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@TRIUMF
What is TITAN ?

TRIUMF’s lon Trap for Atomic & Nuclear Physics
—Facility to perform high-precision atomic mass measurements.

—Main motivations: Mass measurements on short-lived isotopes
(level of precision: Am/m<10-8)

TITAN

ISAC-TRIUMF

Measurement
Penning trap

Cooler
Penning
Trap

Under construction:
Installation planned
for Dec. 2009

~2 keV

RFQ
Buncher & Cooler

Decelerates beams )
—TITAN composed of 3 ion traps (presently)

» ISAC Beamline —Electron Beam lon Trap (EBIT): Produces
Highly Charge lons

~20 - ~60 keV | A*

Radioactive isotopes from an ISOL facility (TRIUMF ISAC).
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_@JRNMF
Production of Radioactive Isotopes - ISOL

; . . Target container ...
Carbide targets: Residual P<5kW 20 mm diameter LLAN

500-MeV proton beam Si, Ta, W, ... 20 cm long

I * proton beam

0/' |./ \\ @ Exotic isotopes
EuTR

P~40 kW

)
A>170 under development

Proton
i target ass'y

Some heavy masses may be
produced presently from test
actinide targets (e.g., UO,).

Base : NUBASE
\Version: January Ogth, 2004

Parity (Z,N) : all

HALF LIFE T
| T<0.1s

Oois=T<3 s
O3ssT<2m
O2m=sT<1hn
Od1h=sT<1d
B1dsT<1y
O1vysT<1Gy
BiGy=T

O uUnknown half-life
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TITAN Facility

lon beams from the RFQ can be sent to the Penning trap or the EBIT.

nnnnnnn

. BIT HY PS / gL |
Top view | (i |
EBIT |Isolation — '
s : \roms(o/\r\mer_ i | ¢ Tw !
Transfer efficiency for singly charged ions, | ‘ | &2 EgiT ‘
RFQ — EBIT (trapping) — Penning trap: =~ ‘ || O | === || roniil
e | A\ I Dl A
"‘50-60% : ‘ ' ;“\"» | 364 4540 ‘
: o "“I seata .
21231 || 68 lon injection & extraction
- " ¢ . atthe same E/q value
Conivls 507 | - ‘ + %L:?:;‘w r ‘ |
/) / ‘ Desk 27.723 1 % i Front||[Front]] |
Front| | Front|||[ G ‘ 4{” ! i% 2B ZA ‘
‘ Aq+ 494 | A+ 10480 ||| 5240 i
i ~2 kV « q ﬁ | —2kev FreE )
1004 , | ind ' = 5
fj/ Mass Measurement t 1 I‘ ey ! 5!
e Penning Trap Cooler Penning Trap ‘ | V ‘7
P L o RS —
| = oo il N TR 0
: - ‘ . 3 - 1?1
1 - No analyzing magnet:

— All the ion optics elements are electrostatic.
— Different m/q ratios resolved by time of flight.
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@TRIUMF
Cooler Penning Trap

Main purpose: Increase the precision of measurements by phase-space cooling LAl
HCI’'s with low-energy protons or electrons to 1 eV/q prior to mass measurements.

Side view Mass measurement Cooler Penning trap
trall’p (3.771) ‘ ' EBIT

(51.500)

Penning

e—_—
"

(6.250)

Nm)
i T o~ I 1

: MCP detectors, that can be

"""""""" replaced by Silicon detectors
Superconducting
Lol —~ Solenoid (7 T) | T

This Arrangement Shows th 2 |
Addition of the Daly Detect
i odified Beam Lin

|4

= P

Singly or highly charged ions can be
trapped - In-trap decay spectroscopy

— Look for 's or a’s produced in the decay of
trapped radioactive isotopes.

Nested Penning trap: — After RF cleaning, extract the daughters of
Coaxial cylindrical trapping decaying mother ions

%S erEm
rees® SO | un

Gy 2 & - = = _ i
B or a guided out of the trap by trap magnetic field electrodes
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High-Precision Mass Measurements

Hyperbolic Penning trap The TITAN Penning trap =
f system is now operational
riszt—» _Correction electrode Mass of Halo nuclei

N —— e A R (nuclei with orbiting valence nucleons)
744 i nd cap electrode
— He-6 6.01888587(72) u
|7 Ring electrode
aLs He-8 8.03393440(16) u
{4 Sticed corr. Elect. Li-11 11.04372361(69) u
Y Be-11 11.02166155(62) u

3 hyperbolic electrodes:
Quadrupole potential well

cyclotron (+

magnetron (-)

Time-Of-Flight lon Cyclotron Resonance: Singly or highly charged ions can be
— TOF of ions extracted onto a MCP after RF trapped - In-trap decay spectroscopy:
excitation of ion motions @ the ion cyclotron , , . .
frequency. — B’s or a’s guided by the magnetic field &

detected by a silicon detector out of the trap.

— Extract the daughters of decaying mother
lons after RF cleaning (mother).

N N |
I MCP detector (~1 m away) o '

= = 1 — L 16

f
Y

Bl Tt

g R
T 4.50 J ' ém
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What is an Electron Beam lon Trap ?

An EBIT is and lon trap that...
— Produces & traps highly charged ions (HCI’s) with of a high-current density electron beam.

TITAN

Helmholtz geometry Superconducting coils ~ _ Beam Size ~@4A0 um @ 5 T

\ i Magnetis Field
Cathode | N\ + \Collector
Drift tube ass’y

HCls produced by sepwise vt Radil poteral
electron-impact ionization. = : Electrostatic potential
experienced by ions.
lons are trapped: il potenta EBIT: Open-accessed trap for
Axially (B-field axis) spectroscopy:
1) Electrostatic potentials to drift tubes — X-ray spectroscopy
(quadrupole potential. well). — Visible spectroscopy
Radially — Electron capture recombination
1) Elgctron beam s.pace charge potentia.ll. In-trap decay spectroscopy
2) Axial magnetic field (HCI‘s trapped with of radioactive ions

no electron beam for ~sec's)
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@TRIUMF

LeGe X-ray detector TITAN EBIT

~S_100keV.  Twin of the FLASH EBIT (next talk; built at the MPI-K) ~ TZax

 most N P 5 %
h: P U SR < 4 gl
5 wrdll | 3\ T S = o v !
AARE o | * R ¥ ( Py ; A+
CEELRRRT T . ¢ L M ‘i L% — C _

As cloée as 10 cm away fiom ..‘. = E< 9} a5 T - : Injection
the t[ép/o‘e'rfer;, Q=-0.1% - 1T e W N T [, S ~ 2 keV

Extraction
~2 I(VExt Xq

Electron gun
(10” cube)

= SRy ——

75 LITER DEWR
— 206
EXTENDED
J -
i1 Lo o Coaxial Ge X-ray detector
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@TRIUMF

Rendered Cut of the TITAN EBIT

Design values

Liquid helium-free Max. e-beam energy
superconducting coils

Max. e-beam current

[ ‘ Max. magnetic field strength
Cathode upgrades 1A&5A
Herrmann) beam diameter (FWHM) [ ~40 pum

lenses

Electron beam current density ~10° Alcm?

_|
i nesens M

N
-

Electron gun
IS
retractable

Electron collector Trap Electron gun Number of trapped ions:  106-108
@ @ @ Electron number density:  ~5x1022 e/cm?/s
Up to ~60 kV 0 to ~10 kV Up to ~60 kV Beam energy spread: ~50 eV

The gun & collector must be biased at high voltages

. el 90+
to reach high electron beam energies. Highest charge state: He-like U
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Superconducting
coils (Nb ,Sn) @ ~4 K Thermal shield @ ~30 K Electron gun

The Trap

ISAC-TRIUMF

Trap config. of
various lengths

: Electron
Beam

o, 8-fold segmented central drift tube:

9 cylindrical Be windows — Clean ion contaminants with RF field.

drift tubes 7 access viewports for spectroscopy — Study the trap content by lon Cyclotron
Resonance.
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Retractable Electron Gu

o TITAN
I ] The e-gun can be
T3 | ‘ replaced by detectors.
: : L] .
' ‘ Silicon detector
‘M _ Q Sl 5 for Bora-decay
i 3 ; '\ T . —T . measurements
¥ | \ ! ‘% ”
s Llj Jé: ™ .
e s e
lon beam
image lon beam
lon beam image
from a mirror
MCP w/ phosphor
Li-ion beam Radius: ~1.5mm

MCP w/ phosphor screen placed | image injected
between the trap & electron gun for
alignment of singly charged ion beams

camera.
(injection).
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Charge Breeding & Extraction

Since Nov. 2008, we can extract HCI's from the EBIT...
Time-of-flight spectra of residual gas ions

ISAC-TRIUMEF

4000 i | I | I | I ) I ) I ) I ) I ) I ) i
3500 o*  soons End cap extraction voltage=1940 V
3000 - 7+ \ 2.76 micros ,  Extraction time=~200 ns -
4 @) 4
g 2500 4 ,2oons E-beam energy: 4 keV N
S h 6+ He-like oxvgen E-beam current: ~50 mA N
@) 2000 i Q / ¥ lon beam energy: 2 kV x q -
O 1500 - _
1000 H |Nj o*1c* No injection of ions;
500 4 |C K HCI produced from background gas
0 _'_J e . ]
) I ) I ) I ) I )
11 16 17 18 19 20
3000 . I . I . I . I .
2500 _ /\ End cap extraction voltage=1960 V _
- Extraction time=~200 ns -
« 2000 =
% . i
3 1500 ] g
O 10004 _
500 - -
0 -
| ' | ' | ' | ' | ' | ' | ' | '

=
N
=
w
=
D
[ERY
(&)
[N
(o)
[N
~
=
(o)
=
<o)
N
o

Time-of-flight (us)
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The geometry of the coils (Helmholtz) allows visible
access to trapped ions for spectroscopy.

X-ray Spectroscopy

X-ray spectrum of residual gas ions

10000 E ! I ! I ! | ! | ! | ! | ! | ! | ! | ! | ! | ! | !
] H-like Ar Ly-a
He-like Ar K,u n=2 - n=3 transitions in Ne-like Ba*"
~=
1000 E oo Frs Rl NV .
] _ . ] AXS Q?OSe as 10.cni away from the
Radiative capture into ] teTQ=~0.1% -
42 the K shell of bares C, O & N | -
o 1004 Radiative capture into |
O ] "t the K shells of H-like
He-like Ar KB & bare Ar HPGe
H-like Ar Ly-B detector
O
: E-beam energy: ~ 7 keV
l—-‘—> E-beam current: ~50 mA \ J L Tt
b e N\ ectron

Beam

0 1 2 3 45 6 7 8 9 10 11 12 13
Photon energy (keV)
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Charge Breeding of a Radioactive Isotope _‘
In April 2009, injected & charge bred our first radioactive ion (Na-25) into the EBIT m

Time-of-flight spectra
50"'1"'1"'|"'|"'|
E-beam energy: 4 keV
+ [E-beam current: ~5 mA
N jon beam energy: 2 KV, X q

404 25N3a half-life= 59.1 s Trapping potential: 150 V
Extraction time: 1 us
. |
o 304 N i
= L
5 N Injection
8 20 - Na . No injection i
O (residual gas)
2+ 25 2
O Na
.
H,O

Time of flight (us)
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Mass Measurement of a HCI

He-like O°* mass measurement with the TITAN Penning trap

14 - TOF-ICR
13 - { { {
9 12-
% E-beam energy: 4 keV
= 114 E-beam current: ~50 mA
© lon beam energy: 2 kV x g= 12 keV
g Shallow trapping potential: 150 V
= 10 + Extraction time: 200 ns
9~ 1 606+
8

I . | s | 2 1 4 I
200 -100 0 100 200
v.. - 21327184 (Hz)
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TITAN

Prospects of Experiments with
Radioactive Highly Charged lons

Outline

» Results of nuclear-decay electron capture measurements in singly charged ions
» Measuring the energy of the 7.5 eV Th-229 isomer
* Nuclear Excitation by Electron Capture (NEEC)
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@;rmump
EBIT with NO Electron Beam

Program @ TITAN: Electron Capture Branching Ratio Measurements in Singly Charged lons

Nuclear-decay Electron Capture (EC): Proof-of-principle experiment:  197In

p + e 9 n+ Ve 10710 t1/2: 32.4 min

4.?....7 w: 63.9%
o = = => X-ray 107cd ty,=6.5h
EC ~ 99.8%
1077

After EC, the daughter emits X-rays, as B’'s from implanted ions on an
a result of decays of electrons filling shell Al foil in front of the Si det. W
vacancies. e e, Replaced the gun by
silicon detector for (3-
100 Beta-spectrum

EC-BR measured from X-ray yields .

—EC-BR used to evaluate 33- and Ovpp-decay o
nuclear matrix elements (benchmark theory). fw

— If OVPP decay is observed, such matrix elements ~
can be used to infer the neutrino mass .

decay measurements

20

| PRRTRTI)

Candidates for EC-BR measurements: E o w oam x W% a0 & w0 S
82mBr _, 82Sg, 110Aqg , 110P(, 100T¢ (EC: 0.003%) - 1Mo
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@TRIUMF

Proof-of-principle experiment:

EBIT with NO Electron Beam

LEGe X-ray detector (~0.02% solid angle)

) . S\ ﬂ
\ ~ : 3

1071

07In  t,,=32.4 min

w‘~ 63.9%
107 t,=6.5h
EC ~99.8%
107Ag

What we expect to see in X-ray spectra:

TITAN

ISAC-TRIUMF

[ 1 with Noinjection

. : 10 - ..
> Kq &Kglines in 107Cd. I o7+ injected
C
- 0 " E - . - :
Ground state decay X-rays from EC (64%): S ytransition in 1o7Cd. £
N / 77
Energy Intensity Z
keV % =
(keV) (%) E
2
XR 1 3.13 3.92 % 17 £
=
XR ko2 22.984 14.1 % 7 3
XR kol 23.174 26.4 % 13 % 7 | 7
XR kB3 26.06 2 29 8§ 73 “ ;
XR kpl 26.095 4.41 % 21 0-f 1 -
202 203 204 205 206 207
XR kp2 26.644 1.14 % 6
Energy [keV]
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Low-Energy 22°Th Isomer

keV
71.82

229Th isomer measured @ 7.5 eV + 1 eV (talks tomorrow) | o
Beck et al. PRL 98 142501 (2007) i
Lifetime of the isomer (neutral atom) calculated ~10 ps

29.19

Karpeshin & Trzhaskovskaya PRC 76 054313 (2007)

5/2* 0 3/2*

" 0.008

5/2 [633]

We could measure precisely the isomer energy with E BIT! 22%Th
2 ac PROBLEM: Isomer would decay in the ISOL target
e e before being extracted - Diffusion time ~ms — s
Q=1 1521073 .
SOLUTION: Produce & Trap singly charged 22°Ac
T,,~1 hour
172 229Ac decays to 22°Th by [(3- decay
Isomer populated in the 22°Ac decay.
1 3
1 Dggﬁﬁ;fnfggggfnnﬂ .
e
1| & _ 4 I
T o 45 WAl Some ytransitions
A
- ?1—42-4 3~ populating the isomer...
1.14z10"3 : v
Ey-keV)  %al- log &t 229Th

20
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SR TRIUMF
Low-Energy 22°Th Isomer

Vacuum ultraviolet (VUV) spectroscopy of singly charged 22°Th

100 T T T T % T T t.‘

—— 2048-pixel binni & o

a) b) = 100-p5;:1cbi;:?r;gg s -
Flalfﬁeld S 80 z E ]

F8Ehe E AR=0.015nm .
= 60f ™ .
2 43 ]
’.J;r:‘H _______ Ej g 40 + - “ :I o ]
! -
3-slit assembly Eloct ok CCD Chip = C’Of / LI __‘/ \
G 1 1o 17 18 19 20 21 23 23
Wavelength (nm)

Relative precision AE/E<0.01 -> ~0.1eVoutof7.5eV?

The lifetime of the isomer in HCI's (hyperfine quenching)

TABLE I. Energies of the hfs levels and mean lifetimes of the M1 transitions to the /=2 (low) state and
. R . . . . . VI Gqny
to the F'=3 state (in brackets) for E,,,,=10 eV, and for three charge states of the **’Th ion.

Tons H-like Li-like Na-like
State F Ep(eV) T (s) Ep(eV) T (s) Ep (eV) T (s)
|4) 1 10.12 0.010 10.02 0.72 10.004 8.3
[3) 2upp 9.96 0.007 9.99 0.44 9.997 50
(0.010) (0.54) (6.0)
12) 3 0.39 0.065 0.05 36.5 0.015 1.4%10°
1) 2low —0.58 -0.07 —0.020

K. Pachucki et al. PRC 64, 064301 (2001)
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Nuclear Excitation by Electron Capture
NEEC NEEC-y RR

— Free electron is captured into electronic bound state & 1

a nuclear state is simultaneously excited.
— Nuclear state de-excites by IC or y emission.
— Best atomic systems to observe NEEC are HCI's; P M

nuclear transitions are in the keV range. l .

: K —0—G
Challenging to observe: E TS
) nuclear ebeam
— Weak resonance strengths ~10 26 cm? eV. E ~271P RRis~10%more
. . max cross-section .

— Y's masked by rad. recombination X-rays (same energy). E.ax ebeam™ 7D keV likely than NEEC !
— IC electrons buried within the e-beam (same energy). E. ucear < 100 keV

RR is observable in an EBIT, what about NEEC ?

E-beam current 500 mA 5 A
E-number density 5x10%2 e/lcm?/s | 5x10%3 e/lcm?/s
He-like ions ~106 ~107
Expected count rate ~10 / min 11000 / min

~ 17 / sec

7 X-ray detectors =2 2~ 2%
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Nuclear Excitation by Electron Capture

ISAC-TRIUMF

2-level systems are not ideal to observe NEEC o NEEC- 2y
— NEEC y's are concealed by RR x-rays E2
\ -
Best option: 3-level systems & detect y's El
— Short-lived nuclear states - “Strong ” strengths M -
— Isomer excitation - “Weak” strengths (small trans. probabilities to GS) -
" : . . K —
— Exciting from an Isomer = Low production yields in the ISOL targets =0 L
3-level candidates with short-lived nuclear states: for capture into the L shell of He-like ions
Element Z Mass Nucleus He-like IP Li-like IP Max.C-S E-beam Energy Upper Level Half-life Inter. Level Half-life Gamma_Utol Gamma_ltoG
u Half-life keV keV keV keV keV ns keV ns keV keV
Sm 62 151 N0y 52.73 13.26 35.80 52.57 65.83 0.4 4.82 35.00 61.01 4.821
Sm 62 151 N0y 52.73 13.26 35.80 56.44 69.70 0.5 4.82 35.00 64.88 4.821
Dy 66 161  Stable 60.33 15.23 41.11 28.60 43.82 0.83 25.65 29.10 18.15 25.65
Dy 66 161  Stable 60.33 15.23 41.11 59.34 74.57 3.14 25.65 29.10 48.91 25.65
Os 76 187 Stable 82.24 20.92 74.33 0.02 9.75 2.38 64.58 9.746
\Os 76 187 Stable 82.24 20.92 75.04 0.02 9.75 2.38 65.29 9.746
600 ‘Pt 78 187 2.35h 87.15 22.20 74.57 0.5 9.27 1.00 65.30 9.27
Pt 78 1187 2 8k 87.15 22.20 74.57 0.5 25.54 0.70 49.03 25.54

We are looking for other candidates...
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Nuclear Excitation by Electron Capture

A good candidate for NEEC must yield a low background level. =

Sources of background:
—Nuclear transitions blended by electronic’s excited in the EBIT
— Positron annihilation - Radioactive isotopes

— 23 keV (Ku)

107In proof-of-principle experiment: Strong &
broad background

beam on
beam off

Compton scattering of 511 keV
photons ~ 0.02 cts/min

Proof-of-principle experiment:  107In

= 205 kaV

07n  t,= 32.4 min

190 EC: 64% & [3+: 36 %
107¢q

e ]

# counts

— 321 keV

<4+— Line @ 511 keV:
positron annihilation

i y A AL 15 o
o 1 el =V 1 VT A e agilll =
100 00 300 00 500 600 700

E [kev]
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2 TRIUMF
Summary

X TITAN facility @ TRIUMF: High-precision mass measurements.

X 3 traps for in-trap decay spectroscopy of singly and highly charged
radioactive ions.

X Observed nuclear-decay EC events in the EBIT with NO beam.
X Future opportunities with the EBIT:

— Measure the energy (high precision) of the Th-229 isomer.
— Observe NEEC (high current density & large solid angle).
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TITAN
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Brunner, Stephan Ettenauer, Aaron Gallant.

Former members: Chris Champagne, Ryan Ringle, Vladimir Ryjkov, Mathew Smith, Zunjian Ke,...

TRIUMF Staff: Melvin Good, Pierre Bricault, Ames Freidhelm, Mathew Pearson, Jens Lassen, Marik
Dombsky, Rolf Kietel, Don Dale, Hubert Hui, Kevin Langton, Mike McDonald, Raymond Dube, Tim
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