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iiAbstratThe TRIUMF's Ion Trap for Atomi and Nulear siene (TITAN) experimentwill use Penning trap (PT) for preise mass determinations on short-lived iso-topes at ISAC. An Eletron Beam Ion Trap (EBIT) is used to harge breed ionsto a harge state q. The PT mass resolution is diretly proportional to q, result-ing in a signi�ant inrease in the ahieved preision. This PT system will allowvery aurate mass determination, via time-of-ight (TOF) measurements, onthe order of Æm=m � 10�8 on isotopes with a half-lives of about 50 ms usinghighly harged ions (HCI). This thesis presents work on TITAN's PT design, aswell as studies arried out at other PT experiments.Sine after the EBIT a beam of HCIs needs to be eÆiently transferred intoand out of the PT, additional ompliations arise, therefore, ion ight simula-tions of the injetion and the extration of ions from the PT were performed.Simulations have determined the optimal ion optis to minimize the diameterof the ion bunh entering the PT. Simulations of TITAN's Lorentz steerer, the�rst one for HCIs, have shown it is possible to injet the sample, suh thatadditional preparation in the PT beome obsolete. This redues the requiredtime and presents an important improvement for operation with short-livedspeies. TOF simulations to optimize the extration geometry for HCI andsingly harged ions were arried out. The resulting geometry for injetion, PTstruture, and extration has been designed and is under onstrution.In addition, two omplementary projets were made on existing PT experi-ments. First, a magneti �eld stability study of ISOLTRAP's PT has found amagneti �eld-temperature orrelation and a day-night temperature variationinside the magnet bore. This presents an important determination of a soureof systemati unertainty similar to what TITAN will have. Finally, a referenelaser ablation ion soure for the Canadian Penning trap experiment has beendesigned and is presented.Maxime Brodeur. brodeur�physis.ub.a
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Part IThesis



2Chapter 1IntrodutionSine the beginning of the twentieth entury, detailed atomi mass studies havehad an important impat in all �elds of physis. For example, in 1920 F.W.Aston [Ast20℄ disovered the \mass defet": while nulei, like helium, have anintegral masses (4.000 u), some like hydrogen, present non-integral mass values(1.008 u). The mass defet is the di�erene between the number of nulei andthe atomi mass in units of atomi mass u. In 1920, Sir Arthur Eddingtoninterpreted the 0.008 u \mass defet" of hydrogen in term of a \binding energy"that is released when four hydrogen atoms form helium. This was the �rstsuggestion that the sun obtain its energy from fusion reation. Nowadays, anaurate determination of atomi masses is more than ever of high importane.Penning traps, whih will be introdued in this thesis, represent the state-of-theart in high preision and auray mass spetrometry.1.1 Motivation of this ThesisThe TRIUMF's Ion Trap for Atomi and Nulear siene (TITAN) [Dil03℄ atthe TRI-University Meson Faility (TRIUMF) in Vanouver is dediated tohigh auray mass measurement of unstable highly harge ions, by means ofPenning trap mass spetrometry. Penning traps have been proven to be themost aurate devies for mass determination. The atomi mass is determinedin those traps by measuring the ylotron frequeny � of the ion in a magneti�eld and employing � = 12� qmB; (1.1)where q=m is the harge-to-mass ratio of the trapped ion and B the magneti�eld strength. Sine ions are measured the missing eletrons and the bindingenergy have to be added. TITAN, shown in Figure 1.1, will be the �rst ex-periment for on-line produed ions that will use an Eletron Beam Ion Trap(EBIT) to harge boost the ions from singly harged (A1+) to highly harged(An+) and load them into the Penning trap. This novel approah allows massmeasurements with relative auray of Æm=m � 10�8 on short-lived isotopeswith half-lives of only �50 ms. When dealing with short-lived on-line produedions, eÆieny is of paramount importane. The prodution of the ions is oftenvery diÆult, and experiments are only possible when the ions an be trans-ported with high eÆieny to the measurement apparatus, hene the Penningtrap. In this thesis, a study of mass spetrometry experiments using Penning
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(testing RFQ)Figure 1.1: Blok diagram of the TITAN experiment. See Setion 2.1 for adetail expliation of the di�erent omponents.trap is presented. First, the importane of ion optis is shown with simulationsof the injetion-extration from TITAN's preision Penning trap. In addition,the design of Canadian Penning trap (CPT) alibration laser ablation ion soureinvolved di�erent ion optis devies in order to eÆiently transfer the produedion into the CPT beam line. Moreover, a study of the orrelation between thevariation of the magneti �eld as funtion of the magnet bore temperature ofISOLTRAP's preision Penning trap shows the importane of systemati stud-ies.The thesis outline is: the �rst hapter gives the motivations for arrying outhigh auray mass spetrometry and shows the di�erent mass measurementtehniques. The basis priniple of a Penning trap is explained together withthe time-of-ight mass measurement tehnique. Also, an overview of the dif-ferent existing Penning trap experiments is given. The seond hapter explainsthe TITAN experimental set-up and in partiular fouses on simulations of theinjetion and extration optis of the TITAN mass measurement Penning trap.The third hapter reports on two projets done at existing Penning trap ex-periment: �rst, a study of magneti �eld stability for the ISOLTRAP preisionPenning trap and seondly a design of a alibration laser ablation ion soure forthe Canadian Penning Trap (CPT) experiment.1.2 Motivation for High Auray MassSpetrometryHigh auray mass spetrometry experiments are versatile and have motiva-tions stemming from several �elds of physis. Examples inlude:� Nulear physis: Shell losure e�ets, existene and loations of maginumbers far from the valley of stability and binding energies for systematistudies for super-heavy nulei.



Chapter 1. Introdution 4� Partile physis: Unitary of the CKM matrix.In the following, the examples are explained in more detail, and the relevaneof mass measurements is put into ontext.1.2.1 Shell losure e�etsBy adding a spin-orbit oupling term to the Hamiltonian of the Shell ModelMayer, Haxel, Jensen and Suess [May49, Hax49℄ managed to explain the ex-istene of the so-alled magi numbers. A magi number orresponds to theumulative number of nuleons-�lled energy states at the end of a shell. In thismodel, a shell orresponds to a group of states with similar energies omparedto the energy of other shells. Eah shell is separated by an energy gap alled\shell gap". The shell gaps have a very large e�et on the binding energy ofthe nuleus. The nulear binding energy B(N;Z) of a nuleus with N neu-trons and Z protons, is a quantity that an be diretly determined from massmeasurements: B(N;Z) = (Nmn + Zmp �M(N;Z))2; (1.2)where mn is the neutron's mass, mp is the proton's mass and M(N;Z) is thenulear mass. The e�et of shell gaps on the nulear binding energy an be seenby plotting the two-neutrons separation energy S2n, whih is de�ned as,S2n(N;Z) = B(N;Z)�B(N � 2; Z): (1.3)Figure 1.2 shows two interesting features. First, the shell gap appear as a rapidderease in S2n after the magi number N = 50. Seondly, there is anothersudden derease in S2n for the nuleus with Z = 37 to 44 betweenN = 56 and 61.At this point, the shell struture looses its spherial shape and beomes deformedausing an abrupt derease in the nulear binding energy of the nuleus.In order to learly observe e�ets suh as shell gap or shell deformation, oneneeds to know the mass of the involved nulei with a ertain preision. Forinstane, the binding energy per nuleon for nulei with an atomi mass of A �100 is about BE=A � 5 MeV. Therefore, in order to see shell gaps, the requiredresolution on the measured mass has to be Æm=m = 10�5.1.2.2 Test of the unitary of the CKM matrixThe Standard Model (SM) of partile physis, whih desribes the interationsof elementary partiles, is urrently tested by many experiments. One of thetests of the Standard Model is the veri�ation of the unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) matrix [Cab63, Kob73℄. The CKM matrix ouplesthe quark's strong and weak eigenstates:0� jdwijswijbwi 1A = 0� Vud Vus VubVd Vs VbVtd Vts Vtb 1A0� jdsijssijbsi 1A
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Figure 1.2: Two-neutron separation energies for nulei lose to the magi num-ber N = 50. Note the derease in S2n due to shell gap and shell deformation(from [Lun03℄).The square of eah Vij term represents a probability of transition of a quarkstate under the weak interation, for example Vud is the probability of a u-quarkmixed into a d-quark. Under SM assumptions, this implies that the CKMmatrixwould be unitary: Xi V 2ui = V 2ud + V 2us + V 2ub = 1: (1.4)From the last ompilation of all available experimental data, inluding all the-oretial orretions, the unitary of the CKM matrix fails to meet unitary byabout 2.4� [Har05℄: Xi V 2ui = 0:9966� 0:0014: (1.5)Measuring the Vus and Vub terms is stritly in the domain of experimentalpartile physis, but sine the Vud term only involves quarks of the �rst genera-tion, its value is experimentally aessible through nulear physis experiments.Vud an be determined from the measurement of the ft-values of super-allowed0+ ! 0+ �-deay. The ft-value, or \omparative half-life" is given by the prod-ut of the half-life of the deay with the phase-spae fator f . A more physially



Chapter 1. Introdution 6relevant quantity is the Ft-value that inludes the nuleus-dependant radiativeorretion ÆR and isospin symmetry breaking orretion Æ:Ft = ft(1 + ÆR)(1� Æ) (1.6)The experimental part of the Ft-value omes from the half-life T1=2, the branh-ing ratio R and most important, the Q-value of the 0+ ! 0+ transitions [Har05℄.The Q-value of a nulear reation is given by the di�erene of mass between thereatant and the produt:Q = m(reatant)�m(produt): (1.7)The CVC hypothesis says that the vetor urrent, i.e. the W� and Z0bosons, in the weak interation is onserved. So these partiles don't interatwith the eletro-magnetism nor strong �elds, whih are both spinor �elds. Aonsequene of this is that all 0+ ! 0+ deays have the same Ft-value. Theorretness of the Conserved Vetor Current (CVC) hypothesis an be veri�edand the value of Vud is alulated from the average Ft-value:V 2ud = K2G2F (1 + �vR)Ft ; (1.8)where GF is the Fermi onstant, ��R is a transition independent radiative or-retion, K is a numerial onstant and the average Ft-value is taken from 12well-known 0+ ! 0+ transitions. The importane of high auray mass mea-surements omes from the alulation of the statistial rate funtion f , whih isdependent on the Q-value of the transitions to the �fth power [Pre62℄. There-fore, the diret mass measurements whih lead to a preise determination ofQ-values, play an important role in the determination of Vud.In 2005, after measuring the Q-value for the super-allowed 0+ ! 0+ emit-ter 46V [Sav05a℄, the Canadian Penning Trap (CPT) experiment found a 2.19keV di�erene between their results and the last ompilation of all availableexperimental data orresponding to a 5� deviation. After further investigation,they disovered a set of seven measurements [Von77℄ whih measured Q-valueswere o� by 2-5� from the rest of the ompilation data (see Figure 1.3). Afterremoving the inonsistent data, the new value of Vud beame: 0.9745(16), whihbrings the CKM matrix loser to unitary:V 2ud + V 2us + V 2ub = 0:9985(12) (1.9)ompared to the previous result of 0.9966(14).The unertainty level on the determination of V 2ud and Ft is about 10�3.Sine Ft / Q5, the required unertainty on the Q-value is < 2� 10�4 [Har05℄.Therefore, sine the Q-value of the 12 best-known 0+ ! 0+ �-transition areabout a few MeV, the required auray on the mass measurement of nuleiwith masses A � 35 is: Æm=m � 10�8 and as it will be shown in Setion 1.3.2,only Penning trap experiments an ahieve suh auray.
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Figure 1.3: Q-value di�erene between [Von77℄ and the weighted average of allother data. The doted line represents the unertainty (from [Sav05a℄).1.3 Comparison of existing mass measurementtehniquesThe two physial appliations of mass spetrometry disussed in the previoussetion involve the use of radioative isotopes. Interesting shell struture ef-fets suh as shell deformation, are harateristis of unstable nulei with lowbinding energy. Thus, there is an important need to ouple high auray massmeasurement experiments with installations that produe radioative nulei.1.3.1 Prodution and Separation of short-livedradioative isotopesThe way an experiment is setup for preision mass measurement on short-livedradioisotopes greatly depends on the method by whih the nulei are produed.In general, the exoti nulei are produed by the interation of a primary beamwith a target. There are two ways to produe and separate the desirable speies:the on-line and in-ight method.The Isotope Separation On-Line (ISOL) tehniqueIn the ISOL method the exoti nulei are reated by spallation, fragmentationand �ssion reation of the primary beam within a thik target (for ex. [Dom02℄).The atoms di�use out of the target, and are onsequently ionized via variousmethods, suh as resonant laser ionization, surfae or plasma ionization. Then,the beam is aelerated up to 60 keV and mass-separated using a magnetidipole. ISOL failities around the world inlude: ISOLDE [Kug00℄ at CERN



Chapter 1. Introdution 8in Swisserland, IGISOL [Pen97℄ in Finland and ISAC [Dom02℄ at TRIUMF inCanada. The ISAC faility is desribed in more detail in Chapter 2.The In-ight tehniqueWith the In-ight tehnique, the exoti nulei are produed by ollision of aprimary beam with a thin target. Sine the exoti nulei are produed in thebeam, a separation of the desirable speies from the primary beam follows inight, hene the name. General methods for this inlude the use of veloity andmagneti rigidity �lters. Experiments using in-ight tehniques are for example,presently at: GSI in Germany, GANIL in Frane, at the NSCL faility at MSUand at the Argonne National Laboratory (ANL), both in the USA. A spei�example of an in-ight set-up is desribe in Chapter 3.1.3.2 Diret mass measurement tehniquesThis setion will desribe some of the most ommon mass measurement teh-niques. Conventional mass spetrometry, whih involves deetion of an ionbeam with a homogenous magneti �eld for momentum analysis on rare iso-topes, is no longer arried out. The �nal experimental program of this kindended with the losure of the TASCC faility at Chalk-River (Canada) in 1996.Mass measurement tehniques an be grouped into three groups that will bepresented in this setion: time-of-ight spetrosopy, storage ring mass mea-surement and ylotron frequeny measurements.Time-of-ight tehniqueIn the Time-Of-Flight (TOF) tehnique, the mass of the radioative ion is de-termine by a preise measurement TOF of the ions through a magneti �eldand its magneti rigidity B�: B� = mvq (1.10)where  is the Lorentz fator,m the mass, q the harge and v the speed of the ion.The speed is determined from the TOF of the ion and a known ight path length.TOF spetrometers exist in two di�erent types: linear and irular. Linear TOFspetrometer like SPEG at GANIL [Sav05℄ an ahieve mass measurement ofion far away from the valley of stability, but have high relative unertainty in theorder of Æm=m � 10�5. On the other side, the CSS2 experiment also in GANIL[Lal01℄, uses a ylotron to derease the relative unertainty (Æm=m) in themass measurement. By undergoing irular motion instead of linear, the ionsan travel a longer path, whih leads to a larger TOF and therefore a smallerrelative unertainty. Note that even with its higher unertainty, SPEG stillplays an important role in mass measurement, as being a sensitive experimentthat an measure the mass of nulei that are very far from stability.



Chapter 1. Introdution 9Storage ring mass measurementThe Experimental Storage Ring (ESR) at GSI [Gei01℄ is an other type of multi-turn time-of-ight (TOF) mass measurement. The mass is measured from thefrequeny of revolution of the ions. The relative unertainty Æm=m depends onthe frequeny resolution as well as the veloity Æv=v spread:����Æmm ���� = 2t ����Æ�� ����+ (2t � 2) ����Ævv ���� ; (1.11)where  is the Lorentz fator  = (1� v2=2)�1=2 and 2t is the so-alled tran-sition point that depends on the optial setting of the storage ring. In order tohave a diret relation between the revolution frequeny � and the m=q ratio, theseond term in (1.11) needs to be equal to zero. For the ESR experiments twotehniques have been developed to ahieve this: the Shottky and isohronousmass spetrometry.In the �rst tehnique, the ions are ooled with a dense eletron beam, re-duing their veloity spread Æv=v . At eah turn, the ions indue harges on theplates of the Shottky detetor and the frequeny � is dedued by the Fouriertransformation of that signal [Rad00℄.In the seond tehnique, the ion-optial parameters are set to have  = t.In this setting, the TOF of the ions with unknown masses is reorded by theinteration of the beam with a thin foil at every turn. The frequeny of theunknown mass is given by omparing its TOF spetra with the TOF spetra ofan ion of referene [Hau00℄.The Shottky tehnique allows a determination to a preision of about 10keV of up to 100 masses simultaneously. Due to the time required for the oolingproess, this tehnique is limited to half lives of 1 s. The isohronous tehniqueon the other side, whih does not involve any ooling, an do measurementswithin 500 ns. This tehnique has a preision of 100 keV, but an measure themass of very unstable nulei with half-lives of few miroseonds. The di�erenebetween the isohronous and Shottky tehniques are illustrated in Figure 1.4.Cylotron frequeny measurementFor these tehniques the mass of the ions is extrated from the measurement ofthe ylotron frequeny of the ions inside a uniform magneti �eld and employ-ing: ! = qBm (1.12)There are two methods for measuring the value of !, by radio-frequeny trans-mission spetrometer, or by using a Penning trap. The hoie of whih methoddepends on the required auray and the half-life of the ion.In a radio-frequeny transmission spetrometer like MISTRAL [Lun01℄, abunhed beam is transmitted in the system and undergoes two omplete heli-oidal turns before being measured by an eletron multiplier. In order to makethe mass measurement, a radio-frequeny exitation is applied half way along



Chapter 1. Introdution 10eah turn. This modulation either aelerates or deelerates the ion, hangingthe radius of the trajetory. If the frequeny of the rf-exitation is a half-integerof the ylotron frequeny: !RF = (n+ 1=2)! (1.13)the e�et of the modulation is anelled after the two turns [Lun01℄ and the ionreovers its initial orbital radius. At MISTRAL, narrow exit slits (0.4 mm) allowthe seletion of the ions obeying (1.13). The mass is determined by omparingthe obtained ylotron frequeny with a ylotron frequeny of a referene mass.With this tehnique one an measure the mass of ions with relatively short half-lives sine the ions undergo only two rotations at their full injetion energy oftypially 60 keV. The disadvantage of this tehnique is the small aeptane ofthe apparatus due to the narrow slits. This leads to a derease in sensitivity.In Penning trap experiments, like ISOLTRAP, the ISOL beam is typiallyprepared before one an measure the ylotron frequeny aurately. The ionbeam needs to be ooled and bunhed before entering the Penning trap. Massspetrometers using Penning traps ahieve very high mass measurement au-ray on the order of Æm=m � 10�9, but at the ost of having to prepare theion beam, whih takes more time and puts onstrains on the minimum half-lifeof the radioisotopes that one an measure. The di�erene in the relative un-ertainty and relative isobari distane from stability between radio-frequenytransmission spetrometer and Penning trap experiments is shown in Figure 1.4.A detail desription of how Penning traps works and an overview of the di�er-ent existing Penning trap experiments at radioative beam failities follows inSetion 1.4.Limitations of the mass measurement tehniquesThe strengths and limitations of the di�erent experiments disussed in the previ-ous setion regarding the relative unertainty they ahieve for di�erent unstablenulei half-life, is shown in Figure 1.4. The \relative isobari distane fromstability" gives a good indiation on the limitations from the half-life and it isde�ned as the distane at onstant atomi mass number (A) between the mea-sured nulei and a quadrati �t of all �-stable in the (Z;N) hart. This distaneis normalized using 10=A2=3 [Lun03℄. Time-of-ight experiments like SPEG forinstane, an measure nulear masses very far from stability ompared to Pen-ning trap experiments, but it is at the prie of a limited auray. When itomes to high auray mass spetrometry experiments on unstable nulei nottoo far from the valley of stability, i.e. for a half-life limitation of about 100 ms,Penning trap experiments suh as ISOLTRAP, with their unertainty of Æm=m= 5 � 10�9, are the best hoie.
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Figure 1.4: Relation between the relative unertainty Æm=m on published massmeasurements of unstable nulei and the orresponding relative isobari distanefrom stability (from [Lun03℄) for: the time-of-ight experiments SPEG, TOF1and CSS2, the storage ring experiments ESR-IMS/SMS and the ylotron fre-queny measurement experiments MISTRAL and ISOLTRAP. In parenthesisis number of measurements made by the experiments until 2003. See text formore details.



Chapter 1. Introdution 121.4 Theoretial desription of a Penning TrapIn general, in order to trap a partile in three dimensions, one needs a potentialon�guration that exerts a fore toward the enter of the trap:~F = �e~rV; (1.14)where a onvenient hoie of potential, that produes a entral fore, is a threedimensional potential of the form:V = ax2 + by2 + z2 (1.15)In order to obey the Laplae equation:r2V = 0; (1.16)the sum of the di�erent oeÆients in (1.15) must be zero:a+ b+  = 0: (1.17)This means that one of the oeÆients has to be negative. By having a ylin-drial symmetry around the z-axis, one an simplify and set a = b, whih leadsto the ondition a = -=2 and:V = (z2 � r2=2); (1.18)where r = px2 � y2 is the radial position of the partile. In order to have anequipotential eletrode surfae, (1.18) must satisfy:V (surfae) = (z2 � r2=2) = onstant (1.19)This is the equation of two hyperbolas: one pointing along the axial diretionand the other along the radial diretion as shown in Figure 1.5. The value ofonstant  an be set from the di�erene of potential between the two hyperbo-las: V0 = V (z = z0; r = 0)� V (z = 0; r = r0) = (z20 + r20=2) (1.20) = V02d20 (1.21)Where d0 =pz20=2 + r20=4 is referred to as the harateristi length of the trap.Therefore, the potential produed by the trap is:V = V02d20 (z2 � r2=2) (1.22)As shown in Figure 1.6, the problem with suh potential, is there is no absoluteminimum: the ions are only attrated to the enter of the trap along the axialdiretion. In order to trap the ions in three dimensions, two possible solutionsan be employed:
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Figure 1.6: Theoretial eletri potential of the TITAN mass measurement Pen-ning trap with: r0 = 15 mm, z0 = 12.5 mm, V0 = 10 V.



Chapter 1. Introdution 14� Alternating the sign of V0, so the ions experiene an average entral fore.This is employed in the so-alled Paul trap. For a detailed disussionabout Paul traps, see for example [Gos95℄.� By applying a magneti �eld that provides a fore to ounter the defous-ing fore from the eletrostati �eld. This is used in a Penning trap.In the next setion will disuss in detail the motion of an ion in a Penning trap.1.4.1 Ion motion in a Penning trapIn a Penning trap, the ions are e�eted by the fore produed by the quadrupolareletri �eld ~E: ~Fe = �q~rV = �qV0d20 (~z � ~r=2) (1.23)and the fore produed by the homogenous axial magneti �eld ~B = Bbz:~Fm = �q~v � ~B = �q~_r �Bbz (1.24)The dot indiates temporal partial derivative. Sine the magneti �eld is alongthe z-axis, the magneti omponent of the Lorentz fore does not a�et the axialion motion.The equations of motion for an ion in the trap are found using Newton'sseond law: X ~F = m~a = �qV0d20 (~z � ~r=2)� qB~_r � bz (1.25)In ylindrial oordinates, this leads to axial and radial equations of motion:�z = � qV0md20 z (1.26)~�r = qV02md20~r � qBm ~_r � bz (1.27)The �rst equation represents an axial harmoni motion of frequeny:!z =s qV0md20 ; (1.28)produed by the eletri potential V0. The seond equation is more omplex,but an be rewritten using the relation of the ylotron frequeny !:! = qBm (1.29)~�r = !2z2 ~r + !~_r � bz: (1.30)



Chapter 1. Introdution 15Table 1.1: Typial values for the di�erent frequenies � = !/2� for a partilewith m=q = 2 inside a Penning trap with B = 4T and d20 = 130 mm2.!z 307 kHz! 30.7 MHz!+ 30.7 MHz!� 1.53 kHzTo solve for the radial motion of the ion, it is onvenient to write the equationof motion in artesian oordinates:�x� ! _y � !2z2 x = 0 (1.31)�y + ! _x� !2z2 y = 0 (1.32)One an deouple (1.31) and (1.32) using: u = x+ iy suh that:�u = �i! _u+ !2z2 u: (1.33)With the ansatz: u / e�i!�t; (1.34)one �nds the eigenfrequenies:!� = !2 � !2 s1� 2!2z!2 (1.35)The !� frequenies obey the following relationships:! = !+ + !� (1.36)!2 = !2+ + !2� + !2z (1.37)!2z2 = !+!� (1.38)Table 1.1 gives the alulated values of the frequenies for a magneti �eldof B = 4 T, for a highly harge ion with m=q = 2 and with d20 = 130 mm2.From this, one observes that 2!2z!2 = 2� 10�5 � 1, ful�lling the ondition for aTaylor expansion of (1.35). This gives:!+ ' ! � !2z2! (1.39)!� ' !2z2! (1.40)The frequeny in (1.39) is alled the redued ylotron frequeny and it is aonsequene of the repulsive radial eletri potential: it redues the strength of



Chapter 1. Introdution 16the entrifugal fore and redues the ylotron frequeny by a small amount !�alled the magnetron frequeny. Before explaining where the magnetron motionomes from, it is important to remember that due to the attrative eletripotential along the z-axis, the ion motion will be lose to the z-axis, whihmeans that the ion will move in a region in whih the eletri and magneti�eld are mainly perpendiular to eah other. Suh a �eld on�guration reatesa veloity �lter that selets only the ions with the veloity:~v = ~E � ~BB2 : (1.41)By inserting the radial omponent of the eletri �eld into (1.41) and with theuse of relations (1.28) and (1.29), one gets:~vr = !2z2! br � bz (1.42)This orresponds to a slow preession, of frequeny !�, around the enter of thetrap. Together with the fast ylotron motion, the overall radial ion motion
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Figure 1.7: Epiyle motion of an ion inside a Penning trap, with parameters:r0 = 15 mm, z0 = 12.5 mm, V0 = 200 V, m = 74 u, q = 1e, r+ = 5 mm, r� =1 mmforms epiyles as shown in Figure 1.7.The total radial energy of an ion inside a Penning trap is given by the sumof its kineti and potential energies. The radial potential energy orresponding



Chapter 1. Introdution 17to the eletri potential (1.22) is given by:Epotr = �m2 !+!�(r2+ + r2�); (1.43)while the kineti energy of the partile is given by the sum of the kineti energyof the two eigenmotions: Ekinr = m2 !2+r2+ + m2 !2�r2� (1.44)Where r+ and r� are the radii of the redued ylotron and magnetron motionsrespetively. Sine !+ � !�, one observes that the energy of the reduedylotron motion is mainly kineti, while the energy of the magnetron motionis mainly potential.Penning trap experiments make use of relation (1.29) to make mass mea-surement, but sine the ylotron frequeny ! is not a normal mode, one needsto ouple the two normal modes !+ and !� via the appliation of an exitationfrequeny !rf in order to extrat !. The next setion disusses how suh massmeasurements are ahieved with a Penning trap experiment.1.4.2 Time-of-ight tehniquePenning trap mass spetrometry experiments employ an eletrode on�gurationwith a entral ring eletrode, whih is segmented into four segments. This allowsfor the appliation of dipole and quadrupole radio-frequeny (rf) exitation. Thedipole exitation is used for the preparation phase when the ion enters the trap.A dipole exitation at frequeny !� inreases the magnetron motion radius ofall ions and afterward, a seond exitation at the mass dependant frequeny !+ats as a isobari seletor. This ensures that only the ions of a ertain massremain and removes all other unwanted speies. After the separation phase, aquadrupole exitation of frequeny !rf is applied [Kon95℄, reating an eletri�eld: ~E = qVrf2a2 os(!rf + �rf )(ybx+ xby): (1.45)Where Vrf is the amplitude of the voltage at a radial distane a from the axisof the trap and �rf is the phase of the rf-�eld. One the quadrupole exitationis applied, the radius of the magnetron and redued ylotron motion evolvesas [Kon95℄:r�(t) = fr�(0) os(!Bt)�(r�(0)i(!rf � !) + r�(0)k0e�i��2!B ) sin(!Bt)gei(!rf�!)t=2 (1.46)With: !B = 12q(!rf � !)2 + k20 ; (1.47)k0 = Vrf2a2 qm 1!+ � !� ; (1.48)�� = �rf � �+ � ��: (1.49)



Chapter 1. Introdution 18The ase of interest is when !rf = !, then:r�(t) = fr�(0) os(k0t=2)� r�(0)e�i�� sin(k0t=2)g (1.50)If the ion starts ompletely in a magnetron mode of radius r�(0) = r0, then Eq.(1.50) beomes: r+(t)r0 = sin(k0t=2) (1.51)r�(t)r0 = os(k0t=2) (1.52)As shown in Figure 1.8, there is a full onversion after an exitation period:
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Figure 1.8: Evolution of the redued ylotron motion of radius r+, magnetronmotion of radius r� and radial kineti energy as a funtion of the time (givenin dimensionless units of Trf ). Trf = �=k0 (1.53)Aording to (1.44), the energy Er / !2+r2+. The radial kineti energy of theion is maximized for exitation period of:Trf = (2n� 1)�=k0; (1.54)



Chapter 1. Introdution 19where n is an integer. Therefore, with a quadrupolar rf-exitation of durationTrf , a onversion of the magnetron motion into a pure redued ylotron motionis perfomed. The ions then have a radial energy of:Er = E0 sin2(�2p(2��rfTrf )2 + 1(2��rfTrf )2 + 1 ; (1.55)where: ��rf = !rf � !2� : (1.56)Figure 1.9 shows that the ions whih are resonantly exited have maximum
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Chapter 1. Introdution 21whih onverts the radial kineti energy into axial kineti energy. Thus, the ionswhih were exited at the frequeny �rf = � gain the most axial kineti energyand have, therefore, the shortest time-of-ight. The ylotron frequeny is de-termined with a san of the frequeny near the expeted ylotron frequeny �(Figure 1.11). The experimental data an be �tted with a funtion that desribethe expeted line shape [Kon95℄, whih allows to determine the minimum. Thisorrespond then to the ylotron frequeny.1.5 Existing Penning trap experiment atfailities for radioative nuleiThis setion gives an overview of the existing and operational Penning trap fa-ilities. The ISOLTRAP experiment was the �rst experiment in the early 90's toouple a Penning trap mass spetrometer to an on-line faility. Sine then, thenumber of mass measurement experiments using Penning traps has steadily in-reased. There are urrently six running experiments: ISOLTRAP at ISOLDE,Canadian Penning Trap at Argonne National Laboratory, JYFLTRAP at theJyv�ask�ala University IGSOL faility JYFL, LEBIT at MSU and SHIPTRAP atGSI. There are also four other experiments under onstrution or in the planningstage: TITAN at TRIUMF, MAFF-TRAP at the planned Munih Aeleratorfor Fission Fragments and HITRAP and MATS, both at GSI. Chapter two willgive a detail desription of the TITAN experiment, while hapter three will on-entrate on the ISOLTRAP and CPT experiments. Here is a brief desriptionof three of the above mentioned existing Penning trap experiments; in addition,the SMILETRAP experiment is presented. Although SMILETRAP is not forradioative ions, it is oupled to an aelerator faility and is presently the onlysystem that employs highly harged ions.� SHIPTRAP at GSI: This experiment arries out mass measurement ofnulei that are produed at the SHIP faility [Hof00℄ and fouses on su-per heavy elements, whih are produed by fusion-evaporation reations[Dil01℄. The experimental set-up onsist of a gas-ell �lled with noble gasfor stopping and thermalization of the 5 MeV/u ion beam oming fromSHIP, an extration radio-frequeny quadrupole (RFQ) that separate theextrated ions from the noble gas, a bunher RFQ to bunh the ontinuousbeam and a doublet of Penning traps inside a 7 T magnet; one for isobariseparation and the other for mass measurement [Blo05℄.� JYFLTRAP Jyv�ask�ala University IGISOL faility: JYFLTRAP has anexperimental set-up that inludes three traps: an RFQ for ooling andbunhing the 30 keV IGISOL beam and like SHIPTRAP, both a prepa-ration and a preision Penning trap inside one magnet. First mass mea-surement from this new experiment have been arried out on nulei Zr,Mo and Sr [Jok05℄.� LEBIT at MSU NSCL faility: The LEBIT experiment is oupled via a



Chapter 1. Introdution 22gas ell to the A1900 fragment separator where the �ssion fragments areprodue. An RFQ is used for ooling and bunhing the ion beam. Thepartiularity of the LEBIT faility is the use of a 9.4 T magnet for thepreision Penning trap. This allows for a derease in the unertainty by afator of one-half ompared to experiments using 6 T magnets. In 2005,LEBIT has arried out �rst Penning trap experiment by measuring themass of 38Ca [Bol05℄.� SMILETRAP at the Manne Siegbahn Laboratory; This experiment lo-ated in Stokholm, is dediated to the mass measurement of highlyharged (HCI) stable ions. The CHORDIS ion soure produes a beamthat is sent to an Eletron Beam Ion Soure (EBIS) whih inreases theharge state of the ions. After an isobari separation with a magnetidipole, the beam is sent to a pre-trap that allows to adjust the typially3.4 keV/q ion beam to an energy suÆiently low for trapping. Then, thebeam enters the preision Penning trap where that mass measurement isperformed [Ber02℄. Over the period 1997-2002 SMILETRAP measuredthe mass of 21 stable speies with a preision Æm=m < 10�9 [Ber02℄.



23Chapter 2The TITAN Penning TrapExperiment at TRIUMFThe TITAN experiment, based at TRIUMF, is an ion trap experiment thatinludes a Radio-Frequeny Quadrupole (RFQ), an Eletron Beam Ion Trap(EBIT), a ooling Penning trap and a preision Penning trap. One advantagethat TITAN has over other Penning trap failities is the use of an EBIT thatwill inrease the harge state of the ions. This will ultimately allow a higherauray in the mass measurement for short-lived isotopes to be ahieved. Asshown earlier, in a Penning trap experiment, the mass of the ion is determinedfrom the measured ylotron frequeny �:m = qB2�� (2.1)The orresponding unertainty in the mass measurement is given by:Æmm = �m�� Æ�m � mTrfqBpN (2.2)Where Trf is the duration of the radio-frequeny exitation and N is the numberof mass measurements. 1=Trf and 1=pN are systemati and tehnique relatedunertainty fators. Equation (2.2) shows that the unertainty of a mass mea-surement derease linearly with the harge state. Figure 2.1 shows that theuse of highly harged ions (HCI) will bring the TITAN experiment into a newregime of auray that annot be ahieved using singly harge ions. The TI-TAN experiment will be able to aomplish very aurate mass measurementsin the order of Æm=m � 10�8 on short-lived isotopes with a half-life of about 50ms [Dil03℄. This hapter will disuss the TITAN faility at ISAC in general. Inpartiular, emphasis is given to the simulation of the injetion and extrationoptis of the mass measurement Penning trap.2.1 Overview of the TITAN failityThis setion gives a desription of the four traps that will form the TITANexperimental apparatus:� Radio Frequeny Quadrupole (RFQ) for bunhing and ooling the ISACbeam.



Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 24

10
−2

10
−1

10
0

10
5

10
6

10
7

10
8

10
9

10
10

10
11

q = 1 e; N = 100 ions
q = 1 e; N = 10,000 ions
q = 37 e; N = 100 ions
q = 37 e; N = 10,000 ions

PSfrag replaements
R

Trf (s)Figure 2.1: Variation of the mass measurement resolving power with the exi-tation time spent in the Penning trap for 74Rb+ and 74Rb35+.



Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 25� Eletron Beam Ion Trap (EBIT) for harge breeding of the ion beam� Cooler Penning trap to ool the ions oming from the EBIT� Preision Penning trap to perform the mass measurement.
Penning trap

RFQ

EBIT

Platform

Wien filter

ISAC beam

Figure 2.2: Shemati view of the TITAN experimental set-up. Shown are theISAC beam, RFQ, Wein Filter, EBIT and the Penning trap. See text for moredetails.Figure 2.2 shows the di�erent omponents of TITAN's experimental set-up.Before going into a desription of the di�erent parts of the TITAN experiment,an overview of the ISAC faility will be given.2.1.1 ISACThe Isotope Separator ACelerator (ISAC) at TRIUMF uses the ISOL methodto produe radioative beams. The unstable speies are produed by bombard-ing a thik target with an up to 100 �A, 500 MeV proton beam produes bythe TRIUMF ylotron. One produed, the di�erent nulei di�use out of thetarget and are ionized by an ion soure [Dom02℄. The ions are eletrostatiallyaelerated and formed into a ontinuous beam. This beam is guided througha dipole magnet separator, where the ions are seleted and separated with atypial resolving power of R = 3000. This separated beam is delivered to theISAC hall where various experiments are loated. TRIUMF's ISAC faility pro-dued several isotopes of 26 di�erent elements [Dom06℄. The ISAC faility alsoinludes an RFQ aelerator and a DTL where ions with mass A � 30 are a-elerated to energies of up to 1.5 MeV/u and delivered to experiments suh as
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Figure 2.3: Shemati view of the ISAC experimental hall at TRIUMFDRAGON [Hut03℄ and TUDA [Rui02℄. Figure 2.3 shows the ISAC experimentalhall at TRIUMF. The new ISAC II extension, will allow beams of energies upto 6.5 MeV/u to be produed. This is needed for experiments that probe thestruture of nulei produed in nulear reations suh as TIGRESS [Sve03℄ andEMMA [Dav05℄.2.1.2 The RFQThe ISAC faility urrently produes a ontinuous ion beam of typially 30-60 keV. In order to bring this ISAC beam into the EBIT and Penning traps,one needs to slow it down, ool and bunh it. The role of TITAN's radio-frequeny quadrupole is to aept the energeti ion beam from ISAC and outputa deelerated ion bunh without inreasing the emittane. Suh a proess isalled ooling and it orresponds to a derease in the radial energy of the ionby the use of dissipative fores. To have e�etive ooling, the beam needs to:� interat with a thermal bath� enter a bath with a large enough aeptane and spend enough time insideto ool.



Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 27� be extrated from the bath without subsequent re-heating
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Figure 2.4: Photo of TITAN's RFQ installed on the lid of the vauum vessel.In the ase of TITAN's radio-frequeny quadrupole (RFQ) (see Figure 2.4),the ooling is provided by interation of the ontinuous ISAC beam with ahelium bu�er gas. The large aeptane of the RFQ allows an aeptane of theISAC beam without losses and the length of the RFQ struture allows suÆientinteration time. Without any appliation of radial fore, the ooled ion beamwould thermalize with the bu�er gas and it would subsequently be lost. Theradial fousing is provided by four ylindrial eletrodes that reate a radialharmoni potential by the appliation of a radio-frequeny (RF) osillations asshown in Figure 2.5.The other important funtion of TITAN's RFQ is to bunh the ontinuousISAC beam. Figure 2.2 shows that the beam enters and exits the EBIT throughthe same beam-line. To avoid any interation between the forward and bakward
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Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 30direted beam, one needs to send the ions in a pulsed mode. This is possibleby the appliation of a longitudinal trapping potential, as shown in Figure 2.6,possible by the segmenting RFQ eletrode struture. The ion beam is stoppedin the RFQ by oating the struture at beam potential. The ion bunhes areextrated from the RFQ at energies of 2.5 keV [Smi05℄. One it leaves theoating RFQ struture, the ion bunh enters a drift tube whih is swithedfrom 30 kV - 2.5 kV to ground while the bunh is inside the tube. Then, the 2.5keV ooled 3-10 � mm mrad ion bunh is brought into the EBIT via a transportbeam line. For a more detailed desription of TITAN's RFQ see [Smi05℄.2.1.3 EBITThe TITAN's Eletron Beam Ion Trap (EBIT) is used to inrease the hargestate of the singly harged ions oming from the RFQ [Sik05℄. Nine drift tube
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VzFigure 2.7: Shemati view of an EBIT. Shown are the longitudinal eletripotential Vz, the potential Vr due to the eletron beam, the magneti �eldlines of the superonduting magnets oils in Helmholtz on�guration and theompression of the eletron beam produed by the eletron gun due to themagneti �eld.setions allow for the appliation of a longitudinal trapping potential Vz, whilea magneti �eld produed by Helmholtz oil on�guration provides the radial



Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 31on�nement of the eletron beam as shown in Figure 2.7. While the ions aretrapped, an eletron beam of width �e and urrent Ie inreases the harge stateof the ion by multiple, subsequent ionization. Several issues regarding EBITdesign need to be onsidered, in order to ful�l the requirements for hargebreeding of radioative ions at TITAN.� An eletron beam entering a magneti �eld behaves as a uid undergoinga non-laminar ow. The beam enounters a radial ompression aordingto Herrmann's theory [Her58℄ are possible. The derease in the eletronbeam diameter results in a diminution of the eletron impat ross setion.A solution is to use an eletron beam of higher intensity.� Reombination from harge exhange with residual neutral atom gas orapture of free eletrons [ML96℄. This ompeting proess of harge breed-ing makes it diÆult to inrease the harge state beyond a ertain point.The eletrons more strongly bounded to the nuleus an be removed byinreasing the eletron beam energy and hane of reombination withresidual is derease by having a very high vauum.� As the eletron beam ollides with the ions, the thermal motion of the ininreases and this leads to an inrease the axial energy spread of the ions.Evaporative ooling an be used to redue the energy spread [Kin99℄. Inthis ooling method, old atoms with a lighter mass and lower numberof protons are ejeted into the trap and are immediately ionized by theeletron beam. These light ions reah lower harge state than the ion ofinterest and are therefore less tightly bound sine the trapping potentialis diretly proportional to the harge state. As a result, the light ions willspill out of the trap at a higher rate than the heavy ions. As they leavethe trap, the light ions remove heat from the system, produing an overallooling of the remaining trapped highly harged ions [Pen91℄.One they leave the EBIT, the ions are seleted aording to their mass-to-harge ratio with a Wien veloity �lter.2.1.4 Cooling Penning trapThe energy unertainty of the ion beam entering the mass measurement Penningtrap will be ultimately the limit of measurement preision that an be ahieved.Hene, in order to arry out measurements with high preision, it is desired toinjet a prepared and ooled beam ideally with a typial energy spread �E of lessthan 1 eV/q. However, due to the multiple eletron impats, the HCI bunhesprodued by the EBIT typially have a temperature of up to 50 eV/q [Ryj05a℄.Experimentally, the evaporative ooling inside an EBIT, as desribed in Setion2.1.3, is a reent proedure and there is no evidene that it would derease theTITAN's HCI temperature to the desirable level. Therefore, further ooling isneessary before sending the HCI to the mass measurement Penning trap. Bu�ergas ooling as used in the RFQ, has to be avoided beause of the high eletron



Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 32apture ross setion of HCI. Another possibility is eletron ooling, as proposedby the HITRAP experiment at GSI [Bla05a℄. It is proposed to ool the HCIsfrom typially 10 keV/q down to 100 eV/q by using nested eletron louds insidea ylindrial Penning trap [Bla05a℄. This eletron ooling proess is not suitableat energies lower than 100 eV/q beause of the high eletron reombination rosssetion. Thus this method is not suitable for TITAN. TITAN proposed to ooltheir HCI with a novel tehnique using ooled protons [Ryj05a℄.
a)

b)

c)

d)

e)Figure 2.8: Shemati of the proposed TITAN HCI proton ooling sheme. a)the ooled protons are injeted and trapped by lowering the axial potential b)the HCI bunh is ejeted ) one thermalized, the ooled high harge state ionsare segregated from the protons d) a gradual derease of the entrane trappingwall releases the protons while the HCI remain trapped e) the HCI bunh isreleased (from [Ryj05a℄).The �ve phase proton ooling method is shematially shown in Figure 2.8.The proton ooling of the HCI will take plae in a ylindrial Penning trapsituated upstream of the mass measurement Penning trap. The protons areprovided by an ion soure situated upstream of the Penning trap's beam line.With their high harges, the HCI are more likely to aumulate in the bottom ofthe longitudinal eletri potential than the protons. This is beause the depthof the potential is proportional to the harge state of the on�ned partile. This



Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 33proess permits a separate evauation of the protons and to send pure ooledHCI bunhes to the preision Penning trap.2.1.5 Preision Penning trapAfter ejetion from the ooling trap, it is neessary to transport the ions intothe hyperbolial preision Penning trap. The mass measurement using the TOFtehnique as desribed in Setion 1.4.2 will take plae in this trap.Before entering the preision Penning trap, the 1-5 keV/q ion bunhes arefoused and deelerated as desribed later in Setion 2.2.3. A dynamial aptureproess is applied in order to load the trap more eÆiently. For the ion to enterPSfrag replaements a) b) )Trapped ions
Inoming ion bunh

Ez > qV0, Ion not trappedIon trappedEz < qV0 V0 1-2 ions extratedPenning trap harmoni potentialFigure 2.9: Shemati view of the injetion/extration proess in a Penningtrap. a) The entrane trapping potential is dereased for injeting the ions in thePenning trap b) The ion bunh is trapped after a �rst reetion by the trappingpotential, followed by a redution of the number of ions by dipole exitation )Extration of 1-2 ions from the Penning trap for TOF measurement.the trap, a pulsed eletrode on�guration allows one to derease the voltage atthe trapping entrane, end ap and orretion eletrode is applied as shown inFigure 2.9. Depending on the potential depth V0 and the energy spread of thebeam, some ions will have too muh kineti energy to be trapped. The ions withlower energy will reet o� of the potential wall and one this �rst reetion isdone, the entrane potential is raised bak to its initial value to trap the ionbunh. The onstraint on the duration of the pulse Tpulse depends on the axialosillation of the ions in the trap:Tpulse < 2�!z = 2�smd20qV0 : (2.3)From Eq. (2.3), the use of HCI puts a stronger onstraint on the maximumlength of the pulse ompared to singly harged ions sine HCI have a higheraxial frequeny !z. One the ions are trapped, the preparation of the TOF



Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 34measurement an proeed. First, as desribed in Setion 1.4.1, the number ofions in the Penning trap is redued by the appliation of two dipole exitations:an exitation of frequeny !�, that inreases the magnetron radius of all ion anda mass seletive dipole exitation with frequeny !+. This allows a seletionof only the ion with the desired mass. These dipole exitations allows one toredue the number of ions in the trap as little as one or two. This is importantsine the presene of several ions in the Penning trap, indues systemati errorsin the TOF spetra due to the ion-ion interation. In the TITAN experiment,the appliation of the �rst dipole exitation of frequeny !� is not neessarybeause a Lorentz steerer situated upstream of the Penning trap will allow apreparation of the ion with a well de�ned magnetron radius before it entersthe trap. A detailed desription of TITAN's Lorentz steerer is given in Setion2.2.3.After the isobari-leaning, the ion undergoes a quadrupole exitation !rfprovided by the segmented guard eletrodes. The advantage of applying therf-exitation on the guard eletrodes instead of the ring, as previously arriedout at other experiments, is that it allows one to keep a onstant and uniformDC voltage V0 between the end aps and ring eletrode while a quadrupoleexitation is performed. One the quadrupole exitation is ompleted, the ionsare extrated from the trap following the same proedure as the injetion showin Figure 2.9. In the TOF tehnique desribe in Setion 1.4.2, the mass of theion an be dedued by determining the position of the minimum of the TOFspetrum. Setion 2.2.3 will show that the applied potential on the extrationeletrodes determines the amplitude and width of the ylotron frequeny TOFpeak.2.2 Ion optis simulations for the TITANexperiment2.2.1 De�nition of the emittaneThe partiles within a beam have a kineti energy spread as well as an angulardivergene with respet to its diretion of propagation. A beam an be seen asa thermodynami system that follows Liouville's theorem [Wol87℄:For a loud of moving partile, the partile density �(x; px; y; py; z; pz)in phase spae is invariant.Where x,y,z de�ne the position and pi its momentum. Assuming that themotions of the partiles along eah oordinates of the three dimensional spaeare independent, Liouville's theorem redues to the onservation of the areaenlose by all partiles in the three position-momentum planes: x-px, y-py andz-pz. The transverse emittane " is de�ne has the area in the transverse x-x0and y-y0 planes, while the longitudinal emittane is the area in the axial energy-time plane. The primes denotes derivatives along the longitudinal diretion z.



Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 35The emittane is a useful quantity that is deduted from Liouville's theorem:for a non-relativisti partile moving in free spae, x0 and y0 are equal to:x0 = dxdz = pxpz (2.4)y0 = dydz = pypz : (2.5)If there is no oupling between the x and y oordinates and if pz does nothange with z, the area oupied by all partile in the x-x0 and y-y0 planes,or the emittane of the beam, remains invariant. Sine the trajetory of ionpassing through a linear ion opti devie in the x-x0 and y-y0 planes is elliptial,it is onvenient to de�ne the area enlose by the beam in phase-spae as beingelliptial. Emittane plots often involve the \diverging angle" � between theaxial and radial momentum of the ion. For a small angle the order of mrad, thesmall angle approximation an be used:x0 = pxpz = tan �x ' �x (2.6)y0 = pypz = tan �y ' �y: (2.7)For a uniform distribution of ions in phase-spae, the emittane is the area of theellipse englobing all ions. In the ase of a Gaussian distribution, the emittaneis the area of 90 % of the ions (2�). The emittane is given in � mm mrad. It isimportant to mention that " is not a onserved quantity if pz is hanging withz as is the ase for a deelerating beam. The \normalized emittane" "N whihis the produt of the emittane " with the axial momentum pz is the invariantquantity [Law77℄.2.2.2 General desription of an Einzel lensBefore the disussions about ion optis simulations, a small overview about theEinzel lens is neessary. An Einzel lens is omposed of a drift tube setionoperated at a di�erent potential than rest of the beam line. The potentialapplied on the Einzel lens VEL an be either smaller or greater than the beamline potential Vfloat. The �rst orresponds to an aelerating Einzel lens, whilethe seond is a deelerating Einzel lens. In Figure 2.10 the e�et of theaelerating and deelerating Einzel lens was simulated using SIMION 3D 7.0[Dah00℄. All the simulations presented in this thesis where arried out usingSIMION 3D 7.0. In the �rst ase, the beam entering the lens is initially fousdue to the inward eletri �eld. For a deelerating Einzel lens, the beam isinitially defoused by the eletri �eld, but sine it is loser to the eletrode, itis then more strongly refoused. Both types of Einzel lens an lead to an overallfousing of a diverging beam, but due to its initial defousing, the deeleratingEinzel lens presents bigger aberrations, as shown in Figure 2.10.For an ideal Einzel lens, the fousing fores applied on the ions are diretlyproportional to the radial position of the ion, allowing all ions to fous at the
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Figure 2.10: Comparison between a deelerating and aelerating Einzel lens.Vfloat is the beam line potential and VEL is the Einzel lens o�set potential.The arrows represent the diretion of the eletri �eld while the lines are theequipotential lines. A) Deelerating lens broadens the beam leading to biggeraberration at the foal point. B) Aelerating lens dereases the beam size andspherial aberration.



Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 37same point. On the other hand, for a real Einzel lens, suh as the ones disussedabove, the presene of the eletrode auses a non-linear fousing of the ionbunh. This gives raise to the so-alled \spherial aberrations": dependingon their radial position inside the lens, the ions are foused at di�erent axialpositions, the ion from the envelope being more strongly foused than the ionsfrom the entral part of the beam, as shown in ase B) of Figure 2.10. Spherialaberrations indue a \�lamentation" of the beam in radial the phase-spae y-�yplanes due to the �nite size of the Einzel lens. Sine the ontribution of thenon-linear fores inrease as the ions gets loser to the Einzel lens eletrodes,the spherial aberrations an be redued by inreasing the inner diameter of theEinzel lens. In the next setion, an Einzel lens is plaed after the RFQ in orderto fous the beam getting out of the RFQ into a 3mm diameter aperture. Inorder to derease the e�et of spherial aberration, this Einzel lens was hosento have an inner diameter of about two times bigger than the drift tube.2.2.3 Extration optis from the RFQThe beam line after the RFQ has the following features:� To avoid re-aeleration of the beam as it passes from the RFQ linear trapwhih is loated on high voltage potential, to the beam line on groundedpotential, a pulsed drift tube is plaed after the RFQ. When the ion bunhgets into the pulsed drift tube, the potential is swith from 30 kV - 2.5kV to ground, without a�eting the ion bunh size and kineti energy.� Two devies allow a separation of the RFQ beam line from the rest of thesystem: a gate valve that one loses when a part of the system is ventedand a 3 mm diameter aperture that allows for di�erential pumping.� In order to provide for eÆient transfer through the 3 mm aperture, anEinzel lens is plaed half way between the RFQ and this aperture.Sine the pulsed drift tube and Einzel lens have di�erent diameters, a math-ing between the two that minimized spherial aberration needed to be done.Two di�erent mathings were tested: a 90Æ opening of the pulsed drift tube(see Figure 2.11 (A)) and a aring of the pulsed drift tube (see Figure 2.11(B)). Two fators where taken into aount for this presented onept; thepenetration of the Einzel lens eletri �eld inside the pulsed drift tube and thespherial aberration produed by the lens.To see learly the e�et of spherial aberration, the beam was de�ned asa point soure with a 10 mrad divergene situated at the beginning of thepulsed drift tube. This beam was then refoused at the entrane of the 3 mmaperture. The spherial aberration due to the �nite size of the Einzel lens reatesa �lamentation of the beam in the �x-x and �y-y phase-spae as disussed inthe previous setion (see Figure 2.12). In the simulations, the length of thearing (h) in ase (B) was hanged from 11 mm to 51 mm and the length of the�lamentation was measured.
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Figure 2.11: Comparison of the shape of the equipotential VEL=4, VEL=2 and3VEL=4 produe by the Einzel lens for a pulsed drift tube that A) �nish by a90Æ opening, B) has a h = 31 mm horn.
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Figure 2.12: Filamentation of an initial 10 mrad point soure situated at thebeginning of the pulsed drift tube and refoused at the 3 mm aperture by anEinzel lens. Calulations for two di�erent drift tubes are shown: 31 mm longhorn and a 90Æ opening.



Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 39Table 2.1: Variation of the penetration p as a funtion of the distane fromthe end of the drift tube at whih the potential is 0.1 V and the length of the�lamentation tail �x for di�erent lengths of the horn h.h (mm) p (mm) �x (�m)0 32 7811 39 5921 45 5531 50 5341 55 5351 60 53The eletri �eld penetration from the RFQ and Einzel lens inside the drifttube when it is grounded determines its e�etive length, i.e. the part of the tubein whih the kineti energy of the ion bunh would be minimally a�eted duringthe pulsing. In Setion 2.2.3. it will be shown that the average radial kinetienergy of the beam entering the Penning trap is about 4 eV, thus in order tominimize the energy spread of this beam, the penetration p was taken as thepoint where the potential had a value of 0.1 V. Therefore, the length of the airh was determined from the size of the �lamentation �x and the penetration pof the Einzel lens eletri �eld inside the pulsed drift tube.Table 2.1 shows the results of the simulations. The ase h = 0 mm is speialsine it is when the drift tube is onneted with the Einzel lens ground eletrodeby a 90Æ opening and it presents the highest aberrations.Table 2.1 also shows that inreasing the aring length beyond h � 21 mm,barely the size of the �lamentation tails. This is beause for h � 21 mm, theontribution from the horn geometry to the �lamentation is negligible omparedto the one from the �nite size of the Einzel lens. At the same time, the e�etivelength of the drift tube is redued by 15 mm.Therefore, is was founded that the best mathing an be ahieved by aringthe pulse drift tube after the RFQ. Sine the spherial aberrations produed bythe horn get negligible when h � 21 mm, the mathing between the pulsed drifttube and the Einzel lens will be ahieve with a 21 mm long are.2.2.4 Injetion optis for the Penning trapThe injetion of the beam into the preision Penning trap is ritial and requiresthe diameter and radial kineti energy of the ion bunh to be minimal sine it willhave an impat on the initial ion motion in the trap. This setion is divided infour parts: motivation for the injetion simulation, determination of the Einzellens position, simulations using an Einzel lens, simulations of the Lorentz steererand injetion optis design.
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Figure 2.13: Time-of-ight spetra for di�erent initial ylotron radius. A vari-ation of in the ylotron radius a�ets the full-width-half-maximum and ampli-tude of the entral peak, whih translates into unertainty in the determinationof the ylotron frequeny �. See text for more details.Motivations for injetion simulationsThe spread of the radial diameter of the ion pulse that enters the Penning trap isa soure of unertainty in the TOF spetra, hene a systemati error in the massdetermination. After the omplete onversion into redued ylotron mode, theions starting with di�erent initial magnetron radius r� will end up with di�erentredued ylotron radius r+ and thus di�erent radial kineti energies:Er = 12m!2+r2+: (2.8)This di�erene in Er translates into an unertainty in the TOF spetra. Asan example, in Figure 2.13, the time-of-ight (TOF) spetra of singly hargedions of mass m = 74 u for di�erent initial ylotron radius was alulated. Inthis example, a variation of 10% in the ylotron radius results in a 2% hangein the full-width-half-maximum and of 7% in the amplitude of the TOF entralpeak.Therefore, the beam diameter df entering the Penning trap needs to be min-imized. Contrary to the previous setion where the beam leaving the RFQ wasfoused in a 3 mm aperture by an Einzel lens, in the ase of the Penning trap, the
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Figure 2.14: Injetion of a 20 mm wide beam at the Penning trap entrane. A)Without any magneti �eld, the Einzel fouses the beam at the Penning trapentrane. B) The presene of the strong axial magneti �eld produed by thesuperonduting magnet, anels the fousing e�et of the Einzel lens leadingto a bigger beam spot at the Penning trap entrane. The upper panel showsthe the axial magneti �eld Bz together with the radial magneti �eld Br. Seetext for more details.



Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 42strong magneti �eld produed by the superonduting magnet will ause theion beam to undergo a ylotron along the magneti �eld lines. Figure 2.14)shows that the size of the originally foused beam entering the Penning trapis inreased by the presene of the strong magneti �eld produed by the su-peronduting magnet. There is two important feature shown in Figure 2.14);between 250 mm and 400 mm, the beam size is dereased by the onvergingmagneti �eld present in that region. Between 0 and 250 mm, the beam di-ameter remains unhanged. Both features shows that for z < 400 mm, the ionmotion is mainly determined by the diretion of the magneti �eld. Therefore,a determination of the foal point f that will minimized the beam diameter dfentering the Penning trap is neessary.The seond parameter that must be determined is the beam diameter wherethe fousing starts di. For onstant beam emittane, varying the beam diameterdi will hange the angular divergene of the beam. As shown in Setion 2.2.1, theemittane of a beam an be approximated by the area of an ellipse enlosing allbeam partiles in the phase-spae x-�x, where �x, is the angle between a radialomponent of the partile veloity and its axial veloity. Therefore, in order toonserve the emittane, a derease of the beam diameter di, for instane, needsto be ompensated by an inrease in the angular divergene of the beam. If theangular divergene of the beam entering the magneti fringe �eld is too large,it will ause the ions to be reeted by the magneti �eld. The magneti foreapplied on the ions that enters the magneti �eld with a large angle ~F = q~v� ~Bwill reeted them perpendiular to the magneti �eld, thus away from the trapentrane. Therefore, a determination of diameter of the beam when it start toget foused is neessary.The last parameter to be varied is where the ion beam start to fous zi,whih will determine the position of the Einzel lens. The distane between fand zi will set the strength of the fousing, whih is an important fator in �nalsize of the beam entering the trap. A small separation between f and zi forinstane, will give a very strong fousing at the foal point, leading to reetionof some ions by the magneti �eld.In the following setion, the optimal position of the Einzel lens that willfous the beam before the strong magneti �eld region has been determined.Determination of the Einzel lens positionFollowing the previous disussion, the beam entering the trap an be desribedin the following way:� its diameter di� position of the beam fousing zi� the loation of the foal point f� its emittane "� its axial kineti energy Ez



Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 43Simulations have been arried out to determine the required parameters of f ,di and zi to minimize the �nal beam diameter df .The axial kineti energy of the ions in TITAN's transport beam line is ex-peted to go from 1 to 5 keV/q and the worse extrated emittane from the RFQgiven by simulations is: 10 � mm mrad for a 2.5 keV/q ion bunhes [Smi05℄.Thus, assuming that no hanges in the beam emittane our in the transportfrom the RFQ, in the following simulations, the emittane of the beam enteringthe mass measurement Penning trap was set to 10 � mm mrad. To be more on-servative, an axial beam energy of 5 keV/q was used in this simulation, whihrepresents a beam of poorer quality than what is expeted from the RFQ. Notethat in order to over the possible range of energy of TITAN's beam line, sim-ulations with a 20 � mm mrad 1.25 keV/q beam are shown at the end of thissubsetion. The ion beam starts with an axial energy spread of 5 eV/q, whihis the energy spread of the ISAC beam line. The ions have a mass of m = 2u and a harge of q = 1 e, for an overall m=q ratio of 2, a typial m=q ratiofor HCI. Simulations with singly harged m = 74 u ions has also been made inorder to over the range of mass expeted to be measured at TITAN.A magneti �eld map has been generated aording to the on-axis axialBdataz (z,r = 0), the o�-axis axial Bdataz (z,r = 5 mm) and the o�-axis radialBr(z,r = 5 mm) magneti �eld values given by the 4T magnet manufaturer.For a brief overview on how the magneti �eld map was generated, see AppendixA.1.In order to �nd the best onditions, eah of the three parameters f , diand zi was varied independently, leaving the other two onstant. To see howeah parameters were varied in the simulations, see Appendix A.2. The beam isassumed to have an initial diameter di = 2 m, whih is a typial beam envelopesize expeted from the RFQ, assuming no hange in the transport. The positionwhere the beam starts to fous was set to zi = 900 mm; this orresponds to theposition of one of the 6-way ross used for vauum pumping. In order to seetheir e�et on df , eah parameter where varied over a broad range. The foalpoint f is the �rst parameter to be varied. Then, di was varied using the valueof f that minimized df previously founded. Finally, zi was varied using the twoprevious results. Figure 2.15 shows the e�et of the variation of eah parameterson the beam diameter and radial kineti energy entering the Penning trap.The parameter f was varied from the trap enter position to 800 mm fromthe trap enter. The smallest �nal beam diameter was found to be 0.75 mm whenthe beam is foused at f = 400 mm from the trap enter and the orresponding�nal radial kineti energy of the beam is 2.5 eV. For dereasing values of fsmaller than 400 mm, the beam width entering the strong magneti �eld regiongets bigger, resulting in a bigger beam spot at the entrane of the trap. Forinreasing values of f bigger than 400 mm, the foal length derease, leading toa stronger divergene of the beam as it enters the magneti fringe �eld. Thus,as was explained earlier, the magneti fore applied on the ion will inrease thebeam size before it enters the strong magneti �eld region, giving onsequentlya bigger diameter to the beam as it enters the Penning trap.
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Figure 2.15: The �nal ion beam diameter df was minimized by varying subse-quently the foal point position f , the initial beam diameter di and the pointwhere the beam start to fous zi, taking eah time the position, shown by thearrows, where df was founded to be minimal. The orresponding radial kinetienergy of the beam is also shown. For more details about the results, see thetext.



Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 45Table 2.2: Starting parameters that gives a minimal df , for di�erent masses anddistributions. m = 2 u (at) m = 2 u (Gauss.) m = 74 u (Gauss.)f (mm) 400 400 325di(mm) 20 24 18zi (mm) 950 1050 1050dminf (mm) 0.65 0.57 1.6Er(dminf ) (eV) 4.2 3.8 0.4Following this simulation, assuming that the beam starts 900 mm from thetrap enter and fouses at 400 mm, the initial beam size was varied from 1 to100 mm. Figure 2.15 shows that the �nal beam size is a minimum when theinitial beam size was 20 mm. Note the di�erent sale on whih df vary. Thereare two features in the variation of the initial beam diameter di; the inreaseof the angular spread of the ions forming beam as the beam size derease atonstant emittane and the inrease of the angle at whih the beam penetratethe magneti drift �eld as the beam size inrease. di = 20 mm orrespond tothe point where the two e�ets ompensates eah other.Taking the results of the previous two setions, f = 400 mm and di = 20mm, in Figure 2.15, the initial beam fousing point zi was hanged from 450mm to 1610 mm. The �nal beam size was found to be minimal at zi = 950 mmand varies slowly for inreasing values of zi, while the radial kineti energy Ersteadily dereases.The derease in df as zi hange from 450 mm to 950 mm is due to thederease of the angle at whih the ion beam enters the magneti fringe, whilethe inrease in df as zi inrease beyond 950 mm is due to the angular spread ofthe beam due to the emittane, that beomes more important as the separationbetween zi and f inrease.Table 2.2 summarize the parameters of the beam when it has its minimal �nalsize. The seond olumn of Table 2.2 is the results of an other df minimization,this time using a irular beam with a Gaussian ion distribution both in theemittane and in the beam density. The results of both simulations agree welltogether. Beause of the slow variation in the �nal beam size near the minimumfor df , the di�erent value of di and zi founded for the Gaussian distribution, asa minute impat on df .The third olumn shows that for a beam of partiles of mass 74 u and harge1 e the minimal beam size ahieved is larger than that found for the ions withthe 2 u mass. In both simulations, the ion beam started with a 5 keV/q axialkineti energy, this means, that the ions of higher mass get into the magneti�eld with a smaller veloity and therefore, the fousing due to the magneti forewill be smaller, resulting in a bigger �nal beam spot. Sine a smaller radial foreis applied on the mass 74 u ions than the mass 2 u, a smaller amount of axialkineti energy will get onverted into radial kineti energy.



Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 46Table 2.3: Minimal �nal beam diameter and the orresponding radial kinetienergy for di�erent initial beam.Ez (keV) 1.25 5 5m (u) 2 2 74� (mm) 14 14 9VEL (V) -800 -3180 -3080dminf (mm) 1.05 0.78 1.87Er(dminf ) (eV) 1.83 3.43 0.42To onlude, a minimized beam diameter df entering the Penning trap wasfounded for a di = 24 mm wide onverging Gaussian distributed ion beamstarting at zi = 1050 mm and fousing at f = 400 mm from the trap enter.The parameters zi and f determine the position and fousing strength of theEinzel lens that the TITAN experiment will have to inlude to its injetionoptis.Simulation using an Einzel lensIn these simulations a 110 mm long Einzel lens with an inner diameter of 30mm is plaed at the optimal distane zi = 1050 mm, as found in the previoussetion. For the initial onditions, a ollimated beam with a Gaussian veloityand oordinate distribution is assumed. In order to minimize the spherial aber-ration at the foal point, a deelerating Einzel lens was used (see Setion 2.2.2for more details). In these simulations, the e�et on the �nal beam diameterand radial kineti energy of hanging the initial axial kineti energy and massof the ion is determined.To over the possible range of kineti energy that the ion beam an havein TITAN's transport beam line, the impat of the dereasing the axial kinetienergy of the beam to 1.25 keV was determined. In order to onserve thenormalized emittane, the emittane of the 1.25 keV beam has to be:"(1:25keV) � pz(1:25keV) = "(5keV) � pz(5keV) (2.9)"(1:25keV) =r 5keV1:25keV � "(5keV) = 20 �mm mrad (2.10)As shown in Table 2.3, for the same initial beam diameter, the minimalbeam size ahieved for a 1.25 keV is wider than when the beam has an energyof 5 keV. It is due to the inrease of the emittane.The last ase studied is a singly harged ion beam of mass 74 amu. This isthe worst ase in terms of the �nal beam size (see Table 2.2), this is beause theaxial veloity of the ions entering the magneti fringe �eld is smaller, resultingin a weaker fousing of the ions due to the magneti fore. However, sine thebeam properties depend on the m=q ratios, the use of highly harged 74Rb ionswith a ratio of m=q � 2 is similar to using singly harged ions of mass m = 2 u.
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Figure 2.16: Rendered design drawing of the eletrode struture for the injetioninto the TITAN's mass measurement Penning trap. Shown are the di�erent drifttube setion, the Lorentz steerer, the Penning trap and the support struture.Figure 2.16 shows the design of the eletrode struture for the injetion ofthe ion bunh into the preision Penning trap. This omprises of several optialomponents for the injetion into the trap, suh as:� A horned drift tube with a shape following the magneti fringe �eld lines.Inside the strong magneti �eld region, the ions undergo ylotron motionaround the magneti �eld lines. As they move into the strong magneti�eld region, the ions will spiral along the onverging �eld lines resultingin a derease in the beam size. Therefore, inside the strong �eld region,one an use a drift tube with a smaller diameter. The aring of the drifttube simply implements a smooth transition between the two di�erentdrift tube diameters.� After the horned drift tube, a Lorentz steerer [Rin05℄ allows a preparationof the ions with well de�ned radius whih results in a spei� magnetronmotion in the trap. The Lorentz steerer is made of a drift tube whih islongitudinally segmented into four equal parts allowing for the reation ofan eletri �eld perpendiular to the magneti �eld of the magnet (see Fig-ure 2.17). The ross produt of the eletri and magneti �eld omprises
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Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 49Table 2.4: Parameters used in the study of the Lorentz steererVDT (kV) �Vsteer (kV) �r (mm) df (mm) Er (eV) �Er (eV)0 0 N/A 0.9 3.8 2.90 1.1 1.0 0.9 80.3 23.54.5 0 N/A 0.8 3.8 2.94.5 0.35 1.0 0.8 4.1 2.9a veloity �lter that indues a magnetron motion as desribe in setion1.4.1. Sine the Lorentz steerer is inside a region of strong axial magneti�eld, the indue magnetron displaement on the bunh remain onstantas the ions y from the steerer to the Penning trap.Simulation of the Lorentz SteererAs explain in the previous setion, a Lorentz steerer reates an axial displae-ment of the beam before it enters the Penning trap. This gives a non-zeroinitial magnetron radius to the ion bunhes in the Penning trap. The e�et ofthe Lorentz steerer on the �nal beam size and radial kineti energy has beensimulated and is disussed in the following.The simulations use the optimal injetions onditions found in the previoussetion, i.e. an Einzel lens is plaed at zi = 1050 mm fouses a ollimatedGaussian beam at 400 mm from the trap enter. Two sets of simulations werearried out; one with grounded injetion drift tubes and the other with the drifttubes oating at 4.5 keV above ground. In the �rst ase, where the injetiondrift tube was grounded, the kineti energy of the beam entering the Lorentzsteerer was 5 keV. At suh energies, one needs to apply 1.1 kV to the Lorentzsteerer in order to displae the beam by �r = 1.0 mm. Due to the radialeletri �eld reated by the Lorentz steerer, the radial kineti energy of theion inreases together with the radial o�set of the beam. Part of this kinetienergy ontributes to an inrease in the ylotron radius of the beam. Thus,one it leaves the Lorentz steerer, the radial kineti energy of the ions does notreturn to the unperturbed level. In the ase where the drift tube setion isgrounded, a large fration of the kineti energy gained goes into an inrease ofthe ylotron radius and the ion enters the Penning trap with a radial kinetienergy of 80.3 eV. Floating the injetion drift tube setion at +4.5 keV dereasesthe axial kineti energy of the beam from 5 keV to 500 eV. Thus the voltageo�set �Vsteer that one needs to apply on the steerer to shift the beam by thesame amount is lower. A �Vsteer = 0.35 keV allows one to shift the beam by1.0 mm while the radial kineti energy inreases by only 0.3 eV. Furthermore,Table 2.4 also shows that oating the drift tube 4.5 keV above ground has aminusule impat on the �nal kineti energy and dimensions of the beam.Figure 2.18 shows that the Lorentz steerer displaes the beam spots withouthanging the beam spot dimensions.
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Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 522.2.5 Extration optis for the Penning trapThe extration of the ion from the mass measurement Penning trap is an im-portant part of the TITAN experiment. In a mass spetrometry experimentusing Penning trap, the mass is determined from the measurement of the y-lotron frequeny of the ion in the trap. This ylotron frequeny is measuredusing the so-alled time-of-ight (TOF) tehnique. The ions are eletrostati-ally extrated from the Penning trap and y in the magneti fringe �eld of the4 T superonduting magnet where the oupling of their magnetron moment�(!rf ) with the magneti �eld gradient onvert their radial kineti energy inaxial kineti energy, as explain in Setion 1.4.2. Thus, the ions with the highestinitial radial kineti energy will spent less time in the magneti fringe �eld. TheTOF of the ions is reorded by a Miro-Channel Plate (MCP) detetor situateddownstream of the Penning trap, as shown in Figure 2.19.A shemati TOF spetra together with the initial radial kineti energy Erof the ion is also shown in Figure 2.19. The dimensionless quantity Trf ���rf =Trf � (�rf � �) is the produt of the di�erene between the exitation frequeny�rf and the ylotron frequeny � with the exitation time Trf spent by the ionin the Penning trap. The ylotron frequeny is determined by an exitationfrequeny �rf san near the expeted position of the ylotron frequeny �resonane. Note the broadening of the entral peak and the enhanement of theseondary peaks of the TOF spetra ompared to the Er spetra in Figure 2.19.This is due to the non-linearities in the onversion of the radial energy into axialenergy [Kon95℄. The broadening of the entral derease the resolving power Ron the ylotron frequeny � measurement:R = ��� ; (2.11)where the line width ��(FWMH) is de�ne at the Full Width Half Maximumof the entral peak. The resolving power is related to the unertainty on themass measurement (Eq. (2.2)) by:Æmm = 1RpN ; (2.12)where N is the total number of ion reorded in the resonane. In order toahieve a mass measurement with very low unertainty, a minimized line widthis very important. Therefore, the main goal of the extration optis from themass measurement Penning trap is to maximize the resolution on the resonanepeak.Figure 2.19 shows a shemati of the eletrode struture from TITAN's Pen-ning trap. As it is shown, the position of the horned drift tube orrespond tothe region where the gradient of the magneti �eld is the highest and beauseof that, the extrated ions will gets the highest TOF e�et inside the horneddrift tube.Therefore, simulations were arried out to observe the e�et of varying thepotential Vhorn of the horned drift tube on the TOF spetra. The two quanti-ties measured in the simulations are the dimensionless line width at full width



Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 53Table 2.5: Variation of the width ��Trf of the ylotron frequeny resonaneand the amplitude of the resonane �TOF with the horned drift tube setionpotential Vhorn. Vhorn (V) ��Trf �TOF (�s)-30 1.12 2.8-20 1.20 3.7-10 1.24 5.70 1.48 24.7half maximum ��Trf and the amplitude of the resonane peak �TOF. Bothparameters are shown in Figure 2.19. In the simulation, ion of mass m = 2 uand harge q = 1 e (giving a typial HCI m/q-ratio of 2) were extrated fromthe Penning trap into the eletrode struture shown in Figure 2.19. The ionshad an initial radial kineti energy given by:Er = E0 sin2(�2p(2��rfTrf )2 + 1)(2��rfTrf )2 + 1 ; (2.13)where E0 is the radial kineti energy at the ylotron frequeny resonane:E0 = (qBr0)22m : (2.14)The initial radial position of the ion was r0 = 1 mm, a typial radial positionof an ion inside a Penning trap and B = 4 T, is the magneti �eld produed byTITAN's superonduting magnet. Keeping a onstant potential on the othereletrodes, the potential applied on the horned drift tube was varied from -30V up to 0 V.Table 2.5 shows the results of this simulation. The applied potential on thehorned drift tube a�et both ��Trf and �TOF . This is beause varying thepotential applied on the horned drift tube will a�et the veloity of the ionsinside the region of strong magneti �eld gradient. The work W made on theion due to the axial fore (1.58) that onvert the radial kineti energy into axialkineti energy is: W = Z ~F � ~vdt = �(!rf ) Z �B(z)�z v(z; t)dt; (2.15)where v(z; t) is the axial veloity of the ion inside the horned drift tube. FromEq. (2.15), sine an ion of redued veloity will spent more time inside the strongmagneti �eld gradient, the onversion of its radial kineti energy into axialkineti energy will be inreased. Thus, dereasing the potential jVhornj inreasethe amplitude �TOF of the entral peak. Also, as the ion spent more timein the magneti �eld gradient, the non-linearities in the radial kineti energyonversion are inreased and this auses a broadening of the resonane peak,thus a larger ��Trf [Kon95℄. The broadening of the entral peak as jVhornj
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Figure 2.20: Variation of the normalized time-of-ight of m=q = 2 ions with��rfTrf . The normalized TOF spetra is shown for di�erent applied voltageVhorn on the horned drift tube as well as the normalized radial kineti energyof the ion leaving the trap.



Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 55derease is illustrated in Figure 2.20. This �gure shows the normalized time-of-ight spetra (TOF=�TOF ) of the di�erent ases tabulate in Table 2.5, plusthe spetra of the normalized radial kineti energy (Er=E0) of the ion leavingthe trap. Note the strong non-linear e�ets present when Vhorn = 0 V.
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Figure 2.21: Comparison of a simulated TITAN 85Rb+ TOF spetrum and anexperimental TOF spetrum of the ISOLTRAP experiment. The two spetrumhave a similar resonane amplitude �TOF = 125 �s, but are shifted from eahother by 25 � s, for explanation see text.In order to test the exibility of TITAN's Penning trap extration eletrodestruture, an observed TOF spetra from the ISOLTRAP experiment [Bla06℄was suessfully simulated. Figure 2.21 ompares the simulated TOF spetraof 85Rb+ from the TITAN experiment extration with the orresponding TOFspetra measured at the ISOLTRAP experiment. Both spetra have the sameresonane amplitude �TOF = 125 �s and width ��rfTrf = 1.22. But thetwo spetra are shifted by 25 �s, there an be several ause to suh shift, like;di�erent lengths in the extration system or di�erent aelerating potentialsapplied on the drift tubes. Assuming that the ions in TITAN's Penning trapand undergoes the same exitation period Trf = 900 ms as the ISOLTRAPexperiment, the resolving power on the ylotron frequeny of 85Rb+ is:R = �Æ� = qB2�m 1�� = 5:3� 105 (2.16)For the same singly harged 85Rb, the ISOLTRAP ahieve a resolving power ofR = 7.9 � 105. The di�erene being aused by the stronger 6 T magneti �eld
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Figure 2.22: Rendered design drawing of the eletrode struture for the ex-tration from the TITAN's mass measurement Penning trap. Shown are thedi�erent drift tube setion, the Einzel lens, the Penning trap, the MCP and thesupport struture.produed by the ISOLTRAP's magnet. On the other hand, the use of HCI willinrease the resolving power of the TITAN experiment by a fator of q.Finally, a desription of the extration optis eletrode struture, shown inFigure 2.22, is given. The extration optis is divided in three parts: Theextration optis eletrode struture is divided into three parts:� A 16 mm inner diameter 130 mm long drift tube aelerates the ion whilethey are in the strong magneti �eld region, i.e. when B is lose to 4 T.Sine the magneti �eld gradient in this region is small, no radial kinetienergy hange ours. Thus, no signi�ant e�et on the time-of-ightspetra an be ahieved by varying the drift tube potential. Aeleratingthe ion through the strong �eld region has the advantage of reduing theight time and thus the total time required for the frequeny san. Longfrequeny sans indue larger systemati errors on the TOF spetra dueto time dependant variables suh as drift of the magneti �eld as desribein Setion 3.2.� A horned drift tube enloses the region with the highest magneti �eldgradient. Compared to the previous drift tube setion, the potential ofthe horn is loser to ground. The voltage applied on the horn modi�es theamplitude and width of the ylotron frequeny resonane.



Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 57� The last drift tube setion is in three parts, in order use to be used asan Einzel lens that fouses the diverging beam onto the 16 mm diametermiro-hannel plate (MCP) detetor situated at the end of the tube.2.3 Status of the Penning trapAt the enter of a Penning trap lies the eletrode struture that generates theharmoni quadrupole potential. Together with the magneti �eld, this generatesthe three-dimensional trapping of the ion as disussed in Setion 1.4.1.
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Figure 2.23: Cross-setional view of a rendered drawing of TITAN's preisionPenning trap eletrode struture. Shown are the orretion and guard ele-trodes, the ring and the end aps, together with the dimensions of the trap.Figure 2.23 shows a rendered design drawing of TITAN's preision Penningtrap eletrode struture. Two important features are shown; �rst, two or-retions eletrodes orreted the perturbations ause by the entrane and exitholes. Seond, an other kind of orretion eletrodes, the \guard eletrodes"orret the eletri �eld perturbations due to the �nite size of the end ap andring hyperboli eletrodes.Any misalignment of the eletrodes with the magneti �eld, asymmetries inthe eletrodes or misalignment of the eletrodes with eah other ause uner-tainties in the determination of the ylotron frequeny (for a detail disussionabout the e�et of misalignment, see [Bro86℄ and [Bol90℄). Thus, eah eletrodewill be preisely aligned with respet to eah other with sapphire ball insulators.



Chapter 2. The TITAN Penning Trap Experiment at TRIUMF 58The Penning trap eletrodes are made of oxygen free high ondutivity gold-plated opper. The gold plating prevents oxidation and outgassing. Outgassingan our when ertain types of materials are put into high vauum: ertainmoleules, H2 for example, leak out of the material at a low rate, limiting thevauum quality. The amount of outgassing redues exponentially as a funtionof time. However, if one wishes to aelerate this, one an heat the system tohigher temperatures.A novel feature of the TITAN experiment is its Penning trap vauum ham-ber whih made of titanium. With its outgassing rate of 6.0 � 10�13 Pa ms�1, titanium has better ultra-high-vauum properties than stainless steel (2.0� 10�10 Pa m s�1), the more ommon material for vauum hamber onstru-tion [Kur03℄. A hoie of material with very low outgassing rate is more ritialat the TITAN experiment than the other Penning trap experiments beause ofits use of HCI. Sine most of the eletroni shells of the HCI are empty, theyinterat more strongly with residual gas that is oming from the outgassing ofthe material surrounding the ultra-high vauum.Therefore, to redue reombination, TITAN's beam line will need to be athigh vauum of around 10�8 mbar and the Penning trap at a ultra high vauumof 10�11 mbar [Ryj05b℄.In addition to the eletri �eld, a strong and homogenous magneti �eldompletes a Penning trap. In the present ase, a 4 T superonduting solenoidis used. The quadrupolar magneti �eld deviations are tuned out by the usedof room-temperature shim oils. The resulting magneti �eld inhomogeneitiesare less than 0.2 ppm over the 20 mm magnet length [Ryj05b℄. The superon-duting magnet is ooled to ryogeni temperature using liquid nitrogen andliquid helium, while its bore is at room temperature. Hene, the vauum vesselinluding the eletrode struture is also at room temperature and follows theambient temperature variations. Suh utuations are known to lead to uner-tainty in the determination of the ylotron frequeny. A systemati study ofthe inuene of the temperature variations was arried out as part of this the-sis. This was done at the existing ISOLTRAP experiment at CERN, Geneva. Itwas shown that theses utuations an be minimized by a feed-bak ontrol sys-tem that stabilized the temperature. A similar system is forseen at the TITANexperiment as well.



59Chapter 3Studies at existing Penningtrap experimentIn the following setions, two studies arried out at existing and running Penningtrap spetrometer system in radioative beam failities are desribed.3.1 ISOLTRAP experiment at ISOLDEThe ISOLTRAP experiment [Bla05℄ at on-line isotope mass-separator ISOLDEat CERN [Kug00℄ uses a ombination of three ion traps to prepare radioativeions and to measure their mass with a relative unertainty of Æm=m � 8� 10�9[Kel03℄, for isotopes with half-lives of 65 ms. The three traps are:� The �rst trap is a Radio Frequeny Quadrupole (RFQ) Paul trap forooling and bunhing the ontinuous ISOLDE beam.� The seond one is a a bu�er-gas �lled ylindrial Penning trap for thepreparation and isobari leaning of the ion bunh.� The last one is a hyperboli Penning trap for the determination of theylotron frequeny.The setup is shown in Figure 3.1. The basi funtions of ISOLTRAP's andTITAN's RFQ and preision Penning trap are very similar. The ylindrialPenning trap uses bu�er-gas for ooling, hene an not be used with highlyharged ions (see Setion 2.1.4.). For a detailed desription of this oolingPenning trap system, see [Sav91℄.3.2 Magneti �eld stability studies for theISOLTRAP preision Penning trap3.2.1 Importane of the magneti �eld stabilityIn general, the ions inside a Penning trap have 3 eigenmotions of di�erent fre-quenies: axial �z, redued ylotron �+ and magnetron ��.As explained in Setion 1.4.2, the ions mass are diretly determined by themeasurement of the true ylotron frequeny:� = �+ + �� = 12� qBm (3.1)
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Figure 3.1: Sketh of the ISOLTRAP setup. Shown are the ISOLDE quasi-DCbeam, the referene ion soure, the RFQ, the ooling and the preision Penningtrap. The Miro-Channel Plates (MCP) 1 and 3 are use for beam tuning, whileMCP5 reord the TOF of the ions.



Chapter 3. Studies at existing Penning trap experiment 61Thus, for a onstant magneti �eld B and harge q, di�erent ylotron fre-quenies orrespond to di�erent masses. The magneti �eld an be obtained bymeasuring the ylotron frequeny of a referene ion with well-known mass andthe atomi mass of the ion of interest is:mnew = �ref�new (mref �me) +me; (3.2)where me is the eletron mass, and ignoring the atomi binding energy. Butsine the two measurements are separated in time, relation (3.2) is only or-ret if the magneti �eld is time independent. It was observed at ISOLTRAP
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Figure 3.2: Magneti �eld variations produed by the ISOLTRAP preisionPenning trap 6T superonduting magnet, observed over a period of 64 hours.The short-term utuations orrespond to day-night variations. (taken from[Kel03℄)[Kel03℄ that the magneti �eld in the measurement Penning trap linearly driftswith additional short- and long-term utuations (Figure 3.2). One possibleexplanation for this e�et is the utuations in the temperature of the superon-duting magnet's bore. The linear magneti �eld drift was determined [Kel03℄as 1: ÆBÆt 1B = �2:30(3)� 10�9 h�1.1A typographial error was founded in [Kel03℄. Rather than the given value of -2.30(3)



Chapter 3. Studies at existing Penning trap experiment 62Therefore, utuations in the magneti �eld have diretly a�eted, althoughon a very small sale, the experimentally measured ylotron frequenies.Sine there is good evidene for utuations on the magneti �eld due to thetemperature, a study of the orrelation between magneti �eld variations andtemperature variations in the magnet bore of the ISOLTRAP experiment wasarried out and is shown in the following setion. This was part of a systematistudy of the ISOLTRAP experiment and is reported in [Bla05b℄.3.2.2 Data aquisitionThe magneti �eld was determined from the measurement of the ylotron fre-queny � of 85Rb and relation (3.1). The temperature was measured with aplatinum resistane thermometer (PRT) whih was plaed in the room temper-ature bore of the superonduting magnet of the preision Penning trap. Atroom temperature, the resistane measured by the PRT varies linearly with thetemperature following the empirial formula [DIN04℄:R = R0[1 + �T ℄ (3.3)where � is the temperature oeÆient � = 3:89� 10�3 ÆC�1 and R0 = 100 
,the resistane at T = 0ÆC.3.2.3 Comparison of the resistane and ylotronfrequeny variationTime evolution of the resistaneThe resistane has been measured ontinuously for about a week (one mea-surement per minute). The resistane of the PRT was measured by a Keith-ley multimeter (model 2000). A program was set-up to remotely ontrol themeasurement proess. As expeted from [Kel03℄, a day-night variation of thetemperature has been observed. Figure 3.3 shows the variation of the resistaneover the week of measurements and two dominant features are visible:� A disturbane of the measurement due to variations of the data aquisitionsystem.� Cooling of the experimental setup due to the �lling of the superondutingmagnet with liquid nitrogen.The disturbane in the resistane measurement were possibly aused by the mo-tion of the loose wire onneting the PRT to the multimeter or by the motionof the multimeter it self, sine they were happening when someone was workingnear the data aquisition system. Later, are where taken to avoid those dis-turbanes. The magnitude of the disturbane is of the same order as the daily� 10�8h�1, the orret value should have read -2.30(3) � 10�9h�1. This was on�rmed byprivate ommuniation from the author.
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Figure 3.3: Daily utuation of the resistane of the PRT. Data taken betweenAugust 6th (Friday) to August 13th 2004 (Friday). The di�erent urves orre-sponds to the four di�erent days. Shown are the disturbane of the measurementpossibly due to the motion of the wire onneting the PRT to the multimeterand the derease in resistane produed by the old vapor emit from the exhaustpipe during liquid nitrogen �lling.utuations. This important e�et was taken into aount when the data hasbeen analyzed.The seond important e�et observed is the impat of the �lling of thesuperonduting magnet of the preision Penning trap with liquid nitrogen.The trap was �lled with liquid nitrogen two times per week and with liquidhelium one every 6 weeks. During the liquid nitrogen �lling a derease in theresistane of the PRT was observed. This derease is aused by old nitrogenvapor, that was direted to the apparatus, through an exhaust pipe. Lateron, the exhaust pipe was redireted away from the experimental setup and theperturbation of the temperature beame signi�antly smaller.



Chapter 3. Studies at existing Penning trap experiment 64Time evolution of the ylotron frequenyIn all of the following graphs, eah point represents three frequeny sans. Thisminimizes statistial utuations and gives a better estimation of the frequenyas a funtion of time. Some problems with the automati regulation of thebu�er-gas pressure in the preparation trap aused a stopping of the ylotronfrequeny measurement. Thus, the ylotron frequeny of 85Rb+ was measuredonly for short time intervals. Figure 3.4 gives all the di�erent frequeny mea-
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Figure 3.4: Cylotron frequeny determination of 85Rb in the ISOLTRAP ex-periment Penning trap over a period of 160 hours. Visible are the linear driftand the so-alled day-night utuations. In addition, derease of the measuredylotron frequeny due to rane movement is shown.surements that had been made within one week. There are three observedfeatures:� Linear drift in the frequeny� Day-night osillations of the frequeny� A large drop in the frequeny due to the movement of the bridge rane



Chapter 3. Studies at existing Penning trap experiment 65A derease of the ylotron frequeny had been observed when the large bridgerane was moving lose to the apparatus. The experimental hall in whih theexperiment is loated features bridge rane, whih is used to transport heavyexperimental equipments. This rane sits on two rails on the side of the hall,and an move aross it. To determine the e�et of the rane, a ten minute
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Figure 3.5: Ten minutes measurement of the ylotron frequeny with the ranestraight above the Penning trap. Shown is a 0.626(8) Hz derease in the measureylotron frequeny.measurement was made with the rane at 46.5 m straight above the top of theMCP5 detetor (Figure 3.1), hene about one meter above the preision Penningtrap magnet (Figure 3.5). The frequeny shift with respet to the previouslydetermined ylotron frequeny was: 0.626(8) Hz, whih is in the same orderof magnitude as the ylotron frequeny drift over 160 hours. Suh an e�etis aused by a magnetization of the ferromagneti material in the rane. Thismagnetization distorted the magneti �eld fringe lines of the magnet ausinga derease of the magneti �eld in the region of the trap [Kel03℄. All pointswith large deviations from the general behavior of the ylotron frequeny (likethe ones desribed above) were not taken into aount for the evaluation of thelinear drift.



Chapter 3. Studies at existing Penning trap experiment 66In order to quantify the ylotron frequeny drift, it has been omputed bya linear regression �t routine. The equations of the �tting funtion is:� = mt+ bi (3.4)m = ���t = �2:84(5)� 10�3 Hz h�1 (3.5)b1 = �(0) = 1069831:124(6) Hz (3.6)b2 = �(0)� < � >= 0:315(6) Hz (3.7)The relative magneti �eld drift is dedued to be:1B �B�t = 1� ���t = mb1 = �2:65(4)� 10�9 h�1 (3.8)This result orrespond to a deviation of 8.75� from the previous result [Kel03℄.The Author of [Kel03℄, gave two others results from ylotron frequeny mea-surement at the ISOLTRAP experiment; a Kr run where they found a drift of:-3.1 � 10�9 h�1 and an other Rb run where the drift was: -2.4 � 10�9 h�1.An average of the three results from the Author of [Kel03℄ (assuming an equalunertainty as the result in [Kel03℄), gives a magneti �eld drift of:1B �B�t = �2:60(5)� 10�9 h�1; (3.9)whih is in good agreement with the result found in Eq. (3.8). The deviationfrom the previously published result will be addressed in a following publiation.The magneti �eld drift ould be aused by a ux reep whih redues theurrent in the superonduting oil and subsequently, the magneti �eld de-reases with time [Kel03℄. With the known linear magneti drift, the next stepis to hek if the magneti �eld and temperature osillations are orrelated.Determination of the ylotron frequeny/temperature ratioIn order to ompare the osillation of the ylotron frequeny and the resistane,one �rst subtrats the independent linear drift of the ylotron frequeny. It isonvenient to deompose the ylotron frequeny variations into a produt oftwo funtions: �(t) = f(t) � g(t); (3.10)where f(t) is a funtion that osillates with time and g(t) is a funtion of thedrift ���t : g(t) = ���t � t+ �(0): (3.11)The behavior of f(t) is found by dividing the ylotron frequeny data by thefuntion g(t) found in the previous setion. Now, one an ompare the y-lotron frequeny and resistane utuations. Sine only small variations of thefrequeny � and the resistane R are measured, it is more onvenient to plot



Chapter 3. Studies at existing Penning trap experiment 67the deviation at eah data point: � - 1069831.0 Hz and R - 109.0 
. The ratioof the ylotron frequeny over the temperature variation is given by:���T = ���R �R�T ; (3.12)and using (3.3), �R�T = �R0 = 0:389 
 ÆC�1 (3.13)In Figure 3.6, the absolute hange of the ylotron frequeny with the drift
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Figure 3.8: Cylotron frequeny � as a funtion of the resistane R.in are found as: a1 = ���R = 0:585(7) Hz 
�1 (3.17)a0 = �0:475(4) Hz (3.18)The redued hi-square of the �rst 202 data points is:�2=� = 1:51 (3.19)The probability to exeed this �2=� value is less then 0.1%, whih means thatthe linear regression (3.16) is an aurate representation of the �(t) = f(R(t))data set [Bev92℄.Figure 3.8 shows the frequeny � as a funtion of the resistane. It anbe seen how muh the ylotron frequeny hanges for di�erent values of theresistane. The standard deviation of the ylotron frequeny along the linear�t �(t) = �(0) + ���R �R(t) (3.20)is 1:14 � 10�2 Hz. This number illustrates the statistial utuations of theylotron frequeny with the temperature. With (3.13) and (3.17), the ylotron



Chapter 3. Studies at existing Penning trap experiment 70frequeny variation with the temperature is:���T = ���R �R�T = 0:228(3) Hz ÆC�1 (3.21)Finally, the variation of the magneti �eld B with the temperature T for85Rb+ is:�B�T = ���T �B�� = 2�mq ���T = 1:26(2)� 10�6 T ÆC�1; (3.22)where m(85Rb) = 84.9117893(25) amu [Bra99℄ and �T is the day-night magnetbore temperature utuation. Table 3.1 summarizes the di�erent values foundTable 3.1: Parameters of the temperature and frequeny variations�B=�T 1.26(2) �10�6 T ÆC�11B ÆBÆt -2.65(4) �10�9 h�1�T 0.65 ÆC�B 6.28 � 10�8 Tin this setion.In onlusion, a strong orrelation between the magneti �eld and tempera-ture variations was founded as well as a steady linear drift of the magneti �eld.E�ets that have to be taken into onsideration in a later analysis are: Move-ments of the PRT wire or the GPIB devie auses variations in the measuredresistane, therefore the GPIB devie and onneting wire should be put to aplae where they an not be a�eted. The exhaust pipe for the nitrogen �llingshould be pointed opposite to the trap, beause it will redue the temperaturesurrounding the trap. Crane movement dereases the ylotron frequeny by asigni�ant amount, thus long stops of the rane near the apparatus should beavoided and the orresponding data points should be remove from analysis.Considering those points, more preise measurements of the temperatureand ylotron frequeny variation should be onduted in the future. The useof a devie whih an regulate the temperature utuations inside the boreof the superonduting magnet, whih has already shown its impat in otherexperiments [Fri01℄ should be onsidered, example of suh devie are given inSetion 3.5. The implementation of suh system is planned for the TITANset-up.3.3 The CPT experiment at ATLASAdditional studies where arried out at another on-line Penning trap mass spe-trometer, the Canadian Penning Trap (CPT). The CPT is loated at the Ar-gonne National Laboratory (ANL) in the USA. A brief desription is given inthe following, for more details see [Cla05℄.
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Figure 3.9: The Canadian Penning trap experimental setup together with beamprodution, stopping and separation system (from [Cla05℄).



Chapter 3. Studies at existing Penning trap experiment 72The setup of the CPT experiment is shown in Figure 3.9. At the entraneof the CPT experiment, the 8-17 MeV/A stable heavy ion beam produed bythe Argonne Tandem Lina Aelerator System (ATLAS) hits a thin target.The radioative nulei are produed by fusion-evaporation reations. In suhreations, the heavy ions from the inoming beam ollide with the nulei of thetarget produing several di�erent new nulei.Due to momentum onservation, the produts also move forward in the beamdiretion. The radioative beam then needs to be leaned from undesirablespeies and eÆiently transferred to the measurement system. After the target,a magneti quadrupole triplet fous the radioative beam at the entrane of aspetrograph.After the quadrupole triplet, a veloity �lter separates the primary beamfrom the radioative nuleus produts. In the CPT experiment, the veloity�lter is used to deet the primary beam away from the Enge entrane.An Enge is a split pole spetrograph made of two magneti dipoles thatallows one to fous ions with a spei� magneti rigidity B� [Spe67℄:B� = pq ; (3.23)where B is the magneti �eld, � is the bending radius of the ions, q is their hargeand p their momentum. The spetrometer is used to derease the number ofnulei of undesired speies that are transmitted to the next omponent, the gasather [Mai01℄.Sine the gas ather an only e�etively ool ions with energies lower then3 MeV, so-alled degrader are plaed before the gas ather whih derease theenergy of the radioative beam. Degraders are made from a series of aluminiumfoils of di�erent thiknesses, or stopping powers, mounted on a movable ladderstruture. The thikness an be adapted to the energy of the inoming beam.The gas ather stops the energeti beam by thermalization with high purityhelium gas. One stopped in the ell, the ions are extrated through a nozzleusing ombination of gas pressure gradient and eletri �eld. Radio-frequenyexitation applied to the gas ather walls radially on�nes the ions [Sav05b℄.The ion ooler allows the transport the ions from the gas ell to the highvauum (HV) beam line. The beam ooler is a linear RF trap, similar to theTITAN RF ooler and bunher. The ion ooler is segmented into three setionswith di�erent helium pressures. It allows to gradually derease the pressurelose to the high vauum beam line. The eletrode struture of the ion ooleris made of four rods longitudinally segmented. Therefore, the last setion anbe used as a linear Paul trap to ool and bunh the ions.The next omponent is a ylindrial Penning trap that is used as an isobarseparator, removing ontaminants oming from the gas ather. For a detaildesription of an isobar separator, see [Sav91℄. Before entering the mass mea-surement Penning trap, the ions are prepared in a linear Paul trap. This trapbasially ats as a \bu�er" that ools and aumulates the ion bunhes omingfrom the transport beam line. It allows to produe pulses of equal length that



Chapter 3. Studies at existing Penning trap experiment 73are sent into the mass measurement Penning trap at onstant interval indepen-dently to the properties of the bunhes prior to their injetion in the Paul trap.Finally, the ions enter the preision Penning trap, where the mass measurementtakes plae using the TOF method, as disuss in Setion 1.4.2.3.4 Design of an o�-line alibration laserablation ion soure for the CPT experimentThis setion gives motivation and the design of a laser ablation ion soure forthe CPT.3.4.1 Motivation for a alibration laser ablation ionsoureThe purpose of this soure is to produe stable ions for o�-line mass measure-ments. A laser ion soure is versatile and allows the prodution of a variety ofelements. The �rst ion speies required is 26Mg. 26Mg an be produed by the�-deay of the meta-stable 26mAl:26mAl!26 Mg+ e+ + �e: (3.24)This is one of the 12 best known 0+ ! 0+ super-allowed beta deays [Har05℄whih Ft-value enters in the alulations of the average Ft-value, from whih theVud element of the CKM matrix is alulated (refer to Setion 1.2.2 for details).The Ft-value of 0+ ! 0+ super-allowed beta deay transitions depends on theQ-value, whih an be derived from the parent-daughter mass di�erene:Q = m(26mAl)�m(26Mg)� 2me: (3.25)Therefore, a preise determination of the mass of 26Mg and 26mAl will put betteronstrains on the determination of the Vud matrix element and ultimately onthe unitarity of the CKM matrix. The mass of 26mAl was measured by the CPTexperiment. During this on-line measurement, the numbers of 26Mg produedby the deay (3.24) were too small for a 26Mg mass measurement. But sine26Mg is a stable nulei, a beam an be easily produed o�-line. Thus, an o�-lineion soure was designed as part of this thesis and is desribed in the following.It is urrently under onstrution and will after ompletion be inluded in theCPT set-up. The soure will produe stables ions by laser ablation using anNb: YAG laser. The next setion gives an overview of the ion soure.3.4.2 Overview of the ion soureIn a laser ablation ion soure, a pulsed laser beam is direted onto a thin solidtarget through a series of optial devies. The energeti photons from the laserbeam removes eletrons and some ions from the target surfae. This reates aneletron-ion plasma that expands outward from the target surfae. This plasma
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Figure 3.10: Shemati ross-setion view of the CPT ion soure. The eletrodestruture are showed along with the orresponding equipotential lines and a26Mg+ ion beam.



Chapter 3. Studies at existing Penning trap experiment 75is on�ned between two plates at di�erent potential. The eletri �eld betweenthe plates aelerates the positive ions towards a drift tube. Afterwards, the ionbeam is foused by an Einzel lens. The hoie to produe the stable ions by laserablation mainly omes from the versatility of suh system. Figure 3.10 showsthe ross-setion view of the CPT ion soure. Before going into the disussionabout the ion soure eletrode struture, some harateristis of the laser usesare given.The ion soure uses a pulsed Nb: YAG laser that emits pulses of 5 ns dura-tions at 532 nm every 20 s. Eah laser pulse has a maximal energy of 165 mJ[Fuk00℄. The laser beam enters the ion soure system through a window afterbeing deeted by a prism.Laser ablation is a omplex proess where the eÆient prodution of ionsdepends also on the spei� tuning of the laser beam. For example, too shorttimes between eah laser pulse will deposit too muh energy in the target andinrease the temperature of the plasma. Due to their high mobility, the thermalmotion of the eletrons will sreen the eletri potential, e.g. most of the pro-dued ions will reombine and the soure will produe a beam of neutral atoms.Thus, it is important to leave enough relaxation time between eah pulse toderease the thermal motion of the eletron. It is possible to tune of the pulsedlaser suh that one an produe ion pulse of less than 1 eV energy spread.Simulations were made to �nd a geometry that will allows to extrat eÆ-iently a pulsed beam, as produed by laser ablation, into the existing CPTbeam line. Figure 3.9 shows the plaement of the ion soure in the existing sys-tem. The ritial point in this laser ablation ion soure, is to eÆiently transporta lean and single-speies pulsed beam out of the soure without ontaminatingthe CPT transport beam line. As previously mentioned, laser ablation proessan lead to the prodution of a beam of neutral atoms. The reason for \L"-shaped on�guration of the soure, is to avoid suh neutral atoms from omingin the CPT system. Depending on the potential applied on the deetor, onlythe desirable harge state will get out of the soure. Eah omponent of thesoure will be explain in details in the following. The simulation shown assumedthat the ion were produed by laser ablation. The simulation were intend to�nd a geometry that optimizes the extration of ions produed in suh souremost eÆiently. Five equal distant 26Mg+ ions were produed within a radiusof 1.4 mm along the line z = y (see Figure 3.10) with an initial beam energy of1 eV. These initial onditions allow us to ompare the behavior of the beam inthe X-Y and Y -Z planes. The ions are assumed to be produed at the groundpotential sample holder surfae (A in Figure 3.11).At a distane of two 37 mm, a plate (B in Figure 3.11) at a potential of -1.49kV aelerates the produed ions into the -1.49 kV drift tube setion througha 25 mm diameter aperture in the aelerating plate. There are three reasonsfor the aelerating eletri �eld; �rst, the eletri �eld allows for a hargeseparation between the eletron loud and the ions, preventing an expansion ofthe eletrons loud. Seond, aelerating the ions inrease the quality of thebeam by dereasing the angular spread of the ions. Third, sine the potentialof CPT transport beam line is already at -1.49 kV, aelerating the produed
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Figure 3.11: A parallel beam of 1 eV 26Mg+ ions passing through an apertureat higher potential is diverged by the non-parallel equipotential line. (A) showsthe grounded plate while (B) shows the -1.49 kV plate that aelerate the iontoward the drift tube. The arrows shows the diretion of the eletri �eld.
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Chapter 3. Studies at existing Penning trap experiment 79ions with at this potential avoid to used a pulsed drift tube to extrat the ionfrom the soure, simplifying the proedure. A deformation in the equipotentiallines is aused by the aperture. The eletri �eld present between the two platespenetrates through the aperture where it auses the beam to diverge as shown inFigure 3.11. This non-negligible divergene of the beam made by the apertureresults in a large 14 mm beam spot at the deetor entrane. Therefore, twosenarios were simulated. One with and one without and Einzel lens. This wasdone to hek the e�et of hanging the size of the beam entering the deetoron the extrated beam.Figure 3.13 shows that an unfoused beam will exit the deetor with awider angular spread than if it is foused with an Einzel lens. The large widthof the beam entering the deetor auses the ions at the beam envelop to bedeeted through a greater angle then the ions in the entral part of the beam.This beam is then diÆult to refous as it leaves the deetor. Suh e�et anbe aused by the irular-shaped eletrode quarter that form the deetor. Inan ideal deetor, a hyperboli eletrode on�guration produes a quadrupolar�eld whih provides a radial fore that deets the ion beam by 90Æ aroundthe eletrodes with lower potential. But sine the eletrodes of this deetorare irular due to simpli�ations in the manufaturing proess rather thenhyperboli as required for a truly quadrupolar �eld, the deeted ion beam willsu�er from some spherial aberration. This beomes more important as theaxial o�set inreases. Thus, using an Einzel lens will derease the beam sizeas it enters the deetor, suh that the e�et is small and non-ritial for thepurpose of the soure, i.e. allowing to eÆiently extrat the produed ions.Therefore, in order to minimize aberration due to the size of the beam, a7.8 m long Einzel lens fouses the beam at the deetor entrane, as shown inFigure 3.12. This Einzel lens is entered 7.5 m from the aeleration plate andhas a potential of VEL. As shown in Figure 3.13, one in the deetor, the ionbeam is deeted by 90Æ into a drift tube setion that brings it into the CPTtransport beam line.The deeted beam will be foused di�erently in the X-Y and Y-Z planes.This is beause inside the deetor, the beam will not experiene any fore in zdiretion, in the x and y diretions, the potential gradient at the entrane andexit of the deetor hanges the fousing of the ion beam. This auses the beamto have di�erent fousing in the X-Y and Y-Z planes and it an be orretedwith a quadrupole triplet. The quadrupole is made of a ylindrial eletrodesegmented in four parts. The opposite eletrodes of the quadrupole share thesame potential, while adjaent eletrodes have an opposite potential. This po-tential on�guration allows us to treat the X-Y and Y-Z planes separately. A setof three quadrupoles allows one to fous the beam in both diretions [Wol87℄.Finally, the eletrode struture of the ion soure sits inside two 4-way rosses.A steerer plaed at the end of the Einzel lens orrets any misalignment of thetwo eletrode strutures setions. The steerer is made of a drift tube setionlongitudinally slied into four segments as shown in Figure 2.17. To steer themisaligned beam, two opposite eletrodes share an opposite potential o�set �V ,while the other eletrodes are at the drift tube potential Vfloat. The resulting



Chapter 3. Studies at existing Penning trap experiment 80potential gradient steers the positive ion beam towards the eletrode with thelower potential, allowing fore re-entering of the beam at the deetor entrane.In onlusion, the purpose of the ion soures in Penning trap mass spetrom-etry experiment is manyfold. Initially they are used to ommission the system.A omplete understanding and optimization is neessary before measurementwith radioative ions are pursued. In addition, systemati studies are neededto determine the extended of systemati unertainties of the system. Moreover,one on-line mass-measurements start, the magneti �eld strength has to be de-termined on a regular basis to allow for preise measurement. If the motivationfor the mass measurement omes from Q-values determinations, it is of system-ati advantage to use the stable parter of the reation as a referene, exludingadditional soure of unertainty. For all of the above reasons, well funtioningion soures are needed. Laser-ablation ion soures have the advantage of al-lowing a prodution of a wide variety of elements, hene are able to serve asalibration devies for many purposes.3.5 ConlusionsThis hapter presented two projets that were arried out at existing Penningtrap experiments. The knowledge obtained from both projets will help theTITAN experiment. First, the variation of the magneti �eld inside a Pen-ning trap has a non-negligible e�et on the motion of the ions inside the trap.The orrelation between the temperature and magneti �eld variations foundat the ISOLTRAP experiment demonstrated the need to ontrol the temper-ature in the ryomagnet bore. The TITAN experiment whih will also havea room-temperature magnet bore, will onsider using a magneti �eld and/ortemperature regulation system. There are two existing ways to ahieve this:1. The temperature inside the magnet bore is regulated by enlosing the borefrom the outside and foring air to irulate, reating an air urrent ofhomogenous temperature in the trap region. Suh system exist and showsto maintain a temperature stability within 0.03 ÆC [Fri01℄, orrespondingto a magneti �eld stability of �B = 3.78(6) � 10�8 T aording to (3.22).2. Higher stability in time of the measured ylotron frequeny an be ahievedwith an ative regulation, where variations of � less then 14 ppb within16 hours were observed. The fat that the magneti �eld and temperaturevariations are highly orrelated an be used to regulate the Penning trapmagneti �eld based on a temperature probe. The probe is plaed in themagnet bore and any temperature variation is orreted by hanging theurrent of orretion oils [Fri01℄.Seond, an o�-line ion soure, suh as the one designed at CPT, is a veryruial devie for mass measurement experiments using Penning traps. TheTITAN experiment has two ions soure for o�-line ion prodution. A surfaeion soure an produe alkali and alkaline earth metal ions, used for the om-missioning of the RFQ (with Cs+ ions). This ion soure, whih is desribed in



Chapter 3. Studies at existing Penning trap experiment 81detail in [Smi05℄, uses a similar setup as the ion soure design for CPT. Themain di�erene resides in the method of prodution of the ion. In a surfaeion soure, the ions are produed by a thermioni emission proess; a rhenium�lament embedded inside an alumina insulator is heated by an eletri urrent.Heat gets transmitted through the alumina and is transferred to metal salt onthe soure surfae. This heat releases ions from the surfae by a thermioniemission proess [Ble36℄.The other ion soure present at the TITAN experiment is a plasma ionsoure. A plasma ion soure is made of a low pressure hydrogen gas-�llederami ontainer in whih a tungsten �lament is brought to high temperaturevia resistive heating. The ions are produed by a DC disharge that oursbetween the �lament and a athode. The ions produed are aelerated by theathode through a hole in the erami ontainer and enter the beam transfersystem, and eventually gets injeted into the Penning trap. The ions produedby the plasma ion soure are H+, H+2 and H+3 . These ions are then used asreferene masses for unstable HCI with the m=q = 1, 2, 3. It is of importaneto use referene ions that probe the same eletri and magneti �elds in thePenning trap as the ions of interest. Therefore, same or very lose m=q-ratiofor the referene ion is desired.



82Chapter 4Summary and outlookHigh preision mass measurements of short live isotopes are more than ever ofhigh importane. The motivations stems from the �elds of; test of fundamentalsymmetries, nulear struture and fundamental nulear physis but also fromnulear astrophysis and neutrino-physis, as for neutrinoless double beta deay.With the advent of seond generation radioative beam failities failities, likeISAC, the aess to the short-lived isotopes has been inrease tremendously andnew mass measurement failities, adapted to the new requirements of very-short-lived isotopes and inreased preision, are needed. The here presented thesis isonerned with the main system for the TITAN mass measurement faility atISAC, the high preision Penning trap for highly harged ions. In addition twoother systemati studies were arried out at existing Penning trap spetrometers,whih are desribed in detail. These two systems are the ISOLTRAP systemat CERN, Geneva and the CPT system at Argonne US National Lab, nearChiago.The thesis gives a broad overview of the motivation for mass measurementsand sets the stage for the requirements. The basi priniple of exoti beam pro-dution is introdued. Mass measurement for radioative isotopes are explainedand partiular emphasis is set on the Penning trap system. The TITAN systemwill be di�erent from all other existing on-line Penning trap spetrometers, inthat it employs highly harged ions for the measurement proedure. This leadsto a boost in preision proportional to the harge state q of the ions, howeverintrodues systemati di�erenes whih are dealt with in this thesis.Therefore, simulations for the injetions and extration from TITAN's massmeasurement Penning trap were made. Injetion simulations minimizing thebeam diameter entering the trap, were arried out using the magneti �eldmap of the 4 T superonduting magnet of the Penning trap. Conditions ouldbe identi�ed that will allow an injetions of the ions with 100 % eÆieny.Comparison of the injetion between singly and highly harged ions were arriedout and showed satisfatory results.Simulations to verify the possibility ti use a Lorentz steerer was arried out.This will indue an initial magnetron displaement to the inoming ion bunhand save exitation time inside the Penning trap. It was found that for a 5keV/q beam, oating the injetion eletrode struture 4.5 keV above groundredue the �nal radial kineti energy from 80.3 eV down to 4.1 eV for a beamsteered by 1 mm. It was also shown that atual extration eletrode struture ofthe TITAN mass measurement Penning trap is able to reprodue a 85Rb+ TOFspetra observed at the ISOLTRAP experiment. Finally, the mathing between



Chapter 4. Summary and outlook 83the 26 mm inner diameter pulsed drift tube plaed after the TITAN RFQ andthe following 76 mm inner diameter Einzel lens was optimized. The mathing ismade by a 21 mm long horn at the end of the pulsed drift tube. This mathingminimized spherial aberration while keeping small penetration of eletri �eldprodued by the Einzel lens inside the pulsed drift tube.For the studies arried out at ISOLTRAP, CERN, Geneva, a measure-ment of the orrelation between the temperature and the ylotron frequenyof 85Rb+ in the Penning trap spetrometer have been systematially studied.This has shown that the magneti �eld is linearly dependent on the bore tem-perature of the Penning trap superonduting magnet. A magneti �eld driftof 1B �B�t = �2:65(4) � 10�9 h�1, a magneti �eld-temperature orrelation of�B�T = 1:26(2) � 10�2 G ÆC�1 and a 0.61(2) ÆC day-night temperature vari-ation have been observed. This has led to the development of a temperaturestabilization system, that is now implemented by the group.Third, a referene laser-ablation ion soure that provided stable isotope ionswas designed. An overview of the di�erent parts of the ion soure was presented.It was shown that the soure an eÆiently transport the stable ion produed.The ion soure is urrently under onstrution. The �rst ions that would beprodued are 26Mg+, whih mass enters in the alulation of the Q-value of a0+ ! 0+ super-allowed beta transition whih Ft-value is used to ompute theVud element of the CKM matrix.In onlusion, high preision mass measurements on highly harged ions willbe arried out with the TITAN Penning trap system at ISAC/TRIUMF. System-ati investigations for the system and elsewhere were arried out. The TITANexperiment is in an advaned onstrution phase. Major parts, like the RFQand the EBIT, exit and have been ommissioned. The Penning trap struturehas been fully designed, in part based on this thesis, and is presently manufa-tured. Assembly and ommissioning will take plae over this summer and the�rst experiment on short-lived isotopes with the Penning trap are planned forDeember 2006.
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88Appendix AAppendixA.1 Magneti �eld mapFor a ylindrially symmetri magneti �eld, the vetor potential is given by[Smy50℄: A�(z; r) = 1Xn=0 (�1)nn!(n+ 1)! �2nB(z; r = 0)�z2n �r2�2n+1 (A.1)The rotational of this vetor potential gives two magneti �eld omponents:Bz(z; r) = 1r �(rA�)�r = Bz(z; 0)� �2Bz(z; 0)�z2 r24 + : : : (A.2)Br(z; r) = ��A��z = ��Bz(z; 0)�z r2 + �B3z(z; 0)�z3 r316 + : : : (A.3)For small values in r, only the �rst term of eah omponent is important:Bz1(z; r) = Bz(z; 0) (A.4)Br1(z; r) = ��Bz(z; 0)�z r2 (A.5)The o�-axis axial magneti �eld Bgenz (z; r) has been generated from the givenon-axis �eld Bdataz (z; r = 0) using relation (A.4). The orretness of this approx-imation is veri�ed by alulating the relative ontribution of the higher orderterms: di�(Bz) = Bdataz (z; r = 5mm)�Bgenz (z; r = 5mm)max(Bgenz (z; r = 5mm)) (A.6)Figure A.1 shows that the higher order terms ontributes to the axial magneti�eld at r = 5 mm by at most 0.005 %, whih is ompletely negligible. From(A.6), one see that the o�-axis radial magneti �eld omponent Bgenr (z; r) isproportional to the o�-axis distane. This omponent is generated from thegiven o�-axis �eld data Bdatar (z; r = 5mm) and using:Bgenr (z; r) = Bdatar (z; r = 5mm)r(mm)5 (A.7)The ontribution of the non-linear terms is veri�ed by alulating the relativedi�erene between the r = 5 mm o�-axis �eld generated by equation (A.7) andthe given magneti �eld Bdatar (z; r = 5mm):di�(Br) = Bdatar (z; r = 5mm)�Br1(z; r = 5mm)max(Br1(z; r = 5mm)) (A.8)
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Figure A.1: Variation of the relative ontribution di�(Bz) and di�(Br) of thehigher order terms in (A.2) and (A.3) as a funtion of the axial position z.



Appendix A. Appendix 90As shown in Figure A.1, the ontribution of the non-linear terms is of the orderof 10�3 whih is negligible. Therefore, the o�-axis magneti �eld depend onlyon the �rst order term of (A.2) and (A.3). The strong magneti �eld present forz < 500 mm shown in Figure 1.10 puts onstrain on the optimal position zi ofthe Einzel lens. The partile trajetories in the strong �eld is mainly determinedby the parallel �eld lines, making the presene of eletrostati fousing deviesin that region useless. The next setion shows how the foused beam is de�nedaording to the initial variables f , di and zi.A.2 Beam de�nition
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Figure A.3: Emittane plot in y-diretion for a 10 � mm mrad beam with initialbeam size of 20 mm.



Appendix A. Appendix 92foused by an Einzel lens presents an inlination � with the radial oordinate asshown in Figure A.3. This angle depends on the fousing strength of the Einzellens. For an ideal beam without any emittane, as shown in Figure A.2, all ionsare foused at the same point f . In the phase-spae diagram of Figure A.3, suha null-emittane foused beam is represented by a straight line of slope:tan� = �yiyi : (A.9)As shown in Figure A.2, the angle �yi depends on the three variables f , zi anddi: �yi = artan� di=2zi � f � : (A.10)Therefore, from (A.9) and (A.10):� = artan0�artan�di=2z�f �di=2 1A : (A.11)The radial position (xi; yi) and angular divergene (�xi ; �yi) of the ions wasrandomly generated using a at distribution within a irular ross setion ofdiameter di and angular emittane " = ab�. The angular emittane is de�ne inthe rotated frames (x0; �0x) and (y0; �0y). The axis of the ellipse along x0 and y0is: a = di=2os�; (A.12)while its axis along �0x and �0y is: b = "a� : (A.13)The two sets of oordinates (x0i; �0xi) and (y0i; �0yi) are generated within the el-lipses: (x0i)2a2 + (�0xi)2b2 = 1 (A.14)(y0i)2a2 + (�0yi)2b2 = 1: (A.15)One rotated bak into the (x; �x) and (y; �y) frames using the rotation matrix:� xi�xi � = � os� sin�� sin� os��� x0i�0xi �The ondition that the ions where generated inside the irular ross setion ofdiameter di is veri�ed: x2i + y2i < (d2i =2)2: (A.16)



Appendix A. Appendix 93When the ion moves into the strong axial magneti �eld region, it undergoesa helial motion of frequeny: ! = qBm (A.17)around the magneti �eld lines. To redue the unertainty on the �nal beamsize due to the phases of the di�erent ions, the position of the ion's entroid ofmotion rather then its �nal position was onsidered.The position of the entroid of motion has been alulated aording to thewavelength of the helioidal motion:� = 2�qBp2mEz (A.18)The �nal position of the entroid of motion is found by taking the averagebetween the �nal radial position of the ion and its radial position half a pithbefore: df = 2rf = r(z = 0) + r(z = �=2) (A.19)


