemical nature and lie 
half-life of lie radioactive isotope to maximize its yield. 
To cope wili lie large amounts of unwanted radioactivity a 
chemical/physical purification step is interspersed between 
lie target and lie ion source, and a high resolution isotope 
separator will reduce isobaric contamination of lie desired 
RNBs. The post-acceleration, as proposed for the BMF, 
starts wili a low-~ RFQ, stripping at -lOOke V, followed 
by a drift-tube LINAC, stripping at -1.2MeV/u, and final 
acceleration to -lOMe V /u wili a superconducting LINAC. 
Acceleration to higher energies and the addition of a 
storage ring are being discussed. To minimize beam 
losses, lie goal is to obtain close to 100% transmission for 
all ion-optical elements and accelerating structures. It may 
be possible to eliminate stripping losses wili a device 
proposed by Crruner. 57) Expected RNB intensities and 
further technical and scientific details are given in Ref. 56. 

It is hoped tllat funding for several planned RNB 
facilities will become available in liis decade, allowing us 
to open new and exciting chapters in nuclear- and 
astrophysics, atomic physics, and material science. 

This work was performed under DoE contract 
DE-AC03-76SF00098. 
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A CONCEPTUAL DESIGN FOR A PRIMARY CYCLOTRON FOR THE ISL RADIOACTIVE BEAM 
PROJECT· 

D. 1. Clark 
Nuclear Science Division, Lawrence Berkeley Laboratory, Berkeley 

CA, 94720, USA 

ABSTRACT 

A design for a 600 Me V proton cyclotron is described. 
Features include a single stage with external ion source, a 
normal conducting magnet coil with 2 T peak field in the 
hills, and dees in valleys. The design can be extended to 
800 and 1000 Me V. 

1. INTRODUCTION 

The report on the IsoSpin Laboratory (ISL) 1) describes 
a "benchmark" reference design for a facility for the 
production of radioactive nuclear beams in North America. 
The primary accelerator is required to produce protons at 
an energy of .5-1.0 GeV and an intensity of 100 ~A, while 
a secondary accelerator will accelerate radioactive beams 
from the target up to 10 Me V lu. The primary accelerator 
can be a cyclotron such as the PSI ring or TRIUMF. 
Because of the high beam power an essential requirement 
for this cyclotron is that of minimizing the beam lost at 
high energy inside the cyclotron, to prevent component 
damage and reduce radiation exposures during 
maintenance. This in turn requires very high extraction 
efficiency either by good turn separation at extraction or by 
use of negative ions. This paper presents a primary 
cyclotron design which minimizes cost while maintaining 
high extraction efficiency. 

2. DESIGN CHOICES 

A principal design choice is that between positive and 
negative ion acceleration. The negative ion choice 
(TRIUMF) is attractive because of easy beam extraction. 
However it requires low field to prevent electromagnetic 
stripping, and thus a large radius magnet. Also some beam 
is lost during acceleration, causing component activation. 
The positive ion choice (PSI ring) is attractive because of 
the very low beam losses and the smaller diameter magnet, 
but very careful beam handling and good turn separation 
are necessary. The large turn separation requires large 
energy gain per turn. The PSI design uses separate sectors, 
allowing space for 4-550 kV cavities giving over 2 
MV Iturn. The separate sector design requires an injector 
cyclotron. This paper combines features of both these 
cyclotrons. A positive ion design is chosen because of its 
smaller magnet and low beam losses. A compact magnet, 

rather than separated sectors, is used because it requires 
only one main coil, and eliminates the injector stage. 

The requirement of good turn separation implies a 
large radius at full energy, since the turn separation at 
extraction is proportional to this radius for a given 
maximum energy. Large radius also means higher cost, 
since all the components are larger, and more magnet steel 
is required. So a compromise must be used to optimize 
cost and tum separation. 

The magnet and rf design are closely related. Two 
styles of rf design are the "dees over hills and valleys" used 
at TRIUMF, and "dees or cavities in valleys" used at PSI. 
The dees in valleys design is chosen here because the hill 
gaps can be made small, just larger than the beam size, 
giving acceleration out to near the edge of the magnet, and 
easier extraction. Also the magnet power is lower with a 
small gap. These factors reduce the cost for a given 
energy. Dees in the valleys at this energy require the 
resonators to be in the valleys also, since the radial length 
of the dees is the order of 1/4 wavelength. The highest 
acceleration is required near extraction, so additional dees 
can be added there. 

The number of sectors should be large enough to avoid 
the essential radial resonance at Nur=2 for small sector 
number. This requires at least 6 sectors for an energy of 
600 MeV. A review of resonances is given by 
Richardson2). A sector number of 8 gives the possibility of 
accelerating through Nur=2, as demonstrated in an electron 
model at ORNL, Analogue n3). 

The sector number of 8, with dees in valleys, would 
cause problems of low axial focusing and large rf transit 
time near the center of the cyclotron. One solution is to 
start with 4 sectors near the center and have a transition to 8 
sectors part way out in radius. Examples of this design are 
shown in Figs. 1 and 2. These are for illustration only, and 
use no spiral. They represent a region near the center, and 
spiral could be added if necessary. The flutter has not been 
evaluated. The design of 4 straight valleys, Fig. 1, would 
be simpler for the dee system. The design of 4 straight 
hills, Fig. 2, would be simpler for the magnet structure, but 
the dees would be rather complicated. The 4 sector, dee-in
valley design has been used very successfully by IBA in 
their 30 MeV proton cyclotron4). It uses axial injcction at 
30 kV with H- ions, accelerates on harmonic 4 and 
produces 500 ~A of external beam. 
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The ion source is assumed to be external, with an 
injection energy of about 50 kV. An external source allows 
bunching into the required phase width for turn separation 
at extraction. The energy and particle would be fixed. In a 
special design one might also accelerate other light ions by 
changing magnet level and harmonic number of the rf. 

3. PRESENT DESIGN 

The present design for 600 Me V protons is shown in 
Pig. 3. As mentioned above it is a compact design using a 
single main coil. The maximum radius is about 3/4 of that 
of the PSI ring design. 8 sectors are used to avoid the 
Nur=2 resonance of 3 or 4 sectors and to allow valleys for 
small dees near extraction. This figure doesn't show the 
N=4 center region of Pig. I, but that design is an option. 
The ion source is mounted below. Extraction is shown 
schematically, since no calculations have been done. It will 
use electrostatic and magnetic channels. 

The hill field is assumed maximum at 2 T at maximum 
radius, and made proportional to gamma at smaller radius 
by varying the gap. The hill gap is .1 meter at the edge, 
and the beam accelerates to within .1 meter of the pole edge 
in the hill. The return yoke is assumed cylindrical outside 
the pole edge. The magnet yoke is split at the midplane, 
and the upper half can be lifted for maintenance. 

The main dees operate at harmonic 4, 44 MHz, and 
extend in to the center. 1/4 wavelength of rf is 1.7 m, only 
about 1/2 the extraction radius, so the resonators must be in 
the valleys, with vertical dee stems. The rf amplifiers can 
feed from the side. Small dees, ED, indicated near 
extraction radius in Pig. 3, increase the energy gain/turn 
there and give the option of flat-topping for better turn 
separation. Por acceleration they can operate at harmonic 
8. Por example, 4 dees at 250 kV, harmonic 8 would give 
about 2 MV /turn. 

The orbit calculations used the simple formula for the 
axial focusing5): 

Nuz2 = p2 (1 + 2 tan2 Eps) - /J.' 
where Nuz is axial frequency, p2 is flutter, Eps is spiral 
angle and /J.' is the gradient term. A hard edge hill and 
valley boundary is assumed, and the valley field is assumed 
zero because of the large valley depth. In this case p2 = 
(l/fh) - 1. The hill fraction, fh, is set equal to .6 and is 
assumed constant vs. radius. This gives p2= .67 at all radii. 
The spiral tan Eps is assumed proportional to radius 
squared to give a Nuz of about .8 at all radii. The actual 
soft edge p2 will be smaller than assumed, but can be 
compensated with an increase in spiral angle. Por example 
the PSI ring p2 is about 20% less than the hard edge value. 
This would require a 3 degree increase in spiral angle in the 
present design. Nur is approximately equal to gamma: 1-
1.6 for 0-600 Me V. Small trim coils on the hills can be 
used to produce the isochronous field. 

Extraction will require some increase in tum separation 
beyond the natural value for an isochronous field. Since 
tum separation at extraction is proportional to radius, for 
fixed maximum energy, both the radius and the turn 
separation are 3/4 of the PSI ring values. It is assumed that 
the turn separation can be sufficiently increased to give 
nearly 100% extraction, by using high energy gain/turn, 
precession, letting the field fall below isochronism at 
extraction, and using the Nur=1.5 resonance. PSI uses 
these techniques to get a turn separation of 9 mm at 
extraction6) . 

Table 1 gives some of the parameters of the present 
design. The maximum values of gamma, and spiral angle 
are given. The total angle of turning of the hills, theta, is 
shown and the weight is given. Also shown in Table 1 are 
higher energy designs at 800 and 1000 Me V, using the 
same assumptions of hill fraction of .6, maximum hill field 
of 2 T and valley field of zero. The 1000 MeV design 
would require accelerating through Nur=2, which appears 
possible, as mentioned earlier. 
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Table 1. 

E(MeV) B-Rho Gamma Rpole Spiral Nuz Theta Magnet 
(Txm) (m) (deg) (deg) Wgt. 

(Met.T) 

600 4.06 1.64 3.49 48 .8 36 1200 
800 4.88 1.85 4.17 53 .8 41 1700 

1000 5.65 2.07 4.81 57 .7 54 2300 

Fig. 1. N=4 center, N=8 edge. 4 valleys straight. Fig. 2. N=4 center, N=8 edge. 4 hills straight. 
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ABSTRACT 

A brief description of an isotopic separator test 
bench installed at CiANIL is given. This test bench is 
equipped with a very compact ECR ion source made 
entirely from permanent magnets, operating at 10 CiHz. 
Results obtained during the first run with a 20Ne beam 
at 95 A *Me Y on a MgO thick target are presented. 

1. INTRODUCTION 

There is over the last years a growing worldwide 
interest on the possible use of radioactive nuclear bcmns 
for a variety of fundamental and applied sciences studies. 
In our project we use the high energy heavy ion beams 
provided by the GANIL cyclotrons facility to produce 
"exotic" beams. hlr the moment the primary beam 
intensities are limited to 2 1012 pps for light ions. With 
the new high intensity axial injection system the 
primary beam intensity will be multiplied by a factor of 
10 for light ions from 12C to 40ArI). 

In order to detennine if heavy ions can be 
competitive compare to high energy protons for the 
production of "exotic" nuclei we have built an isotopic 
separator on-line test bench. This test bench is equipped 
with a very compact ECR ion source made entirely from 
permanent magnets, operating at 10 GHz. All over the 
year we will measure the production rate using other 
heavy ion beams such as 24Mg, il6Kr, 12C, etc. on 
various target materials. 

For future applications of "exotic" nuclei, we 
plane to post-accelerate them up to a few tenth Me Y per 
nucleon. TIlCre arc two major solutions under study, the 
linear accelerator based on super conducting cavities ,md a 
compact cyclotron. 

In section 2 general layout description of the 
separator is given. The target assembly and the ECR ion 
source is described in section 3.2 and 3.3 respectively. In 

section 4 we will present the flfSt results obtained with 
this separator. 

2.GENERAL LAYOUT O}' THE SEPARA
TOR 

A schematic top view of the separator is given 
in fig. 1. TIle ion beam from the accelerator makes an 
angle of n° to the axis of the separator beam. Reaction 
products are thermalized in the target ,md subsequently 
ionized in the ion source. The reaction products are 
extracted axially from the ion source. The accelerating 
voltage is usually 15 kY, but it can go up to 20 kY. The 
extraction system is the same as the one used on the 
Eel{ ion source used at GANIL. "TIle extraction electrode 
is at the ground potential. In order to compensate the 
space charge effect observed during Ule first runs a new 
extraction system is under studies. 

The separator beam travels through the 102° 
magnet into a collection chamber. The collection 
chmllber is equipped WiUl diagnostic instrumentations, in 
particular a Faraday cup and a profile monitor mounted 
on a remote control mech,misll1. 

Low intensity stable bemlls and radioactive 
be;uns can be guided UmJUgh a narrow slits aperture and 
after continuing Ulfough a quadrupole doublet, comes to 
a second focus in another collection chmnber. This 
collection chamber is equipped with various 
instrumentation for final diagnosis and collection, 
including a tape transport system and detectors for 
radioactive species identification 

The separator beam lies in a horizontal plane, 
coplcmar with the acceleration bemll lines. The separator 
is located in an experimental room, so the second 
collection chamber is not shielded enough from the 
accelerator be CUll lines. This brings some problems 
during the detection of the radioactive species, so Ule 
primary beam must be pulsed to avoid high level of 
background. 
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Fig. I Schematic top view of the separator test bench installed in tlle experimental room D2 at GANIL. 

3. DETAILS OF THE SYSTEM 

3.1 The sector magnet 

Due to the requested short delay of realization 
we have chosen for our separator, tlle smne magnet as tlJe 
one used for the ECR ion source test bench2). The 
magnet was built with an H configuration under the 
following specifications: radius of curvature ro= 3S() 
mm, sector angle 102°, the pole face angle are 26°. '!lle 
resolving power R defined by R=M/8M, where 8M is tlle 
full width at half maximum of a peak at mass M is 
about 100 for low masses (A<20). 

3.2. The target chamber 

In tile on line mass separator discussed in tlJis 
paper tile reaction products are always brought to rest 
before being ionized. We have to separate continuously 
the product nuclei from a huge mnount of target nuclei 
and transfer them into the gas phase to tile ion source. 
This is done by heating a low vapour pressure target 
material to a sufficiently high temperature at which tlJe 
nuclei of interest are released by diffusion mld desorption 
process. 

The transfer process is govemed entirely by 
element specific diffusion, desorption and chemical 
processes. 
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Fig 2 Schematic view of tile target and ECR ion source. 

We used the same t.arget as tile one constructed 
by the ISOCELE group at Orsay3). Fig. 2 shows a 
schematic view of tile target chamber and tile coupling to 
the ECR ion source. 

The target is on high voltage (20 kV) mounted 
on a flange of tile vacuum chamber. 

lbe nickel target oven is a 7.5 cm long cylinder 
heated by resistive heating up to the maximum 
temperature of about 1200 0c. 'TIle current feedthroughs 
are water cooled copper. Inside tile oven is tile target 
crucible supported on boron nitride insulators which 
holds the target material. The wall of tile crucible are 
made from a very thin grid allowing tile gaseous products 
to escape. TIle oven is connected to a nickel transfer line. 

The transfer line is a 25 cm long, 5 mm 
diameter nickel tube. This tube can be also heated to 
several hundred ° C by resistive heating independentiy of 
the target oven. 

3.3 The ECR ion source 

The ion source selected for tile on line mass 
separator is a single stage electron cyclotron resonance 
ion source (ECRIS). ECRIS showed high efficiencies in 
ionizing various species and as well demonstrated long 

running times without any maintenance being necessary. 
In addition, to post accelerate the radioactive ions up to 
several tenth Me V per nucleon, a high charge state 
obtained directly from the ion source will reduce 
considerably the cost of the planned post accelerator. For 
tilis reason it was decided to couple an ECRIS to our test 
bench. 

We have built a completely new ECRIS, the 
axial field is made using FeNdB pemlanent magnets. The 
mirror ratio is 2.9 at the injection and 2.7 at the 
extraction. This difference is due to tile shape of the 
plasma chamber at the extraction ( Fig. 2). An octupole, 
also made from FeNdB pemlanent magnets provide the 
radial electron confinement. The surface field is 0.6 T. 
Our ion source is 17 cm long and l3 cm of diameter. 
Such very small ECRIS can only be done by using 
permanent magnet'>. 

The radio frequency power is brought by a 10 
GHz klystron powered amplifIer. lbe rf injection is done 
using a coaxial line tuned by a small piston. The gas is 
fed in tile ECRIS through the copper tube of tile coaxial 
rf injection. The injection of the vapour directiy into the 
ECR zone seems to lead to very good ionization 
efficiencies. We plan in a very ncar future to measure the 
ionization efficiency using calibrated leak. This can also 
be done using a similar technic as the one described by 
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R. Kirchne(4), a stable incoming beam is brought at rest 
in the target. The ions after neutralization are released to 
the ion source, ionized and subsequently they are 
accelerated. Then, we can obtain the release profile 
lout/lin, where lin is tlle primary and tl1e secondary 
beam intensities. 

The extraction chamber of the ECRIS is 
pumped by a 450 I/s turbomolecular pump. Typical 
pressures achieved in the extraction chamber are of tlle 
order of 5xlO-6 mbar or lower. 

3.4 Detection system 

The collection chamber at the end of the 
separator beam line is a cube. It is equipped witl1 a 
Faraday cup and a tape transport system from 
ISOCELE3). The tape transport system is operated in 

Table 1 Summary of the observed isotopes. 
Isotope Half life 

19Ne1+ 
19Ne2+ 
19Ne3+ 
18Ne2+ 

18Ne4+ 
23Ne1+ 
24Ne 1+ 
13Nl+ 

(s) 

17.2 

1,67 

37,5 
2,0 102 

6,0 102 

primary vacuum, except for tl1e collection point placed in 
a secondary vacuum. 

The collected beam is moved periodically to one 
of tlle two different detector locations. In tlle first one 
two NaI detectors are used to detect in coincidence tl1e 
two gammas produced by tl1e annihilation of tl1e ~+. At 
tlle otl1er location we have placed a plastic scintillator 
and a Ge detectors. We can make single y detection or 
coincidence between tlle plastic and !lIe Ge for delayed y 
emitter. 

For tl1e bOtll detection systems tl1e informations 
on particle energies and tlle characteristic decay time were 
registered for each studied isotopes. 

All information are send to the GANIL 
acquisition system consisting of V AX computers for 
furtl1er off-line analysis. 

Primary beanl 
(nAp) 

35 
35 
32 
95 
90 
100 
110 
40 

Yield 
(particle/s/f.lAp)CD 

4,8 107 

8,9 106 

1,6 106 

1,9 106 

1,9 105 

6,3105 

1,5 105 

3,8 105 

CD This tl1e yield observed on tlle transport tape, tl1e efficiency of tlle transport system is not take into account. 

4. RESULTS AND DISCUSSIONS 

The first run was in march 1992, we have used a 
95 A*MeV 20Ne beam impinging a tl1ick target of 
natural MgO. We succeeded to exy-act and ionize the 
18,19Ne, 23,24Ne and 13N. The results are summarized 
in Table 1. 

The intensity on !lIe target was limited to 1f.lAe 
for handling and danlages cause on tl1e tl1in window at 
tl1e entrence of !lIe target. 

This results are verJVt>romising since tllis is tlle 
very first attempt to produce radioactive species Witll tl1e 
on-line isotopic separation metllOd at GANIL. 

A new location is under study in order to avoid 
problems coming from the slow neutrons and 
background in tlle experimental room. A new separator is 
also under consideration, the resolving power should be 
much greater, of tl1e order of few tllOusands, in order to 
separate properly masses in tlle region of mass 100. 

Following the magnet we will place a 
cylindrical electrostatic deflector in order to separate off 
neutral components. The new beam line will pass 

through a concrete wall and the second collection 
chamber will be well shielded behind 4 m of concrete. 
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ABSTRACT 

SARA, the two cyclotrons of the Institut des Sciences 
Nucleaires de Grenoble (ISN) is close to the Institut Laue 
Langevin (ILL) high flux reactor. This unique opportunity 
leads us to the PIAFE project: the exotic atoms - or ions -
(fission products: neutron rich nuclei, mass mainly between 
80 and 150) should be extracted from an Uranium 235 target 
put into a 1014 neutrons/cm2/s flux and, after mass separation, 
should be transported to the cyclotrons and accelerated. We 
expect from several 105 to more than 108 ions per second, 
depending on production rate and energy needed (from 
2 MeV/amu to 10 MeV/amu or up to 20 MeV for masses close 
to 80). 

INTRODUCTION 

Grenoble is characterized by the existence, in nearby sites, 
of a possible source of exotic nuclei, the high flux reactor of 
the Institut Laue Langevin (ILL) and of a low to medium 
energy accelerator complex SARA, the two cyclotrons of the 
Institut des Sciences Nucleaires de Grenoble (ISN). 

The aim of the "PIAFE" project1)2) (in French: 
Production, Ionisation, Acceleration de Faisceaux Exotiques) is 
to produce neutron rich nuclei with masses between 80 and 150 
and energies between 2 and 10 MeV/amu (up to 20 MeV/amu 
for masses around 80). The accelerated intensities will depend 
on the production rates, extraction efficiencies and final 
energies, and should range between 105 and 109 particles per 
second. We have to take into account the half-life times of these 
elements wich are close to the second. 

In the following we give a more detailed overview of the 
project as it stands today, and which may still be subject to 
change. 

Figure 1 shows a sketch of the production, ionization and 
acceleration complex and expected efficencies. 

1 - OUTLINE OF THE EXOTIC ION PRODUCTION 

1.1 - The fission source 

The fission source should be as intense as possible, 
conform to security requirements, and as high a proportion of 
fission fragments as possible should escape from it. To fix 
ideas we consider an ensemble of ten 100 cm2 U235 layer§. 
with a thickness of 1 mg/cm2 alternating with 10 mg/cmL 
graphite layers, placed in a 1014 neutrons/cm2/sec flux. 

The total amount of 1 gram of U235 would lead to 
approximately 1014 fissions/sec. This number compares 
favorably to that expected from a 100 ~A beam of 1 GeV 
protons. The power produced in the target would be about 
4 KW, to be compared to more than 20 KW for the proton 
case. The power dissipation could be used to heat the source up 
to 20000 C. in order to maximize the diffusion of elements like 
alkalines and rare gases out of the graphite. 

ILL reactor 

Ions 
1+ 

JOKe'" 

est Imated 

:....==I:=~EFFICIENCY 
,_oos 

'_015 , , 

Fig.I. Schematic diagram of the projected production, 
ionization, acceleration of exotic beams facility P.I.A.F.E. at 
Grenoble 

The target heating will probably be the limiting facto~ of 
the production rates. Here the thermal neutron product~on 
scheme has a distinct advantage over all other competmg 
methods since target heating due to the incident beam is 
negligible. 

1.2 - Ionisation and mass separation steps 

The more easily obtained beams should probably be either 
rare gases or alkalines. Alkalines could be obtained as singly 
charged ions using the thermoionization effect directly from the 
source3). Diffusion times of 0.2 sand 0.8 s for Rb and Cs 
respectively have been reported. 

For rare gases one has to rely on a separated ionization 
step. Rare gases would be pumped through an ionization 
source of the plasma or ECR type, and singly ionized. 
Efficiencies in the range of a few percent are expected. 

After acceleration by around 30 kilovolts, the singly 
charged ions should be mass analysed in a standard mass 
spectrograph, directly situated outside the reactor biologicial 
shield. It is of great importance to ensure the confinement of 
dangerous species like Sr90 or Cs 137. 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

729



2 - TRANSPORT 

The q = 1 + ions would be transported under vacuum and 
focused by quadrupoles from the mass separator output to the 
SARA site, where they would be injected into the ECR source. 
The transit time would be, typically, around 1.5 ms for 
400 meters. 

It is important to reduce, as much as possible, the cost of 
the transfer line, since it will be the major component of the 
total cost of the project. A careful optimization of all elements 
involved in the transfer is needed: Vacuum,number and 
positions of beam diagnostics, corrections of alignment 
defects. 

Due to the length of the transfer line, rather good vacuum, 
in the 10-7 torr range, is needed. The attenuation of the beam 
by charge exchange processes during the transport will depend 
on the nature of the ions. 

The total effect of scattering on the residual gas and charge 
exchange is smaller if we transport (1 +) ions instead of 
multicharged ions. Due to scattering, the emittance grows 
during the transport and the aberrations of a long series of 
lenses disturbs the apparent emittance at the exit. But these 
effects are without consequence since the 1 + beam will be 
injected into the high charge state ECR source of the SARA 
axial injection system. We consider a scheme in which the 
beam would impinge on a heated catcher within the high charge 
ECR source from which the atoms would be evaporated into 
the plasma. In this way, the emittance would be regenerated, 
and energy and charge would be adapted to axial injection in 
the first cyclotron. 

During the transfer, the activity of the beam has to be 
taken into account, for the shortest periods, but it would not 
exceed 10 microcuries per meter. However careful monitoring 
should ensure that the beam is not accidently lost, since, in 
such a case, local activities in the Curie range could be 
produced. Monitoring should also ensure that no long life chain 
is sent to the accelerator. 

Two schemes of beam handling are proposed. The first 
scenario is the use of a FODO lattice. The design of any 
transport line, but especially of a long one, must provide a 
good acceptance (maximum value of emittance acceptable by 
the line, for a given geometrical aperture), without being too 
sensitive to structure defects, like misalignments of 
quadrupoles. Without defects, the acceptance of a such 
structure versus the transversal oscillation phase advance Il per 
cell, is maximum for Il = 76 degrees. However, the 
misalignment of quadrupoles induces the decentring of the 
central trajectory of the beam and then decreases the 
acceptance. In such a case, optimum values for cell length, 
geometrical aperture and betatron phase advance have to be 
found. For example, we have considered a 200 m structure 
made of 3 metre long FODO cells put on 6 meter long girders 
(4 quadrupoles per girder). The quadrupoles have a transverse 
positionning precision of 0.3 mm RMS, the girders have an 
angle positionning precision of 0.15 mrad RMS along the axis 
and the relative positionning error from girder to girder is 
0.9 mm RMS, the geometrical aperture remains 2 * 40 mrn. 

We intend to use Panofsky style quadrupoles4) which 
reduce effects of remanent fields for low field quadrupoles and 
can give high quality fields without complex machining. We 
need 500 A in each one conductor coil with 0.4 m long 
quadrupoles (gradient = 0.36 TIm). With a baked vacuum 
chamber, a getter pump each 40 m should ensure a 10- 7 torr 
vacuum. 

20 
mm. 

o 

-20 o 50 100 150 200 m 

Fig. 2. The central trajectory is plotted along a 200 m FODO 
structure and for one set of mispositionnings (see text). 

The effect of one particular set of mispositionnings is 
illustrated in figure 2, where the central trajectory is plotted 
along a 200 m FOnO structure: the trajectory draws 
progressively away from the theoretical axis, reducing the real 
available acceptance. Corrections can help to compensate that 
effect. 

Figure 3 shows the acceptance of the line without 
mispositionning (maximum at Il = 76 degrees per cell) and 
with mispositionnings of elements: in this case the acceptance 
is maximum for Il = 40 degrees. A result of the simulations 
using this configuration is given by figure 4 which shows the 
acceptance of the line (center of the figure) for 200 sets of 
mispositionnings. For 1000 sets the confidence level to get at 
least a reasonably large remaining acceptance available before 
correction ('" 601t mm.mrad) is 0.999. Simulations performed 
for many values of Il have shown that the best compromise is 
always around Il = 40 degrees. 

beam line acceptance (mm.mrad) 

350~---+----~--~----~----~---t 

300 

250 

200 

150 

100 

50 

without defects 
··········WiihOlifc:Q:riediori 

O~--~----~--~~~~~~--~ o 60 
betatron phase advance per cell (degrees) 

Fig. 3. Acceptance of a 200 m long beam handling made of 
FOnO cells with or without defects on quadrupole positions 
(see text). Our channel having 400 m we will have to recenter 
the beam along the path. 

The quadrupole alignment of 0.3 mm R.M.S. could be 
achieved with a method proposed by the SL0) : turning off 
successively the quadrupoles by consecutive pairs procures a 
set of relations between quadrupole misalignments and beam 
excentration measured at a few points. These relations permit 
the estimation of the misalignments. As an example, fig. 5 
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shows the real and estimated defects with that method over 
100 m. The quads are originally decentered by 0.7 mm R.M.S 
and only three beam position monitors are used. 

Another scenario is the use of a high frequency 
continuous quadrupole guide, working around 0.1 MHz with 
an electric gradient of around 100 V/cm. It might alleviate 
alignment problems and should be cheaper if vacuum design 
remains simple. 

We will test these two different schemes of tranfer lines 
from the llL to SARA with the aim to minimize the costs. 

Fig. 4. Acceptances of a FODO 200m long line for 200 sets 
of mispositionnings (see text for conditions).before and after 
recentring of the beam after each 50m, taking into account of 
the 1 mm RMS error of monitor positionning. 

Misalignment errors of quadrupoles 
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Fig. 5. Example of a simulation of a set of misalignments of 
quadrupoles over 100 m : real values (arbitrary linked by a 
solid line) and estimated values (square points) (see text for 
conditions) 

3 . TRANSFORMATION OF THE 1+ BEAM. 

The q/A value of injected ions inside the first cyclotron 
must be higher than 0.15. In order to couple the 30 keY ion 
beam to an ECR Ion Source (ECRIS) plasma, we project to 
implant radioactive ions into a catcher outgassing because of its 
high temperature: thermal atoms immediately after desorption 
are facing a magnetized plasma. 

Due to the characteristics of the injection line into the first 
cyclotron, the voltage of the ECRIS cannot exceed 
10 Kilovolts. The 1 + beam will have a rigidity close to eight 
times that of multicharged ions. We are studying two solutions 
for changing the 1 + beam into a high charge one 

In the first solution the 30 ke V 1 + beam (rigidity 
'" 0.3 T.m) crosses transversely the magnetic field (0.06 T) in 
the central part of a first ECRIS6). After exit from the catcher 
the atoms will be singly ionized again inside this first ECRIS, 
working with two 2.45 GHz cavities,where the plasma could 
have the rather high density of 1012 cm-3 and which serves as 
a large first stage of a high performance 16 GHz ECRIS .. The 
plasma of the 2.45 GHz source could be guided to the 16 GHz 
ECRIS by a magnetic field smoothly and continously 
increasing from the first source to the second one. 

In a second solution, the 1 + beam is injected in the 
16 GHz ECRIS axis through the extraction electrodes: it is 
decelerated from 30 keY to 20 keY and slightly focused by the 
magnetic field at the other side of the source where we put the 
catcher. In this design the exotic atoms after desorption from 
the catcher facing the plasma should be multiply ionized. These 
multicharged extracted ions and 1+ beam travel in opposite 
directions and are easely separated by a small magnet close to 
the extraction. 

The global efficiency of the ECRIS, for a given final 
charge state is estimated to be around 15 %. The time delay 
induced by the ionization process in the ECRIS has been 
measured to be less than 1 ms per charge unit4), i.e. between 
20 and 30 ms for the ions of interest here. 

4 . ACCELERATION 

The SARA acceleration complex has two cyclotrons, one 
compact with K = 88Me V and one of the separated sector type 
with a K = 160 MeV. 

The multiply charged ions are injected into the first 
cyclotron and the energies produced range between 1.9 and 
more than 4 MeV /amu, depending upon the charge states. 

The second cyclotron acts like an amplifier with a gain in 
energy given by the square of the ratio of extraction and 
injection radii. The present gain is equal to 5.4. This gain is not 
optimum for physics with exotic beams since it gives a lower 
limit of achievable energies of 10.3 MeV/amu. (1.9 * 5.4). 
We plan to modify the extraction system in order to make the 
gain continuously varying between 2.1 and 4.1 (see figure 6). 
The gain variation would be obtained by a change of the 
extraction radius. The energy change will be much easier and 
quicker, not far from that of a tandem! 

The idea is simple but we have to remove one of the two 
RF resonators and to replace it by a movable electrostatic 
extractor position ned at the needed radius, used to push the 
beam into the septum magnet after the next magnetic sector. If 
we succeed in putting this magnet in two articulated parts (and 
may be in reinstalling the second cavity at 90° with respect to 
the first one) we will obtain the full range of energy gain: 2.1 
to 5.4. The first harmonic due to this design could be easely 
compensated by correcting coils7). 

Factors limiting the masses accelerated by the second 
cyclotron are the stripping efficiency and the maximum of the 
rigidity accepted at the injection by this machine (K = 33MeV). 
Figure 6 shows energy ranges of the machines for Xenon. 
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RF CAVITY 

Fig. 6. The proposed extraction system allows the second 
cyclotron having a continuously varying gain between 
2.1 and 4.1. 

1 st eye I otron ~ID U/A(MeVl 

2 4 6 8 10 • 
2d cyclotron ~ - I 
Amplifier GAIN 2.1 -------.;. 4.1 5.4 

Fig. 7. Energies for Xenon.4 MeV/amu is directly obtained 
with the first cyclotron. Presently energy gain G of the second 
cyclotron is G = 5.4, allowing only 10.5 Me V /amu. It is 
expected a variable extraction: 2.1 < G < 4.1 allowing to cover 
the energy range of 4 to 7.8 MeV/amu (and 10.5). Because 
stripping effect is not large enough, only 1.9 MeV/amu from 
the first cyclotron can be injected in the second one. 

Nucleus T1/2 sec. Usable beam Usable beam 
First cyclotron Second cyclotron 

Rb93 0.58 2.109 3.1O!l 
Kr93 1.29 9.107 1.7 107 
Cs142 1.8 2.10Y 3.4 1011 

Cs144 1.02 1.7 1O!l 3.107 

Xe l44 1.2 2.107 3.4 lOb 
.. 

Table 1 - Esumated usable beam mtensltles lOn pps at the 
output of the first and second cyclotrons. 

CONCLUSION 

The association of the high flux reactor of the ILL to 
the SARA accelerator system opens the perspective of 
intense neutron rich isotope beams, with masses between 
80 and 150 and intensity of exotic ions gets 109pps (see 
table 1). 

Development work has been started on different critical 
points of the project: in-pile fission source, transfer line and 
injection of a singly charged ion beam into a high charge state 
ECR source. 

ACKNOWLEDGEMENTS 

We would like to thank the member of the institut ISN 
and ILL for theirs collaboration to the PIAFE 
project. Particularly we thank Dr. R.Geller for helpful 
discussions Dr. E. Baron, from GANIL, for his help 
about charge exchange and stripping problems, Dr. S.Albrand 
for calculations. 

BIBLIOGRAPHY 

1) J.L. Belmont et aL Presented at the Dourdan conference 
(march 1992). 

2) J.L. Belmont et aL "The Grenoble scheme for accelerating 
neutron rich nuclei" to be published in Proceeding of 
conference of Crime (october 1991). 

3) G. Rudstam et aL Radiochimica Acta 49 (1990) 155 and 
references included. 

4) P. Emma "Beam based alignment" SLAC-PUB 5787 
1992. 

5) L. Harwood et aL "Magnet design for Cebaf", EP AC 
1992. 

6) K. Golovanisvky, et aI., "ECRIC the ECR ion converter 
for the PIAFE project at ISN" - Grenoble, Internal report 
nO 92.50, May 1992. 

7) S. Albrand et aI., "Statuts report of SARA", this 
conference. 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

732



HIGH INTENSITY SUPERCONDUCTING CYCLOTRON BEAMS 
FOR A RADIOACTIVE ION BEAM FACILITY 
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LN.F.N ., Laboratorio Nazionale del Sud, 

v.le A. Doria ang. S. Sofia, 95123 Catania, Italy 

ABSTRACT 

One of the major limits to the beam intensity in 
the Superconducting Cyclotron is presently set by the 
extraction system, which consists of an electrostatic de
flector. A valid alternative to electrostatic extraction 
could be extraction by stripping. The feasibility of this 
method has been studied taking into account the major 
constraints of the machine and particularly of the cryo
stat. This study includes some investigation on the mag
netic channel system to be used in the extraction trajec
tory and on the consequent perturbation of the three-fold 
symmetric field . 

1. INTRODUCTION 

In the project for a Radioactive Ion Beam (R.LB.) 
facility at L.N .S.l) the Superconducting Cyclotron is 
planned to be employed as the primary accelerator, de
livering ion beams with energies up to 100 MeV la.m.u. 

Of course many efforts have to be made in order to 
achieve a reasonably high intensity of the primary beam. 
Several efficiency factors have in fact to be taken into ac
count when estimating the total intensity of the radioac
tive beam delivered in the target, due to the production, 
transportation, ionization, mass analysis and accelera
tion processes. 

The S. C. is by now strongly intensity-limited by the 
extraction process, which is performed by electrostatic 
deflection: in order to extract fully stripped ions at the 
maximum energy (focusing limit: 100 MeV la.m.u.), the 
gap size of the deflector must be 6 mm to obtain the 
electric field of 140 k V I cm planned in the design. Then 
the probability for the whole beam to hit the deflector 
increases; in the case an intense beam (some pp,A) is to 
be extracted, the beam power exceeds the expected limit, 
which is about 0.5 kW. 

Moreover the electrostatic solution gets more and 
more worrying the more intense is the beam to be ex
tracted: space charge effects produce distortions of the 
emittance figure in the transverse phase space when the 
beam is electrostatically deflected. 

Therefore an extraction method leaving out the elec
trostatic deflector would be desirable . The feasibility 
of extraction by stripping in the Super conducting Cy
clotron is studied for some cases and here discussed. 

2. EXTRACTION TRAJECTORIES WITH THE 
STRIPPING METHOD 

The extraction by stripping method has already 
been adopted in a compact isochronous cyclotron2 ) for 
heavy ions. During the feasibility study for the Su
perconducting Cyclotron, a fundamental constraint has 
been considered: the cryostat is not to be modified. An 
immediate consequence of this assumption is that the ex
traction trajectory has to be similar to the trajectory in 
the electrostatic extraction: the beam has to enter the 
yoke and exit through the extraction channel (Fig. 13 ») . 

Fig. 1. Beam trajectory in the electrostatic ex
traction system. 
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Fig. 2. Extraction trajectory with the stripping 
method. 

A one-two units charge change of the ion at the end 
of the acceleration process makes the orbit go inward 
in about half a turn and then outward in the following 
half turn. Depending on the stripping radius and angle, 
and on the charge "jump", after one turn the stripped 
ion can either go inward or definitely and abruptly exit 
from the Cyclotron. The second possibility cannot be 
accepted if the extraction channel has to be penetrated: 
then, according to the first case, at the position where the 
orbit reaches the maximum radius after one turn, before 
going inward, it is extracted by magnetic channels (Fig. 
2). 

In the original project of the Cyclotron, a set of iron 
channels is planned to radially focuse and help to deflect 
the beam along the extraction path. Two channels are 
placed immediately after the second deflector, six chan
nels are placed along the extraction channel (Fig. 1). 

The "Spiral Gap" code4 ) was used to simulate the 
acceleration of the ion, starting from the equilibrium or
bit at 30 MeV la.m.u., until the stripper. Another code,3) 
using the same integration routine, takes into account 
the effect of the field decreasing channels and allows to 
simulate the extraction trajectory. 

The behaviour of the beam along the extraction 
path has been studied in the radial and axial phase 
space after having ascertained that there is no destruc
tive effect on the beam in the path between the stripper 
and M 1. The eigen-ellipse at 30 Me V I a.m. u., calculated 
at the position 0°, was transported until the extraction 

point (8=92°, r=~216 cm). The emittance was calcu
lated supposing that the beam emittance injected by an 
E.C.R. source is 10071" llllll·mrad. 

Keeping in mind the final purpose of this study, i.e. 
the employment of the Cyclotron as the primary machine 
in a R.I.B. facility, we decided to begin the feasibility 
study considering an ion with mass A<30. Since at the 
Cyclotron energies every ion with A<30 hitting a foil 
stripper becomes fully stripped, the extraction efficiency 
reaches almost 100%. 

As it can be easily understood, the strength of the 
magnetic channels is as small as the difference between 
the charges before and after stripping is small. Then 
the first case to be investigated was 160, qi=7, q,=8, qi. 
and q, being the charge states before and after stripping. 
According to recent results an E.C.R. source can produce 
160 7+ with intensity of 25 Pt-lA.5) 

In order to study the case mentioned, the field at 
the center of the machine was assumed to be Bo=32.2 
kGauss, which corresponds to a maximum energy of 78 
MeV I a.m. u for the 7+ ion. In this case we found that: 

• the stripper should be placed at r,=81.6 cm, 
8,=316° (Fig. 2), where the beam energy is about 
75 Me V I a :m. u., to allow the beam to reach the ra
dial range (90.0-91.6 cm) of Ml at its angular posi
tion (8=2640

); 

• all the magnetic channels planned have to be used, 
including M2bis and M7bis; 
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• an extra channel has to be employed between M2bis 
and M3; since there is no hole for magnetic channels, 
a fixed device should be designed; 

• the strength values of the channels is around 6 
kGauss, apart from M1 and M2, which maintain the 
same values as in the electrostatic extraction case 
(1-2 kGauss) because they are definitely assembled' 
inside the cryostat; 

• the magnetic channels have to provide a certain field 
gradient to focuse the beam; in Fig, 3 a possible, not 
optimized, solution shows that assuming field gra
dients of 1-3 kGauss/cm, the beam is much smaller 
than the extraction channel size (~3 cm height, ~4 
cm width), 
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Fig. 3. Radial and axial beam envelope along the 
extraction trajectory. 

3. MAGNETIC CHANNELS 

45C 

An attempt was done to design iron magnetic chan
nels whose strength is about 6 kGauss. Since the width 

of the extraction channel is ~4 cm, the three-bar con
figuration, adopted for the mainly focusing channels of 
the electrostatic extraction, was discarded, not allowing 
to achieve a considerable strength. Two two-bar config
urations, which seemed to fulfil the requirements, were 
realized. The first one was a not focusing, two equal bars 
channel, which should provide a field of about 6.8 kGauss 
in the gap according to the calculations6 ); the second one 
was a two different bars channel, which should provide a 
constant gradient of ~1 kGauss/cm in the gap (8 11Ull) 

and a field of 6.0 kGauss in the center. 
As explained in,7) the measurement of the field in

side the gap showed that the difference between the cal
culated and the measured field is about 1 kGauss in the 
zero-gradient channel and 2 kGauss in the other one; 
moreover in the second one the gradient is not con
stant. A separated functions solution (with only focusing 
and only deflecting magnetic channels) would require the 
strength of the only deflecting channels to be more than 
6 kGauss. 

The use of passive channels produces a relevant 
problem concerning the beam dynamics of the Cyclotron: 
the perturbation of the three-fold symmetric field. In 
fact the first harmonic produced by two-bar 6 kGauss 
channels at r~82 cm, which is more or less the radial 
position of the resonance lIr = 1, ranges from some gauss 
to tens of gauss, depending on the azimuthal extent of 
the channel. Therefore, it has to be compensated by 
iron bars appropriately placed in the available holes of 
the yoke. However the first harmonic contribution of the 
fixed channel can hardly be compensated by simple iron 
bars. 

Since many problems arise, as noticed, from the use 
of passive channels, we think that efforts should be de
voted to look for the possibility of employing active chan
nels. 

4. STUDY OF SOME CASES 

In order to verify the statement done before on the 
relationship between the charge change and the channels 
strength, we studied the case 1GO, q;,=6, qj=8: we found 
that the stripped beam reaches the radial range of M3 
at its angular position (0=348°) after about one turn, 
but it is not possible to make the beam go through the 
extraction channel due to the big change in magnetic 
rigidity. 

Another confirmation comes from the study of the 
case 2°Ne, q;=9, qj=10. The charge state 9+ is p~oduced 
with an intensity of ~1 pJ.lA,8) but higher intensities are 
expected in future. A N e beam is particularly good to 
be employed in a R.LB. facility as a primary beam. The 
magnetic field at the center of the Cyclotron was assumed 
to be 31.4 kGauss, which corresponds to a maximum 
energy of 78 Me V I a.111. u for the 9+ ion. The stripper 
position results to be r,,=82.6 cm, 0,,=318°, which is not 
so different from the Oxygen case. However, in this case 
we found that the strength of the channels is about 5 
kGauss, lower than in the previous case. 
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5. CONCLUSIONS 

The theoretical feasibility study of the new extrac
tion method proposed needs to be extended to a wide set 
of ion species that can be produced with high intensity 
by E.C.R. sources. 

More important, the technological feasibility must 
be ascertained: the possibility of realizing magnetic 
channels with the mentioned requirements has partic
ularly to be verified. Finally, the possibility of placing 
the stripper system in the position found out by the cal
culation needs some investigation. 
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ABSTRACf 

CYCLONE 30, the high intensity 30 MeV H
cyclotron, is used to produce large quantities of short 
lived radioactive isotopes. These are extracted on
line from the target, ionized in an ECR-source and 
accelerated with CYCLONE. Isobaric contamination 
is eliminated in the acceleration and ejection process 
without loss of intensity. Pure radioactive beams of 
13N+1 and 2+, 19Ne+2, 3+ and 4+ are now accelerated 
routinely in the energy range between 0.56 and 4.5 
MeV I AMU with intensities reaching 2 109 pps. They 
are used for nuclear astrophysics and nuclear physics 
experiments. To overcome a number of limitations due 
to CYCLONE the design of a dedicated 
postaccelerator cyclotron has been started. In this 
paper, recent developments of the present system and 
design features of the new cyclotron are described. 

1. GENERAL DESCRIYTION 

The installation for the production of 
intermediate energy RIB has been described 
earlier) In this paragraph we summarize the main 
features of the subsystems and their recent 
developments. 

1.1. The production of radioactive elements 

The radioisotopes of interest are produced 
selectively on specific targets. In this way, only 
small quantities of unwanted (eventually long lived) 
activity are formed, allowing still relatively simple 
ways to manipulate the production targets. 

A special beamline transports the proton beam 
from CYCLONE 30 to the target, located in the 
shielding wall between the two cyclotrons. It consists 
of a 90° doubly focusing magnet, tilted up 32°, a 
quadrupole doublet, steering magnets and a 50 Hz 
wobbling magnet. Table 1 lists a number of 
radioactive elements of interest that could be 
produced with CYCLONE 30 and the respective 

production reactions. The first target developed, for 
the production of 13N, consisted of a solid disk made 
of enriched 13C, fixed on a watercooled target 
holder. The target assembly is isolated from the 
beamline vacuum by a thin carbon window. 
However, other target materials such as LiF, B203, 
BN, could not be used this way. Therefore we 
developed closed graphite containers, filled with 
the respective materials, and which are outgassed 
before being placed on the watercooled target 
holder. Even the operating 13C-target for 13N
production is now made this way. 

Several sweeping gases are being tried out for 
the different elements. 19Ne production is special in 
two aspects: it does not require any sweeping gas and 
since it is not cryopumped itself, an additional 
purification is achieved by passing the target gas 
flow through a cryopump. In this way very low 
pressures are obtained in the ECR-source yielding 
high ionization efficiencies even for relatively high 
(4+,5+) charge states. It should be noted that in the 
LiF-target the 7Be activity (Tl/2 = 53 d) builds up 
slowly. 

1.2 Ionization 

A single stage ECR-source working at 6.4 GHz 
was built and its ionization efficiency for the light 
elements was carefully optimized. To obtain the 
maximum beam current for a given isotope at a given 
charge state, it is important that all accessible 
source parameters, such as axial field, microwave 
power, source-to-puller gap be carefully adjusted. 
The pressure in the source is crucial : it must be as low 
as possible. In the case a carrier gas is to be used with 
the production target, an optimum flow rate has to be 
found since the extraction efficiency from the target 
usually requires increased flow whereas the 
ionization efficiency requires the lowest possible 
flow. Using a source aperture of 10 mm this optimum 
lies around 0.1 cc/min. 
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Production Target Contaminant/ 
~Q/M 

Reaction Energy Element Tl/2 reaction material analogous beam Q/M MeV/AMU 

6He 0.8 s 7U(p,2p) Li 6U,12C 6.10-4 6He(a,n)9Be 0.4 

7Be 53d 7U(p,n) LiF 7U,14N 1.3.10-4 7Be(a,y)11C 0.4 

8Li 0.8 s 9Be(p,2p) 160 3.10-3 8U(a,n) 11 B 0.4 

8U(d,n)9 B e 0.6 

llC 20 min 11 B(p,n) B203 llB,22Ne 2.10-4 llC(p,y)12N 0.6 

14N(p,a) BN 

13N 10 min l3C(p,n) enriched l3C 13C 2.10-4 13N(p,y)140 0.6 

140 70s 14N(p,n) BN 14N 4.10-4 14O(a,p)17F 0.6 

150 2 min 19F(p,an) LiF 15N 2.10-4 15O(a,y)17F 0.3 

19Ne 17 s 19F(p,n) LiF 19F 2.10-4 19Ne(p,y)20N a 0.5 

Table 1 : Some radioactive beams, their production reactions, contaminants and nuclear reactions of interest for 
astrophysics. 

1.3. Acceleration and isobaric separation 

The low energy beam is injected axially in 
CYCLONE and accelerated on 6th harmonic mode. 
The limited resolution in M/Q (40) of the low energy 
analyzing system eliminates neighbouring charge 
states and contaminants but not those particles that 
have nominally the same M/Q (see table 1). 

To achieve the required purity of the final 
beam, various physical and chemical methods have 
been tried out, all rather unsuccessfully. 

Finally it was tried to use the cyclotron as a 
high resolution mass spectrometer. Let us recall here 
briefly how this could work.2) 

Consider an isochronous field in which a 
particle with a given Q/M is accelerated to full 
energy in NO turns with an accelerating voltage 

working at the Hth harmonic of the particle 
revolution frequency. Consider another particle 
whose charge to mass ratio differs slightly from the 
first by an amount ~(Q/M). The change in phase, cp, 
during acceleration between the two particles will be 
given by: 

~sincp = 21t H NO MQ/M)/ (Q/M) (1) 

When the absolute phase of the particle with 
respect to the RF reaches 90° the acceleration will 
stop. The condition to eliminate the wrong particle 
from the beam, is that this should happen before the 
extraction radius is reached. Remember that ~sincp 

means (sincpe - sincpb) where e means end of 
acceleration and b means beginning of acceleration. 
Depending on the starting phases of the particles, 
~sincp will be somewhere between 0 and 2. Defining 
the resolution R = (Q/M)/ ~(Q/M) gives then: 

R = 21t H NO / ~sincp (2) 

This relation shows that the mass resolution of a 
cyclotron is not an unambiguous quantity. It depends 
for example strongly on the starting conditions in the 
central region. If starting phases around 0° are 
considered then the resolution Ro becomes: 

Ro= 21tHNO (3) 

If for some reason (axial focusing e.g.) starting 
phases far from 0° have to be adopted then the 
resolution for wrong particles with larger or smaller 
Q/M values will be totally different. As an example 
let us take a starting phase of 30°. In the case of a 
slightly heavier particle ~sincp equals 1.5, in the 
opposite case 0.5 or a factor of 3 difference in the 
resolution for a given cyclotronsetting. This situation 
was experimentally verified with CYCLONE and 
illustrated in Fig. 1. 
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Figure 1 : Phase histories for a given particle in the 
reference field and fields with ~B/B = +2, +4, - 4 and 
-810-4. 

Another effect is illustrated in Fig. 2 : even 
when some of the wrong particles reach the 
extraction radius and start their way through the 
deflector, they never reach the cyclotron exit because 
they do not fall into the extraction system's 
acceptance. 
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Figure 2 : Acceptance of the extraction system and 
trajectories of a particle in the reference field and 
fields with ~B/B = +2 and -2 10-4. 

Using systematically these effects we have been 
able to suppress contaminant beams by factors of 105 
or more without loss of the radioactive beam 
intensity although their respective Q/M ratios 
differ only by less than 2 parts in 104. 

2. OPERATIONAL ASPECTS 

Arrangements have been made so that 
production, transport and acceleration can be 
optimized independantly. In a first step, the gas flow 
from the production target can be pumped to a 
counting station outside the cyclotron vault. This 
way, the initial outgassing does not have to go 

through the source and the extraction efficiency can 
be checked. New targets can be tested. 

When the target conditions have been 
optimized, the gas flow is directed to the source. To 
optimize the source conditions and to check the 
ionization efficiency, the low energy beam is stopped 
and focused on a plate at some distance behind the 
first Glaser lens. The beam current measured at this 
point represents essentially the intensity of the 
contaminant beams. To get an idea of the radioactive 
beam intensity this beam stop has also been 
equipped with a /3+ detector. This detector is well 
shielded from the background generated by the 
proton beam. At this point the overall efficiency 
(production + ionization) can be optimized. This 
works particularly well with the short lived 
elements (19Ne e.g.). 

Transport from the source to the cyclotron, axial 
injection, acceleration and transport to the 
experimenter's target are adjusted using a stable 
beam having the almost identical Q/M value (see 
Table 1). If the natural contamination in the source 
is not sufficient, gas is fed to the source. Finally, 
before switching to the radioactive beam, the mass 
resolution is checked carefully and the cyclotron is 
eventually retuned to make sure that a pure 
radioactive beam is obtained. Table 2 lists the 
intensities of radioactive beams obtained until now. 

Charge Intensity 
Maximum 

Element Energy State [pps] [MeV] 

13N 1+ 4xl08 8.5 

(Tl/2 = 10 min) 2+ 3xl08 34 

19Ne 2+ 1.9x1Q9 23 

(Tl/2 = 17 s) 3+ (09)11- 52 

4+ 5xl08 93 

II- expected 

Table 2 : Intensities and energies of the radioactive 
beams which are presently available at the Louvain
la-Neuve facility. 

Figure 3 shows the operating diagram of CYCLONE 
in the area of interest. 
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Figure 3 : Operating diagramme for RIB acceleration 
with CYCLONE. 

3. A DEDICATED POSTACCELERATOR FOR 
RADIOACTIVE ION BEAMS 

The actual system suffers two major drawbacks 
with respect to the requirements for nuclear 
astrophysics experiments. First, the lower energy 
limit in H = 6 mode is 0.56 MeV / AMU. Higher 
harmonic modes seem out of the question. However, 
as Table 1 shows, there are a number of reactions to 
be measured at lower energies. Secondly, some of the 
cross sections to be measured are extremely low so 
that a minimal intensity is required to make the 
experiments feasible. This intensity will not be 
reached: the losses (50 to 80%) due to insufficient 
vacuum are too high and the matching in the central 
region is poor. It is very difficult to improve these 
parameters significantly because of the basic design 
and operational modalities of CYCLONE. 

We have proposed to build a dedicated 
postaccelerator for radioactive beams. Earlier 
proposals by other groups comprise a combination of 
an RFQ and a linac or a tandem for the 
postacceleration of Isotope Separator On Line (ISOL) 
beams. In this case very high resolution separators 
together with ion sources of very high optical 

qualities are needed at the low energy side to 
eliminate any isobaric contamination.3) In our case 
we want to use an ECR-source because of its high 
ionization efficiency and high charge state yield for 
the light elements : higher charge states imply a 
reduced size for the accelerator. For the metal and 
alkali elements however, a solution has still to be 
developed to transfer the activity from the 
production target to the ECR-source. The emittance 
of ECR-sources is also larger by a factor of 10 to 100, 
compared with the classical ISOL-sources. 

A cyclotron which combines a large acceptance 
with a high Q/M resolving power has been chosen. 
In order to achieve a high acceleration efficiency, 
special attention has to be paid to the vacuum in the 
cyclotron and to the matching of the cyclotron 
acceptance with the source emittance. Harmonic 
modes 4 and 6 have been chosen: this allows a 
reasonable size for the RF-resonators, a low effective 
number of turns which reduces the losses due to 
stripping whilst assuring a large Q/M resolution. 
The cyclotron parameters have been redefined as 
shown in Table 3. Design and construction are 
planned for the period 1992-1996. 

Energy constant 
Energy range 
M/Q(max) 
Resolution in Q/M 
Magnet structure 
Average Field (max) 

(min) 
Extraction radius 
RF-system 
Frequency range 
Max DEE voltage 
Harmonic modes 

33 MeV 
0.2 - 0.8 MeV / AMU 
13 
10000 
4-sector 
1.6T 
0.7T 
0.52m 
2 DEES, 30° wide 
11-15 MHz 
20 kV 
4,6 

Table 3 : Characteristics of the new postaccelerator 
cyclotron. 
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ABSTRACT 

The ORNL project to produce medium-intensity, 
proton-rich, radioactive ion beams (RIBs) for astrophysics, 
nuclear physics, and applied research with the Holifield 
Heavy Ion Research Facility (HHIRF) accelerators has 
been approved. Radioactive atoms will be produced by 
fusion reactions in an Isotope Separator On-Line (ISOL)
type target-ion source assembly using light ion beams from 
the Oak Ridge Isochronous Cyclotron (ORIC). The 
radioactive atoms will be converted to negative ions using 
either (1) direct-surface ionization or (2) charge exchange 
following positive ionization. After acceleration to 
approximately 300 keY from a high-voltage platform, these 
negative ions will be injected into the 25-MV tandem 
acceleratof for acceleration to higher energies. Beams of 
up to mass 80 will be accelerated to energies greater than 5 
MeV/nucleon. For some radioactive beams~ intensities 
greater than 1 pnA are possible. 

1. INTRODUCTION 

During the last few years, substantial interest has 
developed in the scientific opportunities presented with 
accelerated radioactive ion beams. This interest has led to 
the development and proposed development of RIB 
facilities in North America, Europe, and Asia; international 
conferences on RIBs at Berkeley [1] and Louvain-Ia-Neuve 
[2]; and many workshops on specific aspects of RIB 
technology and science. This paper describes the ORNL 
RIB project [3] which has been recently approved. 

The reconfiguration of the two accelerators of the 
HHIRF will provide a quick and inexpensive first
generation, proton-rich, medium-intensity, ISOL-type RIB 
facility for North America. In the past, ORIC has served as 
an energy booster for stable heavy ions produced by the 25-
MV tandem accelerator. To produce RIBs, this process 
will simply be reversed: the tandem accelerator will be 
injected with radioactive heavy ions produced by ORIC. In 
this case, the two accelerators will be coupled by an 
ISOLDE-type [4] thick-target and ion source assembly, 
mass separator, and charge exchange canal, all mounted on 
a 250-kV high-voltage platform in an existing shielded 
room. Light ions from ORIC, with an internal ion source, 
will produce radioactive heavy ions for tandem injection. 

Moreover, the existing UNISOR on-line isotope separator 
allows the timely development of the target-ion source 
hardware and chemistry. 

2. EXISTING COMPONENTS 

A central feature of the ORNL RIB project is that 
most of the main components already exist. The new 
hardware required for this RIB reconfiguration is shown in 
Fig. 1. The existing components include: 

2.1 ORIC Accelerator 

The k = 100 ORIC was designed for the acceleration 
of both light and heavy ions and was used initially for 
intense light-ion beams in the first years after its 
completion in the early 196Os. In the 1970s, ORIC was 
used mostly for heavy ion acceleration, and in the 1980s, 
ORIC was used mostly as an energy booster. ORIC was 
originally designed to accelerate 1 rnA of 75-MeV protons. 
Thus, ORIC is an ideal driver for the intense light-ion 
primary beams needed to produce RIBs. For RIB intensity 
estimates in the ORNL proposal, H and He beams were 
limited to 2 kW of extracted beam power and Li and B 
beams were limited to 10 p~A of extracted beam current 
For first operation, 0.5 kW of extracted beam power seems 
readily achievable. Table 1 lists the main parameters of the 
cyclotron. 

2.2 UNISOR 

This on-line isotope separator has been operating 
since 1971, is managed and used by a consortium of 
university physicists, and provides extensive in-house 
experience. UNISOR, with its high-efficiency FEB lAD 
ion source, has allowed the immediate investigation and 
development of the thick-target and ion-source materials, 
geometry, chemistry, and procedures required to produce 
RIBs for subsequent acceleration. In particular, 
experiments have started in which elements for future RIBs 
are implanted in thick target materials of interest. The 
chemistry and physics of the subsequent thermal diffusion, 
desorption, and ionization can, therefore, be studied 
without actual production of RIBs. [5] 

* Research sponsored by the U.S. Department of Energy under contract DE-AC05-840R21400 with Martin Marietta Energy 
Sv~t~m'L Inc. 
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2.3 Tandem Accelerator 

The tandem tenninal presently operates at 25 MV, 
which is the highest electrostatic accelerator voltage in the 
world. The charge state fractions and transmission 
efficiencies through the tandem accelerator have been 
extensively measured and are well understood. With gas 
stripping, beams of mass 52 can be accelerated above 
5 MeV/A with a total efficiency of 20%. With foil 
stripping, beams of mass 80 can be accelerated above 
5 MeV/A with a total efficiency of over 8%. Beams of 
lower masses can be accelerated to higher energies with 
total efficiencies approaching 50%. 

The tandem accelerator has some very important 
advantages for RIBs. No modifications would be required 
for service as a RIB accelerator. Since it is inherently a dc 
machine, no bunching is required for the injected beam, 
thus maximizing the dc beam available from the RIB target 
ion source. In addition, other inherent advantages, such as 
simplicity, reliability, and excellent beam quality, are also 
available. One of the main difficulties with RIBs is the 
separation of analog and isobaric beams. The folded 
configuration of the tandem allows the separation of analog 
beams. More importantly, the excellent emittance « 1 1t 

mm mrad) and low energy spread « 1 x 10-4) of the 
tandem beam will allow convenient use of the existing 
energy analyzing magnet for some separation of isobaric 
beams. 

2.4 Shielded Space 

The shielding for the original ORIC vault and target 
rooms was designed for 75-MeV, I-rnA proton beams. 
These rooms are also equipped with single-pass HV AC 
systems appropriate for high-radiation areas. In the present 
plan, room CllI, shown in Fig. 1, will house the target-ion 
source, mass separator, and charge exchange canal on a 
250-kV high-voltage platform system. In order to reduce 
potential radiation damage to electronic components during 
high-intensity operation, the platform system will consist, 
in fact, of two platforms, one for mechanical equipment 
and one for electronic equipment, connected by a HV 
conduit and separated by a radiation shielding wall. No 
new civil construction is required for the ORNL RIB 
project. 

3. ADDITIONAL EQUIPMENT 

The additional equipment required to produce RIBs is 
shown in Fig. 1. Except for a necessary change in 
elevation, the mechanical high-voltage platform could be 
fed by an existing 13-m-Iong beam line from ORIC. The 
high-voltage platform will be specified to operate at 
potentials up to 250 kV and with the ISOLDE-type source 
potential of 20 to 50 kV with respect to platform ground, 
will provide the nominal 300-keV energy which is 
presently used for tandem injection. Recent measurements 
with various beams have shown that the tandem 
transmission efficiency is essentially independent of 
injection energy between 200 and 300 kV. The ORIC 
beams will be transported from ground potential to the 

platform and the ISOLDE-type target-ion source through 
250-kV and 50-kV acceleration tubes. Depending on the 
RIB, either positive or negative ions will be fonned in the 
target-ion source. These ions will be accelerated to 
platform potential and mass analyzed to a single mass 
number with a first-stage magnetic mass analyzer. This 
mass-analyzed beam will be charge exchanged, if required, 
and accelerated to ground potential, ready for tandem 
injection. A 23-m-long beam line at an elevation of 2.3 m 
will be built to transport the negative ion beam through the 
east experimental room from the high-voltage platfonn to 
the tandem accelerator. Injection will be accomplished by 
merging the beam through the existing, de-energized, 
mass-analyzing tandem injector magnet. Figure 2 shows a 
vertical view of the new equipment required for RIB 
acceleration in the tandem. This new beam line will be 
reconfigured to be a second stage in the mass analyzing 
system. 

4. EXPECTED ENERGY AND INTENSITY 

The maximum intensities and energies for RIBs from 
the tandem accelerator for some of the most interesting 
and intense beams are listed in Table 2 for an initial ORIC 
beam power of 0.5 kW. With single stripping, masses up 
to about 80 can be accelerated to energies above 5 
MeV/nucleon. The maximum currents for these beams are 
much more difficult to estimate, and depend on the product 
of a number of factors. These factors can be divided into a 
thick target production rate for radioactive atoms and the 
overall efficiency for converting these atoms to beam on 
target. The thick target production rates were estimated 
using fusion cross sections based on measured nuclear 
systematics and stopping powers. Production rates for C, 
0, F, Na, Si, P, S, CI, K, Cu, Ga, Ge, As, Se, Br, and Rb 
RIBs were calculated using (H, xn) (He, xn), (Li, xn), (B, 
xn), and (p, axn) reactions on Be, C, N, 0, Mg AI, Si, S, 
Ca, Zn, Ni, Ge, and Sr target atoms contained in BeO, BN, 
C, MgO, AIBZ, SiOz, ZrSSi3, CeSZ, CaO, ZnO, NiO, 
ZrSGe3, and srO refractory target materials. 

The overall efficiency for converting extracted atoms 
to accelerated beam on target is listed in Table 3 and is a 
simple measure of the system merit. Two methods are 
considered for negative ion formation: direct surface 
ionization and charge exchange. Direct surface ionization 
is applicable to elements with large electron affinities and 
efficiencies were estimated from the Langmuir-Saha 
relation for a LaB6 surface ionizer operated at 1370 K. 
Efficiencies using charge-exchange are the product of two 
factors: the efficiency for positive ionization and the 
efficiency for conversion of positive to negative ions. The 
positive ion efficiencies were estimated by scaling the 
probability for electron impact ionization of the element in 
question to that of calcium which has a 30% measured 
efficiency. The efficiencies for sequential charge exchange 
are based on measured results. In addition, a 50% loss 
factor has been included to account for transport losses. 
The transmission efficiency through the tandem accelerator 
is well understood and based on experience. The average 
overall conversion efficiency from radioactive atoms to 
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beam on target is about 1 % and varies widely, depending 
on the element. 

The product of these overall conversion efficiencies 
with the thick target yields for some of the most interesting 
RIBs are listed in Table 2. Examination of this table shows 
that many of the RIBs listed have intensities greater than 
0.1 pnA, the intensity that presently can be used at the 
HHIRF for experiments with 41t detector systems. Fluorine 
and chlorine, which combine favorable production 
reactions, surface negative ionization, and acceleration 
efficiencies, are expected to be the most intense RIBs. It 
should be emphasized that Table 2 does not contain decay 
loss or release rate factors. In addition, high positive 
ionization efficiencies for low-mass RIBs will require an 
ECR ion source. Figure 3 shows a summary of the process 
with average efficiencies with 2.0 kW of ORIC beam 
power for a generic "good case" radioactive beam. It will 
require about 1000 protons to produce one radioactive atom 
in a thick target and these radioactive atoms, with the 
tandem accelerator, should be delivered as beam on target 
with about a 1 % efficiency, giving a factor of 105 between 
the RIB beam intensity and the ORIC beam intensity. 

5. WORK IN PROGRESS 

Presently, a substantial amount of work is in progress at 
ORNL to develop a RIB capability. Internal ion source 
operation of the ORIC accelerator is being restored and 
central region calculations have been completed [6] to 
optimize the ion source geometry in order to minimize 
beam losses and maximize extracted light-ion beam. 
UNISOR implantation studies have been initiated [5] and 
the engineering for an ISOLDE-type FEBIAD target-ion 
source is nearly completed. An exhaustive study of the 
various locations and configurations for the HV platform 
system and the overall layout has been completed. 
Numerous other tasks and studies are in progress. Studies 
have shown that the tandem accelerator acceptance is 
relatively insensitive to injection energy between 200 and 
300 keV and that the new tandem potential stabilizer 
system will provide the long-term stability required for 
very low intensity beam operation, as well as isobar 
separation, while operating in the generating voltmeter 
mode. 

In principle, several isobars with the same mass 
number could be produced in the target-ion source and 
accelerated through the tandem accelerator, giving a mixed 
beam of isobars on target. Up to and including the mass 80 
region, isobars tend to be separated in mass by 
approximately one part in 10,000. Recent experimental 
studies have shown that with gas stripping, the tandem 
energy analyzing system may be capable of this mass 
resolution. 

6. CONCLUSIONS 

It appears that accelerator-based nuclear physics 
which, only a few decades ago, moved, in part, from light
ion to heavy-ion beams, is now starting to move, in part, 
from stable-heavy-ion to radioactive-heavy-ion beams. It 

also appears that the ORIC will start its fourth decade of 
operation as the light-ion driver for the first accelerated 
RIB facility in North America. 
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Table 1. Oak Ridge Isochronous 
Cyclotron (ORIel Parameters 

Bending Limit (ME/q2) 
Focusing Limit (ME/q) 

Magnet System 
Pole face diameter 
Number of compact sectors 
Maximum spiral angle 
Minimum gap/maximum field 
Maximum gap/minimum field 
Main Coil Conductor 
Main Coil Power Supply 
Trim coils 
Harmonic coils 
Weight 

100 
75 

76 in 
3 

300 

7.5 in/23.8 kG 
28. in/13.2 kG 

250 turns Al 
5000 A-350 V 

10 pairs 
4 pairs per valley 

210 tons 

RF System 
Configuration 
Maximum voltage per gap 
Maximum RF power 
Frequency range 

Single 1800 dee to ground 
70kV 

200kW 
6.7-20.1 MHz 

Vacuum System 
Operating pressure 
Pumps 

Internal Ion Source 

Extraction Channel 

1 x 10-6 Torr 
Two 80-cm oil DP 
One 50-cm oil DP 

One 50-cm cryopump 

Cold cathode Penning 

One 60 cm long, 70 kV/cm, electrostatic deflector 
One 25 cm long, 3 kG, 5000 A, coaxial, sepum magnet 
One 100 cm long, 6.5 kG, 3000 A-3000 A, compensated 
iron, magnet channel 
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ABSTRACT 

In 1985 a detailed conceptual plan was proposed for 
the installation at TRIUMF of a high intensity accel
erated radioactive beams facility (ISAC) involving an 
on-line isotope separator and a LINAC post-accelerator. 
Masses up to A=60 were to be accelerated to energies be
tween 0.2 and 1.5 MeV /u and the facility devoted mainly 
to studies in nuclear astrophysics. While awaiting a de
cision on this proposal, a prototype isotope separator, 
TISOL, has been successfully installed and is now avail
able as a limited production facility, servicing an exper
imental program. This paper will provide a status of 
the ISAC proposal, a general description of the TISOL 
radioactive beams facility now operating at TRIUMF, 
and a summary of the future plans of these programs 
including a revised ISAC proposal. 

1. INTRODUCTION 

The TRIUMF cyclotron is an optimal facility for 
the intense production of a wide range of radioisotopes, 
which can then be accelerated appropriately to result in 
a low energy radioactive beams facility. This was recog
nized some years ago as a proposal was submitted in 1985 
to install a high intensity, accelerated radioactive beams 
facility at TRIUMF. This low energy, facility (ISAC) was 
to consist of an on-line isotope separator followed by a 
LINAC post-accelerator to boost the energies of the sepa
rated radioisotopic ion beams to 1.5 MeV /u.1,2) This was 
the pioneer proposal of the two accelerator type which 
has now spawned a number of similar proposed or oper
ational facilities. ISAC was delayed due to the presense 
of the KAON proposal, but TRIUMF did authorize the 
installation of a thick target, on-line separator (TISOL) 
for research and development studies with radioactive 
beams. The TISOL facility has been in operation for 
several years both as a test system and now as a produc
tion facility servicing a modest experimental program. 
Based upon the experience and expertise developed with 
TISOL, and depending upon a final decision on KAON, 
a revised ISAC could be implemented at TRIUMF. A de-

scription of the TISOL facility will be presented herein 
along with aspects of the experimental and developmen
tal program; a conceptual plan for a revised ISAC will 
also be described. 

2. THE TISOL FACILITY 

2.1. General Description 

TISOL is a vertically mounted, thick target, on-line 
isotope separator located at the 500 Me V proton facility, 
TRIUMF. Such energetic protons are ideal for the pro
duction of a wide range of radioisotopes, and the thick 
target combined with the high intensity of the TRIUMF 
beam leads to relatively high production rates for the 
resulting radioactive nuclear beams. Figure 1 displays 
an elevation view of TISOL as it exists today, having 
evolved from a much smaller version which was installed 
originally.3) The target is positioned just before the 
beam dump and beam intensities up to 1.5 J-lA can be 
used. Target handling has been performed mainly by 
personnel up to now, but a new remote target chang
ing system is being installed to allow for changing of the 
very hot target systems. A halo monitor is used up
stream of the target to monitor the beam position while 
a secondary electron emission monitor is located behind 
the target to monitor the proton beam intensity. A new 
experimental area with the three beam lines is located 
at ground level, well shielded from proton beam radia
tion. A detailed description of the facility can be found 
elsewhere.3-6 ) 

2.2. Ion Sources 

There are presently two working ion sources avail
able at TISOL, an ECR (Electron Cyclotron Resonance) 
source and a standard heated surface, thermal source; 
these have been described in detail elsewhere.5 ,6) While 
the latter source does provide some degree of elemental 
selectivity (species of low ionization potentials) in its ion
ization, the ECR source will ionize any species, elemen
tal or molecular, which reaches it, to a range of charge 
states, e.g., recently the isotope 18N was observed at a 
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Fig. 1. Elevation view of TISOL. 

mass position of 16 as the species (1SN14 N)++ . Some 
selectivity can be obtained by using a non-heated trans
fer line between the source and the target, eliminating 
non-volatile species. 

Improvements are planned to allow for ion changes 
quickly (one hour), and this combined with the tar
get changing system will further reduce personnel doses. 
The ECR system will also incorporate ceramic insulating 
flanges. 

2.3. Target Materials and Radioactive Beams 

A range of target materials have been used at TI
SOL and these are summarized in Table 1. Ion beams of 
radioactive isotopes from all of these elements have been 
observed . Intensities vary depending upon the target, 
its thickness, the reaction involved, the stability of the 
species and operating parameters of the facility; inten
sities as high as 109 p/sec per p.A of production proton 
beam have been observed. Observed production rates 
can be found elsewhere.4- 6 ) 

The zeolite (commonly called molecular sieve) tar
get material is unique for an ISOL target. The type used 
here is 13X (N aAISi04 ) and has openings ofthe order of 
nm. The target elements are optimal for producing low Z 
products on both sides of stability. In order to be useful 
as a target, it must be heated under vacuum for sev
eral days and the temperature should not exceed about 
600°C to prevent break-down of the structure. This ma
terial, when properly conditioned , has proven to be opti
mal for the production of nitrogen beams when coupled 
with the ECR source; oxygen, carbon and helium beams 

Target Form 
Source 

A1N Powder 
CaO Chunks 
CaO Powder 
LaC2 Chunks 
MgO Chunks 
MgO Pellets 
MgO Powder 
Mg18 0 Powder 
SiC Pellets 
Ti Foils 
U02 /C Pellets 
Zeolite· Spheres 

Hf Foils 
Nb Foils 
Nb Powder 
SiC Pellets 
Ti Foils 
Ti Foils 
UOdC Pellets 
Zr Foils 
ZrC Pellets 

·CN aAISi04 ) 

Tape 
Sta tion 

TISOL 
ELEVATIO N VIEW 
1991 

Table 1. 

Operating Elements 
Temp COC) Observed 

a) ECR Source 
1050 He,Ne,N 
1100 C,He,Se,N 
1100 Ar,C,Ne,N 
1700 He,Ne,Xe 
1300 C,He,Ne,N 
1300 C,Ne,N 
1300 C,Ne,N 
1300 C,He,Ne,N 
1500 Ne,O 
1500 Ne,Ar,CI,He 
2000 C,Kr,He,Xe,Se,O,Sn 
500 Ar,C,He,Ne,N,O 

b) Re Surface Source 
1800 Cs,K,Li,N a,Rb, Yb 
1900 K,Li,N a,Rb,Sr 
2000 Rb 
1500 AI,Li,Na 
1500 AI,K,Li,Na 
1500 AI,K,Li,Na 
2000 AI,Cs,Ga,In,Li,Na,Rb 
1000 K,Na,Rb,Sr 
2000 AI,K,Li,Na,Rb,Sr 
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have also been observed. The cation, e.g., Na+ for 13X, 
can be exchanged relatively easy for heavier substances 
and this material could then be used for heavy A, ra
dioactive beams production. 

2.4. The Experimental Program 

The TISOL facility is now also used as a production 
facility, servicing an experimental program. There are 
now five approved studies and a brief summary of some 
is given herein. 

While Exp. 617 (Studies of Light Rb Isotopes) has 
obtained publishable results in 1991, problems in the 
data acquisition system have forced remeasurement this 
year. Significant results have been obtained for Exp. 
589, a major experimental study on the beta delayed 
alpha emission of 16N. This decay is the inverse of the 
important astrophysical reaction, a + 12C, and approxi
mately 4 weeks of continuous use of TISOL have resulted 
in the observation of new, important results. 7 ) The new 
zeolite target released the highest yields of 16N available 
anywhere, and over 1.25 x 106 coincidence events (12C 
and a) have been observed. 

3. FUTURE GOALS 

3.1. Future Plans at TISOL 

It is difficult to describe future plans without ref
erence to the proposed KAON facility at TRIUMF. It 
is planned to continue with research and development 
studies on TISOL, independent of the final decision on 
KAON. If KAON is finally funded properly, the TISOL 
facility can continue in its present location as beam line 
4A should still be in operation although at a slightly low
ered beam energy (450 Me V) and in intensities up to 15 
/-IA. 

In the planning and development of the suggested 
ISL (lsoSpin Laboratory),8) it is expected that TISOL 
will be available for target development studies using 
proton beam intensities up to 10 /-IA. These studies would 
be in addition to the continuation of the present TISOL 
scientific program mentioned above. 

3.2. A Revised ISAC Facility 

In the scenario of a positive decision on KAON, 
there is a possibility that an ISAC facility will be con
sidered for installation on the 3 GeV beam line. Figure 
2 presents a layout of the revised ISAC. However, given 
the large manpower demands and costs of KAON, this 
has to be considered remote. In the case of a negative, 
final decision on KAON, there is a good possibility that 
ISAC will be a centerpiece of the new TRIUMF facil
ity. Considerations thus have been given to the previous 
ISAC proposal and possible changes depending upon the 
previous ISAC proposal, the world situation in the field 
of accelerated radioactive beams, and the interest shown 
by potential users, especially in North America. It is im
portant to preface any such remarks by a close look at 

the reasons why TRIUMF is considered a good location 
for ISAC. 

3.2.1. Why at TRIUMF? 

It is important to indicate clearly the advantages of 
locating a low energy, high intensity accelerated radioac
tive beams facility at TRIUMF. The presence of the high 
intensity, 500 MeV proton facility makes it the obvious 
choice, since thick targets can be used leading to high 
production rates. The personnel at TRIUMF are also 
quite experienced in working with the very high radia
tion fields expected to be generated by the ISOL device 
when using beams up to 100 /-IA. This gives this lab a 
considerable edge when compared to labs who may have 
possible post-accelerators on site but lack such experi
ence. TRIUMF has developed expertise in working with 
such thick target facilities given the presence of the TI
SOL facility. Finally, the TRIUMF cyclotron itself is an 
important consideration. It is a reliable, cost-effective 
machine which produces an essential CW beam, ideal 
for ISOL types of targets, with good beam emittance 
properties. Several beams can be extracted simultane
ously which allows for beam availability to several high 
priority facilities. 

3.2.2. Specifications 

The specifications for the revised ISAC facility are 
presented in Table 2 and have been developed over a 
period of years. It is believed that these specifications 
are all technically achievable with either presently exist
ing technology or with some modest upgrades in present 
systems. 

3.2.3. Research and Development Areas 
(TISOL and Elsewhere) 

Certain areas do require some developmental studies 
prior to finalizing the design of ISAC. These include: 

• development of a low beta, RFQ accelerating struc
ture for CW operation; 

• development and test of a thick target which can 
handle high proton beam intensities; 

• optimization of an ECR ion source to produce high 
relative yields of multiply charged ions of masses 
with A>60; 

• development of an optimal stripping system for such 
low intensity, low energy beams. 

Some of these activities can be done on the TISOL 
facility which must remain as a test and experimental 
station during construction of ISAC. In addition, vari
ous labs around the world have indicated their willing
ness and interest to collaborate in such studies including 
LAMPF, CRNL, Argonne, ISL, and Oak Ridge. 
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Table 2: Specifications for ISAC (Revised) 

Production System 
Projectile 
Intensities 
Target Stations 
Target Thicknesses 
Products 

Separation System 
Ion Sources 

Mass Separators 

Extraction Voltage 
Post Acceleration System 

Injection Specs 
Output Energy 
Energy Resolution 
Energy Increments 
Mass Range 

4. CONCLUSION 

protons (200-500 MeV) 
<100/-LA 
2 

20 cm 
A<240, Z<93 

for charge state, Q = 1± 
[plasma, thermal, ECR]; 
for q>l+ charge states, [ECR]; 
two medium mass resolution 
systems with two mass beams 
extractable; one high mass 
resolution (M/M=30,000) 
60 kV 

E = 60 keV, q/ A>1/60 
variable, 0.2-10 MeV /u 
<1% 
<0.1% 
A<60-(A>60 for q>1+) 
expandable up to A = 240 
(q/A = 1/240) 

TRIUMF remains active in the field of radioactive 
beams with the operating TISOL facility. With a de
cision on KAON, the future of the proposed ISAC, the 
high intensity, low energy, accelerated radioactive beams 
facility of the ISOL/PA type can then be ascertained. 

ISL UPGRADE 
1-------, 

TRJUMF 

THICK TARGET/ 
ION SOURCE 
TECHNOLOGY 
(2 systems) 

I I 
I 0.2 - 10 MeV/u I 

-------'--------1 LlNAC I A ~ 240 I '----___ ---' 
I I 0.2-10MeV/u 
L _______ .J A ~ 60 SUPERCONDUCTING 
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POST-ACCELERATOR STUDIES FOR THE 
ISOL FACILITY AT TRIUMF 

1. Root, H.R. Schneider, and J.S. Fraser 
TRIUMF, 4004 Wesbrook Mall, Vancouver 

British Columbia, Canada V6T 2A3 

ABSTRACT 

A conceptual design for an ISOL post-accelerator, 
based on superconducting linac structures developed at 
Argonne National Laboratory was described in earlier 
papers. Periodic focusing provided by 7 T solenoids 
spaced at 8 cell intervals could maintain adequate trans
verse focusing only if the accelerating gradients were kept 
well below the demonstrated 6 MV 1m capability of the 
SC structures. To permit higher accelerating gradients 
several variations of the solenoid focusing as well as RFQ 
focusing elements have been investigated. The RFQ ele
ments are {3). long and act like a quadrupole doublet with 
time dependent fields that can be much higher than in 
an electrostatic quadrupole. Using RFQ focusing with 
93 kV Icm peak fields in a 1 cm radius bore, spaced at 
eight cell intervals, it was found that adequate focus
ing to compensate for the rf defocusing associated with 
6 MV 1m accelerating gradients could be achieved. The 
5.6 m drift-tube linac length in stage 1 of the previous 
conceptual design could then be reduced to 3.1 m. 

1. INTRODUCTION 

In an earlier paper we described the conceptual de
sign of a post accelerator (ISAC) for radioactive beams 
generated in an isotope separator on line (ISOL) at TRI
UMF.1) As illustrated in Fig. 1, it consisted of a room 
temperature RFQ to capture, bunch, and accelerate the 
singly charged ISOL ion beam (with A ~ 60) to an en
ergy of 60 keY lu, followed by a stripper to raise the ion 
charge to mass ratio (ql A) to at least 1/20 before further 
acceleration to 1.6 MeV lu in two stages of a supercon
ducting inter digital linac. Twelve four gap interdigital 
tanks of the ANL type,2) operating at 50 MHz made 
up the first stage, while the second stage, operating at 
100 MHz consisted of 21 four gap interdigital modules. 
Superconducting solenoid lenses installed at two tank in
tervals in the first stage and three tank intervals in the 
second stage, provided the transverse focusing for the 
beam. The magnetic induction in the solenoids was cho
sen to be 7 T, and solenoid lengths varied from .3 m to 

Input from ISOL 
1 keV/u. q/A:'1/60 

Output 
1.6 MeV/u 

"'Hz 

Fig. 1. Conceptual design of ISAC 

.45 m. 
To limit rf defocusing in the accelerating gaps it was 

found, in this design, that in addition to choosing a rela
tively small synchronous phase angle of -150

, it was also 
necessary to choose accelerating gradients in the 50 MHz 
section well below the demonstrated capabilities of the 
ANL interdigital structures. Thus the accelerating gra
dient was limited to 2 MeV 1m in the first tank of stage 
1, and allowed to ramp up in succeeding tanks, ending 
at 4.8 MeV 1m in the last tank of this stage, still below 
the 6 MeV 1m achieved in such structures. 

In the current study two approaches to increase the 
transverse focusing strength, and hence allow higher ac
celerating gradients, have been investigated. In one case 
various options involving solenoid focusing have been re
examined and optimized, while in the other, the possi
ble use of focusing RFQ elements has been investigated. 
The objective in either case was to attempt to reduce the 
overall length of the !inac, or more particularly, to reduce 
the required number of superconducting modules. 

2. SOLENOID FOCUSING 

Several options are possible for increasing the focus
ing strength using solenoids. These include a) increasing 
the periodicity from tank-tank-solenoid to tank-solenoid, 
b) increasing the solenoid lengths (within limits as dis
cussed later), and c) increasing the solenoid strength. 
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Case Focusing B. Solenoid Accel. Output Beam Linac No. 
No. Periodicity Length Field Emittance Rmax Length Tanks 

T cm MV/m cm·mrad cm cm 
1 TK-TK-SOL 7 25-35 2-4.8 1.271' 1.0 560 12 
2 TK-TK-SOL 8 25 4.8 2.471' 1.0 380 8 
3 TK-SOL-TK 7 25 4.8 .9l7r .5 480 8 
4 TK-TK-SOL 7 40,50,60 6.0 2.671' 1.0 400 6 

Table 1. Summary of solenoid focusing cases studied for the 50 MHz linac section. 

Starting with a beam from the RFQ, with an en
ergy of 60 keY /u, an emittance of 4.271' cm-mrad, and 
q/A=1/20, the time dependent code PARMION was 
used to generate linac geometries for the 50 MHz sec
tion and trace particles through them for various solenoid 
focusing schemes. In all cases a tank is considered to 
be a four gap ANL type interdigital structure. 2) Drift 
space allowances between tanks, and between a tank and 
solenoid are 10 cm and 5 cm respectively. 

Table 1 contains a summary of the solenoid focus
ing cases studied for the 50 MHz linac section. The first 
case in this list is the conceptual design described pre
viously.l) Cases 2 and 3 with relatively short solenoids 
similar to that used in the previous study, show that by 
either increasing the solenoid induction to 8 Tesla or by 
increasing the focusing periodicity to Tank - Solenoid -
Tank with 7 Tesla solenoids, a constant accelerating gra
dient of 4.8 MV /m could be accommodated. For the 
last case listed the solenoid lengths were chosen to max
imize their focusing strength. To determine the appro
priate lengths, a simple analytical treatment to describe 
solenoid focusing in linacs was used. 

If B. is the solenoid magnetic induction, I is the 
length ofthe solenoid, and Bp is the magnetic rigidity of 
the ion, and we define (J = B.l/(Bp), C = cos((J/2), and 
S = sin((J/2), 0' = (J/(21), then, provided we rotate the 
exit coordinates by an an angle (J /2, one finds that the 
the transfer matrix for a solenoid3 ) is equivalent to a thin 
lens with focal strength -as included between two drift 
spaces of length (1 - C)/(aS). For a given ion energy 
and magnetic induction, the maximum equivalent thin 
lens focal strength is achieved when the solenoid length 
Lmar is equal to 71'/(20'). 

The defocusing action of an acceleration gap may be 
approximated by a thin lens of focal strength b., given 
by, 

(1) 

where, E is the peak accelerating field in the gap, T is 
the transit time factor(slightly less than 1 for our case), 
<P is the gap crossing phase measured relative to the peak 
ofthe r.f. voltage, and f3 is the usual relativistic factor. 4 ) 

Assuming now that the defocusing effects of the N 
accelerating gaps preceding a solenoid lens can be ap
proximated with the defocus sing effect of a a single thin 
lens having a focal strength G = N b., and using the stan-

400 
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Fig. 2. Maximum values of f3 versus solenoid length for 
various beam energies. 

dard solenoid transfer matrices, we derive an expression 
for the maximum value of the Twiss parameter f3 

describing the transverse motion within a matched pe
riodic (thin lens )-( drift space )-( solenoid )-( drift space) 
structure and obtain; 

f3 - I~(DG + 1) + ~G + ~D(2 + DG)I (2) 

mar - VI _ (~~ + C[DG + 1] _ a~S [2 + DG))2 

where D is the drift space between the solenoid and the 
defocusing thin lens, and C, Sand 0' are the solenoid 
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transfer matrix parameters defined earlier*. In Fig. 2 
f3max is plotted as a function of solenoid length for three 
beam energies that correspond roughly to the energies 
after 8, 16, and 24 accelerating gap crossings with Eacc = 
6 MV jm. From this we see a rather broad minimum for 
f3max over the range of gap crossing phases of -30° to 
0° with optimum solenoid lengths of approximately 40, 
50, and 60 cm for beam energies of 8.3, 15.4, and 25.4 
MeV respectively. Using these values in the PARMION1) 

calculations results in the linac that is summarized as 
case 4 in Table 1. 

3. RFQ FOCUSING 

Use of electric focusing is often advantageous in 
beam transport systems for low velocity ion beams such 
as those found in the first stage of the ISAC interdigital 
linac. Here we consider a special type of electric focusing 
element, namely an RFQ with no vane modulation and of 
length f3>.. producing, in the quasi-static approximation, 
a time varying potential of the form 

V(x, y, z, t) = K(x 2 - y2) sin(wt + tP) (3) 

where x and yare the transverse coordinates, K = Vpja 2 

is the RFQ strength constant evaluated in terms of the 
peak voltage Vp on one of the electrodes and the elec
trode aperture a, w is the r.f. frequency, and tP is an 
r.f. phase angle. Such a device will only have trans
verse electric fields(provided we ignore fringe field effects 
near the entrance and exit), and will act as an electric 
quadrupole doublet. The rf fields with higher sparking 
limits than in the electrostatic case can provide relatively 
strong focusing in the two orthogonal transverse phase 
space planes. 

To investigate the application of this type of focus
ing to the ISAC linac, the PARMIONl) code was mod
ified to include an RFQ element for which the particle 
equations of motion are solved using the fourth order 
Runge-Kutta method. With the modified PARMION, 
the phase dependent focal properties of RFQ lenses could 
be calculated. Fig. 3 shows the focusing strength versus 
the angle wt + tP of the RF voltage when the ion enters 
the RFQ. The focussing is strongest for the 0° phase ions 
and decreases as the phase is increased or decreased. It 
is anticipated that the phase acceptance of the first in
terdigital stage of ISAC will be approximately 30°, and 
we see from the figure that the phase dependence of the 
focusing will be small over such an interval provided the 
interval is centered near 0°. 

In order to do a preliminary assessment of the feasi
bility of using RFQs as focusing elements in the 50 MHz 
section of ISAC, a series of analytic calculations similar 
to those described in the previous section were carried 
out. The acceleration tank configuration was assumed 

.. Since the beam envelope is equal to ~ where ( is the beam's 
emittance, for a fixed emittance, minimizing /3 will minimize the 
beam envelope. 
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Fig. 3. RFQ focussing power versus angle of r.f. voltage 
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Focussing 
Periodicity 

TK-TK-RFQ 

RFQ 
Strength Const. 

kV Icm2 

93.8 

A cceler ating 
Field 

MV/m 
6.0 

Output 
Emittance 
cm·mrad 

2.411" 

Beam 
Rmax 

cm 
1 

Linac 
Length 

cm 
310 

No. 
Tanks 

6 

Table 2 Summary of RFQ focussing case studied for the 50 MHZ linac section 

to be the same as in case 4 of the solenoid focusing study 
described earlier. Using the same thin lens approxima
tions for the defocusing at the acceleration gaps and the 
same periodic transport system assumptions but with an 
RFQ replacing the solenoid, i3max was calculated and is 
shown in Fig. 4 as a function of the RFQ strength con
stant J{. Plots in Fig. 4 for particle phases of -300

, 

-150
, and 00 relative to the rf in the accelerating struc

ture show that within this phase band i3max has a very 
broad minimum centered approximately about J{ = 90 
kV Icm2

. 

Calculations with the RFQ modified version of 
PARMION were carried out to verify that it would be 
possible to build a 50 MHz !inac section using RFQ focus
ing elements with J{ ~ 90 kV Icm2 as predicted above. 
Table 2 summarizes the results of these computations. 
The beam envelopes and the emittances obtained are 
similar to those obtained with the optimized solenoid 
example shown as case 4 in Table 1. 

In order to determine the feasibility of constructing 
an RFQ lens with J{ ~ 90 kV Icm2 and a ~ 1cm, we 
must estimate the surface electric fields on the electrodes. 
Assuming hyperbolic electrodes, the profiles of the cross
sections will satisfy equations of the form a2 = X2 _ y2. 

Using this result along with the electric field intensity 
derived from equation 2, we find that the peak surface 
field E. is given by 

E. = 2J{ J2x~ax - a2 (4) 

where Xmax is the maximum extent of the electrodes in 
the x direction. Assuming Xmax ~ 2a gives E. ~ 480 
k V I cm for the case under consideration t. This is well 
below the peak fields of over 1000 kV Icm achieved at 
ANL in a 64 MHz test RFQ structure.5) 

4. DISCUSSION 

Taking focusing power per unit length as a figure of 
merit, a plot of this against energy, in the energy range 
covered by 50 MHz linac section, is shown in Fig. 5. This 
illustrates the potential advantage of RFQ focusing over 
solenoid focusing at the lower energies. At higher ener
gies the two focusing approaches are roughly equivalent. 

t A second estimate of the swface fields may be obtained by con
sidering the peak swface electric field on the swface of two circular 
cylinders of radius a with sufficient spacing to approximate the ge
ometry of the RFQ vanes. Using this approximation, a calculation 
by one of the authors indicates that E. ~ 2.7Vp /a which is about 
240 kV /cm in our case. 
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Fig. 5. Comparison of figures of merit for RFQ and 
solenoid 

Using either solenoids with optimized lengths, or 
RFQ elements for focusing, would permit accelerating 
gradients of up to 6 MV 1m in the 50 MHz section of 
the present conceptual design for ISAC. This reduces the 
number of tanks in this section to 6 from 12 in the previ
ous design, and reduces the overall length of the section 
by up to 2.5 m. The penalty paid for this improvement is 
an approximate doubling of the output beam emittance. 
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PHYSICS WITH STORAGE RINGS 

R. E. Pollock 
Physics Department and IUCF, Indiana University 

Swain Hall West, Bloomington, IN, USA 47405 

ABSTRACT 

In the past few years, new storage rings with 
cooled beams have appeared in several cyclotron 
laboratories and also in other locations. A few 
examples of the physics emerging from such storage 
rings are presented, in the context of future prospects 
for this technology. 

1. INTRODUCTION 

Beam storage was first a technology for 
attaining a maximum collision energy. Now storage 
rings are being constructed for a wider variety of 
purposes. The ring may be thought of as a processing 
device interposed between the traditional 
accelerator and the beam user. With the ring, beam 
properties can be altered to increase their usefulness. 

Several of the new rings which have begun 
operation within the past four years incorporate 
beam cooling systems. Cooling was originally 
developed to improve beam accumulation to obtain 
stored beams of higher intensity. Beam cooling 
however endows the beam stored in a ring with a 
number of attractive properties. As the cooled 
metastable equilibrium state of the beam evolves, 
memory of initial conditions is lost. The beam user is 
thus isolated from fluctuations in the beam properties 
of the injecting accelerator. The phase space volume 
of the equilibrium state may be reduced by several 
orders of magnitude from conditions on injection. This 
bright intense beam with its reduced energy spread 
and emittance can make possible more precise 
experiments. 

A particle beam is one of the ubiquitous tools of 
twentieth-century physics. The composition of 
atoms, nuclei and "elementary" particles has been 
probed through the interaction of particle beams 
with an appropriate target. A stored cooled beam 
may be used in this manner, but the nature both of the 
cooling process and of the beam-target interaction 
processes places constraints on the amount of target 
material which can be tolerated. Thus the event rate 
in an experiment is not as high as expected from the 
high stored current. 

The event rate in a typical fixed-target 
experiment is the dimensionless product of four 
factors: 

beam intensity - beam particles/second; 

target thickness - target particles (eg. 
atoms)/unit area; 

detector coverage - solid angle & efficiency; 

interaction probability - cross sectional 
area/unit solid angle. 

The product of the first two factors is commonly 
referred to as the luminosity L. The goals of the 
experiment determine an acceptable range for the 
magnitude of L. For an experiment in atomic physicS, 
for example, where the cross section might be on the 

order of a megabarn, an L of 1024 cm-2 s-1 might be 
ample. For nuclear physics with a strongly
interacting primary beam and total cross sections of 

order of a barn, L = 1030 cm-2 s-1 might suffice. For an 
electromagnetic probe, add about two orders of 
magnitude for the fine structure constant. To create a 
secondary beam of useful intensity, the primary 
luminosity would have to be much higher. Factories 

may be designed for L = 1036 cm-2 s-1 or more. 
The luminosity attainable with an internal 

target in a cooled storage ring depends on beam and 
target species, on beam energy, and to some extent on 
the ring design. For light targets and light beams of 

intermediate energy, L = 1031 cm-2 s-1 has been 
demonstrated, and the ultimate limit is probably at 
least an order of magnitude higher. In broad terms, 
the luminosity attainable in rings is ample for atomic 
physics, acceptable for many strong interaction 
studies, but too low to consider their use in secondary 
beam production. 

If beam is extracted after processing, a much 
thicker target may be used, but the average beam 
current is limited to the number of particles stored 
divided by the beam processing time. In general this 
will lead to a lower luminosity than for the direct 
beam from the injector, although the external target 
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mode can still be useful as the processing may include 
acceleration to a much higher energy. 

A more detailed discussion of the processes 
limiting performance of cooling rings is outside the 
scope of this paper. Further information on these 
facilities and their properties may be obtained from 
a recent review 1). 

Abbreviated names, institutes and locations of 
cooling rings which are referred to in the following 
sections: 

LEAR - CERN Geneva 
Cooler - IUCF Bloomington 
TSR - MPI fur Kernphysik, Heidelberg 
TARN II - INS Tokyo 
CELSIUS - TSL, Uppsala 
ASTRID - Arhus University 
ESR - GSI Darmstadt 
CRYRING - MSI Stockholm 
CoSy - FZ(KFA) Julich 

2. STRONG INTERACTION PHYSICS 

2.1 Thresholds and Resonances 

The creation of a meson in a nucleon-nucleon 
collision is a fundamental inelastic process. Studies 
of this process with accelerator beams began about 
forty years ago, and a considerable body of data has 
resulted. Near the threshold, the restricted phase 
space makes the cross section small and strongly 
energy-dependent. Target impurities can give a large 
background. For these reasons measurements near 
threshold have been more difficult and the 
information obtained has been of poorer quality. 

A storage ring with cooling offers almost the 
ideal environment for threshold studies. The 
windowless internal targets are free of impurities, 
the cooled beam is nearly monoenergetic and the 
energy is readily varied in small or large steps. The 
luminosity attainable is sufficient for detailed 
measurements of sub-micro bam cross sections with 
detector arrays of good angular coverage. It is 
therefore not surprising that several of the new 
cooling rings have meson threshold measurements as 
a part of their planned research programs. 

Experiments in the first years of operation of the 
IUCF Cooler have verified that the combination of 
cooled beam with a pure thin target can result in 
vastly improved measurements of pion threshold 
channels. The pp-)ppno channel was observed by 
reconstruction of the event from the four-momenta of 
the two outgoing protons. The missing mass spectrum 
contained a useful sample ofpp bremsstrahlung events 

as well. The results have been published 2). Data of 
comparable quality which has been obtained in the 

past year for the pp-)pnn+ and pd-)pdnO processes 
will appear shortly. 

An experiment of comparable luminosity has 
been carried out with antiprotons near the charm 
threshold with an internal target in the Fermilab 
stochasticly-cooled accumulator ring. An 
experimental resolution of 0.5 MeV is obtained for 
the narrow peak at the 3 GeV JhV resonance, and 
widths of other peaks with cross section as small as 1 

nb have been measured 3). Internal target 
experiments with the JETSET detector in LEAR are in 
progress. Internal and external target experiments at 
the A-X threshold at that facility exploit the good 
beam quality of the variable beam energy antiproton 
beam. 

A comparably elaborate detector at the 
CELSIUS ring is being readied for studies of decay 

modes of the Tl o and nO mesons 4). The CoSy ring now 
under construction has measurements planned in the 
energy region of strange particle thresholds and 
nucleon resonances. Electron cooling technology does 
not at present extend to the energy range above 0.6 
GeV, so the beam for these measurements will be 
precooled prior to acceleration. 

2.2 Polarized Beams and Targets 

Experiments can be performed in storage rings 
with polarized beam or polarized targets or both. A 
scattering experiment on scattering asymmetry in the 
Coulomb-nuclear interference region, performed with 
185 MeV polarized protons and an unpolarized proton 
target in the IUCF Cooler has been reported 5,6). A 
byproduct of this measurement was the observation 
that cooling does not reduce the polarization of the 
stored beam (a lower bound of polarization lifetime 
of several hours). 

A new 3He polarized target is operational at 
IUCF and has been used within the past month for 
the first "triple-scattering" measurements with an 
accelerated and cooled polarized proton beam. 

Within the 3 He nucleus, proton spins are 
antiparallel so polarization effects at some level of 
approximation reflect largely the spin of the 
unpaired neutron. 

A polarized hydrogen target has been installed 
this past spring in the TSR where it will be used to 
demonstrate that an initially unpolarized beam may 
acquire a polarization by selective depopulation in 
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interaction with a polarized target. A polarized 
hydrogen target is also in preparation for scattering 
and reaction measurements in the IUCF Cooler. 

2.3 Heavy Ion Nuclear Reactions 

At GSI, a measurement of half-life and mass of 
an unstable beam has been reported 7). In this 
measurement, an external target bombarded by the 
SIS synchrotron beam created the radioactive 
isotope. After filtering by a fragment separator, the 
particles of interest were injected into ESR for storage 
and cooling. In this mode the ring functions as a 
precise measuring instrument following the 
production process. All stored species are cooled to 
the same velocity by electron cooling, but exhibit 
slightly different orbit frequencies even at the same 
nominal charge/mass ratio because of small 
differences in nuclear binding energies. The mass of 
the unstable species can then be directly compared to 
that of nearby reference ion peaks. A mass 
determination accuracy of 80 keY was reported. 

Stored and cooled heavy ions can also be used in 
a mode with internal target interactions. At low 
beam energies, charge-changing processes have such 
large cross sections that nuclear reactions are difficult 
to observe. Experiments with internal targets are 
practical however at intermediate energies with 
fully-stripped beams. In this regime the cross section 
for a charge-changing event in the target is not too 
large. 

The ESR at Darmstadt has demonstrated that 
the spallation products from the interaction of a 
stored beam with an Argon cluster jet target can be 
observed as accumulated and cooled secondary beams 
8) Satellite peaks are observed in the Schottky 
frequency spectrum. 

Reactions of stored radioactive beams with 
light targets are planned, offering the study of 
conventional reactions with inverse kinematics. 

The CELSIUS ring has recently stored a beam of 
160 at l00/Mev / amu. Heavy ion reaction studies are 
planned both there and at CoSy. 

3. ATOMIC PHYSICS 

The cooling electron beam may be employed as a 
target. Observations of radiative dissociation of H2+ 

at TARN II 9) and D2+ at CELSIUS10) have been 

reported. 
Radiative electron capture (REO in the cooling 

region has been used as a monitor of the cooling 

process for light ions. The loss of beam through this 
process is normally less important than through 
interactions with residual gas in the ring. The cross 
section for REC increases with beam atomic number Z 
approximately as Z2, so the electron density must be 
reduced for heavy ion beams to maintain a long beam 
lifetime. The capture may be stimulated by a pulsed 

laser 11) Rate enhancement factors of about 60 have 
been reached 12). 

If the ring design accepts a substantial enough 
band of magnetic rigidities, charge-changing 
processes may not lead to beam loss. The preparation 
of a Bi80+ beam for dielectronic recombination (DR) 
studies by injecting Bi82+ into the ESR ring and then 
collecting the products of one and two electron pickup 

have been reported 7). The injected beam serves as a 
reservoir, feeding the charge state of interest to 
maintain its population during the measurement. DR 
observations with a cooled 12C beam at TSR 13) and 
with an uncooled 4He beam at IUCF have been made. 

TSR, ASTRID and the newly-completed 
CRYRING (which has accelerated and electron-
cooled beams in recent months 14» are examples of 
smaller storage rings with significant programs of 
atomic physics research. 

4. ACCELERATOR PHYSICS 

4.1 Spin Manipulation Studies 

While polarized beams have been accelerated 
in strong-focussing synchrotrons for some time, there 
are problems with depolarizing resonances that can 
become severe at high energies or slow ramp rates. 
The use of spin rotators to ease the passage through 
resonances was proposed in 1977 but few rings have 
been constructed with the long open space required for 
a spin inverter. The rings designed for internal target 
experiments tend to have long straight sections to 
house targets and detectors. This fact has led to a 
sequence of measurements on spin rotators mounted in 
the IUCF Cooler 15) which establish the usefulness 
of such "Siberian Snakes", especially for the passage 
through imperfection resonances. In the course of 
these studies it has also been established that a 
partial snake may be employed to produce a stable 
in-plane polarization component at an internal 
target, and that the solenoids, toroids and correcting 
dipoles in the cooling section may conspire to produce 
a significant shift in the energy of depolarizing 

resonances16, 17). More recently an rf solenoid has 
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been used to demonstrate that the spin direction of a 
stored beam can be reversed in an "nmr" process. 
Reversals during a measurement are important for 
control of systematic errors. 

4.2 Laser Cooling 

Fast cooling of selected stored ion species has 
been obtained with lasers. Experiments at TSR with 
Be+ and with metastable U+ ions have demonstrated 
very low longitudinal temperatures of below 0.02 
Kelvin 12). Electron precooling to reduce the 
transverse emittance, and careful mechanical 
stabilization of photon transport structures to reduce 
vibration were needed to reach this temperature. 

4.3 Collective Phenomena 

At ASTRID a very cold Li+ beam injected for 
laser cooling studies was observed to heat itself up 
rapidly through intra beam scattering. Short length 
beam pulses showed an additional growth of kinetic 
energy through a Coulomb explosion. As the pulses 
lengthened, the stored potential energy was 
converted to kinetic form. The same system showed a 
curious implosion phenomenon for long pulses. The 
inflector could be used to fill most of the ring 
circumference, leaving a short gap in the beam 
azimuthal density distribution. Instead of the gap 
simply closing, it was found to split into two short 
gaps which maintained a constant width while 

moving away from each other 19). 
The electron-cooled beam at LEAR shows 

collective instabilities for stored particle number N 

above about N = 5 109. Application of fast feedback 
damping circuits for coherent betatron motion in both 
transverse planes has raised this limit about one 

order of magnitude 20). The control system of LEAR 
allows the dampers to distinguish between incipient 
unstable betatron motion and the closed orbit changes 
encountered during energy changes so the dampers can 
be employed in antiproton deceleration. Other 
cooling rings show similar thresholds for coherent 
instabilities. 

4.4 Orbit Dynamics Studies 

A cooled beam has suppressed Landau damping, 
which means that coherent motion persists for a 
rather long time before smearing into emittance 
growth. Beam phase space phenomena may be 
explored by kicking the cooled beam and tracking the 

coherent motion with position detectors. The 
technique generates, for example, almost textbook 
examples of phase space motion around islands of 
stability near non-linear resonances 21). 

4.5 Injection Studies 

It is clear that almost any kind of accelerator 
can serve as a cooling ring injector. Cyclotrons are 
used as injectors at several laboratories, although the 
continuous output of such machines is not an ideal 
match to the intermittent filling requirements of a 
storage ring. Other facilities employ synchrotrons, 
linacs, or electrostatic injectors. 

Each of the cooling rings seems to contribute one 
or two new methods of cooled injection to a growing 
inventory of such techniques. Cooling eliminates 
phase space volume constraints on the filling process, 
replacing these by a rate limit set by the strength of 
the cooling force. If enough time is available, the 
ring can be filled to the limit of cooled beam 
stability. 

When filling is rate-limited, the optimum 
luminosity is in general not obtained with the 
thickest target. If small angle scattering causes beam 
loss, choose a target thin enough that the emittance 
remains small compared to the ring acceptance. 

5. PROSPECTS FOR FUTURE FACILmES 

The glimpses of very useful output which have 
emerged from the early years of operation of cooled 
beam storage rings indicate that an interesting 
decade or more of their exploitation lies ahead. It is 
perhaps no longer premature to ask whether the 
concept might be extended in other new directions. 

One field of significant current interest is the use 
of radioactive beams. The ESR is in a unique position 
to process beams of all masses up to some hundreds of 
MeV per nucleon. A proposal for a new two-ring 
facility at JlNR Dubna is under review. This facility 
has a goal of collecting products of reactions between 
a cooled beam of about 150 MeV /amu and a rare 
isotope target. 

The extension of the cold storage concept to 
lighter beams and lower energies eventually runs into 
the charge-changing problem. An electron pickup in 
an internal target leads to a lost beam particle if the 
changed magnetic rigidity lies outside the ring 
acceptance. Possibly a ring of greater topological 
complexity should be designed, one in which discrete 
paths are provided for distinctly different rigidities. 
This concept has been advanced as a method for 
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improving the efficiency of strippers 22), but also 
may be used to increase the efficiency of beam use 
with internal targets and heavy ion beams, lowering 
the threshold energy for which this mode is useful. 

A natural limit to cooling of radioactive species 
is set by the relation between decay lifetime and 
cooling time. Very short-lived species are not 
amenable to cooled beam storage. However when the 
production rate is very low, it is conceivable to apply 
particle-by-particle feed forward methods to reduce 
the phase space density in flight. The idea has been 
advanced for slow muons 23) but may have 
applicability also to more exotic species. 

A second direction for possible future extension is 
toward higher beam energies. Electron cooling in the 
present machine generation is limited to about 0.3 
MeV, which can cool beams to about 0.6 GeV /amu. 
Pressurized electrostatic terminals may extend this 
limit in future by about one order of magnitude, 
provided that non-trivial problems of efficient 
electron collection and beam confinement can be 
solved for this energy range. Stochastic cooling has 
no such energy bounds. The internal target 
experiments near the charm threshold 3) show the 
promise of this physics. A proposal for a 
"superLEAR" facility has been under discussion 24). 

The possibility of a cooled light facility for 
higher energy cooled polarized beams has been 
suggested at IUCF. This would be a slow-cycling 
device, filled from the present Cooler, with ample 
space for internal targets, spin manipulation 
elements, and cooling systems. Injection at about 400 
MeV after acceleration in the IUCF Cooler should 
raise the beam current limit by an order of magnitude. 

The target heating-beam cooling equilibrium 
which determines the thickest useful target requires 
further careful study before a luminosity limit for 
this unexplored energy region with cooled beams can 
be predicted with confidence. One thing that is clear 
is that the small angle Rutherford scattering that 
provides the dominant loss process for light ion beams 
of lower energy is negligible above a few GeV. The 
stored beam may therefore be used to create nuclear 
reactions with great efficiency. 
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CONFERENCES~ARY· 

D. J. Clark 
Nuclear Science Division, Lawrence Berkeley Laboratory, Berkeley 

CA, 94720, USA 

1. CONFERENCE ORGANIZATION AND SETTING 

The TRIUMF group put together an interesting and 
smooth-running conference. Mike Craddock served as 
Chainnan of the Conference and of the International 
Organizing Committee. He was also chainnan of the Local 
Committee, which coordinated the secretariat, exhibits, 
budget, proceedings and social events. Gerardo Dutto was 
Chainnan of the Program Committee, which held a number 
of meetings to select the invited and other oral papers. 
This committee even had a newsletter to keep members up 
to date. 

The setting was the beautiful city of Vancouver, 
surrounded by mountains, rivers, inlets and the sea. The 
Hotel Vancouver had good conference and poster rooms on 
the same floor. It had comfortable rooms, fast elevators 
and a health club and pool. Its breakfast buffet served an 
international fare of exotic delicacies such as pickled 
prawns and Pepsi-Cola glazed ham. The opening welcome 
address by Erich Vogt (Dr. KAON), invited the audience to 
tear up their return tickets and stay in this magical area of 
Vancouver, which was Indian territory not so long ago. 

The TRIUMF tour on Monday afternoon was preceded 
by talks by Dutto on developments at TRIUMF, and by 
Craddock on the proposed KAON Factory. The cyclotron 
has been improved by the addition of a cavity at large 
radius, which has been shown to increase the energy gain 
per turn and thus reduce the electromagnetic stripping. It 
can also be used in the flat top mode to improve beam 
quality and H- extraction. The support for KAON has 
been growing, with the assistance of Dr. KAON, Mr. 
KAON and KAON Kim. The tour was organized in a 
flexible way to allow people to either follow a guide to all 
the stations or take a self guided tour, spending more time 
at points of individual interest by following the map 
provided. The magnetic field strength of the TRIUMF 
magnet was demonstrated by a guide on top of the 
cyclotron shielding, who suspended a quarter and a dime 
from another quarter. (This doesn't worl<: with U.S. money). 

2. TECHNICAL PROGRAM 

The following summary of the Conference covers the 
larger projects or those having some new design feature. It 
thus omits discussion of many interesting results and 

important contributions of the more than 190 papers, which 
can be found in these Proceedings. 

The early sessions were devoted to papers describing 
the initial operation of new or upgraded cyclotron facilities. 
The facilities which were completed since the last 
International Conference in Berlin in May 1989, are listed 
Table 2. A superconducting isotope production cyclotron 
without a return yoke, similar to that of the Oxford 
Instruments design, was proposed in an abstract by the 
Belgrade group, but the paper was not submitted to the 
Conference. In Table 3 are found projects which were 
completed before the Berlin Conference but have 
undergone important commissioning work since that time. 
Table 4 shows projects which are under construction and 
Table 5 shows new projects which are proposed or under 
study. Table 6 lists the storage rings and synchrotrons 
injected with cyclotrons. There are of course many other 
rings with other types of injectors. In Table 7 are listed 
radioactive beam projects associated with cyclotrons. 
Finally a list of cyclotrons shut down since the Berlin 
Conference is given in Table 8. They have lived 
productive careers. 

2.1. Invited Review Papers 

There were a number of invited review talks on topics 
of interest to the cyclotron community. The speakers were 
selected for their experience in their areas and their ability 
to present the topic to the audience. They are listed in 
Table 1. 

The reviews of non-medical and medical applications 
gave cyclotron designers an insight into the beam 
requirements in these fields. The review of compact 
cyclotrons showed the important application of cyclotron 
principles to compact commercial machines, where 
negative ion acceleration is becoming more important 
because of its easy extraction of high beam currents. New 
designs or operation of compact cyclotrons for isotope 
production, some with both proton and deuteron beams, are 
reported at this Conference. They include the Kurchatov 
MPC-1O for 10 MeV p using H-, the EBCO TR-30 and 
TR-13 for 30 and 13 MeV p using H-, the 16 MeV proton 
Scanditronix PETtrace 2000 using H-, the Nagoya/Japan 
Steel 22 MeV proton machine, the Dubna/Tashkent 20 
MeV proton design with internal target, and the IBA 
Cyclone-3 with 3.6 MeV deuterons. The review of beam 
instrumentation for cooler facilities described the feedback 
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Table 1. Invited Review Papers 

BECHTOLD 
ZIEGLER 
WAGNER 
RUTH 
PEDRONI 
THORNTON 
ELLISON 
LYNEIS 
SCHMOR 
DAVIES 
PAGANI 
BUSSE 
NITSCHKE 
BLOSSER 
HARDY 
POLLOCK 

Commercially Available Compact Cyclotrons for Isotope Production 
Material Research with Beams at Cyclotron Energies 
The Clinical use of Radioisotopes 
The Production of Radionuclides for the Biosciences 
Accelerators for Charged Particle Therapy: Performance Criteria from the User Point of View 
Current and Potential Clinical Indications of Proton Irradiation 
Beam Instrumentation for Cyclotron-Based Cooler Synchrotron Facilities 
ECR Ion Sources for Accelerators 
A Review of Polarized Ion Sources for Cyclotrons 
Advantages of Differential-Algebra and Lie-Algebra in the Orbit Dynamics of Cyclotrons 
Advances in Rf Technology for Cyclotrons 
Integrated Tools for Cyclotron Operation 
Accelerated Radioactive Nuclear Beams: Existing and Planned Facilities 
Future Cyclotrons 
The Use of Cyclotrons for Physics Experiments, Past, Present and Future 
Physics with Storage Rings 

Table 2. Projects with First Operation since Berlin Conference. 

Laboratory Facility Description 

RCNP,Osaka K400 6-sector First beam 12/91. Protons accelerated to 300 MeV. Designed for 400 MeV 
ring cyclotron protons and He2+. Iniected by older K140 cyclotron. 

Dubna, Russia U400M First beam 5/91 with a He1+ beam accelerated to 30 MeV/u. Coupled to U400 it 
cyclotron will accelerate all ions with uranium going to 20 Me V1u. 

Jyvaskyla, Finland K 130 cyclotron First beam 1/92. Design is for heavy ions and 85 Me V protons. Furthest north 
cyclotron. 

J AERI, Japan KllO cyclotron First beam 3/91. Designed for heavy ions and 90 MeV J)rotons. 
MEDICYC, Nice, K65 cyclotron First beam 12/90. Using 65 MeV protons for proton therapy and will also do 
France neutron therapy. 
KFA,Julich K180 cyclotron Upgrade, includil1R RF and trim coils, as injector for stor~e ril1R COSY. 
Uppsala, Sweden K200 cyclotron FM mode now in operation in addition to CW mode, giving 180 Me V protons at 

up to 60% duty factor. OnlY FM/CW cyclotron. 
PSI, Switzerland Injector II Increased average beam current to 1.5 rnA at 72 MeV, with special attention to 

cyclotron for defining slits, bunching and space charge. 
ring. 

Oxford Instruments K12,17 Superconducting without return yoke. NMR magnet technology. For isotope 
cyclotrons production and neutron radiography. Not reported at Conference. 

and operator assistance systems needed for these machines. 
The ion source reviews gave surveys of this important area. 
The addition of an ECR source can increase the heavy ion 
performance by an amount approaching that of another 
acceleration stage. ECR developments include the unique 
high field 10 GHz source CAPRICE at Grenoble, the 
superconducting source at MSU, and electron injection 
with either a biased disk as at Grenoble or with an electron 

gun as at LBL. With the electron gun the LBL AECR 
source has produced 1 elJ.A CW beam for each of ArI6+, 
Kr26+, Xe31+ and Bi35+. Polarized source developments 
include ECR ionizers for atomic beam sources. 
Differential and Lie Algebras are an alternative formalism 
to the conventional orbit analysis, and a lively discussion 
was held after this talk. The reviews of rf and control 
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Table 3. Projects with Major Commissioning since Berlin Conference. 

Laboratory Facility Description 

HIRFL, Lanzhou K450 ring Commissioningof ring and K69 injector cyclotron. Carbon beam at 75 MeV/u. 
MSU/Harper K96 cyclotron Superconducting "flying cyclotron" in full operation for neutron therapy in a 
Hospital hospital on a rotating gantry. Uses pulsed rf. 
RIIffiN, Japan K70 cyclotron Developed as 2nd injector for K540 ring cyclotron. Light ion energies increased, 

with protons at 210 MeV. 
GANIL C02 injecting Higher energies available from OAB and new metallic ions from ECR. 

SSCl, SSC2 ring 
cyclotrons 

MSU,NSCL K1200 cyclotron Superconducting. New tuning methods and diagnostics, including TV probe. 
ECR source development includes super gas mixing and space charge studies. 
U39+ accelerated to 25 MeV/u. 

TexasA&M K500 cyclotron Superconducting. Deflector development, main coil positioning, ECR first 
operation. Many new beams. 

Chalk River K520 cyclotron Superconducting. Deflector development to study effect of insulators, materials 
and surface treatment. Many new beams. 

Table 4. Projects under Construction 

Laboratory Facility Description 

Tech. Univ., TRITRON Separated Orbit Cyclotron, x5 energy gain as post-acce!. for tandem, 
Munich superconducting magnet aru1 rf. 
Groningen and AGOR K600 superconducting cyclotron, reached 4 T in magnet. 
Orsay 
CatanialMilan K800 cyclotron Superconducting cyclotron. Magnet cool-down measurements and tandem tests. 
St. Petersburg and U250 cyclotron K200 cyclotron. NQ = 2-10. Heavy ion cyclotron. 
Tashkent 
Gatchina, Russia 2 m cyclotron Heavy ions and 75 MeV H-. Nuclear physics and isotope production. 
NAC, Faure, South Kll injector Injector cyclotron will use ECR and polarized sources. 
Africa 
Dubna, Russia U400 plus Connection of cyclotrons will give ions H to U at 100-20 MeV/u. 

U400M 
PSI, Switzerland Ring beam Intensity will go from .5 rnA to 1.5 rnA for 590 Me V protons with upgrade of rf 

increase power. 
LBL, Berkeley K=0.05 cyclotron First permanent magnet cyclotron. For cyclotron mass spectroscopy: 14C, etc. 

systems gave up to date information in this area. The 
review of radioactive nuclear beams described production 
methods and facilities planned and operating throughout 
the world. The talk on future cyclotrons described the 
challenges of new designs and showed a simple spread 
sheet program on a personal computer to do conceptual 
designs, parameter studies and preliminary cost estimates 
on proposed cyclotrons. The nuclear physics applications 

of cyclotrons and storage rings were described in the last 2 
talks. 

2.2. Challenges for the Future 

The challenges for the future lie in the extension of the 
technology and of the limits of performance of present 
cyclotrons. These can be seen in the projects under 
construction and those in the proposal/study stages, Tables 
4,5,6,7 and in some of the review papers, Sec. 2.1. 
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Table 5. Projects Proposed or under Study 

Laboratory Facility Description 

HMI, Berlin KF A, FFAGring Accel. from 500 Me V to 3 Ge V, 1 rnA, 50 Hz, for neutron spallation source. 
Julich Bessy~Berlin This is a type of synchro-cyclotron. 
IBA - Sumitomo K230 cyclotron 230 MeV protons for therapy. Energy variation by degrading to as low as 70 

Me V. Zero hill gap at edge. 
AlmaAta K600 ring Heavy ion cyclotron. 
NAC, Faure South K200 cyclotron Superconducting cyclotron with "S-Coils" in return yoke area, for proton 
Africa therapy. 

Table 6. Storage Rings and Synchrotrons Injected by Cyclotrons 

Laboratory Facility Description 

Operating 
Indiana Cooler Ring Electron cooling. Polarized protons. Injected by K215 ring cyclotron. 
INS, Tokyo TamIl Accel. to 220 MeV/u, electron cooling. Injected by K68 cyclotron 
Uppsala CELSIUS Electron cooling. Injection by stripping and multi-tum. Can accel. protons to 1.3 

GeV. Injected by K200 cyclotron. 
Under Construction 
KFA, Julich COSY Electron and stochastic cooling, slow extraction, K2500. Injected by K180 

cyclotron. 
Proposed or under Study 
TRIUMF KAON Accel. 100 IlA to 30 GeV with 2 synchrotrons and 3 storage rings. H- extraction 

from TRIUMF cyclotron using auxiliary cavity. 
RCNP Osaka K1800 rinX Rinxinjected by K400 ring cyclotron. 
Kiev 2 rings Booster synchrotron plus storage ring, with accel. up to 300 Me V /u, electron 

cooling, protons-xenon. Injected by U240 cyclotron. Radioactive beams. 
Dubna 2 rings "K4" storage ring and "KI0" ring with electron cooling. Ring rigidities are 4 and 

10 Tm. Injected by U400 plus U400 M complex. 

We can look at projects under construction, Table 4. 
The TRITRON will be the first Separated Orbit Cyclotron 
(SOC), an idea that started in the 1960's with the "Beehive" 
three dimensional design of F. M. Russell of the U.K. 
TRITRON will also be the first cyclotron with 
superconducting rf. Like some other designs it has a 
superconducting magnet, but with the unusual feature of 
the return flux flowing between particle turns. Examples 
were given of designs up to 1000 MeV. Cyclotron 
intensity limits are being extended by the PSI cyclotrons, 
with the next challenge being the injection of the 1.5 rnA 
available from Injector II into the Ring, and its acceleration 
from 72 to 590 MeV. A new technology for very small 
cyclotrons is being developed at Berkeley with a 
permanent magnet cyclotron. 

We then have projects in the proposed/study status, 
Table 5. The FFAG ring proposed in Germany to 

accelerate protons from 500 MeV to 3 GeV would be the 
highest energy cyclotron, actually a synchro-cyclotron. 
This technology comes from the MURA studies in the 
U.S.A. The IBA/Sumitomo 230 MeV proton therapy 
design faces the challenge of fast energy variation by 
degrading, in competition with synchrotrons, and 
extracting the beam at high magnetic field by having zero 
magnet gap at the edge. The S-Coils proposed by NAC for 
a superconducting proton cyclotron at 200 Me V, are an 
interesting new coil configuration. In an abstract the 
Belgrade group proposed 2 large superconducting 
cyclotrons, 4 m diameter, without return yokes, for heavy 
ion acceleration, ISOL or acceleration/deceleration. 
Unfortunately this group did not attend the Conference and 
the paper was not received. 

The challenge for storage ring and synchrotron 
systems, Table 6, is to fully develop electron and stochastic 
cooling, and target systems, and provide upgraded control 
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Table 7. Radioactive Beam Projects Using Cyclotrons 

Laboratory Facility Description 

Operating 
1RIUMF TISOL ISOL facility with isotopes produced by 1RIUMF cyclotron, ionized in ECR or 

surface ioniz. sources, used for physics expts. R&D to support proposed ISAC 
post accelerator and ISL facilities described below. 

Louvain, Belgium K30 plus ISOL primary beam with 500 fJA P K30 cyclotron. ECR ionization and accel. 
Cyclone with K130 Cyclone. 13N1,2+, 19Ne2,3+ to.6 MeV/u, up to 50 ppA. New post 

accel. K33 cyclotron funded. 
GANIL C02, SSC1, Fragments produced by C02 + SSC1 are accel. in SSC2, identified and mass 

SSC2 measured by SSC2 to 5xlO-6. Also LISE-3 and SPEG spectrometers. 
RIKEN, Japan K540 ring Fragmentation beams up to 100 MeV/u. "RIPS" spectrometer to separate 

fragments. Energies down to 5 MeV/u with degrader. 
MSU,NSCL K1200 cyclotron Fragmentation products separated by A1200 spectrometer for delivery to 

experimental area. Suuerconducting solenoid under construction for <50 Me V /u. 
Under Construction 
OakRidge OREB ISOL facility using K100 ORIC cyclotron for production, negative ion source, 25 

MY tandem for acce!. Ion masses <80, >5 MeV/u <10 unA. 
INS, Japan ISOL facility Primary beam from present K68 cyclotron: protons at 45 MeV. High resolution 

separator with m/.1.m=5000. R&D for Japanese Hadron Project (JHP). 
Osaka K400 cyclotron Fragment separation by secondary channel with degrader. 
Dubna U400plus Fragmentation of all mass beams at 100-20 MeV/u. Analyzer "COMBAS". 

U400M Later will use storage rings K4 and KlO. 
Proposed or under Study 
1RIUMF ISAC ISOL facility using TRIUMF or KAON beam, high-resolution separator, RFQ 

plus drift tube linac post-accel. to give 1.5 MeV/u for A<60. 
ISL, North America ISOL facility Will produce all masses, with energies up to 10 MeV/u at <1012 pis. Primary 

accelerator for 100-200 ~light ions at 500-1000 MeV can be a cyclotron. 
GANIL ISOL facility Primary beam of 100 MeV/u, 10 pfJA for A up to 40, from present K400 coupled 

cyclotrons. Thick target, ECR source. Option for secondary accel. is a compact 
plus a ring cyclotron, similar to present GANIL designs. 

PSI, Switzerland ISOL facility 590 MeV p at up to 1 mA from ring, ECR source, existing K120 cyclotron 
secondary accel. 

Moscow ISOL facility Linac primary accel. Coupled cyclotrons: K208 injecting K600 ring considered 
for secondary acce!. to give >5 MeV/u for A<150. 

Grenoble PIAFE Fission products, A= 70-150, from ILL reactor to ECR source, charge + 1 ions 450 
meters at 30 kV to SARA coupled cyclotrons. Acce!. to 2-20 MeV/u, <109 pis. 

Catania/Milan K800 cyclotron Fragmentation beams at 50-80 MeV /u. Also ISOL facility using cyclotron for 
production and 15 MV Tandem for acceleration up to 8 MeV/u. 

systems so that the potential physics can be fully realized. 
The KAON facility has the challenge of extracting 100 IlA 
of H- beam and matching it to the succeeding synchrotron 
rings at 3 and 30 Ge V. 

ISAC at TRIUMF, ISL, GANIL, PSI, Moscow, Grenoble 
and Catania/Milan. 

The review papers of section 2.1 pointed out some 
challenges also. In applications, better communication is 
needed between the cyclotron "builder/operator" and the 
"user" so that new innovative uses and funding sources can 
be found. The ion source challenge is to improve beam 
intensities with an acceptable quality. For ECR sources 
better understanding is needed of rf coupling, electron 
injection, magnetic field and frequency optimization, so 
that higher charge states can be produced. Technical 

In the radioactive beam field, Table 7, the challenge is 
to provide usable beams of a wide variety of radioactive 
species, so that interesting physics can be done with them. 
A start has been made by TRIUMF, Louvain, GANIL, 
RIKEN and MSU. New beams will be provided by Oak 
Ridge, INS, Osaka and Dubna, and later hopefully by 
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Table 8. Cyclotrons Shut Down Since the Berlin Conference - R.I.P. 

Laboratory Facility Description 

CERN K600 synchro- 600 Me V proton synchro-cyclotron. Decommissioning plan paper at Conference. 
cyclotron 

AERE, Harwell K86 cyclotron Heavy ion cyclotron, high beam intensities from internal source. 
Groningen K160 cyclotron Heavy ion cyclotron. Shut down to prepare for installation of AGOR (Table 3). 

Will be used for shielding. 
McGill KlOO synchro- p, d, He-3, He-4 beams. 

cyclotron 

challenges in cyclotron design and operation continue, such 
as producing higher magnetic fields and deflector electric 
fields, and improving operator controls. 

3. SPECIAL AWARD 

The Conference Summary speaker (DJC) announced a 
special award based on his experience as a member of the 
Program Committee in reading the abstracts submitted to 
the Conference. Its text is shown in Fig. 1. 

4. SOCIAL EVENTS 

The Conference social events included 2 receptions, 2 
dinners and a choice of 5 excursions on Wednesday 
afternoon. The salmon barbecue was held on Monday 
evening at the picnic area of the impressive site of the UBC 
Museum of Anthropology, where guests could tour the 
Museum after dinner. 

The Conference Dinner was held on Thursday evening 
at the Hotel Vancouver. The master of ceremonies was 
Mike Craddock, who also filled in as banquet speaker. He 
extended the congratulations of the cyclotron community 
to Henry Blosser and Bob Pollock, who had been awarded 
the American Physical Society Bonner Prize for 
contributions which included superconducting cyclotron 
construction and a cyclotron-injected storage ring. In his 
speech Craddock pointed out that his research has revealed 
that there are two classes of accelerators, "proper" and 
"improper". The proper machines are of course cyclotrons, 
with their rotational periodic symmetry due to their sector 
structure. An example of an improper machine is the 
synchrotron, with its frequent deviations from symmetry 
due to straight sections of unequal length. He didn't 
explain how he got involved in a synchrotron project such 
as KAON. He also noted that the TRIUMF group had 
mystically arranged the weather at the Conference, so that 
the occasional rain fell at times during the sessions, while 
on the important social occasions such as the salmon 
barbecue and the Wednesday excursions the weather was 
fine. This kind of weather control is unknown outside 
Super, Natural British Columbia. 

5. PREDICTIONS FROM THE PAST 

In Henry Blosser's talk "Future Cyclotrons" at the last 
session of the Conference he made some predictions about 
future improvements in cyclotron design. Following the 
historians, it is useful to look to the past for important clues 
about the future directions for cyclotron development. We 
have often heard about ancient astronauts, but seldom hear 
of ancient cyclotron designers. Two examples will show 

the importance of this field of study. 
The first is taken from Athens (Greece, not Ohio). 

Fig. 2 shows a design found on stone at an agora near the 
Acropolis 1). This early design shows a three sector 
magnet whose spiral sectors are remarkably similar to 
those of modern designs such as the Jyvaskyla cyclotron, 
Fig. 3, which just came into operation (Table 2). It is also 
similar to other modern era designs such as the LBL 88-
Inch Cyclotron and the MSU/Harper Cyclotron (Table 3). 

The second example, Fig. 4, is a high-spiral design by 
the Maori people of New Zealand3). It was found on one 
of their meeting houses. The use of 2 sectors gives high 
flutter near the center. Apparently they had solved the 
problem of the NuR = 2/2 radial resonance which has 
caused more cautious later designers to believe that we 
need at least 3 sectors. Also this design appears to operate 
without an rf system. 

So we have much to learn from these ancient cyclotron 
designers, and I suggest that we include Athens and New 
Zealand on our list of potential locations for future 
cyclotron conferences. 
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Fig. 2. Three sector design, Athens, Greece. 

Fig. 3. Jyvaskyla K130 magnet pole2). 

FIRST TRIENNIAL AWARD 

FOR 

THE MOST LIVELY ABSTRACT 

TO 

HENRY BLOSSER 

FOR 

"FUTURE CYCLOTRONS" 

" . .IN 1972 THE AUTHOR PREDICTED A 
MINOR ROLE FOR SUPER-CONDUCTIVITY IN 
.. CYCLOTRONS. NOW 20 YEARS LATER, .. 
ALL .. PREDICTIVE RESOURCES WILL .. BE 
USED (ORDERED TRANSPARENT SPHERES, 
ASTRONOMICAL SYNCHRONISITIES, 3D 
COMPUTER CALCULATIONS, TEA LEAVES, 
ETC.) .. " 

A subcommittee will determine the nature of the 
award. 

Fig. 1. Special award. 

Fig. 4. Maori high spiral design, New Zealand. 
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PROPER AND IMPROPER ACCELERATORS - IN PRAISE OF CYCLOTRONS 
AND THEIR BUILDERS· 

M.K. Craddock 
Physics Department, University of British Columbia, Vancouver, B.C., V6T lZI 

and 
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada, V6T 2A3 

Ladies and Gentlemen - Finding a speaker for this 
evening has been something of a saga. I had hoped to 
be able to introduce a distinguished Canadian scientist, 
renowned for his erudition and wit. Unfortunately, our 
invitee was forced to cancel and we were unable to find 
an appropriate replacement. Last week, therefore, we ar
ranged some musical entertainment, but once again fate 
struck and the day before the conference I learned that 
the father of one of the duo had died, and that they 
would be unable to perform today, the funeral day. So 
the long and short of it is that you are stuck with me 
for the rest of the evening. At least I have the consola
tion of knowing from your applause for the Trio Grazioso 
that you enjoyed the entertainment provided earlier this 
evening by this group, all ex-students from the Univer
sity of British Columbia School of Music. 

Because of our lack of control over the human ele
ment in the program, we felt it necessary to demonstrate 
that at least the conference organizers were in full control 
of inanimate factors. In this respect many delegates have 
noted our successful control of the weather - how the 
rain stopped in time for the outdoor barbecue at UBC 
on Monday, how it rained again during the sessions on 
Tuesday, and how the clouds cleared as the buses left for 
the Wednesday afternoon excursions. A number of people 
have commented on this "good luck" with the weather. 
Some of the the organizers were deeply offended by such 
lack of recognition of their tour de force in weather con
trol, but most took it in good part, realizing that in many 
places such skills are totally unknown. Any fool can or
ganize a whole week of unbroken sunshine - they do it 
all the time in California - but it takes real skill to ar
range rain for the week of the conference when there has 
been a drought for several months, and then interrupt 
it exactly at the time of the excursions. In case any of 
you have to organize conferences, I can recommend it 
as a real crowd-pleaser - the sunshine is all the better 
appreciated for being uncertain until the last moment. 

Well, putting aside the tribulations and triumfs of 

·Based on remarks made following the Conference dinner in the 
Hotel Vancouver 

conference organization, I had to select a theme that 
would be popular with the listeners, and ideally even 
keep them awake. With an audience of the world's ex
perts on cyclotrons, what could be more popular than 
speaking "In praise of cyclotrons and their builders"? 
Cyclotrons I will leave until a little later, when there will 
be time to explain how their design entitles them to be 
described as "proper" accelerators, as opposed to other, 
somewhat "improper" ones. But first, ever courting pop
ularity, praise for the builders! And in praising the ex
plorers of physics, it may be helpful- or at least topical
to refer to some famous explorers of the globe. This year 
it is maritime explorers who have been particularly in the 
public eye. In his welcoming remarks on Monday, Pro
fessor Vogt pointed out that 1992 is not only the 500th 
anniversary of Columbus' exploration of the Caribbean, 
but the 200th anniversary of Vancouver's exploration of 
the Pacific Northwest. Captain George Vancouver was 
an Englishman with Dutch ancestors who had sailed as 
a boy with Captain Cook. In describing this, the last 
inhabitable coastline in the world to be discovered and 
settled by Europeans, Vancouver wrote(1): 

"To describe the beauties of this region, will on some 
future occasion, be a very grateful task to the pen 
of a skilful panegyrist. The serenity of the climate, 
the innumerable pleasing landscapes, and the abun
dant fertility that unassisted nature puts forth, re
quire only to be enriched by the industry of man with 
villages, mansions, cottages, and other buildings, to 
render it the most lovely country that can be imag
ined; whilst the labour of the inhabitants would be 
amply rewarded, in the bounties which nature seems 
ready to bestow on cultivation." 

I am sure that those of you who have an opportunity 
to explore this region following the conference will agree 
that Vancouver's description is still recognizable and his 
prophecies largely fulfilled - even to such sophisticated 
bounties as cyclotrons. 

You will understand then that George Vancouver is 
to B.C. what Christopher Columbus is to the USA. The 
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name of British Columbia is of course in itself a celebra
tion of Columbus. And mentioning Columbus gives me 
an opportunity to come back to cyclotron builders by 
way of the memorable analogy made by Weisskopt"<2): 

"Instrument construction was and will remain for 
some time the most important precondition to fur
ther progress of our knowledge of the basic struc
ture of matter. High Energy Physics today is an ex
ploratory science; it is still far from its explanatory 
stage. It may appear surprising to an outside ob
server that, in spite of this, theorists dominate the 
field and the names of the instrument builders do 
not appear on the title pages of the publications of 
discoveries. 
The situation has been compared to Columbus' trip 
to the West in 1492: The accelerator physicists are 
the ship-builders and navigators who made possible 
the crossing of oceans; the experimental physicists 
are the people who stepped upon the new territo
ries exploring the plains, mountains, streams, and the 
strange people and animals; the theorists are those 
who remained in Madrid and predicted that Colum
bus would land in India." 

While we "ship-builders and navigators" all bask in 
the praise of accelerator builders as a group, this is also 
an appropriate occasion for us to praise three individu
als among us tonight. I mean of course Reg Richardson, 
Henry Blosser and Bob Pollock, who have recently been 
awarded major prizes by the American Physical Society. 
It is surely a tribute to the degree of genius within this 
small cyclotron community that recognition has come so 
generously from the wider physics world. You will notice 
that I have inveigled all three of the prize winners to sit 
with me this evening - I am still hoping that some of 
their genius will brush off! 

Starting with the most senior, everyone at TRIUMF 
was delighted last year to learn that Professor J. Regi
nald Richardson, (Figure 1) ex-director of the UCLA 
and TRIUMF cyclotrons, had been awarded the 1991 
Robert R. Wilson prize, jointly established by the APS 
Divisions of Particles & Fields and Physics of Beams "to 
recognize and encourage outstanding achievement in the 
physics of particle accelerators" . The citation reads: 

"For his original contributions to the development 
of cyclotrons. These include the first experimental 
demonstration of phase stability, the first synchrocy
clotron, and the first sector-focused cyclotron. This 
work is the basis of numerous cyclotrons that have 
had and continue to have major impact on nuclear 
physics, solid state physics, chemistry and medicine." 

It's a particular pleasure to be able to recognize 
this award in Vancouver, which is essentially Reg's home 
town. Although born in Edmonton, across the moun
tains, his family soon moved to Vancouver and he spent 

Figure 1: Reg Richardson 

his boyhood years just a few blocks from here, close to 
Stanley Park. Then at the age of 12 he moved with his 
family to California, later enrolling at Berkeley and, al
ready showing that talent for recognizing the best scien
tific opportunities available, acquiring Ernest Lawrence 
as his Ph.D. supervisor. The rest, as they say, is his
tory. The phase-stability principle itself should have been 
enough for one man. After all, all high-energy accelera
tors, up to and beyond the SSC, depend on it for their 
operation, and without it virtually nothing of modern 
particle physics would have been discovered. 

But Reg's achievements have not only been demon
strations of principle. The major facilities he has built 
have themselves led to the opening up of new fields in sci
ence and medicine. Chief among these facilities of course 
is the TRIUMF cyclotron - unfortunately only a mere 
shadow of its original conception as a 750 Me V meson 
factory for UCLA. I count myselffortunate to have been 
here in 1964, in time to take a significant role in select
ing Reg's design for TRIUMF, and thereby to have had 
some hand in bringing him back permanently to his old 
haunts. In fact the B.C. connection was already there, in 
that Reg had maintained a summer home on Galiano Is
land, 40 km from here across the Strait of Georgia, since 
the 1940s. (Galiano, incidentally, was the Spanish cap
tain whose meeting with Vancouver near UBC in June 
1792 he commemorated with the local place names Span
ish Banks and English Bay.) Indeed, the TRIUMF cy
clotron was conceived on Galiano Island, so it seems not 
inappropriate that it should be built close by. But even 
the meson factory was not enough. Hardly had Reg re
tired as director but another relaxing summer on Galiano 
produced schemes of kaon factories. And the ink on the 
30 GeV KAON proposal was hardly dry before he had 
schemes afoot for the addition of a superconducting ring 
to reach 100 GeV. 

Reg, you are the dean of the cyclotron community. 
As you approach your 80th birthday later this year we 
offer our heartiest congratulations to you on the award of 
the Wilson Prize, and our best wishes to you and Louise 
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for the future. And please slow down, the rest of us can't 
stand the pace! 

Now I turn to the joint winners of the 1992 Bon
ner Prize of the APS Division of Nuclear Physics, 
Henry Blosser and Robert Pollock. These are the second
generation cyclotron builders - the precision men and 
introducers of new technologies! Their citation reads: 

"For their pioneering development of innovative ac
celerator configurations which have allowed new lev
els of precision and flexibility for nuclear physics re
search . The room temperature and superconducting 
cyclotron developments and the novel beam cooling 
techniques have formed the basis for a new gener
ation of facilities throughout the world which are 
currently providing important tools to advance our 
understanding of nuclear and particle properties in 
the medium energy regime. Their developments have 
also led to important advances in accelerator tech
niques for the neighbouring disciplines of atomic and 
medical physics." 

Henry Blosser (Figure 2) obtained his Ph.D. from 
the University of Virginia and was introduced to the mys
teries of the then-novel sector focusing cyclotron while 
subsequently working at Oak Ridge. Fired by its possi
bilities, he moved to Michigan State University in 1958 
and there built a 56 MeV cyclotron which became a by
word for precision in both construction and performance. 
In doing so he gathered around him a group of talented 
physicists and engineers, and founded what has become 
the leading school of cyclotron design and innovation in 
the USA. Henry then made the memorable mistake (at 
the Vancouver conference 20 years ago - perhaps it was 
the air?) of predicting(3): 

"Superconductivity then seems unlikely to make a 
contribution to cyclotrons in the foreseeable future, 
primarily because there is no overriding problem 
which would thereby be solved such as is the case 
for synchrotrons and linacs." 

Figure 2: Henry Blosser 

However, he has since redeemed himself handsomely 
by constructing a whole series of cyclotrons using super
conducting magnets. The first of these, the K500 heavy 
ion machine, was of course the first to be brought into 
operation anywhere - much to the honour of Henry, but 
to the chagrin of the Canadian team at Chalk River who 
had started earlier but run into funding problems dur
ing construction. This was followed by the K1200, bigger 
and better for heavy ion physics, and the compact "fly
ing" cyclotron, which can be swung around the patient 
to alter the beam direction, now in regular use for neu
tron therapy at the Harper Hospital. Meanwhile, these 
developments had led to the dedication of the National 
Superconducting Cyclotron Laboratory, with Henry as 
its first director. 

Henry, we salute you for demonstrating that cy
clotrons can be precision tools, for vastly extending the 
capabilities of cyclotrons by introducing the economies 
of superconductivity, and for generating a steady stream 
of graduate students to maintain the health of the com
munity. You and Mamar have all our good wishes for 
the future. I should also add that Henry has taught me 
all I know about the use of a hand bell by a conference 
chairman. 

Bob Pollock (Figure 3) is another Canadian, a grad
uate of the University of Manitoba, and a member 
of a family prominent in the early settlement of that 
province. After a Ph.D . and teaching at Princeton he 
moved on to Indiana University and became director 
of IUCF, where he supervised the construction of the 
two ring cyclotrons and various spectrometers, and the 
development of a very productive laboratory for light 
ion physics. Perhaps it was the complete separation of 
the sector magnets in these rings that freed his mind 
from conventional cyclotrons, perhaps it was the suc
cess of the Intersecting Storage Rings at CERN and the 
plans for a Low Energy Antiproton Ring there; whatever 
the reason, he conceived the brilliant notion of build
ing a cooling and acceleration ring as the third stage 
of IUCF, to produce ultra-high-quality beams and raise 
the proton energy to 500 MeV. He then led the de
sign and successful construction of this ring, the pro
genitor of a number of storage rings built for nuclear 
and atomic physics. While he has become a consum-

Figure 3: Bob Pollock 

Proceedings of the 13th International Conference on Cyclotrons and their Applications, Vancouver, BC, Canada

767



mate expert in accelerator design and has plans for even 
bigger rings in the future, he has always maintained a 
strong involvement in nuclear experiments, particularly 
meson production near threshold, and is now busy meet
ing the challenges posed by performing experiments in a 
circulating beam. 

Bob has one other talent that should not pass un
mentioned and uncelebrated - he can pack more informa
tion on a viewgraph than anyone else I have been exposed 
to in a lifetime of lecture attendance. Most of the skills 
cultivated by cyclotron builders and nuclear physicists 
are too esoteric to be of interest to the general public -
but here is one that could surely make it into the Guin
ness Book of Records. Writers of the Lord's Prayer on 
the head of a pin - beware - your fame is about to be 
eclipsed! 

Bob, we congratulate you on this prize, which is a 
tribute to that deep understanding of accelerator design 
and flare for innovation which have given us the first 
ring cyclotron and first cooling ring dedicated to light 
ions. At TRIUMF you served long and faithfully on our 
Advisory Board and we hope you are now enjoying your 
retirement from that duty. 

It is a special pleasure that two out of the three 
prize winners have Canadian roots. It is of course only an 
historical accident - the magnanimity of the Canadians 
in returning Detroit and its hinterland to the USA after 
the war of 1812 - that we do not lay claim to the third 
as well. 

Having praised their builders, let's move on to the 
cyclotrons themselves - the first of the circular acceler
ators and the embodiment of all those principles which 
entitle them to be referred to as proper, as opposed to 
improper, accelerators. What do I mean by a "proper" 
accelerator? I mean one whose design is characterized by 
simplicity and symmetry. The beauty of circularity has 
been recognized from time immemorial - in the shapes 
and orbits of the sun and moon, in the paths of the plan
ets, in the stone circles of Stonehenge in England and 
British Block in Alberta, in the dome of the Pantheon ... 
Early synchrotrons exhibited circular symmetry in per
haps a more perfect form, since they had no trace of the 
spirality inherent in cyclotrons, but modern machines 
have deviated sadly from the ideal. Linear accelerators 
also have a symmetry which entitles them to be called 
"proper" , but what a clumsy and unimaginative symme
try that is, requiring separate radiofrequency fields and 
equipment to be provided for every step of acceleration! 
The linac is straight, both literally and colloquially, but 
not smart. 

The cyclotron is not only properly symmetric, but 
by making repetitive use of the same accelerating system, 
achieves compactness and elegance of design as well. The 
construction of a classical cyclotron illustrates a classic 
response to a major design challenge, incorporating sev
eral disparate elements in a compact assembly, somewhat 
in analogy to nature's elegant solution to the design of 
fruit in spherical layers working out from the seed to the 

skin. Thus around the particle beam we build the accel
erating structure, around that the vacuum chamber, and 
around that, finally, the magnet. 

I have to admit, of course, that people have not been 
content with this classic simplicity. They have played 
around, complicating the design in the name of "im
provements". They have allowed the radiofrequency to 
vary, forcing the cyclotron to operate in fits and starts 
as a so-called "synchrocyclotron", they have broken the 
magnet into separate sectors, forcing the ions to orbit 
in a drunken way around Lawrence's beautiful circles, 
they have distorted the magnet sectors from straight ra
dial edges to contorted spirals, they have even cut out 
the centre - the heart - to form a "ring" cyclotron, all 
with the excuse of attaining higher energies. And I'm 
sorry to say that some of our most respected colleagues, 
even including Reg Richardson here, have been involved 
in this mad race for progress. But through it all some 
symmetry has been retained, maybe three-fold or six
fold rather than perfect axial symmetry, but enough for 
the cyclotron to retain its claim to dignity as a proper 
acceler ator. 

Freedoms beyond these, however, amount to noth
ing more nor less than license. The rot began with the 
synchrotron, once the accelerator with the most perfect 
circular symmetry, with the addition of short straight 
sections to accommodate accelerating cavities and beam 
transfer equipment, and by the division of the magnet 
into alternate focusing and defocusing sections; but at 
least these changes retained some higher-order axial sym
metry. The process accelerated, however, with the adop
tion of "separated function" designs, in which focusing 
and bending magnets were completely separated, and 
with the advent of storage rings, requiring long straight 
sections for particle detectors, cooling systems, Siberian 
snakes, and so on. 

Nowadays we seem to have arrived at a free-form 
school of design, in which an accelerator is nothing more 
than a beam transport line bent into a loop. In these 
designs it seems possible to arrange the elements almost 
randomly, simply for convenience, rather than in obedi
ence to some higher principle. An early example of this 
dangerous trend, I'm sad to say, was perpetrated by one 
of our prize winners, Bob Pollock. If his cooler ring for 
IUCF had retained that hexagonal symmetry with which 
it was apparently originally conceived, there would be 
no question but that it should be counted as proper; but 
with the sides lengthened here and shortened there to 
meet merely practical needs, it teeters on the edge of im
propriety. Then there is the Main Injector proposed at 
Fermilab, in which almost no signs of symmetry remain; 
it is true that the two long straights are parallel, but 
they are displaced lengthwise as if the two sides of the 
ring had suffered an earthquake shear. This is certainly 
an improper accelerator. 

These tendencies are usually justified as making ac
celerators "easier" to design and build. Here we see a 
parallel with modern society, in which easiness is counted 
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as a virtue - surely an unmistakable sign of a decadent 
civilization. The freedom that takes away constraints 
also takes away the challenges. When the dipoles and 
quadrupoles and correction magnets and rf cavities and 
vacuum chambers and injection systems and extraction 
systems can all be designed independently of each other, 
where are the challenges needed to transform our tal
ented young graduates into the master craftsmen of the 
future? Considering this transition from formalism to 
freedom in accelerator design, it may be instructive to 
draw some parallels with the transition from classic to 
modern art. In music we have come from Bach to Boulez, 
in drama from Sophocles to Samuel Beckett, in painting 
from Piero de la Francesca to Pablo Picasso - analogies 
demonstrating that uncontrolled freedom simply leads to 
anarchy. 

In the case of cyclotrons we have not yet reached 
this terminal stage, and there is even some indication 
of a return to basics. Dangerous flights of imagination 
still occasionally occur, however, even among our most 
sage colleagues. For instance, I was shocked earlier this 
week to see a poster by David Clark, in which one of 
the cyclotron designs considered had four sectors at the 
centre, dividing into eight in the outer region. I am glad 
to report that this was rejected in favour of a simple 
8-sector spiral. 

The return to basics that I mentioned and com
mended above has been brought about largely by the de
mand for superconducting cyclotrons for nuclear physics, 
for neutron therapy, and for radioisotope production. 
This is a perfect demonstration of how challenges are 
necessary to bring out the best in people. The advantages 
of using superconducting magnets are normally said to 
be economies of size and of dollars, but this misses the 
whole point . Finance is always a secondary consideration 
for the true craftsman. The really important factor here 
is the miniaturization, which sets major challenges not 
only for the mechanical engineering but for the voltage
holding on both rf cavities and electrostatic deflectors. So 
Henry Blosser at MSU, and Harvey Schneider, Clarence 
Hoffmann and their colleagues at Chalk River, didn't 
go superconducting because it was cheaper, but because 
it was more difficult! Here we can draw a parallel with 
the great sculptors of the Renaissance, who delighted 
in demonstrating their virtuosity by casting bronzes of 
greater and greater complexity, in the hope that their 
rivals couldn't match them. And so it is with master 

cyclotron builders. Great men can only demonstrate 
their greatness by overcoming great challenges - and this 
they have done best of all when working within the con
straints imposed on cyclotrons as "proper" accelerators. 

I will close by wishing you all success in meeting 
the challenges of designing and building new and better 
cyclotrons - provided of course they remain "proper" ac
celerators. And as this is the 20th anniversary of the 1972 
conference held in Vancouver, we hope that if you follow 
this advice we can look forward to cyclotrons flourishing 
for another twenty years and the 2012 conference return
ing to Vancouver again. Perhaps we should regard this 
hotel as a particularly appropriate venue. In the lobby 
downstairs you will notice that the chandeliers are sup
ported from mouldings clearly representing the 8 sectors 
of very proper sector-focused cyclotrons (Figure 4). 

Figure 4: Ceiling moulding - Hotel Vancouver (Photo credit 
- Tallulah) 
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