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To all the Happy Trappers:
SN

Sketchby GeogesBoixader

Every computerprogramhasat leastonebug andcanbe shortenedy at leastoneinstruc-
tion — from which, by induction, one can deducethat every programcan be reducedto one
instructionwhich doesnt work.

(Programmes Wisdom)

This caneasilybe extendedto ary thesis: Eachthesishasat leastonemisspellingandcan

beshortenedy atleastoneword. . .
(T.S.,November2000)
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Intr oduction

Much of whatwe know aboutthe propertiesof “nucleonicmatter” hasbeenlearnedfrom nu-
clearreactions.Nuclearisotopesproducedn reactionswith stablenucleiare generally with
a few exceptionsJimited to regionsnearthe valley of stability. The studyof speciedar from
stability hasthroughthe yearsrevealedarich variety of genuinenuclearphenomenag.g.halo
nuclei, protonradioactvity, or exotic shelleffects. Furthermoret providesthe uniqueopportu-
nity to composea nuclearprobeasdesiredj.e.to chooseacompositionof protonsandneutrons
requiredby the experiment.This potentialof usingradioactve beamdor studying,in thelabo-
ratory, novel aspect®of nuclearstructureaswell askey reactiongelevantfor nucleosynthesis,
hastriggeredinterestworld wide in the upgradeandconstructiorof radioactve ion beamfacil-
ities (RIB) andaccelerator$o generatehe high-qualitybeamsof short-livednucleirequired.

Over the pastthirty yearsthe large numberof about600 beamsof differentradioactve
isotopedrom morethan60 elementshave beenproducedat the ISOLDE (I sotopeSeparation
Online) facility at CERN nearGeneva (Switzerland).ISOLDE is anISOL-typefacility, where
radioactve isotopesareproducedy nucleamreactionsn athick tagetinducedby theimpactof
a high enegeticprotonbeam.Thereactionproductsareon-lineionised,acceleratedo 60keV,
andmass-analysedndbeingdistributedto several differentbeamports. The long experience
andknow-how in the productionof low-enepgetic radioactve beamsandthe alreadyexisting
infrastructurepredestinatdSOLDE as placefor a postacceleratoffacility. The first goal of
REX-ISOLDE (Radioactve BeamEXperimentat ISOLDE) projectis to prove an efficient
new conceptof bunching,chage-breedingand post-acceleratingf low enepetic radioactve
ion beamdrom anISOL-facility to enegiessomevhatbelor the Coulombbarrier

The systemhasto be efficient in ordernot to wastethe valuableradioactve ions. Thefinal
enegy of the systemshouldbe sufficiently high for the physicsaddressedThe mostpricy part
of REX-ISOLDE is the acceleratostructure. To keepthis part shortand at reasonable&osts
a chage breedingdevice hasbeenintroducedbeforethe acceleratochaindueto the factthat
thefinal enegy of anaccelerategarticleis proportionalto its chage state.For REX-ISOLDE
an ElectronBeamlon Source (EBIS) hasbeenchosendueto the high chage statesandthe
excellentquality of theextractedion bunches An efficient EBIS operationj.e. notto wastethe
costlyproducedadioactveions,requiredow-emittanceon bunches.

Within this thesisSREXTRAR a large gas-filledPenningtrap, hasbeendeveloped. It has
beensuccessfullycommissionedo sene for accumulationemittanceimproving, and bunch-
ing of the continuousiISOLDE ion beam. Propertiesof REXTRAP have beensystematically
investigatedand intensiely verified by numericalsimulations. The reportstartswith a brief
overview of the REX-ISOLDE project,explaining the conceptof the post-acceleratoiSpecial
attentionis givento its dedicationto new physics.Thenext partdealswith thetheorynecessary
to understandREXTRAP in detail. An extensve chapterdescribeghe setup,followed by the
major partsof this thesischaracterisinghe systemby discussingesultsobtainedwithin simu-
lationsandexperimentally A comparisorwith othercoolingandbunchingtechniquesputlook,
summaryandappendixestablisithefinal part.






1 REX-ISOLDE

1.1 The On-line Mass Separator ISOLDE

At ISOLDE [Kug97 radioactve isotopesare generatedn a thick target by nuclearreactions
betweenrelatiistic protonsandtarget nuclei. The pulsedprotonbeamwith anenegy of 1-
1.4GeV is deliveredby the smallestCERNTring accelerator— the ProtonSynchrotrorBooster
(PSB)[Jon93 All92]. The producedsotopesarediffusingout of athick targetmatrix into an
ion source.Dependingon the desiredion specieshey becomesingly chagedby ionizationin
surface,plasmar laserion source§Rav74, Rav76, Sun92 Mis93, Let9g. After acceleration
to anenegy of 60keV theionsaremassanalysedandthendistributedto severalexperimental
placesvia a setof electrostatidbeamlines. The ISOLDE facility, asillustratedin Fig. 1.1,
housegwo tamget-separatounits. The general-purposeeparato{GPS)hasa massresolving
power of about2400. Experimentsrequiring a larger value may utilise the high-resolution
separato{HRS) which provides resolving power of about7000in low and up to 30000in
high-resolutiormode.

1.2 Experimental Setup

The post-acceleratoREX-ISOLDE will deliver radioactve ion beamswith enegies up to
2.2MeV/u. For this purposea Penningtrap andan electronbeamion source(REXEBIS) are

proton_beam

Figure 1.1: Overview of the
ISOLDE facility. Importantexperi-
mentsandinstallationsarelabelled.



4 1.2. ExperimentaSetup

ION Preparation  [sotid state physics LINAC Experimental
Area
REXTRAP RFQ IH-structure 7-gap resonators
- - Accumulation am - -
- Cooling 300 keV/u 1.2 MeV/u 0.8...2.2 MeV/u
- Bunching Experiments
- Target
REXEBIS - MINIBALL
- aux. Detectors
- Charge Breeding

Figure 1.2: Flow Chartof theREX-ISOLDE setup.

combinedwith a linear acceleratar In Fig. 1.2 the principle of the post-acceleratois illus-
trated. Fig. 1.3 shavs a drawing of the completesystemasit will beinstalledin the ISOLDE
experimentahall. Thecontinuousbeamof singly chaged60keV ionsis deceleratedndaccu-
mulatedin agas-filledPenningrap (REXTRAP).Theionsarecooledandreleasedsbunches.
After re-accelerationthey aretransferredo REXEBIS wherethe chage stateis increased A
magneticg/m separatoselectsthe desiredchage statefor injectioninto the acceleratar The
latter consistsof a Radio Frequenyg QuadrupolegRFQ), an I nterdigitalH-type structure(IH)
andthree7-gapresonatorsThis conceptutilising anaccumulatiordevice with buffer gasfor
cooling and bunching,and a chage breederis the first of its kind andis designedfor high
efficiengy, which is extremelyimportantwhenhandlingvaluableandrareexotic nuclei.

In thefollowing theindividual stagef the experimentwill be describedn detail.

7-gap resonators
—~MINIBALL + aux. detectors

Figure 1.3: Three-dimensionaliew of the REX-ISOLDE setup.
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1.2.1 REXTRAP

Thefirst stageof theion preparatiorpartof REX-ISOLDEis REXTRAR alargegas-filledPen-
ning trap. It accumulatesind bunchesthe incomingcontinuousd SOLDE ion beam. Theions
areconfinedin radial directionby the actionof a strongmagneticfield andin longitudinaldi-
rectionby astaticquadrupoleslectricalpotential.During their passagéhroughthe systenmthey
loseenegy by collisionswith the buffer gasandarefinally trappedin the potentialminimum.
The dissipatingforce provided by the buffer gascombinedwith a specialrf-sidebandcooling
techniqudBol90, Sas91, Kon9] leadsto anoverall phasespacereductionof the injectedion
beam. Finally, all ions are cooledand collectedin the trap centre. From therethey canbe
extractedasshortion bunchesby suddernowering of the electrostatigotentialwell atthetrap
exit.

1.2.2 REXTRAP-REXEBIS Transfer BeamLine

The beamtransportbeamline to REXEBIS
(Fig. 1.4) hasto fulfil several demands.
Firstly, it hasto transfertheion bunchegleliv-
eredoy REXTRAPwithoutlossto REXEBIS
bridgingthe differencein heightandposition
betweenboth partsof REX-ISOLDE. Sec-
ondly, it hasto prevent the flooding of the
EBIS with buffer gasfrom thetrap.

A systemconsistingof two 90° spheri-
calbendersandadditionalquadrupolériplets
has beenchosen,which provides an achro-
matic and symmetrictransportsystem. Sev-
eralsmalldiaphragmstbeamfocal positions
form aamulti-stagedifferentialpumpingsys-
tem. Thusreducingthe buffer gaspressurdy
severalordersof magnitudealongthetransfer
beamline. Sucha schemeavoids contamina-
tion of theEBISion bunchedy ionisedbuffer
gasatomsdiffusingout of REXTRAR

Beam diagnosticunits are placedat the
beamtransportentrancejn the middle of the
system,and at its exit. Eachof theseunits
is composedodf a Faradaycup, and a beam
viewing systemconsistingof a multi-channel
plate with a phosphorscreenand an associ-
atedCCD camera.This allows the measure-
mentof beamcurrentsaswell asthedetermi- Figure 1.4: Schematiof thebeamtransportsystem
nationof beampositionandintensityprofile. connectingREXTRAPto REXEBIS.

A completedescriptionand analysisof
thebeamtransporisystemis not theintentionof thisthesis.It will begivenin [For01].
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REXEBIS
[ magnet
[ electron gun element charge-state
0 collector o) ¥
[l inj. ion optics 11Na o+
12Mg 9*
18AI‘ 9+
19K 11+t
20Ca 12+
36Kr 16+
37Rb 18+
515b 19+
54Xe 21+
g2Pb 22F
92U 22F
Solenoid Electron gun
magnetic field up to 2T cathode material LaBg 310 crystal
homogeneity 0.25 % over +400 mm cathode lifetime 1 year
field straightness < 0.lmm over £800 mm electron beam current 0.48 A
Inner structure
trap length 100...798 mm

Ion beam properties

trap capacit 6 - 1019 charges
elegcro 1? beaifn cnergy 5 keV & acceptance 3mmmmrad (Q 60kV)
electron beam radius 0.25 mm emittance < 197 mmmrad (@ 20kV)

electron current density > 200 A /cm?

Figure 1.5: View of the REXEBIS system. The right table givesthe peakof the chage statedistribu-
tion for a breedingtime of 20ms for differentelementspecies.A compilationof importantREXEBIS
parameterss givenin thelower table.

1.2.3 REXEBIS

In the REXEBIS chage breedel(Fig. 1.5) the chage stateof theionsdeliveredby REXTRAP
will beincreasedo achage-to-massatio of 1 > ﬁ [Wen98,Ra098 Axe99.

The EBIS conceptis mostsuitablefor REX-ISOLDE sinceit deliversthe highestpossible
chage statesin comparisonto other chage breedingtechniquegSor95, Has96]. An EBIS
malkesuseof a denseelectronbeamthatis compressedb a high densityby a strongmagnetic
field. This electronbeamcreatesa radial potentialwell for the ions while the longitudinal
confinements provided by electric potentialscreatedby cylindrical electrodessurrounding
the electronbeam. Trappedow-chagedions undego stepwiseonizationvia electronimpact
collisions. Thefinal chage statedistribution is determinedyy the elementandthe productof
confinementime andelectronbeamcurrentdensity(seethetablein Fig. 1.5).

REXEBIS usesan electroncurrentof 0.5A and5keV beamenepgy. This beamis com-
pressedy the magneticfield to yield a currentdensityof morethan zoocm%. This resultsin
breedingtimesbetweerb and20msfor mostof the interestingion species Dueto the chage
statedistribution of the multiply chagedionsanefficiency of 30% seemdo berealisticfor the



1.2. ExperimentalSetup 7

REXEBISsetup.

During thedelivery of pulsesrom REXTRAPthe EBIS is operatedat a potentialof 60kV.
Thepotentialis loweredto 20kV while chage breedingn orderto matchtheion enegy to the
velocity acceptancealueof thefollowing RFQresonatarAfter extractionit is rapidly brought
backto beableto accepthefollowing ion bunchfrom REXTRAP.

1.2.4 MassSeparator

Thenumberof residualgasionsin anion bunchcomingfrom REXEBIScanbeseveralordersof

magnituddargerthanthenumberof rareradioactveions. Therefore anefficientg/m selection
is necessaryrior to the injection of the ion beaminto the LINAC. For this purposea mass
separatohasbeenintroducedin the systemRao099]. Its componentareanelectrostati@anda

magneticoender Monte Carlo simulationsshav thatthe massresolvingpower of about150is

sufficientto ensureghatlessthan0.01% of the particlespassingroughthemassslit areresidual
gasions.

1.2.5 LINAC

Thelinearacceleratoof REX-ISOLDE consistof threedifferentacceleratiorstagegollowing
succesfutonceptalreadyrealized.Thecomponentsisedfor REX-ISOLDE arefurtherdevel-
opmentf cavities usedatthe GSI-HLI LINAC [Ble89], the CERNLINAC 3 [War93],andthe
high-currentinjector at the MPI fur Kernphysikin Heidelbeg [Hah92 Sch88,Fri91, Kle92].
An overview including important parametersand photographsof the different parts of the
LINAC is shavnin Fig. 1.6.

The 4-rod RFQ

The efficient acceleratiorof low enegeticion beamsusingRFQsis well establishedSch85].
Therefore sucha systemhasbeenchoserfor thefirst acceleratingtageof REX-ISOLDE.

The4-rodRFQ consistof four electrodedo which alternatingvoltagesareapplied. Therf
guadrupoldield providestrans\ersefocusingfor the low enepgy ions while an aperturemod-
ulation of thefour rodsperformssmoothbunchingof theinjectedbeamandaccelerationThe
RFQtankis 3m long and hasa diameterof 0.32m. It accelerateshe radioactve ions from
5keV/uto 300keV/u.

The conserative designallows ions to be accelerateavith chage-to-massatiosdown to
4 = % This s of specialinterestfor future experimentson heavier ions.

m

The IH-Structur e

The IH structureis an efficient acceleratingdrift-tube structure[Nol79]. Insidethe resonator
tank cylindrical cavity drift tubesof varyinglength (accordingto the velocity of the particles)
are mountedalternatingon oppositesides. The magneticfield lines, createdoy the radiofre-
gueng field, areparallelto thebeamaxisandtheinducedcurrentslow azimuthallyonthewall
producingelectricfields of alternatingdirectionbetweenthe drift tubes. This field forcesthe
ionsforward.
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After afirst acceleratingpartthe ions aretrans\ersallyfocusedby a quadrupoletriplet in
theREX-ISOLDEIH-structure.Thebeamis rebunchedn thefirst threegapsbehindthetriplet
followedby a secondacceleratingtage.ThelH structurehas20 gapsdistributedover alength
of 1.5m. A fine tuning of the final enegy betweenl.1 and 1.2MeV/u can be achiezed by
adjustingthe gapvoltagedistribution usingtwo capacitve plungersandchangingthe rf-power
level in theresonatar

The 7-gapResonators

Thefinal sectionof the LINAC consistsof three7-gapresonatorsThesespecialtypesof split
ring resonatorsireoptimizedfor synchronouparticlevelocitiesof 5 = 5.4 %, 6.0% and6.6%
[P0d98,P0od99a,Pod99. Eachresonatorhasa single resonancestructure,consistingof a
copperhalf shellandthreearmsattachedwo both sidesof the shell. An additionalquadrupole
doubletbetweenthefirst andsecondresonatomllows transersefocusing. Thefinal enegy of
theacceleratocaneasilybe adjustedbetweerD.8and2.2MeV/u by tuningrf powerandphase
of thethreeactive resonators.

1.2.6 Targetand Detectors

Thefirst seriesof experimentgo be carriedout with REX-ISOLDE will make useof Coulomb
excitationandnucleontransferreactiondREX94]. Suchexperimentsdemancdhigh experimen-
tal efforts. Thisincludessophisticatedargets theeffcientdetectiorof v-rays,aswell asparticle
identification.All theequipmenneededvill bedescribedn thefollowing.

The Target Chamber

A targetchambemhasbeenconstructediccordingo the specialrequirement®f thegermanium
detectorarray MINIB ALL, which is describedurtherdown. It is a compromisebetweerthe

minimumvolumenecessaryo houseall the neededequipmentandthe maximumvolumethat
canbe easily surroundedy the Ge detectors.The chamberis madefrom thin aluminiumto

minimizey-absorbtiorandscatteringlt housesturnablewheelwith tamgetholders a Faraday
cup,abeamcollimatoranda segmentedksilicon strip detectoydescribedater.

The Parallel Plate AvalancheCounter

The Parallel Plate AvalancheCounter(PFAC) was developedservingas an efficient and spa-
tially sensitve forwardangledetectoito monitortheradioactve particlebeambehindthetarget

[CubO00]. It hasa compactdesignwith alow effective thicknesgo preventtheradioactve ions

from beingstoppedandto avoid large anglescattering.This reduceghe backgroundf other
detectorsn the tamgetarea. The detectoris operatedvith a small gasflow of 4 to 10mbarof

isobuthaneandwith voltagesof about600V. The spatialresolutionof aboutl.6mm is mainly

determinedby the width of the aluminium coatedmylar stripsinside the detector To cover

a large dynamicrangeof countingratesthe PFAC supportstwo modesof operation. At low

countrateg< 10°s~! per strip) the signalscan be readout from the end of the delaylines

event-by-e&ent, whereasat intensitiesabove this the currentmeasurecdn all anodestripsis

recorded.With arise time of the detectorsignalsof about5nsin the event-by-eentread-out
modethe PFAC mayevensene asafasttrigger.
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Figure 1.6: Overviewv of the REX-ISOLDE LINAC. The tableshavs photographof openresonator

tanksandtechnicalparameterfor eachacceleratiorstage.
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The MINIB ALL Detector

Figure1.7: TheMINIB ALL detector

The efficient detectionof ~-rayswill be oneof the
mostimportanttasksfor the ervisagedexperiments
at REX-ISOLDE. To utilize the valuableradioac-
tive beamsin the most effective way a new ger
manium detectorarray is currently being assem-
bled. The so called MINIBALL is optimizedto
gain highestfull-enegy peak efficieng. It con-
sistsof a new generationof six-fold encapsulated
sggmentedse-detectorsn acompactconfiguration
without Anti-Compton shielding [Ebe96,Hab97.
In its final implementatiorthe arraywill consistof
40 Ge-detectors.Subgroupsof 3 and 4 detectors
in onecommoncryostatallow flexible geometrical
arrangement® meetspecificexperimentarequire-
ments.

Top of the art instrumentationwith flash ana-

logue-digitalconvertersanddigital-signalprocessingvill givetheMINIB ALL theenegy reso-
lution of corventionalanaloguéhigh-resolutiorspectroscopelectronicsat substantiallyhigher
countrates. Togetherwith the new dataaquisitionsystem[MAROO] basingon the GSI fron-
tendsystemMBS [MBS00] andthe ROOT framework from CERN[ROOOQO]this will provide
ahigh-performanceataaquisitionandanalysissystenmfor the REX-ISOLDE usercommunity

The Compact Disc Detector Array

s

Back Face ™ i . Front Face

Figure 1.8: TheCompacDiscdetec-

tor.

The purposeof particledetectionnsidethe MINIB ALL is

to gain information aboutthe dopplershift of the v-rays
by measuringthe momentumof their source. Therefore
a positionsensitve silicon detectorbasedon the Double-
SidedSilicon Strip Detectortechnology(DSSSD)detects
scatteregarticlesin therelevantsolid angle[Sel91]. The

front is segmentedn 16 annularp-dopedstripsper quad-
rantat 2 mm pitch, while the backconsistsof 24 n-doped
sectorstripsat 3.5° pitch. Thesel60 discretedetectorel-

ementsprovide an effective areaof 93% out of the total

5000mm?. Dependingon the application(asenegy loss
or total kinetic enegy detector)the waferthicknessvaries
betweer85umand1000um.

1.3 PhysicsProgram

The REX-ISOLDE pilot experimenfREX94] aimsto probewhetherthe magicnumberdN=20
andN=28 areconsered whengoingto very neutron-richnuclei by usingCoulombexcitation
and transferreactionexperiments. The steadilygrowing numberof proposalsand letters of
intent[Sch99,Axe98,Jon98a Ost97 Bec99 Wie97, Cam97,And97, Haa94,Wey94, For94]
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for theuseof REX-ISOLDE shaw clearlythatit will allow to performa variety of new experi-
mentsin severalphysicsfields. In thefollowing the physicsrelevanceof REX-ISOLDEwill be
reviewed.

1.3.1 Nuclear Structur e Physics

A large shareof the experimentscarriedout with REX-ISOLDE will be dedicatedo nuclear
structurephysics.Somekey aspectarediscussedn thefollowing.

Studiesof Nuclei Closeto the SemimagicShellsof N=20and 28

Quite differentpredictionsfrom nuclearshell models[Dob94, Sha94]are obtainedwhenone

leavesthe valley of stability towardsneutron-richnuclei. This clearly reflectsthe uncertainty
in predictingnuclearforces,in particular their isospindependenceln [Dob94] the change
of the nuclearpotentialfrom a Woods-Saxorpotentialto a more parabolicharmonicpotential
is predicted. This resultsin a lowering of the low-I single-particleenegiesandan increase
in enegy of the high-I levels, finally leadingto a changein the magichnumbersandhenceto

new predictionsof the regions of nucleardeformation. On the other hand, relativistic mean
field calculationgSha94 do not confirm thesechanges.Furthermorejnformationon semi-
magicnucleiis of particularimportancefor the determinatiorof the monopolecomponenof

the nuclearinteractionastheir simplestructureallows relativistic calculations.Thusa studyof

the level structureandthe quadrupoledeformationsof neutron-richnuclei nearneutronshell

closuresof greatimportance.

An additionalphenomenomalkesthe situationeven moreinteresting.The strongneutron-
protoninteractionimplies a strongcore polarizationnearclosedshells,resultingin low-lying
intruderstatedHey92a,Hey92b Wo0097. Thesestronglydeformed2p2hconfigurationcoex-
ists besideghe more sphericalconfigurationsand may even becomethe groundstate. A pilot
experimentconfirmedthis [Mot95]. This triggeredfurther Coulomb excitation experiments
[Sch96,Gla97], which identified a new region of well-deformednucleiat andnearthe N=28
shellclosure. Theimportanceof intruderconfigurationshasbeenshown in a systematicstudy
of thechainof neutron-richSi-isotopeglbb98] aswell asfor neutron-richNe andMg isotopes
[Pri99].

All of thepreviousexperimenthave beenperformedwith Nal scintillatorsandaretherefore
limited in enegy resolution.The MINIB ALL asanefficient, high resolutiony-detectionsetup
will greatlyenhancehe possibilityto make a precisestudyof thesecomplex nucleiin orderto
obtaindetailedlevel schemesinformationaboutvibration statesand nucleardeformation.In
particularfor odd-A nucleionly sparse&knowledgeis available[Ibb99].

Studiesof Nuclei Closeto the Drip-Line

Studiesof light nucleiin the dripline regions continueto attracta large interestworld-wide.
Theloosebinding nearthe borderof stability andthe large excessof protonsor neutronsgive
rise to phenomenauchas forming of halo states,clusteringand new shell structures. The
steadyprogresson experimentaland theoreticalside is summarizedn recentreview articles
[Han95,Jon98h Tan9q§. Unfortunatelythe analysisof available experimentaldata,aswell as
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futureexperimentsarehamperedy thelack of informationaboutthequantuncharacteristicef
their nuclearstates.Thenormalway to obtainthis kind of informationis to producetheneeded
nuclearspeciesn somekind of nuclearreactionsIn the caseof dripline nuclei,whereboththe
involvedtamgetandbeamnucleiarefar from stability, theapplicationof thistechniquebecomes
ratherdifficult. Almostunknownn reactionschemessmall crosssectionsandlarge background
areonly a few dravbacksmakingthe interpretationof experimentalresultsratherdifficult. A
possiblemethodof choiceto overcomesuchproblemss theuseof radioactve beamsombined
with simple,well understoodeactionsto populatethe desirednuclearstategAxe94. In the
following afew techniquesndthe desiredreactiongelevantfor REX-ISOLDE arelisted.

The understandingf ''Li, oneof the mostwell-known halo nucleiwith a long tradition
[Pos66,Thi75, Han87, dependsstrongly uponthe structureof the low-enegy statesin '°Li
being an unboundtwo-body subsystenof 'Li. The beamsbecomingavailable with REX-
ISOLDE give ratheruniqueopportunitiesto collect more precisespectroscopiclatafor VL.
Themostfavourablereactiondor protonresonancscatteringared(’Li,p)'°Li and’Be(Li,*Be)'"Li
[Axe9].

The clusterizatiorof the unboundnucleus’He is not fully understoodThe questionif that
nucleuss bestdescribedhsa a+3nor a’He+nsystemhasto besolved[AS88, Nil96]. A better
knowledgeof "He will alsobeimportantfor the further unterstandingf ®He, which canbest
be describedasa five-bodya+4n systemfor the moment[Zhu94]. For thatpurposethe simple
one-neutrompick-upreaction’Be(Li,*Be) He will beusedat REX-ISOLDE [Jon98al].

Theheaviestknown one-neutrorhalonucleuss '°C. A systematicstudyof themomentum
distribution of chagedfragmentsafter one-neutrorbreakupof 1>1"19C hasalreadybeenper
formed[Bau98]. However, the spinof thegroundstateof thesenuclei,oneimportantkey-piece
for interpretingthe data,is still missing. With the presenfREX-ISOLDE enepgiesonecanget
informationaboutthe spin of the 1”C groundstate. The investigationof the T = g analogue
statesn "N via thereaction!C will provide therelevantinformation[Axe98§.

1.3.2 Nuclear Astrophysics

A secondmportantshareof REX-ISOLDE experimentswill dealwith astrophysicatjuestions.
Two importantfieldswill be shortlyreviewed.

Nucleosynthesis

Radioactve ion beamexperimentsoffer a uniqueopportunityto extendthe experimentalstudy
of astrophysicahucleosynthesiprocessesowards unstable,short-lived nuclei. A detailed
knowledgeof the nuclearstructureparametersf the involvednucleiis essentiato understand
theseprocessesaking placein suchunhabitableesrvironmentslik e supernwae (the final col-
lapseof massve stars),novae (explosive hydrogenburning on the surfaceof white dwarfs) or
X-ray bursts(explosive hydrogenburningon the surfaceof neutronstars)[Kra98b].
Ther-procesgproceedon the neutron-richsideof theline of stability andis mainly deter
minedby anequilibrium of neutroncapturesand(+,n) reactions.The mostimportantparam-
eterwhich enterare nuclearmassesi-decayhalflivesand 5-delayedproperties.e.g. neutron
emissionandpossiblyfission. The onsetof the r-processlepend®n the competitionof (a,n)-
reactionsand neutroncaptures. Especiallythe understandingf the changefrom a-induced
reactiongo neutroncapturess from greatinteress{Kra92, Kra95, Kra96, Thi98]. An exper
imental investigationof the size of a-inducedand neutroncapturereactionsof neutronrich
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nuclei,e.g.®2Ge(,n) 8°Zn(d,p)would be desirablgKra984.

Explosive hydrogenburning on the surfaceof white dwarfs and neutronstarsleadsto the
rp-processa sequencef rapid protoncapturesandassociated " -decays.At highermaterial
densitiesandtemperaturegt undegoesa transistionandis thendominatedby («,p)-reactions
[Thi94]. Elementsasheary assulfur andargon canbe producedn novae,andup to krypton
andbeyondin X-ray bursts. The understandin@f the rp-procesath,which is locatedat the
protonrich side of the chartof nuclei, requiresa detailedknowledgeof the involved (p,y)-,
(p,)-, and(«,p)-reactionsand 5-decays.It turnsout thatthe reactionis determinedalmost
entirely by only afinite numberof key reactions.For example,attemperatureabove 3 - 108 K
the rp-procesdlux proceedghroughthe bottleneck®Ar(p,y), the brealout point of the S-Cl-
Ar-cycle[Sch97. Theinvestigatiorof thisreactionasoneof thekey reactionf therp-process
is proposedason of thefirst astrophysicexperimentsat REX-ISOLDE[Wie97].

The Solar Neutrino Puzzle

The absolutecrosssectiono(E) of the reaction”Be(p;y)®B playsanimportantrole in the un-
derstandingf the high enepy flux of solarneutrinogBah92,Bah98]. Preliminaryvalueswere
derivedfrom the 3-delayedn-decayof ®Be afterbombarding Be tamgetswith high enegy pro-
tons. Unfortunatelythesevaluesdiffer significantly Thisis believedto be dueto the different
target stoichiometryof the "Be tametsproducedvia hot chemistry Thus,direct measurements
of this crosssectionwill improve the accurag of the valueandhelpto solve the solarneutrino
puzzle. This will be doneby studyingthe reactionH("Be;y)®B in inversekinematic,i.e. the
"Be beamwill be guidedinto a windowlessgastarget systemfilled with hydrogengas. The
8B residualnuclideswill beimplantedtogetherwith the "Be beaminto a beamstopperwhich
is periodically moved in front of a particle detectorto obsere the 3-delayeda-decayof *B
[Cam97].

1.3.3 “Low” Energy Experimentsat REX-ISOLDE

As it hasbeenshavnin the previoussectionsREX-ISOLDE providesradioactve beamexper
imentsat higherenepgies. Neverthelessit alsoopensup interestingopportunitiesat the “low”
enegy side. The reductionof the beamsize aswell as of beamdivergenceby REXTRAP
could help several experimentsto usethe potentialof ISOLDE more efficient. For example
experimentswith collinearspectroscop [Gei97] couldgainefficieng sincethe overlapof the
laserbeamwith the ion beamwill be increased.Spectroscop experimentscanbecomemore
sensitve sinceit is possibleto determinethe backgroundoetterfor pulsedbeams. Precision
experimentasingfurthertrap setupdor laseror electronspectroscoparealsoimaginable.

A few examplesof projects,which usethelow-enepgy partof REX-ISOLDE aredescribed
in thefollowing.
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The WITCH Experiment

The WITCH (WeakInteractionTrap for CHarged par
ticles) experimentis a retardationspectrometecoupled
to a Penningtrap system.It will be placedbehindREX-
TRAP [Bec99 Bec0(Q (seeFig. 1.9). By measuringhe
Tubo Pump recoil enegy spectrunof suitableion specieqe.g. **Ar,
I 46\/) undegoing a 3-decayone hopesto gain informa-
I tion aboutthe natureof the electraveakinteraction. The
presenform of the Standardviodel describeshenuclear

r—lmnd weakprocessn termsof vector(V) andaxial vector(A)
acopper  type interactions. Although all experimentalresultsto-

1 Electodes — day can be explainedwith a V-A form of the chaged
Ib§\Retardation weak current,the possiblepresencef scalarandtensor
K Electrodes type interactionsarenot yet ruled out. The experimental
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limit to distinguishbetweenboth typesis mainly deter
minedby the knowledgeof the beta-neutrinccorrelation
coefizient. It canbe deducedrom the angularcorrela-
tion betweenthe §-particle and the neutrino. The neu-
trino is ratherdifficult to detect,i.e. the determinatiorof
the correlationhasto be doneindirectly. One possibil-
ity is the measurementf the recoil enegy spectrumof
(-decayedions, sincethe enegy of the ion is influencedby the relative emissionangle of
the 3-particle and the neutrino. The systematicerrors of mostof preliminary experiments
[Boo84, Ade93a Ade93h Sch93,Glu9g waslimited by particle scatteringn the sourceand
theintermediatenediumbetweerthesourceandthedetectorsThereductionof theseproblems
will be oneof the mainadvantageof the WITCH retardationspectrometerThe trap permits
storageof cool ions for an extendedperiod of time, providing a strongly localizedsourceof
radioactve ionswith almostzerothicknessREXTRAPwill sene for thatexperimentasbeam
coolerandbuncher

— Magnet1(8.5T)

Figure 1.9: The WITCH retardation
spectrometer

Solid State Physics

Solid statephysicsat ISOLDE hasa long tradition. The combinationof a greatvariety of
isotopicallycleanradioactve ion beamsratherhigh intensitiesandthe opportunityto implant
on-linehasattractech continuouslyincreasinghumberof materialsesearchprojects particular
in thefield of semiconductophysics.Thehigherion enegiesmadepossibleby REX-ISOLDE
will continuethis development,simply dueto the advantageof deeperimplantationsandthe
vanishingproblemof surface“dirt” [For99].

In addition,anewx beamline plannedeadingfrom behindthe REX-ISOLDEmassseparator
towardsanexisting high-wltageplatform. It allowsionsto bepost-accelerateapto 300kV per
chage state[Lin95, Haa97]. The platformwill be mainly usedfor experimentsneedingdeep
implantationof radioactve ionsinto solid statesaswell aspolarizedbeamswith thetilted-foil
method[Lin95, Lin97].
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lon sourcesat ISOL facilities like ISOLDE are optimisedto achieve the highestionization
efficiengy, i.e. highestyield, ratherthanto achieve the lowest beamemittance. In fact, the
trans\ersalemittanceof the ISOLDE beamis aboutone order of magnitudelarger thenthe
trans\ersalacceptancef theREXEBIS. Furthermorethehighestcaptureefficiengy in anEBIS
canbeachievedif abunchedbeamis injected.Althoughtherearestudiesonthewayto setupa
pulsed SOLDE ion sourcgSeb96]ISOLDE deliversa continuouson beamby now. Therefore
atechniquewaslookedfor thatallowsto improvethelSOLDE beamemittanceéyy beamcooling
andto corvertthe continuouseaminto ion bunches.

Becauseoolingis mediatedy arepeatednteractionof theparticlewith a“cooling medium”
it canonly be carriedout for particleswhich are storedfor an appropriatetime. This canbe
achiezedin ion storagerings or ion traps. The beamenegy of ISOLDE is not suitablefor a
storageing, howeverasit will beshavnit is capabldor anion trap. In addition,ion trapsallow
controlledion extraction,i.e. to form ion bunchesnpecessaryo operaterapsasbeambuncher
asit snecessaryor REX-ISOLDE.

Thereexist mainly two differentkind of traps,Penning|Pen36,Pie48,Deh67,Deh69]and
Paul[Pau58,Fis59 traps.Severalcoolingtechnique$lta95] have beendevelopedandsuccess-
fully appliedto bothkindsof traps.For example resistve cooling[Cor89]is widely applicable
with coolingtimesof a few secondsachieved sofar. However, it hasbeenmainly appliedto
very light or highly chagedions. lon temperatures the sub-Kelvin rangecanbe reachedy
lasercooling [Win79, Dyc85, Asp86 Bro86, Let88 Cor89,Dal89 Met99, but it requiresan
appropriateoptical transitionavailable only in certainelements.Collisional cooling methods
aregenerallyapplicableto all ion types[Maj68, Kni79, Sch81,Ved83 Cut85,Cut86 Gab89,
Pre91,Mor92, Yod92 Kud98 Fuj97, Pen97]. This includesas collision partnerselectrons,
positronsJasercooledions, andbuffer gasatoms. The latter ascooling reserwir ensureshort
coolingtimes, asthey arenecessaryor the operationof REXTRAR The dravbacks,i.e. the
possibility of chage exchangecanbe madengjligible for mostcasedy usingnoblegasesas
buffer gas.

Thereexist several attemptsto useion trapsas efficient beambuncherand cooler From
earliertestswith a buffer gasfilled Paul trapasa beambuncherfor the ISOLTRAP experiment
[M0092] it washopedthatanincreasdn sizewould alsoimprove the captureefficiengy. Un-
fortunately this could not be confirmed[Sch98]. The maximumefficiengy, achiered so far,
hasbeenin the orderof 0.1% which is a completelyunacceptabl@aluewith regardto REX-
ISOLDE. Onthe otherhandan efficient buffer-gasassisteatapturingof low enegy ionsinto a
cylindrical Penningrap[Ste94 Rai97]hasbeendemonstratetly the samegroup. Estimations,
andprojectionson the basisof the experiencegjainedduringthatprojectindicatedthata large
gas-filedPenningtrap could actasan efficient beamcoolerandbuncherfor the REX-ISOLDE
project— theideaof REXTRAPwasborn.

In a Penningtrap ions are confinedin radial directionby the action of a strongmagnetic
field andin longitudinal directionby a quadrupoleelectricalpotential. Sucha potentialcan
be createdeither by hyperboloidalshapedelectrodesor by a stackof cylindrical electrodes.
Therearetwo possibilitiesof injecting external particlesinto a gas-filledPenningtrap asit is

15
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Figure 2.1: OperationPrinciplesof a Penningrap: continuousandpulsedinjection,cooling,andpulsed
ejection.

illustratedin Fig. 2.1.

For continuousinjection the potentialwell at the trap entranceis setslightly belov the
enepy of theincomingions. They passthatwell andarereflectedat the secondootentialwell.
Trappingcanbe achievedif the enegy lossduring onepassagehroughthetrapis largerthen
theinitial enegy difference. This methodis naturally chosenfor continuousincidentbeams,
whereador pre-hunchedbeamsdynamicaiinjectionis suitable. Therebythepotentialhill atthe
trapentrancas loweredfor a shorttime. After thebunchhasenteredhetrapregionit is raised
again. REXTRAP hasto be operatedwith the continuousinjection schemesince ISOLDE
deliversa continuousbeam.

During their passagehroughthe systemthe ions will lose enegy by collisionswith the
buffer gasandfinally betrappedin the potentialminimum. The dissipatingforce provided by
the buffer gasleadsto a reductionof the kinetic enegy of the injectedions. The combination
of magneticand electrostatidield in a Penningtrap causeghreeeigenmotionsfor the ions:
anoscillationparallelto the directionof the magneticfield andtwo radial oscillationsperpen-
dicularto it, thereducedcyclotronmotionandthe magnetrormotion [Bro86]. Thelatterhasa
particularfeature:its enegy decreasewith increasingamplitude.Dueto theenepy dissipation
the amplitudesof the axial andthe reducedcyclotron motion decreasevhereaghe amplitude
of theunstablemagnetrormotionincreasesThis canbe circumwentedby a massselectve side
bandcoolingtechniquewhich is describedn detailin Sec.3.3.2. As aresultions arefinally
cooledandcollectedin thetrap centre.Fromtherethey canbe extractedasshortion bunches
by loweringthe electrostatipotentialwell atthe trap exit.

Forthework presentethereREXTRAPwasmainly usedasstandalone,i.e.thetiming of the
systemwasnotsynchroniseaeitherwith ISOLDE norwith thefurtherstage®f REX-ISOLDE.
However, sucha synchronisatiorwill be requiredfor the operationof the postacceleratoin
connectiorwith ISOLDE.

The very first experimentsplannedwith REX-ISOLDE will dealwith very shortlivedion



17

speciegseeSec.1.3). Thesespeciesareshortly releasedafterthe protonbunchimpactat the
taget. Therefore,it is necessaryo synchronisehe trap operationwith the primary proton
bunchedgeliveredby the PSB. For this casethetrap canbe operatedvith the following timing

schemeThe trap will be openedfor the target releasetime of the desiredion species. The
cooling processs startedsimultaneously After closingthe trap it mustbe proceededor an
additionalperiodin orderto allow alsothe latestinjectedionsto be cooled. The minimal time

distancebetweentwo proton pulsesfrom the PSBis aboutone second. The length of trap
coolingtime will beabouta few tenthof milli-seconds.Thereforejon lossesareonly expected
dueto the decayof the desiredspeciesiuringthis period.

Thereleaseof ion speciewith longerhalf-lives,asfor instanceusedfor solid statephysics
experiments,is not that strongly correlatedto the primary proton bunches. The ion beamis
practicallyuniform. A certaindeadtime of the trap systemmustbetakeninto accountfor this
casesinceduringthefinal coolingperiodnoionsareacceptedrom ISOLDE.

It is obviousthatthe operationof thefollowing stagesof REXTRAP mustbe synchronised
with thetrapcycle. This affectsmainly theion injectioninto the REXEBIS. For the coordina-
tion of all stageswo scenariogouldbeimplementedFirstly, triggerimpulsescouldbehanded
directly from onestageto next or secondlya mainclock couldbesetup. It hasnotyetdecided
whichwill befavoured.






3 Theoretical Background

Thefollowing chaptergivesan overview of the motion of a chagedparticlein a Penningtrap
with respectto the operationof REXTRAP. This includesthe influenceof dampingforces,
radiofrequeng dipoleandquadrupoldields. An additionalsectionis dedicatedo thetheoryof
buffer gascooling.

3.1 Principle of Storagein a Penning Trap

In a Penningtrapions areconfinedin radial directionby the actionof a strongaxial magnetic
field B = B - &, andin longitudinaldirectionby a quadrupoleslectricalpotential

_ U
 4d?

Thereareanumberpossibilitiesto producethis potential two very commononesareillustrated
in Fig. 3.1.

The equipotentialsurfacesof a quadrupolepotentialare of hyperboloidalrevolution. A
Penningtrap canthereforebe madeof aring electrodeandtwo endcapsof hyperbolicshape.
Us in Eq. (3.1) denoteghe voltagebetweenthe electrodes.The characteristidrap parameter
d is afunction of r, and z, the distancef thering electrodeandthe endcapsfrom the trap
centrerespectiely. It is givenby

d (222 — 2% —9?) . (3.2)

(3.2)

Alternatively thequadrupolashapectlectricalpotentialcanbeapproximatedy a superpo-
sition of the potentialsof a stackof cylindrical electrodes.This structureis namedcylindrical
Penningtrap. The parameter! loosesits specialmeaning.However U, /d? remainsa meaning-
ful parametethatdescribeshe depthof the potentialwell.

Hyperbolical Trap: Cylindrical Trap:

Figure 3.1: Most commontypesof Penningtraps. Left: Hyperbolic Penningtrap. Right: Simple
cylindrical Penningirap.
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3.2 Equation of Motion in an ldeal Penning Trap

The equationof motionfor a particlewith chage ¢ andmassm in an electricalpotentialac-
cordingto Eq. (3.1) andanaxial magnetidield is givenby

T T 0 9 T

3} q . . . w
P = —(txB-VJ) — g =19y |x| 0 +?Z Yy
m 3 3 We 9z

with w.— 2B and wzz,/q—UO. (3.3)
m md?

One immediatelyrealizesthat the axial and radial motion decouple. The axial part of
Eg. (3.3), Z + w?z = 0, describesa harmonicoscillation with the frequeng w, alongthe
z-axis

£(0)?
w3

z(t) = | 2(0)2 + sin(w,t + ¢.) with tanp, = —— . (3.4)

Theradialpartof Eq.(3.3)is mostcommonlysolved by introducingthevelocity vectorsV+ =

I —wsr X &, accordingo [Bro86]. V* andV~ arethevelocitiesin coordinatesystemavhich

aremoving with velocitiesw_r x &, andw,r x &,, respectrely. Pleasenotethat V-~ rotates
backwardswith respecto V. Oneobtainsthetwo decoupledifferentialequationsystems

. . 1
VE=w,VE x g, with wg = 5(% + (/w2 —2w?) . (3.5)

*For analternatve methodto solve Eq. (3.3), referto Sec.3.3.1

_ _ magnetron motion w
axial motion w, _ ;
cyclotron motion w,

Figure 3.2: The motion of anion in an ideal Penningtrap is a superpositiorof two circular radial
motions,thereducedcyclotronmotion(w. ) andthe magnetromotion (w_), andaharmonicoscillation
(w,) in axial direction.
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Thesolutionsare
VE = VE0)cos(wst) + V5(0) sin(wt)

T T Y
Ve = V0) cos(wet) — V5 (0) sin(wat) . (3.6)
Backtransformatiorinto Cartesiarspacevia = — — Ve v andy = V+ Yz gives
r = Rtsin(wit+¢y)— R sin(w_t+¢_)

= R cos(wit+ i) — R cos(w_t + ¢_) (3.7)

VE0)2 + VE(0)? VE(0)

with R* = \/ t =¥
oy —w PET TV

Therefore the radial motionis a superpositiorof two circular motions,namedmagnetrorand
reducedcyclotron motion. They are characterisedby the magnetronfrequenciesv_ andthe
cyclotronfrequeng w, andtheradii R~ and R*, respectiely. Pleasenotethe following fre-
gueng relations

1
witwo =w. Wit wt+w=uw? w+w,:§w§
Fig. 3.2illustratesthe superpositiorof the two radialandthe axial motionin anideal Penning
trap.

wo<w,<wy. (3.8

3.3 The Influence of Additional Forceson the lon Motion

In the following the influenceof additionalforceson theion motionin a Penningtrapis dis-
cussedIn connectiorwith REXTRAP buffer gasinduceddampingforcesandforcesresulting
from azimuthalradiofrequeng fieldsarefrom specialinterest.

In earlierapproacheso solve the equationof motionfor anion in a Penningtrapunderthe
influenceof adampingforceit hasalwaysbeenassumedhattheion eigenfrequencies, , w_,
andw,, remainconstant.However, from the harmonicoscillatorit is known, thatits frequeng
shifts for an additionaldampingforce. Therefore,in the first sub-sectiorthe ion motionin a
Penningrapundertheinfluenceof adampingforceis discussedn detalil.

During the commissioningohaseof REXTRAP anunpredictedoehaiour wasobsenedin
the caseof exciting theion motionwith dipolefields. In orderto understandhis phenomenon
betterthe equationof motion for anion in a Penningunderthe influenceof an azimuthalrf
dipolefield anda dampingforce hasbeensolved analyticallyfor thefirst time. In additionthe
ion motionundertheinfluenceof anazimuthalf quadrupoldield is shortlyreviewed,asabasis
for theunderstandingf the working principle of REXTRAP.

3.3.1 Frictional Damping

For low ion velocitiesthe dampingof the ion motionis causedy the long-rangednteraction
betweertheion andthe buffer gasatoms polarisedby theion (seeSec.3.4). In sucha casethe
dampingforce
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is proportionalto the ion velocity. In orderto describethe ion motion underthe influenceof
dampingandazimuthakadiofrequeny fieldsit is necessaryo expressFp in unitsof V=, This
transformatiorcanbe donevia

wi VS —w V- WiV —w-Vy

T = and gy= (3.10)
Wy —wW_ Wy — W
Theequationof motionin Cartesiarcoordinatedbecomes
1
i—wcy—éwﬁvaoﬁc:O
1
i+ wed — —wly + oy =0 (3.11)

2
.1, )
zZ—-w;z+0z=0.
2
The axial motion

Theaxial motionalongthe z-axisis still decouplecandbehaeslik e anordinarydampedscil-
lator

- Z(O) o ’ : ! !
2(t) = e QtJ 2(0)2 + (w—; - 2—@2(0)) sin(wlt + ¢,) (3.12)
: 1 w’z(0)
(R O T Pl SV
with W), W — 40 tan ¢, 30) — 22(0)

The radial motion

Theradial partof Eq. (3.11)canbe combinedwith the substitutionu = x + iy to

2

i+ (iw. + o) — %u =0. (3.13)

Thishomogeneoudifferentialequationwith constantoeficientsis mostcommonlysolvedvia
theansatz: = ¢+ leadingto the following quadraticequationfor the exponent

2

W+ (we — io)w + % ~0. (3.14)
Thesolutionof Eqg. (3.13)is asuperpositiorof thetwo solutionsof Eqg. (3.14)
u = Ayl @tte) | g,pileattes) (3.15)

: 1
with wijg = g <z'a —w, \/(ia —w.)? — 2w§> .

By splitting u into realandimaginarypart, oneobtainsthe following equationgor the motion
of anionin anidealPenningrapincorporatingadampingforce proportionakto theion velocity

r = Re*lcos(w t+¢_) + Rfe*cos(w/ t+¢.)

y = —Re*'sin(W t+ ¢ ) — Rte*'sin(w,t+ o) (3.16)
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Figure 3.3: Theradialmotionof a particlein a Penningrapundertheinfluenceof adampingforceonly
(left) andanadditionalazimuthalquadrupolesxcitationfield (right). In thefirst casethe particleis lost
dueto theincreaseof the magnetrorradius,whereasn the secondcaseit is finally centred.

o?  8w?+ o?

1
: roo_ 1 y — 2 _ - .z 7
with ol = glw.+ M) + Aw Aw 16 (w2 — 202)}

o 1 8w?+ o2
= —([1+£]1l+- .
ax 2( [ +8 wf—ZwED

Therefore,the radial motion is a superpositiorof two circular motionswith the frequencies
w’, andw’ which areshifteddown andup, respectiely, by Aw from the unperturbedrequen-
ciesw, andw . However, by incorporatingreal trap operationparameterspne realizesthat

thesefrequeng shiftsarevery smallandcanbe neglectedin mostcases.Theradiusof there-

ducedcyclotronmotiondecaysexponentiallywith atime constantv, ~ —o whereaghe slow

magnetrommotion radiusincrease&xponentiallywith a considerablesmallertime constaniof

o~ gz—é. This behaiour is illustratedin theleft partof Fig. 3.3. Consequentlya particleun-

dertheinfluenceof a dampingforcein a Penningtrapwill eventuallybelost dueto the steady
increaseof its magnetrorradius. However, this ion loss mechanisntanbe overcomeby an

appropriatecoupling of magnetrorand reducedcyclotron motion. The resultis shavn in the

right partof Fig. 3.3andwill bediscussedh detailin Sec.3.3.2.

3.3.2 The Influence of Azimuthal RF-Fieldson the lon Motion

In orderto be ableto manipulatethe ion motionin a Penningtrap azimuthalradio frequeng
dipoleandquadrupoldieldsareof specialinterest.Suchfieldscanbe generate@dpproximately
by applyingalternatingvoltageson a segmentedcentraltrap electrode.The principle is illus-
tratedin Fig. 3.4.

Theapplicationof two voltaged/, phaseshiftedby 180°to oppositehalf-electrodesesults
in adipolepotentialnearthetrapcentre

Vo =alp -~ . (3.17)
To
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A quadrupolashapedotentialis obtainedby applyingvoltageslU, with a phaseshift of 180°
to neighbouringelectrodesf a four-fold split centreelectrode.The potentialis characterised

by
VQ = CLUQ T - (318)

The parameter, denoteshe distanceof the electrodesrom the trap centre. The geometry
factor a is introducedto describeto deviation from an ideal dipole or quadrupolepotential
causedy the non-idealshapeof the electrodes.

Dipole Excitation

Undertheinfluenceof anazimuthalelectricaldipolefield asdescribedy Eq. (3.17)with Up =
Ui - cos(wr st + ¢rf) anda dampingforce accordingto Eqg. (3.9) the radial part of Eq. (3.5)
becomes

‘./;:i - wivyi -7 (wﬂ/;f - W—V;c_) 3.19
V:I: _ VE + — . ( . )
o= —wiVE = (V- w V) 4+ Kgcos(wept + o)
with k= a1 -7
m T Wy — w_

Theaxial motion of the particleis notinfluencedandfully describedy Eq. (3.12).

For theradialmotiononeexpectsresonanceffectsat the magnetrorandreduceccyclotron
frequeng. Therefore,in the following excitation frequenciesv,; ~ wy andw,; ~ w_ are
discussed.As beendiscussedn Sec.3.3.1a dampingforce hasno remarkableeffect on the
eigenfrequenciesv_ andw, . Thus,thedifferentialequationsystem(Eq. (3.19))canbesolved
viatheansatzV*(t) = A*(t) - etilw=t+e+) following the proceduren [Bol90], whereit has
beenappliedonly to thecaseof quadrupolexcitation. Doing so,oneobseresaslow changeof

Dipole: +Up Quadrupole: +Uq
/ UQ’( /)'UQ
—Up +Uq

Figure 3.4: Principle of generatingan azimuthalelectricaldipole (left) andquadrupoldield (right) in
the centralpartof a Penningrapby usingsplit centreelectrodes.
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theamplitudesA*(¢) with additionalfastmodulations Neglectingthesehigh frequeng terms
(rotatingwave approximation)eadsto

A;‘E = FiwsAT + wiA;t F ywiAS

w,,fzw_;

A?; = iw—Agj - W—A; + ’)/CU+Ay_ + %e_l[(wﬁ_w*)t*‘(%@rf—wf)] (320)
Ay = —iw Af - w AT — qw A+ bo if(wrs =)t (ors =)

Ao = w_A] — wo A7 4+ qwid;

Undertheassumptiorthattheion motionsarestill circular (43 = +iA$ = +iA*) thisreduces
to

wef R w_: AT = —qw At

A_ = 7w_A_ + %Qe_i[(wrf_w*)t+(‘:0rf_907)]
\ (3.21)
wp R Wy AT =qw AT
A+ = —Ywy At — ““Toe"[(wrf—wﬁtﬂ%f—su)} '

Thefirst of eachpair of equationdescribeghe normaldecayandgrowth of the cyclotronand
magnetrorradius,asit hasalreadybeendiscussedn Sec.3.3.1.It canbe seenthatin thecase
of dipole excitation both radialmotionsremainuncoupled An excitationfrequeny w, ; ~ w_
only affectsthe magnetrormotion, whereador w,; ~ w, only the cyclotron motionis influ-
enced.In thefollowing, thesecasesarecalledmagnetrorandcyclotronexcitation,respectiely.
Theseconcequationsrediscussediown. A minussigndescribesheevolutionof themagnetron
motionfor w, s ~ w_, while a plussignrefersto the cyclotronmotionfor w,  ~ w..
With the abbreviations

ar = Fyws kE = Fho etilorr—es) Awy = F(wrp — wi) (3.22)
Eq.(3.21)canbewrittenas
2

Pleasenotethata. correspondso thatobtainedn Sec.3.3.1.
Thesolutionof Eq. (3.23)canbefoundvia standardechniquesi.e. Laplacetransformation
[Arf71]. Thisleadsto

A+ — q AT = glAwst (3.23)

AE(5)fs - ] = A%(0) + 221 (324)
ST axl = 2 (s—ilAwy) '
A partialfractionexpansion
+ s 1.+
a(s) = A0 ik r ! (3.25)

(s—ax) 2ar—iAwy) |(ax—s) (s—iAwy)
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allows backtransformatiorandoneobtains

Ai A:I: st k:t eait o eiAwit )
(t) = AZ(0) e+ + 5 (m) : (3.26)
Theradii arecalculatedvia R*(t) = ﬁ R {Ai(t) . eii(wit+‘ﬁi)}’
" 1 ko ¢e]”, [he &1
RE(t) = ———\[ [A*(0) e + o =] + |5 = (3.27)
Wy — w- 2 ki 2 Ki

with
A*(0) = (wy —w_)R*(0)
ke = Awi+ai Apr =9 5— s

C+ = Awg {£cosApile®s! — cos(Awst)] + sin Apysin(Awst) } +
ar{ sinApi[e=! — cos(Awst)] F cos Appsin(Awt) }

& = Awi{ FsinApyle*t! — cos(Awst)] + cos Apisin(Awst) } +
ax {Fcos Aps[e*t! — cos(Awt)] — sin Ap. sin(Awyt) } .

The evolution of theradii R* will be discussedow startingwith the simplecasesy,. = 0 or
ko = 0 endendingwith themorecomplex onea.. # 0, ky # 0.

® a4 #:O,kO::O
In the caseof dampingonly Eq. (3.27)reducego

RE(t) = R%(0) e+t (3.28)

which describeghe normalgrowth anddecayof the magnetrorandcyclotronmotionas
it wasalreadydiscussedn Sec.3.3.1.

* a4 ::0,k07é0
In the caseof excitationonly oneobtainsfrom Eq. (3.27)

RE(t) = —L—

Wi—w—

.2
A%(0) + 5o sin®(252t)
1

+AF(0) g {12 cos Ay sin?(2241) + sin Apy sin(Awit)}

(3.29)

Therefore, R*(t) is the sumof a constantterm 2*(0) and a term modulatedwith the
frequeny :Aw, andAw,.

In Fig. 3.5theevolution of the cyclotronradiusR™ () asafunctionof Aw, is shown for
two differentinitial phaseshifts Ay, . The magnetrommotion performssimilar. There-
foreit is not treatedin an extra figure. The amplitudeof the oscillationbecomedarger
with increasingexcitationamplitudek, andwith smallerfrequeng detuningAw-.. The
startingphasehasa smallinfluenceanddoesnot changethe generalbehaiour. For the
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resonanceaseone notesa linear increaseof the radius, which can be deducedfrom
Eq.(3.29),

1 2
lim R*(t) = 7\/ A£(0)2 + %tQ + A£(0)kot sin ¢ . (3.30)

Awtﬁo C(}+ — W_

If theionsstartatrest(R*(0) = 0), then R*(t) loosesits phasedependencandshavs a
simpleoscillation,

Ko sin( Aw
Awi

R (1) = ‘

it)' . (3:31)

Rt[arb. units]
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Figure 3.5: The amplitudeof the cyclotron motion R*(¢) for dipole excitation as a function of the
excitationtime 7;.; (in unitsof &) for differentvaluesof Aw,. (0: 0,0: sswy, Ot gswy, 08 swy,
a: %w+) andaninitial phaseshift Ap, = 7 (left) andAp, = 7 (right). Parametersisedin these
calculationsarew; =1, w_ = =5, v = 0, ko = 1o55w+, andR*(0) > 0.

ap #0, ko #0

As seenin the previous casealsoherea phaseshift betweennitial ion motionandexci-
tationfield doesnot changethe generabehaiour of the motion. Therefore Ay, = 0 is
usedin thefollowing.

Eq.(3.27)canbewrittenas

2 2
R:&:(t> _ ! \l [Ai(()) e+t % . g] + [@ . é‘| (332)

Wy —w_ K 2 K

=  azsin(Awit) 4+ Awy [e*" — cos(Awyt)]
= Awgsin(Awst) +  ay[e* — cos(Awst)]

N Y

Alreadyhereonerecognisegnimportantcharacteristiof the motion. For dampingval-
uesy > 0 andt — oo the magnetrorradiusgrows to infinity, whereagthe cyclotron
motionradiusapproachea maximumvaluewhichis independentf all otherinitial con-
ditions.
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In the upperpartof Fig. 3.6 the evolution of the magnetrorradiusfor differentdetuning
valueg(Aw_) is shavn. Oscillationswith afrequeny of % areclearlyvisible,ontop of
thealreadymentionedexponentialincrease Thetime constanbf thelatteris not affected
by thedetuning.lt depend®nly onthe dampingcoeficientascanbe seenn the bottom
of Fig. 3.6.

Thecyclotronradiusapproachegor ¢ — oo alimit of

R*(00) — i (3.33)

2wy —w_)y/a? + Aw?

Accordingly, anincreaseof thefrequeny detuning(Aw. ) aswell asthedampingcoefi-
cient(a,) will decreasé?* (o). This caneasilybeseenin Fig. 3.7. Also in thesecases
oneobseresoscillationswith afrequeny 24=. An initial radiusR*(0) hasnoinfluence

onthefinal radius.
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Figure 3.6: The amplitudeof the magnetrormotion R~ (¢) for dipole excitation asa function of the
dipole excitation time T,.; for the parameterdrequeng detuningAw_ (top), dampingcoeficient -y
(bottom)andinitial radii R~ (0) = 0 (left), R—(0) # 0 (right).

Numbersusedin this calculationsarew, = 1, w_ = =; Top: ko = Ywe, Aw_ = 0: 0, 0: w_, O:
ww—, Ot tsw_, 0: 2w_, v = z; Bottom: kg = to5we, Aw_ = gow_, v = 0: 0,0 1955, 07 =55,

1 L1 1



3.3. Thelnfluenceof Additional Forcesonthelon Motion 29

Quadrupole Excitation

The manipulationof the ion motion in a Penningtrap using azimuthalelectricalquadrupole
fields hasbeendiscussedn greatdetailin ref. [Bol90, Sas91, Kon9g. Its importancefor the
working principle of REXTRAP makesit necessaryo discusst herebriefly.

An azimuthaklectricalquadrupoldield asdescribedy Eq. (3.18)with Uy = U,-cos(w, st+
¢, ¢) andadampingforceaccordingto Eq. (3.9) changesheradial partof Eq. (3.5)to

‘:/:ri = Wivyi + k(‘/;__‘/x_) - ’V(w+v;c+_w*v;r_) (334)
VE = wsVE b RV V) - (sl eV |
a q U,

with k = ko cos(wrrt + orp) ko= ———.
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Figure 3.7: Theamplitudeof the cyclotron motion R* (¢) normalisedby RY, = Rt (o0, Aw; — 0) =

20’24 for dipoleexcitationasafunctionof theexcitationtime 7,  for the parameterfrequeng detuning

Aw, (top),dampingcoeficienty (bottom)andinitial radii R*(0) = 0 (left), R*(0) = 3 R%, (right).
Numbersusedin this calculationsarew, = 1, w_ = =; Top: ko = Ywe, Awy = 0: 0, 0: tos5wy, O:
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The solution of this differential equationsystemcanbe found following the sameway as

it hasbeendonefor the caseof dipole excitationin Sec.3.3.2. For an excitation frequeng
wrf ~ w, andunderthe assumptiorthatthe magnetrorandreducedcyclotron motion remain
circularwith theunperturbedrequenciesv, andw , onefindsfor theradii

RE(t) = R {fE@p)erstet}e st (3.35)

(Ywe + iAW) R*(0) + k¥ RT(0)
2A

() = R*(0)cosh(At) F sinh(At)

1 :
A = 5\/(7wc+zAw)2—k8

Aw = wrf—We kE = koeTiA¢ Ap = prr— (pr +_) .

In the following theresonanceasew, ; = w. will bediscussedtartingfrom the simplecases
k = 0 ando = 0 andendingwith themorecomplex onesk # 0, o # 0.

*k=0,0#0
For the caseof dampingonly Eq. (3.35)reducego

RE(t) = RE(0)e™! (3.36)
whichis equivalentto Eq. (3.16)anddescribedhere.

k#0,0=0
For the caseof excitationonly Eq. (3.35)becomes:

R*(t) = R*(0) COS(%t) F RT(0) cos Ay sin(%t). (3.37)

As canbe seenthe azimuthalquadrupolesxcitationleadsto a couplingof the cyclotron
andmagnetrormotion. The initial phaseshift determineshow completethe transferof
the motionsinto eachotherwill be.

k#0,0#0

It hasbeenshownn in Sec.3.3.1that the cyclotron motion decaysmuch fasterthanthe
magnetrommotion grows underthe influenceof andampingforce. A sufficiently strong
couplingof bothmotionsshouldthereforepreventthe increaseof the magnetrorradius,
allowing areductionof theamplitudeof bothmotions.In thecaseof resonanc&g. (3.35)
changedo

Yw.RE(t) + ky RF(0)

(1) _ =5t | pt
R*(t)=e R*(0) cosh(At) oA

sinh(At) (3.38)

Thegenerabehaiour of R*(t) is determinedy thesizeof A, i.e. theratio of thedamp-
ing rate (yw,.) to the excitation amplitude (k). Fig. 3.8 showvs the amplitudesof the

magnetrorand cyclotron motion asa function of the excitation time (Z;.;) for different
valuesof &, (markedwith [J..[7). As ageneratrendoneobseresanexponentiaincrease
or decreasef theamplitudes.Thecorrespondingime constanty is displayedn Fig. 3.9.

An detaileddescriptionof thesecasess givenin thefollowing.
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0.0 ky < yw.: Here,A is realandthetime constanfor the amplitudess givenby o =
—% + A. Accordingly, the radii increasefor A < 7, they remain constantfor
A = 7, or elsethey decreaseThis behaiour is illustratedin thecases ], [, and[],

respectiely. Therebyit hasbeenusedthatA = — 7 correspond$o &, = V2 yw,.

0.0 ky > yw,: For kg > yw. A becomesomple« andoneobtainsfor the radii:

YW RE(0) + ko cos Ap RF(0)

£y _ =St | pt
R*(t)=e R=(0) cos(|A|t) F oA

sin(|At)] ,

(3.39)

observinga steadydecreas®f both amplitudeswith anadditionalperiodicbeating
betweerthem. Thetime constanty hasreachedts maximumnegative valueof —7.
An increaseof k, above yw,. doesnot changea further. It only raisesthe beating
frequeny betweenthe two motions. This behaiour is clearly visible in the cases
0, O, and in Fig. 3.8andFig. 3.9.

As shavn above, for a dampingforce actingon the ion andsuficiently strongcouplingof
magnetronand cyclotron motion via an azimuthalrf quadrupolefield with a frequeny of w.
onecanachieve areductionof bothmotions.In this way onecancounteractheincreaseof the
magnetrorradiusfound for the dampingcaseonly andfinally centreanion in a Penningtrap.
Thisis illustratedin Fig. 3.3.

3.4 Buffer GasCooling

In Sec.2 it hasbeendiscussedhatthereductionof the phasespaceoccupiedoy theion swarm
via cooling,is essentiafor anoperationof REXTRAP asemittancamprovementandbunching
device. Buffer gascoolingin combinationwith rf sidebandexcitation ensuresshortcooling
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Figure 3.8: AmplitudesR~ of themagnetror{left) and R+ of the cyclotronmotion(right) with quadru-
pole excitation asfunction of the excitationtime 7,.; (in unitsof %) for differentexcitationamplitudes:
Ok = %\/ﬁ’yu&, Ok = \/5’)/(4)2, Ok= 3\/§7wz, Ok= YWe, D, Ok = i—(l)'ywc—dashedk = ngc—

dotted. Thenumbersusedin thesecalculationsarew, = 1, w_ = &, RT(0) = R~(0) > 0.
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excitationamplitudes
k= %\/vaz
0k =v2yw,
k= 3\/§7wz
Uk = yw.
0k =2V2yw,
00 02 04 06 08 10 12 14 0k = 5v2yw,

kO [VWC]

Figure 3.9: Time constantsy. (in unitsof ¢) asfunctionof theradiofrequeng amplitudek, (in units
of yw.). Thenumberedointscorrespondo the cunesshavn in Fig. 3.8.

times. It is applicableto all ion speciesandin comparisorio othertechniqueselatively easyto
perform.

In thefollowing a shortintroductionto importanttopicsof buffer gascoolingwith respect
to the operationof REXTRAPs presented.

3.4.1 Damping and lon Mobility

Theequationof motionfor anion in a Penningrapundertheinfluenceof adampingforcewas
extendedby adampingterm(seeSec.3.3.1)

Fp=—-omr. (3.40)

Realisticdampingconstantareobtainedrom measurementsf theion mobility in theaccord-
ing buffer gas. Thedrift velocity v4 of theion is measuredvhendraggingtheion throughthe
gasvia anappliedelectricalfield E4. Therelationshipbetweerdrift velocity andelectricfield
is givenby

Vdq — KEe] s (341)
where K denotesheion mobility. By comparingthe stationarylimit
Va+ove = LEq lim Vg = 0 (3.42)
m t—o00
with Eq. (3.41)oneobtainsfor thedampingconstant
_al
o= (3.43)

Sincetheion mobility scaleswith thegastemperaturd” andpressure it is normallytakulated
asreducedmobility K, i.e. normalisedo standarcatmospheripressureandtemperature

273.16 Kelvin P
T 1013 mbar”

A compilationof nearlyall availableion mobility datacanbe foundin [EII76, EII78, EII84,
Vie95]. Thesedatacover mostly the enegy rangeup to a few electronvolts. In this regime

Ko=K (3.44)
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Figure 3.10: The reducedion mobility asfunction of the ion velocity for 7Li, 23Na, 3°K, 8"Rb, and
133Csin aargonbuffer gasatmosphere(e — experimentalaluesfrom [ElI76, EIl78, Ell84, Vie9y, x —
simulatedvalues,dashedine — parametridunctionaccordingto Eq. (3.45))

theion mobility canbe treatedasconstanfor a certainion buffer gascombination.For higher
ion enegiesin the orderof a few hundredelectronvolts, no experimentaldataare available.
Unfortunately this rangeis interestingfor the simulationof ion injectioninto REXTRAP and
of the enepgy lossof the ions while passingthroughthe trap. Therefore,it wasnecessaryo
calculatetheion mobility for theinterestingvelocity range.

lon simulationshave beenperformedusinga methodalreadyappliedin [Sch98]. In this
simulationsonsaredraggedhrougha buffer gasby anappliedelectricalfield. Collisionswith
the neutralsof the gasare treatedin a “realistic” way, i.e. by emplgying known ion-neutral
interactionpotentials.For a detaileddescriptionof this procedurepleasereferto Sec.A. The
resultsof the calculationsare depictedfor severalion-neutralcombinationsn Fig. 3.10. The
experimentalaluesof theion mobility arewell reproducedor thelow enegy range.At higher
enegies,whereno experimentaldataare available,the mobility decreaseandfor evenhigher
enegiesit approaches stationarylimit. This trend can be understoodsincefor higherion
enepies the natureof the collisions changesrom thosedominatedby soft Van-defWaals-
interactionto hard-sphereollisionsdueto the strongrepellingpartof theinteractionpotential.

For theion motionsimulationan REXTRAPIt hasbeendesirabldo have aparametridunc-
tion availablethatdescribeghe completeshapeof the curve. The following heuristicformula
wasfoundto describewell theion mobility asafunctionof theion velocity

Ky — K&
o= R0 kg (3.45)
+(3)

For lowervelocities(v; — 0) K, takesthevalue K, whereast becomeds$° for highervalues

(vg — o0). Theslopeof thedropin betweertheseextremecasesanbe controlledby v, andx.
Theresultsof fitting Eqg. (3.45)to thecalculatedraluesaregivenin Table3.1. As it canbeseen

Ko(Ud) =
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0 00
ion/buffer gas g{n% é(r%z b "
s SELE

Lit—Ar 5.50 2.97 8963.64 4.32
BNa—Ar 3.54 1.34  6220.35 3.04

SIK+T—Ar 3.17 0.86 4700.73 2.39
8"Rb™—Ar 2.31 0.62 4647.07 2.39
133Cst—Ar 2.08 0.53 5485.78 2.34

Table 3.1: Parameterdor Eq. (3.45)in orderto reproducethe ion mobility asa function of the ion
velocity for severalion-neutralcombinations.

in Fig. 3.10, this parametridunction reproduceshe experimentalandcalculatedon mobility
guitewell overthe completevelocity rrangeshown.

3.4.2 Cooling Limit

The cooling processasit wasconsiderediuntil now, would leadto zeroamplitudesof theion
motion sincethe finite temperatureof the cooling mediumwas neglected. It is obvious that
phasespaceaeductionwill only take placeuntil the systemhasreachedthermodynami@qui-
librium state,i.e. until thetemperaturef theion swarmis equalto the buffer gastemperature.
Thecoolinglimit will bediscussedn thefollowing.

The phasespaceadensityof a collectionof interactingparticlesin thethermalequilibriumis
representedly therelation

. H
phasespacedensity= constantx exp (ﬁ) (3.46)

where H is theenegy andkT is a constanwhich definesthe temperaturef the ensemblan
termsof the Boltzmannconstant:. Expressing=q. (3.46)in symbolicform gives

d°n(H) ( H )
~exp | —
dxdydzdp, dp, dp, kT

(3.47)

wherex, y, andz denoteghe spatialcoordinatesp,, p,, andp, arethe associatednomentum
coordinates.

Both, axial andradial motion, contritute to the Hamiltonian H for a particlein a Penning
trap. Sinceit containsno mixing terms (radial and axial motion are decoupled)Eq. (3.47)
decomposeandaxial andradialmotioncanbetreatedseparately

The Axial Motion

Theaxialmotionis aharmonicoscillation(seeEq. (3.4))alongthez-axis. ThereforeheHamil-
tonianis givenby

H = %wf 22 with 2z = | 2(0)? +

. (3.48)
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Figure 3.11: Thelongitudinal(left) andradial (right) ion densityfor the coupledcaseasa function of
displacemenfor severalequilibriumtemperaturesPleasenotethedifferentscales.

In the caseof thermodynamicequilibrium the part of Eq. (3.47) describingthe axial motion
becomes

d*n { H } B { mo 2}
dzdz PR S TP U S
Integrationover dz andnormalisatiorleadsto

dn  mw? { mw? 2}

dzg KT 0P\ T %0

(3.49)

(3.50)

Usingthefrequeng relationsof Eq. (3.8) allow this to be simplified further

(3.51)

d_n . 2qBw_ {
dZO - kT

An importantcharacteristiof sucha distributionis the meanradiusgivenby

o] ge dn 1 |7kT 1 | nkT
(o) = [ z0tn= [ "2 (d—> %o =2\ 2m ¥ 3\ gBa

Therefore the shapeof the axial spatialdistribution is mainly determinedoy the temperature.
An increaseof thetemperaturdroadenst. Thisis illustratedin Fig. 3.11. It shouldbe noted
thatthedistributionis notmassdependent.

(3.52)

The Radial Motion

Theion densityfunctionfor theradialmotioncanbe foundin a similarway [Sch00].

* Magnetronandcyclotronmotionwithout quadrupolesxcitation (without coupling)

TheHamiltonianfor this uncoupledcases givenby

m

H = E(WJF —w_ )(wyRt —w_R7) (3.53)
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Sincethe magnetrommotionis unbounddenotedby the* —" sign)it is only meaningfulto give
adistribution functionfor the cyclotronmotion

dn mwy(wy —w ) . muwi(Wy —w_) o
R T R™ expq — 9k T R , (3.54)
which canbefurtherreducedo
d?’L q2B2 N qQB2 o

Averaginggivesthe meanradii

+ kT 1 |nkT 1 [mmkT
<R >uncoupled - ~ — | —— = ——
2mwy(wy —w_)  wyl 2m qB 2

<R_>unc0upled = oo for t—o0. (356)

Therefore thefinal distribution is mainly determinedoy the temperaturef the buffer gas. In
contrastto the axial caseit is massdependentHighertemperaturer largerion massleadsto
broaderistributions.

* Magnetronandcyclotronmotionwith quadrupolesxcitation (coupling)

As beenshawvn in Sec.3.3.2magnetrorandcyclotron motion canbe coupledvia a radial
quadrupoldield with thefrequeng w, ; = w.. Thenthe Hamiltonbecomes

m

H= Z(w+ —w }(R™+ R™?), (3.57)
which leadsto the following densityfunction
dn omwy —wo)? mwy —w-)? .,
A = SET R¥exp{ — AT R (3.58)

2 R2 2 R2
B> . 49 B .
okTm eXp{ wrm [
For themeanradii oneobtains

i kT 1 n
= ~ —Vimkl = V2 . 3.59
<R >coupled \/2mw+ ((.U+ — w_) qB ™m \/7 <R >uncoupled ( )

Thefinal radii distributionsfor both motionsareidentical. They arebroadenedy a factorof
v/2 comparedo the coupledcase.

Simulation of Equilibrium Distrib utions

In orderto prove the calculatedrelationsandto obtainreasonablénput datato investigatethe
characteristicof ejectedion bunchesfrom REXTRAR, thermal equilibrium distributions of
severalion buffer gascombinationdave beensimulated.

Differentdistributionshave beenobtainedby placinganion swarm consistingof afew ten
thousandonsinto avirtual Penningrapwith buffer gasandtrackits motionuntil anequilibrium
statehasbeenreached. The simulation has beenperformedusing the programPennDamp
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describedn Sec.5.2. Theinput parametesetfor the programhasbeenchosento meetreal
operationparameter®f REXTRAP as closeas possible. The collisions of the ions with the
buffer gasweretreatedashardspherecollisionswith a rate correspondindo a helium buffer
gasatmospher®f p,, = 1 - 10 ° mbarandatemperaturel = 300 K. The equilibrium state
was normally reachedafter a few secondsjndicatedby the fact that the meanradii shov no
significantchangebetweentwo iterations.

In Fig. 3.12thedifferencesetweenuncoupledand coupledmagnetrorandcyclotron mo-
tion for 133Cs" is presentedThe plots shav histogramf the radii of the differentmotionand
the correspondingheoryfunctions.A nearlyperfectagreemenbf the simulationswith theory
canbenoted.

Similar plotsin Fig. 3.13illustrate the massdependencef the amplitudedistribution for
the differentmotion in the caseof coupledmagnetrorand cyclotron motion. Again, perfect
agreementf the simulationwith theorycanbe seerfor the caseof 133Cs'. If themassratio of
the collision partnershecomesmaller i.e. for 3K+ and?*Na* the distributionsof magnetron
andcyclotronradii broaderslightly, which canbe attributedto a slightly highertemperaturef
thesemotions.A similar phenomenorrf-heating,hasbeenfoundin Paultraps.Dueto the col-
lisionswith the buffer gasatomstheionsrun out of phasewith theappliedcouplingquadrupole
rf-field, which resultsin heatingof the radial motion. Accordingly, it is not noticeablefor the
axial motion.
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Figure 3.12: Equilibrium distributionsfor 3Cs" in a Penningtrap with Helium buffer gasat a tem-
peratureof 300K. The histogramsaretheresultof a simulation.Theline plotscorrespondo thetheory
functions. Left: Distribution of cyclotron radii ™ for uncoupledmagnetronand cyclotron motion.
Middle and Right: Distribution of magnetrorradii R~ andcyclotronradii R* for coupledmagnetron
andcyclotronmotion.



38 3.4. Buffer GasCooling

0 0.05 0.1 015 0.2 025 0.3 035 04 O 005 0.1 0.15 02 025 03 035 04 0 05 1 15 2 25 3 35 4

39K 39K / N 39K

density

10on

.

0 0.05 0.1 0.15 0.2 025 0.3 035 04 O 0.05 0.1 015 02 025 03 035 04 0O 05 1 15 2 25 3 35 4

133CS 1L 133CS 1T .y ’x ISBCS 1

0 0.05 0.1 015 0.2 025 0.3 035 04 O 005 0.1 0.15 0.2 025 03 035 04 0O 05 1 15 2 25 3 35 4
R" [mm)] R~ [mm] Zo [mm]

Figure 3.13: Equilibrium distributions of cyclotronradii R* (left), magnetronradii R~ (right), and
maximumamplitudesof theaxialmotion z for 23Nat, 3K+, and33Cs" in aPenningrapwith Helium
buffer gasat atemperaturef 300K for coupledmagnetrorandcyclotron motion. The histogramsare
theresultof simulation.Theline plotscorrespondo thetheoryfunctions.



4 Experimental Set-up

The plannedperformanceof the REX-ISOLDE postacceleratgrtogetherwith the limits set
by REXEBISandby thebeampropertiesof ISOLDE definethe boundaryconditionsfor REX-
TRAP design.Dueto thefew andcostlyproducedadioactve ionsthedevice hasto beefficient,
i.e. the injection and extraction efficiency shouldbe closeto 100%. The acceptancehould
be equalor largerthanthe ISOLDE beamemittanceof 357 mmmrad (@ 60keV). The EBIS
requestson buncheghatfit into a narrov acceptanc@hasespacewith valuesof 3mmmmrad
(@ 60keV)radiallyandand100useV (@ 60keV) longitudinally[Wen98 Wen0(Q. Cycletimes
of 20msshouldbereachedn orderto matchthe acceleratoriming schemgHab00]. Further
more,thedevice hasto bereliablesinceit is a partof acomple« acceleratochain.

The experimentalset-upof REXTRAP (Fig. 4.1), built to meettheserequirementsis de-
scribedin detailin this chapter The set-up,the control systemaswell asimportantoperation
parameterandschemesvill bediscussed.

REXTRAP setup
electronics
electronics
differential
pumping
@ ducti
() supercon ucting i
N .| solenoid B = 3T :;;:telerahon
E el i |
— trap electrodes —
retardation T Lp =\
system )
pumping
60 kV high voltage platform
0.5 1.0m
HV-cage ;@

Figure 4.1: The experimentalset-upof REXTRAR Left: Schematicatop view of the system.Nearly
the completespaceinside the Faradaycageis taken by a high voltageplatform. The magnetsystem
thathouseghetrap structureandtwo rackscontainingthe elctronicfor trap operationareplacedon the
platform. Right: Photograptof the system. The high voltage platform restson large insulatorsand
the magnetcanbe easilypinpointedin the foreground. Partsof theinjectionandejectionion opticsare
visible in front andbehindthe magnet.
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Figure 4.2: Overvien of the RAO beamline leadingtowardsREXTRAP. The insertionof the off-line
ion sourceinto the beamline andthe principal of the REXTRAP beamgateareschematicallyshavn.

4.1 BeamTransport to REXTRAP

Theinjectionbeamline of REXTRAR i.e. the RAO sectionof the ISOLDE beamline system,
brancheoff the centralbeamline atthe endof sectionCAOQ to theright. A sketchof thebeam
line is shavn in Fig. 4.2. It consistsof a standardSOLDE quadrupolériplet, a beamkicker,
andastandardSOLDE diagnostidox.

Thebeamtubebetweerthe switchyardandthe quadrupolecanberemoved. In the gapthe
testion sourceis insertedo carryout off-line measurements.

Theinjectionkicker hasbeenintroducedin orderto correcta 3° misfit betweerthe kicker-
bendersystemat the end of the CAO-beamline andthe optical axis of REX-ISOLDE. The
kicker consistsf two parallelelectrodegor horizontalandverticaldeflectionrespectrely. The
vertical platesareusedasbeamgatefor REXTRAR which allows the control of the numberof
ionsto beinjectedandstoredin thetrap. This functionality is achieved by applyinga pulsed
high voltageto oneof the vertical kicker plates,which deflectsthe ion beaminto the sidewall
of thebeamline.

4.2 The Off-Line lon Source

In orderto carryoutoff-line measurement®r commissioningpf REXTRAPandfurtherstages
of REX-ISOLDE a compaction sourcefor alkali ions hasbeendevelopedusing a concept
describedn ref. [Dez9q.

In Fig. 4.3 adetailedsketchof the sourceis shavn. Additionally, picturesof the complete
systemanda detailedview aregiven. The heartof the systemis a conically shapectylindrical
hollow heatemadefrom graphiteandfilled up with analkali-zeolite.lt is directcurrentheated
andbuilds up atemperaturgradientfrom thethinnestpartin front to thethicker partattheend.
Thegradientprovidesa steadilyflow of alkali atomsfrom the backpartof the zeolitereserwoir
to its front. Therethe atomsareionisedat somepiecesof tungstenwire incorporatedn the
zeolitematerial. The ions areacceleratedn the field betweenthe ioniserat high voltageand
anelectrodeat groundpotential. The beamshapecanbeinfluencedby anadditionalextraction
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Parts list:

10 cm
[ base flange at HV
T“'h 00 ionizer unit
— O insulator
0 skimmer plates
H O extraction lenses
B
S
.2 Overview
[J housing

0 base flange

| U transformer
[ power cables
[ vacuum pump

Figure4.3: TheREXTRAPtestion source.Top: Sectionaliew of thesystem Bottom left; Photograph
of theopenFaradaycage.Bottom right: Theinnerparttakenin pieces.
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Figure 4.4: Block diagramof the REXTRAP testion source.

electrode.

The systemwas constructedo ensureeasymaintenance.lt fits completelyon a vacuum
flangeof 150mm in diameter For servicingthe ioniset i.e. to refill the zeolite material,two
scravs fixing the extractionlenssystemto the baseflangehave to be unfastenedo remove that
part. The electricalcontactsof theioniserunit establishplugswhich fit into socketsformedby
thevacuumfeedtroughsmountedatthebaseflange.This allows aneasyremoval of theioniser

All currentandvoltagesuppliesfor operationare provided by a setof cablesdirectly from
the high voltageplatformof REXTRAP. For on-line operationj.e. whentheion sourceunit is
movedout of thebeamline, the cableconnectioris disconnectedA principle sketchof theion
sourcecircuitis givenin Fig. 4.4.

In orderto keepthe ion currentfrom the sourceconstantit is necessaryo stabilisethe
temperatureof the ioniser This is achieved by regulating the primary currentof the heater
transformerby a motor driven variacplacedon the high voltageplatform. The variacis con-
trolled by an externalregulationcircuit consistingof a current-to-wltagecornverterandamain
controlunit. Thecircuit comparesn principleasignalderivedfrom the primary heatercurrent
with a nominalvoltagesetremotelyby the user In addition,the control unit incorporatesa
safetycircuit which opengthe circuit of the primary heatingcurrentin the caseof malfunction.

Due to the limited spacebetweenthe ISOLDE switch yard and the quadrupoleRAO the
Faradaycageof the ion sourcewithstandsonly high voltagesup to 50kV without frequent
sparks.For mostof thetestmeasurementshigh voltageof 30kV waschosengnsuringalmost
troublefree operation.

The testion sourcehasbeenfound to be very reliable over the time it was usedto get
REXTRAP operational. Dependingon which zeolite was usedion beamsof 1*3Cs', 8’"Rb",
39K+, and 2Na* with stablecurrentsup to a few nA can be producedover several weeks
without refilling the source.
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4.3 The REXTRAP Solenoid

The magnetconstituteghe largestindividual part of the REXTRAP systemwhenit comesto
weightandcost. It providesthe magnetidield neededor theradialion confinement.

The solenoidmanugcturedoy MAGNEX, is of superconductingype. It is anunshielded
systemwith awarmbore,i.e. theinner cylinder containinga vacuumtubewith the trap struc-
tureis keptatroomtemperaturendthermallydecoupledrom the cryostats.Superconducting
systemshave two advantages.They provide high stability and needno on-line power supply
Ontheotherhandthemagnetoils mustbe cooledto liquid heliumtemperatureDependingon
theseasorthe REXTRAP magnemneeddo berefilled every 6 weekswith liquid helium(1001).
Theouterliquid nitrogencryostathasto befilled every week(70l).

A compilationof importantdataof the REXTRAP magnetcanbe foundin Table4.1.

4.3.1 The High Voltage Platform

Themagnets placedon a high voltageplatforminsidea Faradaycage.It abutson rails which
allow asidavisedisplacemenof aboutonemetre.This ensuregasyaccesso thetrapstructure
for maintenance.

TheREXTRAPhigh voltageplatformrestsonteninsulatoranadeof Delrin. Theinsulation
of thevacuumline is providedby largedisc-shapegolyethylenensulatorswhich arecarvedat
theirin- andoutsidein orderto extendthe creepagelistance.

4.3.2 The Magnetic Field

The magneticfield of the REXTRAP solenoidis producedby a pair of Helmholtz coils. A
numberof additionalsmall shim windings allows fine tuning of the field parameterandthe
compensatiomnf field deformingdueto the influenceof the surroundingervironment. A plot
of themagnetidield strengthalongthe centralaxisis givenin Fig. 4.5. It wasobtainedoy cal-
culationsusingthenominalcoil currentandthe geometricatlataprovided by themanufcturer
Thefield is relatively flat in the centrepart, risesto its maximumat the position of the coils
while droppingfastfurtherout.

manufcturer: Magne ScientificLimited

maximumcentralfield: 3T nominalcoil current:200.3A
shimcoils:Z1,72, X, Y, ZX, ZY, X2-Y2, XY

centralfield homogeneity

axially over20mm: < 2 ppm radially over20mm: < 10 ppm
lengthof cryostat: 1300mm overalldiameter: 890mm
clearbore: 120mm overallheight: 1328mm
holdtime

liquid helium: 6 weeks(60cm?/h) liquid nitrogen:7 days(330cm?/h)

Table 4.1: Compilationof importantpropertiesof the REXTRAP solenoid.
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Figure 4.5: The magneticfield of the REXTRAP solenoid. Left: Field plot along the magnetaxis
obtainedrom calculationsusingthenominalcurrentandgeometricatlataprovided by themanucturer
Right: Axial magnetidield strengthmeasuredtthe magnetcentre.

Thefield homogeneityat the centreof the magnetwasspecifiedto be axially over 20mm
lessthan 2 ppm andradially over 20mm lessthan10ppm. This was checled usinga NMR
probeandfoundto beslightly violated(Fig. 4.5). However, this shouldnot affect the operation
of REXTRAP significantlyandwasthereforenot reclaimed.

Althoughthe strayfields of the magnetaresmallerthan5 G outsidethe Faradaycage they
influencedthe beamtransporwof the centralbeamline of ISOLDE remarkablysincethis beam
line runsalong distancenearlyin parallelwith thefield lines. Therefore it wasnecessaryo
shieldthis partof thebeamline in orderto preventunwantedbeamdisplacement.

4.3.3 Vacuum Tube Alignment

The manufcturerdid not guarantedahat the
axisof themagnetidield is identicalwith the
geometricalaxis of the magnetcase. There-
fore, thevacuumtubeinsidethe magnetbore
is mountedwith a specialfixation allowing
the alignmentof the tubewith respecto the
magnetidield lines.

The alignmentprocedurevascarriedout
using low enepy electronsproducedin the
magnetcentre. The experimentalset-up of
this proceduras shavnin Fig. 4.6. Theelec-
trons emitted by a current-heatedantalum
foil andacceleratedby a smalloffsetvoltage
of about—200 V mustpasghroughtwo small
pinholeat eachsideensuringow emittanceelectronbeamso both sides.The electrondravel
alongthemagnetidield linesandhit sgmentectatcherelectrodest bothendsof thesolenoid.
Fromthe currentdistribution at the differentelectrodesggmentsonecanextractthe positionof

detector solenoid

vacuum tube

\s:
RV filament

Figure4.6: Theset-upusedfor aligningthevacuum
tube housingthe trap structurewith respectto the
field linesof theREXTRAP magnet.
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thevacuumtubeaccordingto the magnetidield linesandcorrectit until the electroncurrentis
maximisedat the centralsegment. This procedurds very sensitve andit is assumedhatthe
REXTRAPvacuumtubeis adjustedetterthan0.1mm with respecto themagnetidield of the
solenoid.

The REXTRAP magnetwasdeliveredin
1996 and has beenfound very reliable and
robust. It passedts first practicaltestsoon
after installation. The whole potential this
magnetprovideswasshown by capturingone
of the heaviest particle storedin a Penning
trap device ever. Already at this early stage
onemajorproblemof REXTRAParose.Dur-
ing theinjectionprocedurepnehasto bewail
lossesin the orderof a few 10%. However,
oncepassedhe entrancediaphragmno fur-
ther lossescould be noted. This was con-
firmed by scatteringexperimentsof visible |ss<Drillium
photons(Fig. 4.7). Sincethe chage-to-mass
ratio of the trappedparticletendsto be close Figure4.7: Spectrunof thefirst SuperHeavy Parti-
to zero, it wasnot possibleto ejectthe super cle of **“Drillium trappedn REXTRAP usingvisi-
heavy in thecommonway by loweringtheax- ble photoqsafterpa_rticl'eextraction. Losseghatoc-
ial electricalpotential. Instead the magnetic curredduringtheinjectionprocessaremaried.
field hadto belowereduntil it couldbeeasily
extracted.For the physicsrelevanceof this uniqueeventpleaseeferto theincludedarticlefrom
thelJTF at pagel23.

4.4 The Electrode Structure

The electrodestructureof the REXTRAP set-upis shovn in Fig. 4.8. The systemwas cut
into its threefunctionalsectiondfor a bettervisualisation.Every ion-opticalelementis named
accordingto the nameof the device whichit is connectedo.

Theejectionandacceleratiorstageof REXTRAPIs similarto thedeceleratiomndinjection
part, exceptthatit is mirroredwith respecto the trap centre. The electrodesieededor these
stagesrefixedinsideof vacuumtubesandchambersTheseareconnectedo thetubeinsidethe
magnetbore andto supportstructureson groundpotential. All theseelectrodesaremachined
of stainlesssteel. Alumina or glassceramics(Macor) are usedfor the insulatingparts. All
electrodedut thekickerandsteereionesarecylindrical shapedThelatterconsistof two pairs
of parallelplatesmountedn horizontalandverticaldirection,respectrely. Sucha construction
allows beamsteeringoy applicationof differentvoltagesto facingelectrodes.

Themiddle section thetrap structureitself, consistsof about40 electrodesvith a diameter
of 50mm. The centreelectrodes four-fold split in orderto generateelectricalquadrupoleand
dipolefieldsin thetrapcentre.Theelectrodesreassembleth five sub-unitgFig. 4.9topright).
CeramicspacergMacor) betweenthe electrodegrovide electricalinsulation. The insulators
fit in specialslots of the electrodes. Thesesandwich-lile-structuresare hold togetherby an
outsidesupportstructure. All sub-unitsare combinedto the completetrap structure,which
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Figure 4.8: Theelectrodestructureof theREXTRAP set-up.Thelinearstructureof thesystemhasbeen
cutinto threefunctionalunitsfor bettervisualisation.Every ion-opticalelementis namedaccordingto
thenameof thedevice whichit is connectedo.
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Figure 4.9: Photograph®f the trap structureof REXTRAR Top Left: Thejigsav puzzleof all parts
waiting to beassembledBottom Left: Thedifferentsectionscompleteassembled.
Right: Thetrapstructurecompletelyassemble@ndcabledrestingatits supporttrolley.

hasan overall lengthof about1.30m. The completelyassembleéndcabledtrapis shovn in
Fig. 4.9. A large Macordiscis mountedat the outerpartson both sidesof the structurewhich
containssocletsfor electricalconnection.Similar counterpartsvith appropriatglugsarefixed
in vacuumcrosspieces. This “plug and play” systemprovides, in contrastto its computer
eguvalent,an easymaintenancef the completesystem.Dismountingand mountingtimes of
the systemaretypically in the orderof tenminutes.

The trap structureis situatedin the vacuumtubeinsidethe bore of the solenoid. The tube
materialis a specialstainlessteelwith anextralow magneticsusceptibilityandhasbeenespe-
cially checled notto containmagneticenclosuresAll trap electrodesaremadefrom oxygen-
free copper which is gold-platedfor an excellentfinish quality. The useof materialswith
low magneticactivity, which alsoincludeswashersandscravs for trap assemblingensuresa
minimumof magnetidield distortions.Smallaluminiumwheelsallow aneasyinsertionof the
completerapstructuranto thevacuumubewhenthemagneis movedinto its outsideposition.

4.5 Vacuum System

An schematioverview of thevacuumandgasinlet systemof REXTRAPIs shovnin Fig. 4.10.
Thevacuumsystenthathousegheion opticalpartdiscusse@bove consistof atubeinsidethe
boreof the solenoidandseveralvacuumchambersnostly of DN 1601SO sizeconnectedo the
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Figure 4.10: Overvien of the REXTRAP vacuumand gasinlet system. The moleculargasflow is
indicatedby arrows. The vertical axis hasbeenstretcheddy a factorof 5 for a bettervisualisation.The
tablegivesthebuffer gaspressurenormalisecby the pressurén the stoppingpartfor argonaccordingo
gasflow calculations.The pointscorrespondo the scaleshavn ontop.

valve
control unit

Ar/Ne/He

tube. Two turbopumps(Alcatel 400I/s) at eachsideof the set-upareconnectedo REXTRAP.
Thesepumpsarebacked by one33m?/h roughingpump(Alcatel 2033D).Theinnerpartof the
trapis mainly pumpedthroughtheinjectionandejectiondiaphragmsDifferentialpumpingin
betweerthetrap sectionds accomplishedby a numberof diaphragmsensuringa goodquality
vacuumtowardsthe ISOLDE beamline andthe beamtransporisystemo REXEBIS.

An importantpoint of concernaregasimpuritiesin the systemj.e. therestgaspressurelt
shouldbe keptlow, in orderto minimise chage exchangereactionsandion lossesinsidethe
trap structure. The vacuumtube andthe containedtrap structureis only moderatelybakeable
(up to 80°C), sincethe surroundingsuperconductingnagnetis heatsensitve for obviousrea-
sons. Furthermoretheinner part of the trap structureis only pumpedthroughthe differential
pumpingdiaphragmsresultingin a relative high restgaspressure.Beadsof non-esaporable
gettermaterials(SAES St 172type) have beeninstalledin the spacebetweenvacuumtubeand
trap electrodego compensat¢his lack of pumpingspeedandto cleanthe buffer gasfrom im-
purities. This beadsare normally activatedby directcurrentheatingafter the systemhasbeen
pumpeddown.
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Figure 4.11: The buffer gaspressurep, in the stoppingpart of REXTRAP as a function of the con-
trol voltageappliedto the buffer gascontrol unit U, for differentgases.In the working areathis
dependenccanexpressediccordingo Eq. (4.1) usingthe constantglivenin thetable.

Buffer GasSupply

Thebuffer gaspressuren thetrap,namelyargon, neon,or helium,is keptat a stationarypres-
suredistribution by stabilisingthe pressureof a small gasreserwir outside. This reserwir is
formedby a smallvacuumT-piece. The buffer gasinlet is controlledvia a needlevalve con-
nectedto a pressurecontrollerunit (BalzersRMEO010+ RVGO040). Thereadingof afull-range
pressureggauge(Alcatel P3C+ CAl111)fixedto thereseroir senesasinput for the controller
unit. The gasis guidedto theinner partof the trap via along teflon hose. This capillary tube
releaseshe gasatthespacean betweerthe vacuumtubeandthe electrodestructure. This outer
partis shieldedagainstinjection andtrappingpartby diffusion barriers. Several electrodef
the stoppingpart are perforated allowing the gasto diffuseinto the innertrap part. The high
buffer gaspressurdn the stoppingpart providesthe enegy loss power necessaryo trap the
injectedions. Thegasflow is directedtowardsthe outerpartsof the systemfollowing the pres-
suregradientproducedby the vacuumpumps. Specialattentionmustbe paid to the pressure
valuein thetrappingandejectionpart. On the onehandit mustbe sufficiently high to ensurea
suitablecoolingperformanceindon the otherhandit mustbe aslow aspossibleto prevention
re-heatingduring the extractionprocess.Therefore several electrodesareagainperforatedor
abetterevacuationof the ejectionpart.

The buffer gaspressuran the gasreserwir is of coursehigherthanthe onein thetrap. In
orderto understandhe pressuralistribution of the buffer gasin all stagesgasflow calculations
have beencarriedout, assuming<nudserflow in theteflontubeandmolecularflow in all other
stagegUmr97]. Additionally, thevacuumgaugereadingshave beencorrectedor differentgas
types. Theresultsof the calculationsareshowvn in severalfigures. In Fig. 4.10the buffer gas
pressurenormalisedoy the pressuret the high pressureegion at severalpointsis shavn. The
distribution overthe completetrap structureis givenin Fig. 4.20.

An importantpointof interests thebuffer gaspressurén thestoppingpartof REXTRAPas
afunctionof thepressuren thereserwir, or in otherwordsasafunctionof the controlvoltage.
Thecorrelationof bothvaluesis givenin Fig. 4.11. Thelinearapproximation

pO[mbar] = exp {U ' Ucontrol[v] - b} (41)
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hasbeenadjustedo thecalculatedoointsin orderto describehe curvein theinterestingwork-
ing region. The constantdJ andp for the differentgasesanbefoundin thetableof Fig. 4.11.

Thegasflow conductancef thedifferentpartsof REXTRAPcanbeestimatednly roughly.
For instancethe distancebetweenthe pumping stopsand the vacuumtube was taken to be
0.1mm. However, sincethetubeis slightly bentthis valuecould easilybetoo smallby afactor
of two. Therefore,the pressurevaluesobtainedby the calculationsshouldonly be taken as
approximationyalid within afactorof two.

4.6 Electronics

4.6.1 The High-Voltage System

A schematimverview of the high-wltageandthe line power supplyfor the high-wltageplat-
form is givenin the left part of Fig. 4.12. Two oil-free 2kVA isolationtransformernPaver-
Sources)eliver theline power neededat the platform. The platform potentialis provided by
a remotecontrolledpower supplyfrom fug (FUG HCN 140M-65000). The high voltageout-
let is directly connectedo the secondarywinding of the potentialtransformeras well asto
the high voltageplatform. Several groundingbandconnectiongreventary potentialdiffer-
encesbetweeninstallationson the platform. Varistorsprotectthe electronicequipmentfrom
high-wltagetransientcausedy occasionasparkovers.

A comple interlock systemswhich includesinterlock contactsat the cagedoors,for the
platform groundingrods,for the vacuumsystem,anda masterkey ensures safeoperationof
the high voltageplatform and preventsthe unwantedcontactof trap operatorsand userswith
ary kind of the high voltageinstallation. The systemhasbeenapproved by the local CERN
authoritiesin chage of the safetyof HV installations.

Althoughstability andreproducibilityof theHV powersupplyarespecifiedo bebetterthan
10 ° the manufcturergivesfor the absolutecalibrationof the power supplya valueof 0.5%.
The operationof the trap requiresthe calibrationof the REXTRAP high-woltagepower supply
with respecto the accelerating/oltageof the ISOLDE ion source.This hasbeenachiezed by
a proceduredescribedn Sec.6.5.2. In conclusion,the voltagereadback of the REXTRAP
high-wltagepower supplyis at maximum10V off, whichis anexcellentvalue.
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4.6.2 Electrode Supply

All static voltagesneededfor the beamoptical elementdike lensesand trap electrodesare
providedby remote-controlleghower supplies(FUG, CERN).

Fromthe trap centretowardsthe trap exit all electrodesnustbe pulseddown for ejecting
theion bunchedrom REXTRAP. Voltagesupto afew hundredvolt mustbeswitchedin micro-
seconddrom one polarity to the other Therearetwo possibilitiesto achieve this. On one
handonecanusefasthigh-wltageswitchesin connectionwith high-wltagepowerssupplies.
A moreelggantway hasbeenchoserfor REXTRAPIllustratedschematicallyn Fig. 4.13.

An analogcontrolvoltagedeliveredfrom a channelof a self-madeswitch box is amplified
by high voltage amplifiers (TREK Model 750/50, electronicslab (E-lab) University Mainz)
dependingon the responsdime andthe dynamicrangeneeded.The E-LAB amplifiershave a
dynamicrangeof +100 V anda switchingtime lessthan1 us. They areusedfor theinnertrap
electrodeqelectrode24. .electrode29).For the outer electrodeqelectrode29. .electrode36),
wheretherespons¢imeis uncritical, TREK amplifiersareusedbecausef their higherdynamic
range(+750 V).

The self-madeswitch box containsl6 independenswitchingchannels Eachchannelcon-
sistsof fast-switchingstagefollowedby afastline driver. Thefirst baseson fastCMOSanalog
switches(TEMIC semiconductor®G 403). A TTL trigger signalswitchesthe outputvoltage
of this stagebetweenwo analogvoltages.Theline driver wasaddedn orderto drive resistve
loads.A driving capabilityof +£10V into 50¢2 atswitchingtimesin theorderof 1 ysis provided
by a high speedhigh power operationabmplifier (NationalSemiconductoLM 6313).

The manipulation of the ion motion
Cyclotron Frq. requires oscillating dipole and quadrupole
: = center electrode fields. Theradio frequeng voltagesare pro-

w4 ||

vided by two arbitrary function generators
+Uo (Stanford ResearchSystemsDS345). The
— supplyof theradiofrequeng to thefour-fold
: +Up split centreelectrodess schematicallyshavn
o BespzsfsEsg = in Fig. 4.14. Therearetwo disadwantageasso-
& 7 ] ) ciatedwith this kind of “poor men” coupling.
2 x DS345 +FL Firstly, oneloosesa factorof two in theam-

plitude of the rf field at the trap centre. Sec-
Figure 4.14. Schematicof the generationof rf
dipoleandmladrlmnldieldsin thetrancentre.
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Figure 4.13: Principleof fastvoltageswitchingfor REXTRAP electrodesLeft: Principlesketchof one
switchingchannel.Right: Schematimf the completeelectrodeswitchingsystem. The analogcontrol
voltagesfor eachare provided by the PROFIBUS. The outputof the switch box is controlledby TTL
compatibletriggersignalsandfinally amplifiedby atotal of 6 E-laband2 TREK high voltageamplifiers.
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ondly, onecreatesan additionalDC offset at

thetrapcentre. However, thesedravbacksare

by farcompensately its odds.Thisisonone
handtherathersimpledesignof this circuit. In addition,it avoidsbroadbandmixing stagesand
amplifiers,which aredifficult in designandfragile duringoperation.

4.7 BeamDiagnosticsand lon detection

Severaltoolsareavailablefor the optimisationanddiagnosisof the performancef REXTRAP
andits teamplay with ISOLDE andthefurtherstagesf thetrapsystem.

A standardSOLDE diagnostidbox is situatedn front of REXTRAP attheendof the RAO
beamline. It containsa Faradaycup anda needlescannemhich allow the beamintensityand
spatialdensityof theincidentbeamto be determined.

For the studyof beaminjection andejectiontwo simple platesmadeof stainlesssteelcan
be insertedinto the beampath. The platesaresituatedin betweerthe gapof transferpotential
andelectrodeOlndtransferpotentialandelectrode40respectiely. They provide the possibil-
ity of currentmeasurements orderto optimisethe injectioninto REXTRAR Althoughthe
constructions quite simpleit ensuresexact measurementsincethe electricalpotentialdistri-
bution at the positionof the platespreventsthe escapef secondarparticlescreatedoy theion
impact,which normallyfalsify the currentdeterminationThereadoutof the platesis achieved
by pico-ampereneterg(Keithley 485).

At the ejectionside on ground potentialthree different beamdiagnostictools have been
placedfor the optimisationandcharacterisationf theion pulsesdeliveredby REXTRAP for
thetestmeasurement®\ Faradaycupconnectedo apico-amperaneter(Keithley 485)allowed
the measurementdf the beamcurrentextractedfrom REXTRAP. For therecordingof time-of-
flight spectraa particle multiplier systemanda commercialbeamviewing systemhave been
used.Theseset-upsareillustratedin Fig. 4.15.

An electron multiplier tube (Hama-
matsuR2362),sometimesalsoreferredto as Electron Multiplier
particle multiplier, was usedfor numerous cathode
test measurementsNormally suchsystems
arequitereliableandprovide awide dynamic
range. Unfortunatelythis type of multiplier
did not reachits performancewith respecto
gain. Soit wasonly usefulfor the detection
of ratherhigh intensitiesandreplacedby the
Colutronbeamviewing system Althoughthe
multiplier was specifiedto work properlyin cp oertond

DY23

Colutron System

MCP screen
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The beam viewing system (Colutron __.. ®|| ’ oscmojope
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aview port, consistof a micro-channeplate
with a phosphorscreenbehind. This system
an deliver picturesof the spatial density of
ion beams.Thefluorescentight of the phos-
phor screenoriginatedfrom secondaryelec-
trons emitted by the MCP after ion impact
canbeviewedthroughthewindow by aCCD
camera. However, the lack of a triggerable
cameraandframegrabbercardmadethis operatiormodeimpossibleduringthework described
here. The MCP wasusedonly to recordtime-of-flight spectraof extractedion bunchesfrom
REXTRAR

The signalscomingfrom the electronmultiplier canbe grabbedeitherby a standardscil-
loscope(LeCroy 9314A) or a multi-channelscaler(StanfordResearctsystemsSR430). The
latteris mostsuitablefor low countratesup to a few ions per pulse. At highercountratesthe
scalerstartsto misseventsdueto thelimited bandwidthof its discriminatorstage.Therefore jt
wasusedonly occasionally

4.8 The Control System

The REXTRAP control systembaseson a systemoriginally developedfor the ISOLTRAP
experiment[Emm93 Roh93,Bec97]. The centralpositionis hold by a VME-bus computer
runningthe real-timeoperatingsystemOS/9. A graphicaluserinterfaceis provided by several
programgunningon standardVINDOWS basegersonatomputersyhichcommunicatevith
the VME-buscomputevia network connections.

An overview of the control systemasit is usedfor REXTRAP is shavn in Fig. 4.16. In
the following it will be shortly described,ncluding aspectsconcerninghardware aswell as
software.

4.8.1 Hardware

All parametersecessarjor theoperationof REXTRAP areremotecontrolledvia threediffer-
entchannels All intelligentdevices,i.e. deviceswhich needa certainamountof programmed
information,aremanagedy a GeneraPurposdnterfaceBus (GPIB). A fieldbussystemj.e.a
PROFIBUS system senesfor equipmentwhich requirelessattention.Logical trigger signals
coordinateheteamplay of all component®f the system.

GPIB

As alreadymentioned,the GPIB controlsall intelligent devices. This includesthe Memory
moduleresponsibldor timing (seeparagraphrigger signalsfurtherdown), the Prolus control
unit for the high-wltagepower supply the arbitraryfunction generatorsthe pico-amperane-
ters,the oscilloscopeandthe multi-channelscaler The bustransfersprogrammingandstatus
informationaswell asrecordeddata. It is controlledby VME-bus interfacecard (JanzElec-
tronic). A fibre optic link system(GPIB140-A, National Instruments)oridgesthe potential
differenceto the high-wltageplatform.



4.8. TheControlSystem

54

2inssaid seo iayng
|oJjuod a21nos uoj -
Vit CH# saijddng Jamod aposjoa3 itz
[%:1 I A0 St 4 ¥
3 : 000,000,000 0¢__J|¥ . ﬁ
I g ’ : = —— : H 1 (4%
| e 5 N : A | "big uossuben : i y i |
: aje|d uonoalu] : L 1 i danaminne,
................................ H w R
uonisinboy eleq| Kouanbaiq oipey : BulyoNMS
E apouJ}29|3
]
=] =0 =0
=== =3 =8
2 = uliojjeid AH S
adoosoqosg | i
w% :>I+Q/u
H ® ©_0 o occcccccee
T# o8 a podsues)
%.s.».\ Emonl_l :
ajeo weag il B
o | HT ]
[ 2 feermressresaret e eevinntiad || LT Tl i -3 | EL#
- - oappsoubelp weaq E b 1
— m—.___..:_._. opdo uoypaafug
ajodnipenb vy =
%— ifJos
ga1d9 SNgid0¥dd
9#
1
— —— g
I & ® on M
[ v 000z |

AH

mea [V
o
By

00059-W OvL NOH

walsAs abeljon ybiH

6/SO-INA

jouwiey)g

aoepaju| Jas()

Figure 4.16: Overview of the REXTRAP controlsystem.
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PROFIBUS

PROFIBUS is a vendorindependentppenfieldbus standardievelopedfor a wide rangeof ap-
plicationsin manugcturing procesandbuilding automatiorjPro00]. ThebusprotocolPROFI-
BUS-DR choserfor theapplicationat REXTRAR is optimisedfor high speedcommunication
andinexpensve hookup. It is designedespeciallyfor communicatiorbetweena control sys-
temanddistributedinput/outputdevicesmatchingexacttherequirement$or mostof thelarger
physicsexperiments.

An overview of thetopologyof thePROFIBUS, designedor REXTRAR is givenin Fig.4.17.
The systemconsistsof a bus mastemwhich determineshe datacommunicatioron the busand
five slave units (Siemen€ET200M with SIMATIC S3andWAGO I/O system),equippedwith
DACs,ADCs, logicalin andoutputs,aswell asserialinterfaceswhich allocatea total number
of about180controlsignals.The slavesarespreadover alarge areaof the experimentahall or
areplacedon the high voltageplatform.

The PROFIBUS transmissiorbaseson the RS485 protocol,i.e. the bus signalsare trans-
portedby shieldedtwisted pair cablesto all slavesat groundpotential. In orderto bridgethe
potentialdifferenceto the high voltageplatform,anopticallink systemconsistingof anoptical
link module(OLM, Siemenspandanopticallink plug (OLP, Siemenstonnected/ia anplastic
fibreloopis used.Thetransmissioriechnologyensuresimplecost-efective cabling. Theused
equipmentallows datatransferratesup to 1.5MBit/s, a performanceawvhich is far beyond the
experimentaldemands.

The busis controlledby a VME-PROFI mastercard (DorschMikrosystem)[Chr9§. This
cardhasits own CPUwhich handleshe comple< PROFIBUS protocol. The VME-bus system
canreador write the I/O-bytesof the distributed peripheralstationsby readingor writing of
the dual portedmemoryof the cardwhich is mirroredto the VME-bus memory Low level
delugging,configurationof the PROFIBUS, aswell asinspectioncanbe doneusingthe WIN-
DOWSbasedrogramDPKonfig[Chr96]. It interactswith theVME-PROFI cardvia aninternal
RS232interfaceor via TCP/IPconnection For this purposesereraldemonprogramshave been
installedonthe OS/9system.

In orderto integratethe PROFIBUS in the existing software packageseveral servicepro-
gramsaswell asa library containinglow level functionsandproceduremeededo implement
highlevel codehave beenprogrammed.

REXTRAP andREXEBISestablishafunctionalunit with respecto ion preparatiorfor the
REX-ISOLDELINAC. Thereforejn anearlydesignphasebothsystemst hasbeenconsidered
to have acommoncontrolsystem However, duringthecommissioningphaseof eachsystemst
turnedoutto beusefulto havetwo independensub-systemsWhenthetestsof bothREXTRAP
andREXEBISarecompletedbothsystemswill be memgedagain.

The REXEBIS-PROFIBUS hasbeenfoundvery reliablesinceits implementing.It needed
nearly no maintenancexnd during its operationperiod of aboutthreeyearsonly one analog
outputmodulebroke dueto a high voltagespark.

Trigger Signals

Thecoordinatiorof thetrapoperatiorcycleis providedby TTL-triggersignals.A programmable
logical patterngeneratarthe so-calledmemorymodule(E-LAB UniversityMainz), createshe
appropriatelogical pulses. The logical patternis programmedvia the GPIB interfaceof the



56 4.8. TheControlSystem

MASTER DP-Konfig
- Test
- Configuration

|
SIEMENS

I OLM

] HV platform

Slave #15

i

SIEMENS

OLP

eeeeeeee

: : Dual Ported
Memory

RS232

{mco-m§<}

Slave #13 lave #10
EiEw g S 1

PROFIBUS '{ img [

Interface |2

mﬁl_?”l

Figure 4.17: Topologyof the REXTRAP PROFIBUS.

module. Synchronisatiorwith the VME-bus processess ensuredvia a VME-bus digital I/0

interfacecard (Janz). Deviceswhich demandtrigger pulsesare the beamgatein front of the
trap, the function generatorsandthe dataacquisition(the oscilloscopeandthe multi-channel
scaler). A specialoptical link systemhasbeendevelopedto bring the fasttrigger signalsto

the high voltageplatform. They arebasedon opticalrecever andtransmittercomponent$rom

Harting[Har98a Har98b,Har98c].

4.8.2 Software

In orderto provide a stableandreliable control systemwhich canbe easilyintegratedin the
complex acceleratochainof REX-ISOLDE, tremendougprogrammingwork hasbeencarried
outbothonthe WINDOWS userinterfaceaswell asonthe VME computerside. Thisincluded
the porting of the completesourcecodeof the VME projectto a crosscompilerplatform, bug
fixing, andintegrationof new hardware. For the first time the systemhasbeenintegratedin a
well definedtreestructure.The crosscompilersystemHawk [Haw98] createsa completeand
easy-to-usdevelopmenervironmentwhich shouldreduceheperiodof vocationaldjustment
for newcomersdrastically The descriptionof all changesand additionsis wide beyond the
scopeof thisthesisandwill begivenin detailin [ForO1].

The following sectionwill give a shortintroductioninto the software project. Only very
basicaspectsanbetreated More informationcanbefoundin thereferencesnentionecabove.

An overview of the software part of the REXTRAP control systemis shovn in Fig.4.18.
Both the PC aswell asthe VME side are shovn. Inter processcommunicatiorbetweenthe
programson PCandVME sideis providedby a TCP/IPbasedchetwork protocol.

VME Project

Therealtrap operationis controlledby a numberof programsunningon the VME-bus com-
puter This includesDevServer ProcServerandDataServer They arecoordinatedy the Su-
perMsor processFurthermoreit administrateanumberof projecttablegDevTable, ProcTable,
DataTable, ConnRble), whereimportantrun-timeinformationaboutthe statusof the system
are storedand wherethey canbe accessedby other processes Real hardware equipmentis
representedby device drivers. Sucha driver hasinformation aboutthe hardware addresses,
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Figure 4.18: Overview of the softwareprojectof the REXTRAP controlsystem.

initialisation andlimit valuesaswell ashow to accesghe functionality of the equipment.All
devicesaremanagedy the DevServer The ProcServerdemonis responsibldor correctini-
tialisationandterminationof all processesonnectedvith the controlsystem.The DataServer
managedarge portionsof memory so-calleddatamoduleswhereprocessesanstoreimpor-
tantdataandinformation. Inter processcommunications provided by a complex messaging
system.TheprocesREXTRAPContl controlsthetrapmeasurementycle.

User Interface

Most of the functionality of the REXTRAP control systemcanbe directly accessedia utility
programson the VME-bus computer However, for a bettervisualisationandin orderto have
a well known systemfor new and unexperiencedusersa WINDOWS basedgraphicaluser
interfaceexists. It consistsof two programs. The programREXDeiceContol managesll
staticdevices. REXTRAPControl atthe PC sideprovidesawell structurednterfacefor the
control of thetrapcycle. Besidethe possibility of controlling the time structureof the cycle it
allows parameteto be scannedindthevisualisationof theacquireddata.

4.8.3 The Control of the Trap Timing

The control of the trap cycle includeshardware aswell assoftware. The interactionbetween
bothwill beshortlydescribedn thefollowing.

Theprinciple of controllingthetraptiming is illustratedin Fig. 4.19.

REXTRAPCondl is startedby the SuperVsor processafter requestby the user The first
actionof theprogramis to setthetime structureof thedesiredcycle in thememorymodule.For
optimisationof thetrap performancaet is possibleto scanparametersf certaindevices. These
devicesareinitialisedin the secondstep. Now the controlis handedover to the RexMemHan-
dler. ThesignalStartEnable is generatedhatstartsthe memorymodule.StartEnable
is clearedafter receving the signalStartDone . This avoids unwantedre-triggering. Now,
the memorygeneratests patternof trigger signals. After finishing the signal CycleFin-
ished is generatedThis re-actvatesthe RexMemHandler If the numberof Memory cycles
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hasnotreachedts desiredvalue,the Memoryis restarted Otherwise the controlis givenback
to REXTRAPConul. In this casedatafrom the dataacquisitionsystemare written to a data
module,wherethey canbe accessedrom the dataevaluationprogramon the PC side. When
the completescanis finishedthe useris notifiedvia the appropriated®C programs.

4.9 BasicOperational Proceduresof REXTRAP

4.9.1 Functional Overview

After passinghe beamgatein front of he systentheincidention beamreacheshe REXTRAP
setup. In the following the ion optical functionality of the differentstagesof REXTRAP is
discussedThe denominatiorof the differentpartsandelectrodesorrespondso the onesused
in Fig. 4.8.

Decelerationand Injection

Theincomingion beamis focusedthrougha first diaphragmby a lens systemformedby the
retardationpotentialandthe first lensat transferpotential. The ion beamhasnow an enepgy
correspondingo the transferpotential. After this first focusthe expandingbeamis refocused
with an einzellensconsistingof electrodeOlandtwo electrodesat transferpotential. The po-
tential at electrode0lis chosenin orderto focusthe beamtowardsthe injection diaphragm.
Longitudinalion enegy is partly transferedo radial enegy while travelling troughthe fringe
fields of the solenoid,referredto asradial enegy pick up. Therea partof the magneticfield
vectoris perpendiculato the directionof movementof theion. This resultsin Lorentzforce
which is thereforeresponsibldor the enegy transfer At the sametime theionshave to climb
the potentialwall at thetrap entrancecreatedby electrode02o electrode05.The longitudinal
enegy spreadhasnow reachedts maximum, mainly determinedby the ion speciesandthe
parameter®f theincidentbeam. Typically the valuesrangefrom 30eV to morethan100eV.
In ordernotto reflectthe beampartly, the potentialappliedto electrodeO%asto belower than
the correspondingninimum axial enegy of the incidention beam. After this point, whenthe
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Figure 4.19: Overview of the partof the hardwareandsoftwarethatmanageshetrapcycle.
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ions have reachedhe strongmagnetidfields, they follow the magneticfield linesguidingthem
to the centralregion of the magnet.

Stopping and Trapping

The centralpart of REXTRAP is divided into two sukunits. The stoppingpart with its high
buffer gaspressureprovidesa sufficiently high enegy lossto trap the ions. The pressuren
thetrappingpartwherethe potentialminimumis situateds keptlowerin orderto ensuregood
cooling performancendto preventheatingof theions by collisionswith the buffer gas,when
they are ejectedout of the trap. After injection the ions are allowed to cool during a few
oscillationsin the trap centre. Therethey are exposedto the radio frequeng field usedfor
the rf-sidebandcooling (seeSec.3.3.2). After finishing the cooling procedurethe voltagesof
electrode24o0 electrode36s pulseddown in orderto acceleratéheion bunchtowardsthetrap
exit.

Ejection and Acceleration

As alreadydiscussedn Sec.4.4. The ejectionandacceleratiorstageof REXTRAP is similar
to the deceleratiorandinjection part, exceptthat the ions passthroughin oppositedirection,
i.e. after passinghe extractiondiaphragntheion pulseis refocusedy the einzellenssystem
formedby transferpotentialandelectrode4Qowardsthefinal acceleration.

4.9.2 Operational Parameters

REXTRAPhasbeenoperatedvith two beamenepiesof theincidention beam.Whenoperating
with the testion sourcea beamenepgy of 30keV hasbeenchosenin orderto avoid frequent
spark-owers,whereador on-line measurementwith ISOLDE anion enepgy of about60keV
was used. Table 4.2 givesa compilationof all trap operationparameteibut the timing for
this two cases. For the differentbeamenegies remarkabledifferencescan be found for the
following voltages: RAO quadrupole retardationpotential,injection kicker, and acceleration
potential, electrode05. The different valuesfor electrodeOland electrode4Qare due to the
fact that differention massedave beenusedto obtaintheseoptimisedsettings. The argon
buffer gaspressuren the high pressureareawasp, = 0.9 - 10 mbarfor the off-line caseand
P, = 1.2 - 10> mbarfor theon-linecase.

The voltagesand buffer gasdistribution along the trap axis resultingfrom applying the
valuesfor the on-linemeasurementareshown in Fig. 4.20.

4.9.3 Timing

For the exact coordinationand trap synchronisatiorfour trigger signalsare necessary They
control the switching of the beamgate, the switching of the outputof the arbitrary function
generatorgor dipoleandquadrupolexcitation,andthey triggerthepulsingof the potentialsat
thetrapexit for ion extraction?

*The latter consistin factof two signals,which aredelayedby 13usin orderto compensat¢he differentrise
timesof the high-woltageamplifiers(compareSec.4.6.2). However, thatsof no importancefor the understanding
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device name OFF-LINE operation| ON-LINE operation

heating: 4.6 —

lonSource offset: 300.0 —
HV 30000.0 59730.0
TransferPotentia —1500.0 —1500.0
Gaslnlet 5.5 5.75
RAO0.QP20 1355.0 2150.0
RAO0.QP30 1812.0 3130.0
quad:  1292.0 quad: 2205.0
offset: 600.0 offset:  300.0
RAQ.QS40 horiz: 80.0 horiz: 10.0
vert: —30.0 vert: 30.0
InjectionLens —500.0 0.0
RetarationPot —2900.0 —6500.0
. . horiz: 495.0 horiz:  815.0
InjectionKicler vert: 0.0 vert: 80.0
. horiz: 0.0 horiz: 50.0
InjectionSteerer vert: 50.0 vert: 5.0
Electrode01 —135.0 —270.0
Electrode02 —2000.0 —1800.0
Electrode03 —1400.0 —1400.0
Electrode05 285.0 185.0
Electrodel6 100.0 80.0
Electrodel7 42.0 42.0
Electrodel8 14.0 14.0
Electrode20 0.0 0.0
injection | ejection | injection | ejection
Electrode24 14.0 -3.5 14.0 -3.5
Electrode26 42.0 —6.0 42.0 —6.0
Electrode27 80.0 -9.2 80.0 -9.2
Electrode28 100.0 —13.6 100.0 —13.6
Electrode29 120.0 —18.0 120.0 —18.0
Electrode32 185.0 —31.4 185.0 —31.4
Electrode33 212.0 -35.8 212.0 -35.8
Electrode36 310.0 —50.0 310.0 —50.0
Electrode37 —300.0 —300.0
Electrode38 —1000.0 —1000.0
Electrode39 —2000.0 —1800.0
Electrode40 —80.0 —380.0
AccelerationPot —5000.0 —10000.0
. . horiz: 0.0 horiz: 0.0
EjectionKicler vert: 50.0 vert: 60.0
. horiz.  —130.0 horizz.  —50.0
EjectionSteerer vert:  —25.0 vertt  —10.0
EjectionLens —500.0 0.0

Table 4.2: Typicaloperationaparametersf REXTRAPfor a30keV ion beam(off-line operation¥rom
thetestion sourceandfor a 60keV ion beamfrom ISOLDE (on-line operation).All voltagesaregiven
in volts.
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Therearea numberof differenttiming schemesvhich have beenusedduringthe commis-
sioningphaseof REXTRAR They areshovnin Fig. 4.21andwill bedescribedn thefollowing.
Theenumeratiorof thefollowing list correspondso the oneusedin thefigure.

(a) Thebeamgateis openedor thecollectiontime T, allowing anappropriatexumberof ions
to enterthetrap. A shortwaitingtime T,,, hasbeenintroducedn orderto ensurea similar
conditionsif T, changesver a wide rangeduring a seriesof measurementsifterwards
theionsarecentredby rf sidebandcoolingfor a periodT...... Finally, they areejectedby
openingthe exit sideof thetrapfor aperiodT,,. Thisis oneof the standardime schemes
used.It hasbeenemployedfor the determinatiorandoptimisationof importantparameters
of REXTRAP.

(b) This time schemeis similar to (a), exceptthat afterion centring, dipole excitation for a
period T, IS carriedout. This allows magnetrorandcyclotron frequengy aswell asthe
appropriateamplitudesfor the manipulationof the ion motion via rf dipole fields to be
determined.

(c) In contrastto case(b) ions arerecentredfor a period T ...... after dipole excitation for a
period T..... With this time schemeit is possibleto cleanthe trap from unwantedion
speciessincetheion centringprocesss massdependent.

(d) This caseis similar to (c) exceptthation centringand dipole excitation take placeat the

of thefollowing discussiorandwill beneglected.
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Figure 4.20: Electrodestructure,buffer gaspressuralistribution inside of REXTRAP, and potential
alongthetrapaxis. The potentialis givenrelatie to the platform potential.
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Figure 4.21: Schematiovervien of thetiming schemesisedduringthe commissioninggf REXTRAP.
Thedifferentcasesarediscussedn thetext.

sametime. It hasthe adwantagethat overall time the ions have to spentin the trap is
significantlyreduced.

(e) lon injection (T.,) andcooling (T.,+T.) takes placealmostsimultaneously This time
schemehasbeenrarelyandonly usedfor weakion beams.

The individual timesvaried particularly over a wide range. Especiallythe collectiontime
T rangedfrom 1 psto 100ms. It dependedn the strengthof the incidention beamandthe
desirednumberof ionsto beinjectedinto REXTRAP. Typical centringtimesT,.,.. have been
in the orderof 10 to 40ms, whereador ion decentringexcitation periodsT,,,. of 5to 10ms
have beensufficient.



5 Simulation of REXTRAP Parameters

In generathefeaturesandthe performancef anion-opticalsystemcanbedeterminedheoreti-
cally by employing matrix opticsup to a sufficiently high orderor via ray-tracingn numerically
determinedields. Especiallyfor larger systemst is obviousthatcopioussimulationsdescrib-
ing the systemasrealistic as possibleshouldbe donein the final stagesof the construction
process.They may circumwentlater efforts in pretendecerrorfinding, redesigningandexpen-
sive hardwarework.

The main partsof REXTRAP have beenconstructedn the basisof calculations.estima-
tions, and projectionsby my colleagued-riedhelmAmes, IsmaelMartel-Bravo, and Harald
Raimbault-Hartmanmisingthe experiencegyainedwith the coolertrap of the ISOLTRAP ex-
periment[Rai97]. However, duringthe commissioningohaseof the trap the efficiency stayed
behindthe expectedvalue. In orderto understandhis phenomenora completesetof “more
realistic” and detailedsimulationshave beencarriedout. It turnedout thatindeedthesecal-
culationsdescribethe experimentalperformanceof REXTRAP very well. If donebeforehand
they could have influencedits designsignificantly Now they may sene asinput parameters
for furtherimprovements. In the following simulationwill be presentedvhich cover accep-
tance efficiengy, cooling performanceof REXTRAR aswell aspropertiesof the extractedion
bunches.

5.1 Generallntr oduction

Therearenumerouscodesfor the simulationof particleoptical systems.Thesecodesfall into
two catayories. The matrix codescomputeTaylor expansiongo describehe actionof the sys-
temonthe phasespace.They arevery usefulfor the understandingf beamline like systems,
whereeachelementcaneasilybe representetty a matrix. Thesematricesarecombinedto an
overall transfermatrix, characterisinghe ion-optical propertiesof the system.Suchcodesare
usuallyvery fastandthe expansioncoeficientsoften provide a detailedinsight of the system.
However, they fail to describespecialeffects,e.g.dissipatve forcesor simpleion lossat elec-
trodes.The othercatayory of codesincludesray tracingcodeswhich usenumericalintegrators
to determinethe trajectoriesof individual rays throughnumerically determinedelectromag-
neticfields. Their advantages thatthe electromagnetidields producedby the electrodesan
befully takeninto accountevenfor complex configurationsandeffectslik e dampingcaneasily
beintegrated.

For the simulationof the propertiesof REXTRAP andthe beamtransportfrom ISOLDE
bothapproachebave beenused.The ISOLDE beamline systemhasbeenanalysedy the ma-
trix systemsCOSYINFINITY [Ber0( andGIOSP[WoI87]. Thetrapandaccompawing optics
hadbeeninvestigatedvith the programSIMION [Dah95] anda self-madesoftware package.
Thelatterarebasedntheray tracingapproach.

ThecommerciabvailableprogramSIMION is avery powerful tool for calculationandvisu-
alisationof particleraysthrougharbitrarytwo andthree-dimensionatlectromagnetisystems.
It is well suitedfor afirstlook atanion-opticalsystem.However, very detailedsimulationsand
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calculationsarenot manageabld a hugeamountof ion trajectorieeedgo be calculatedand
additionalforcesbetakeninto account. Reasonsarethatuserprogramsnayhaveto beincluded
in aFORTH like programmindanguagevhich is ratherdifficult to learnandto maintain,lim-
ited in functionality, andslow in execution. It wasthereforenecessaryo develop a dedicated
programpackagevhichwill belined outin thefollowing.

5.2 The Program Package

A SIMION like approachs in principle very favourableto traceraysthroughthe desiredsys-
tems. Suchanansatzhadalreadybeenprovenits excellenceby the simulationof a large Paul
trapasit wasusedin the ISOLTRAP experiment{Sch98]. However, thatcodewastailoredfor
this specialpurposeonly. Neverthelessijt sered asa usefulbasisfor the designof the new
programpackage This packageconsistsof the mainprogramdonFly andPennDampaswell
asa numberof auxiliary routinesandtools. The programsare of object-orienteddesignThis
preventsto alarge extentproblemsthatoccurin softwarethatevolvesover mary iterations.

Oneof thebestimplementationsf object-orientegorogrammings theC++languaggStro8].
Consequentlyall programshave beencodedin thatlanguage.

In orderto carry out the extensve calculationsasrequiredin the presentwork the useof
a batchservicehasbeeninevitable. A total of morethan 10000 jobs runningfrom lessthan
oneminuteup to severaldayshave gulpedatotal CPUtime of nearlyfour yearsonthe CERN
public batchserviceLXBATCH. The LXBATCH computerfarm consistof about100 INTEL
Pentiumll 600MHz dualprocessocomputersystemsunningLINUX asoperatingsystemand
Isf asbatchscheduler

5.2.1 lonFly
A flow chart,which illustratesthe work-
{ion Start information’ fion Stop information ing principle of the programlonFIy, is
i - start position i -final position . . . .
- velocitly Control Program | -ion tatus shavn in in Fig. 5.1. lonFly is based
| -charge = Inéegr?tion =D velociy on a Runge-Kitta integration routine
------------------------------- outine - . .
whichnumericallysolvestheequatiorof

motion for an ion experiencingseveral
orcessimultaneously

Following the SIMION conceptthe

Figure 5.1: Flow chartof the programlonFly usedfor programincorporatesthe conceptof a

simulationof ion trajectorieshroughtheREXTRAPsys- Workbench. A workbenchis animagi-
tem. naryvolumein spacewhereion manip-

ulating instanceqfor examplean einzel
lens)areplaced.Instancesaredefinedby their size,their placein the workbenchandtheir ac-
tion of ions. In comparisorto SIMION, whereinstancesrealwaysassociateavith a potential
array lonFly is moreuniversal,i.e. every actionon the particlesarerepresentedyy instances
thatcanbe superimposedThesenstancesanbefor instanceadampingforce or ion-ioninter-
action. Theimplementatiorof a new type of instancenly requiresthe codingof somebasic
functionslik e initialisationandtheactionon anion.
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Computation of lon Trajectories

Thetrajectorieof asetof N ionsis simply obtainedoy theintegrationof theequationof motion
for everyion

d, F

— = — =0...N, 5.1

a  m; 1=0 ’ (1)
wherer; denotesthe position of the ith particle. The force F; incorporatesall forces, e.g.
CoulombandLorenzforce,actingon thatspecificparticle. This setof secondrderdifferential
equationcanbe simplified by introducingthe velocity v;. Oneobtainsthe following first order
equations

dl’i v
da

Although the numberof equationshasdoubledit is now directly accessibldor standardnte-
grationmethods. In the caseof lonFly a Runge-Kiutta methodof fourth orderwith adaptve
step-wiseerrorcorrectionaccordingto ref. [Pre97 hasbeenimplemented.

The major taskduring the integrationof the equationof motionis the interpolationof the
electric and magneticfields at the actual point of integrationto calculatethe forceson the
particle.

& _ RN (5.2)

and dt - m;

Computation of Electric Fields

Theinformationabouttheelectricfieldsarestoredin so-calledpotentialarrays.They represent
a uniform grid overlaid the systemof interest. The resultingmatricesaretwo or threedimen-
sionaldependingon the symmetrydegreeof the structure.The electricfield at a certainpoint
is obtainedby interpolatingbetweenpotentialpoints of the grid. The complec interpolation
routinehasbeenadaptedrom ref. [Dah95 Pre97.

The potentialarrayshave beencreatedwith SIMION. The electrodestructureis expressed
in a specialgeometryprogramminglanguagethat comeswith that program. In doing so the
electrodesurfacesaredefinedby a setof fixed potentialsin a potentialarray The potentialsat
all points surroundedare thensuccessiely approximatedy a “relaxation” procedurecalled
“refining”, i.e. by solvingthe Laplaceequation.The generatediles containingthefield infor-
mationsene asinput parametefor lonFly.

» Off-line ion source

The mechanicaket-upof the REXTRAP testion sourcehasbeendiscussedn Sec.4.2.
The complicatedyeometricakhapeof the ioniserdemands high resolutiongrid to reflectthe
electricalfield distribution at the ion startpoint asgoodaspossible. Therefore the complete
structurewas modelledwith a resolutionof 0.1mm. The SIMION geometryfile usedcanbe
foundin theappendix(Fig. B.7).

* REXTRAP electrodestructure

Thecaseof REXTRAPIs alittle bit morecomplicated Theinternalcapacityof SIMION is
limited to 40 electrodedgor therefining procedure . Thusthe electrodestructureof REXTRAP
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cannot be refinedin one session.Instead,it hasbeendivided into several sub-taskdor the

refining procedureand joined againfor the calculations. Natural points of division are the

five diaphragmssincethereis no electricalfield inside (seeSec.4.4). The SIMION geometry
files usedto generatehe potentialarraysusedcanbe found in the appendix(Fig. B.1-B.6).
The REXTRAP electrodestructurewas modelledin rotationalsymmetry A grid spacingof

1 mm hasbeenchosenwhichis agoodcompromisébetweeradequat@ccurag andsizeof the

generatediles.

Theinjection-andejectionkicker systemsreaktherotationalsymmetryof REXTRAPand
would demando modelseveralpartsof thetrapfully threedimensional Onthecomputational
workbenchhowever, no beamsteerings necessarysincetheion-opticalelementsareperdefi-
nition perfectlyaligned.Thereforejn the simulationthe kicker systemsareapproximatedy a
cylinder electrode.

Computation of the Magnetic Field

The magneticpotential generatedoy the solenoidwas calculatedusing the mechanicaland

electricdataavailablefor the REXTRAP solenoid.The datawere corvertedto the appropriate
SIMION file format. Theinformationaboutthe magnetidield atarny pointin spaceds obtained
by the samealgorithmasit hasbeenappliedin the caseof the electricalfields. The magnetic
field createdby the REXTRAP magnetthangewvery smoothly(seeSec.4.3). Thereforejt was

sufficientto usea grid spacingof 5mm for the magneticpotential.

Damping Forces

In additionto the forcesresultingfrom the electricand magneticfields, a velocity depending
dampingforce accordingto Sec.3.4 hasbeenincludedin lonFly. A buffer gaspressuredistri-
bution alongthetrapaxisaccordingo Sec.4.5hasbeenused.

5.2.2 PennDamp

TheprogramPennDamphasbeenadaptedrom the alreadymentionedprogramlibrary created
by Stefan Schwarzin orderto runin connectionwith lonFly. It allows the investigationof the
ion motionin aPenningrapwith abuffer gasatmosphereA flow chartillustratingtheworking
principleis shovn in Fig. 5.1. In contrastto lonFly the algorithmof the programPennDamp
is not basedon a numericalintegrationalgorithm. It usesthe equationof motionin anideal
Penningrapderivedin Sec.3.3.2.Collisionswith buffer gasatomsaretreatedoy incorporating
known realisticion-neutralinteractionpotentials. The theoryof ion-neutralcollisionswill not
bediscussedhere.It canbefoundin detailin [Sch98 Kim97].

5.2.3 Data Evaluation

The numericalsimulationswould be of little useif the resultscannotbe easily extractedand
interpreted. The programpackageusesa specialtext basedfile format to storeion related
information. This allows easyextractionof desiredinformationby standardJNIX toolslike
grep,awk, gnuplotetc. Over thetime a numerousamountof scriptsandprogramsfor diverse
purposehave beenwritten, which arevery reliableandfastin operation.
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Emittance Definitions

The clearestpicture of the evolution of a dynamiccollection of particlescanbe obtainedby
combiningits momentumand spatialcoordinates; andz; (i = x...z) on anequallevel.
Thessix-dimensionalolumerepresentety [1,_, , . piz; is called“phasespace”. Phasespace
is difficult to visualisein its full six dimensions.In orderto obtain picturesthat are easyto
understandit is projectedinto two-dimensionaplanes,the so called “emittancediagrams”.
This transitionis describedn an excellentway in ref. [M0o095]. Sincethe confusionabout
emittanceandits propertyarewidespreadhereareafew remarksconcerninghenumbergjiven
in the presenivork.

Emittanceplotsof typicalion beamsareof elliptical shape The emittancevalueis thearea
of thisellipse.Neverthelessfor practicalreasonsthis definitionis notcompletelyunambiguous
sincearealbeamhasnowell definedandsharpborderline ervelopein phasespace A practical
definitionis to definethe emittanceasthe areaof the smallestellipsecontaining95% of all the
particlesin its interior.

Dueto theradialsymmetryof the REXTRAP systemthe horizontalandverticalemittance
arein principalidentical.In thefollowing they arereferredto asthetrans\erseemittance:;,.,,,s.
It is representedy

€trans = AT - 2’ with fan o/ = P¢ , (5.3)
b

where Az andz’ denotethe displacementoordinateand the beamdivergence,respectiely.
Thetrans\erseemittancas measuredn =~ mm-mrad.

Insteadof usingmomentumandspacefor definingthe phasespaceof a beamalsoenepgy
andtime canbeused.Thisis of particularadvantagefor the descriptionof the evolution of ion
pulses.This s referredto aslongitudinalemittance.The areaof the emittanceellipsee,,,, for
abeampulseis givenby

€long = TAE - At (5.4)

whereAE and At correspondo enegy spreadandtime duration,respectrely. It is measured
in eV-us.
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5.3 Simulations

Most of the calculationscarriedout arerelatedto experimentalresults,which arepresentedn
Sec.6. Thesimulationshave beenrestrictedto thealkalineions”Li*, 2Na*, 3K+, 8’Rb*, and
133Cs*. This choicecoversthe entire massrangeof experimentsREX-ISOLDE is dedicated
to. Furthermoretheinteractionpotentialsof theseionswith noblegasatomsareknown. The
REXTRAP set-upcanbe of courseoperatedwith several buffer gases.For instancehelium,
neon,or argon are possiblechoices. For time reasonghe calculationshave beenrestrictedto
the caseof argon.

An overview of all simulationsperformeds shavn in Fig. 5.3. Threegroupscanbedistin-
guished.Firstly, calculationgo understandheinjectionof ionsinto REXTRAR Secondlythe
modellingof the coolingperformanceandfinally, thesimulationof propertieof theejectedon
bunchesFig. 5.3 shawvs the differenttaskswhich have beencarriedout andthe programsused
for this purpose.They will bedescribedn detailin theappropriatesections.

5.3.1 Generation of Realistic lon Ensemblesfor the Investigation of the
lon Injection

For thesimulationof theion injectionprocessnto REXTRAPIit wasnecessaryo generateon

ensembleatthefocal planein front of REXTRAP. In orderto havethemasrealisticaspossible
it wasnecessaryo investigataheion opticalpropertieof thetestion sourceandISOLDE. The
first hasbeendonewith lonFly. For the latter GIOSPandCOSY have beenused.

lon Ensemblesor the Off-line Case

Realisticion ensemblest the focal planehave beengeneratedy tracingions from the place
of creationat the surface of the ioniser of the testion sourceto the focal planein front of

REXTRAP. This processonsistsof two steps.In the first stepthe creationandacceleration
of theionsin theion sourceis performed. For this purposelonFly hasbeenused. As a side
effect the propertiesof anion beamfrom the testion sourceare obtained. The secondstep
is the transferof the ions throughthe injection beamline towardsthe focal planein front of

REXTRAP. This hasbeencarriedout usingCOSY.

Input Data §Energy Loss
ISOLDE L '
ion source frosancrozeseesaaaes gressaaes ; proseeeas G EE LR L
:!ISOLDE beam line : :lon Injection : H tlon Ejection
—|_>. i - Acceptance : * lonFly i -TOF :
i ). ciose — Losses ; R e - emittance
« COSY INEINITY| ¢ : H :Cooling Performance H :
i | lonFly : i . efficiency : . lonFly
S { -parameters i T
{REXTRAP lon Source i : :
| | |

Figure 5.3: Overviaw of thesimulationsperformedn orderto investigatehe experimentabehaiour of
REXTRAR
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For the simulationof creationandaccelerationn the ion sourcetheionshave beenequally
distributed over the front side of the ioniserhole. The active areawasa circle with a radius
of 0.95mm. A Maxwell velocity distribution (T=1000K) reflectsthe thermalenegy of the
ions. Thentheionswereextractedby thefield producedoy the electrodesndtheir properties
werestudiedata plane250mmdownstreantheioniser Theresultsof thecalculationfor typical
operationvaluesof theion sourcegacceleratiorvoltage30300V, voltageat extractionelectrode
30000V) areshavnin Fig. 5.4.

Fromthesecalculationghetrans\erseemittancenasbeendeterminedo 5 mm-mrad(@30kV).
This valueis about4 timeslargerthanit wasestimatedn [Dez96]. However, areconstruction
of scannepicturesdownstreanthebeamline aswell astheexperimentaperformancef REX-
TRAP whenoperatedvith beamsrom the testion sourcegive strongevidencethatthis value
is in goodagreementith reality. Thelongitudinalenegy distributionis about7 eV wide. This
reflectsexactly the potentialgradientover the holein theioniserandprovesthattheintegration
routineis performingwell.

For further processinghe ionstowardsthe focal planein front of REXTRAP the injection
beamline hasbeenanalysedwvith COSY. The sourcefile usedcanbe foundin the appendix
(Fig. C.3). Theresultingtransfermatrix providesan elegantway to generatehe desiredion
ensemblesHorizontalandverticalion densitydistributionshave beenextractedirom theresult.
They have beenin good agreementvith experimentalrecordedscannepictureswhich gives
evidencethattheion ensemblesbtainedfor this casearesuitablefor the simulationof theion
injectionprocess.

lon Ensemblesfor the On-line Case

A commonlyacceptedraluefor the ISOLDE beamemittancdas 347 mm-mrad[Let00]. Based
onthis numberthe ISOLDE beamline wasanalysedvith GIOSPandCOSY. The sourcecode
of theCOSY inputfile canbefoundin theappendixFig. C.2). Althoughthecalculatedsoltages
arein goodagreementvith the experimentalalues(seeTable6.3) a perfectreconstructiorof
thereal conditionsatthefocal planein front of REXTRAP hasnot beenachieved.

Thus, suitableion ensembledor the injection calculationshave beenobtainedby another

X' [mrad]
o
counts [ab. units]

2 -1 0 1 2 30275 30280 30285 30290 30295
x [mm] E, [eV]

Figure 5.4: Simulatedtranserse emittance(left) and longitudinal enegy distribution (right) of the
REXTRAPtestion sourcefor anacceleratiorvoltageof 30300 V.
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method.Numbersaboutthe spatialdistribution of the ion beamcanbe extractedfrom experi-
mentalscannepictures. Combiningit with the emittanceof the ISOLDE ion sourcegivesall
informationrequiredto createthedesireddistributions. For the simulationsyeportedn thefol-
lowing, the spatialaswell asthe angularion distribution have beenassumedo be Gaussians,
with afull width at half maximumof 2.2mmand15mradwide.

5.3.2 lon Injection into REXTRAP

The simulationof the ion injection processnto REXTRAP hasbeenperformedwith lonFly
usingtheion ensemblesbtainedabove asinput conditions.The simulationcanbedividedinto
two subtasks Firstly, the parametersisedfor the simulationshave beenoptimised. Secondly
the injection performancehasbeendeterminedusing the optimal parameter®btainedin the
first step.Theresultsof both stepds discussedh detailin thefollowing.

Optimisation of Retardation and Transfer Potential

The ion trajectoriesin the deceleratiorpart of REXTRAP are determinedby the retardation
andtransferpotentials.A properadjustmenbf both voltagesis necessaryn orderto achiere
a high trappingefficiengy. Thevoltageat the electronsuppressiomlectrode(injectionlens)is
uncriticalandwassetto zerofor the calculationgeported.

During the commissioningphaseof REXTRAP the transferpotentialhasbeenlimited to a
valueof 1.5kV for technicalreasons.However, improvementsare plannedwhich will allow
highervaluesat a laterdate. Therefore simulationshave beencarriedout for beamenegiesof
30keV and60keV andfor transferpotentialof 1.5keV, 3keV, and4 keV. Theresultsareshovn
in Fig. 5.5. The percentag®f particlesdetectedafter the first diaphragmin the deceleration
stage(seeFig. 4.8)is plottedasfunction of theretardatiorpotential.

For a beamenegy of 30keV the percentagef detectedparticle shovs a commonmaxi-
mumfor aretardatiorpotentialof about3250V. This is practicallyindependentf the transfer
voltage. However, the trend of thesetransmissiorcurves changesasthe retardationpotential
increaseslt remainsnearly constantor a transferpotentialof 1.5kV whereast decreasem
thecaseof 3kV and4kV.

A differenttrendcanbe notedfor a beamenegy of 60keV. All curvesshov the sameten-
deng. Thepercentagef ionssurviing thefirst diaphragmgrowthsastheretardatiorpotential
increaseauntil it reachesa maximum. In contrastto the caseof a 30keV beamenegy when
aonehundredpercentefficiengy canbereachedat all transferpotentialvalues,a maximumof
only 95% is achievedin the caseof 1.5keV. For further calculationsretardationpotentialsof
9000V with 1.5kV transferpotentialandof 6500V with 3kV and4kV transferpotentialhave
beenchosenThesevaluesaremarkedby arrovsin Fig. 5.5.

Optimisation of the Potential of Electrode01

The einzellensformedby electrodeOJandthe two electrodest transferpotentialdetermines
the ion injection into the magneticfield. Hence,a carefuladjustments necessaryo ensure
bestinjectionperformanceTheoptimumvoltageappliedto electrodeOXependsnainly onthe

transfervoltage.Simulationswith “Li T, 2Nat, 3K+, 8’"Rb*, and!3*Cs" have beenperformed
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Figure 5.5: Percentagef particlesdetectedafter the first diaphragmas function of the retardation
potentialfor differenttransferpotentialvoltagesand beamenegies (left: 30keV, right: 60keV). The
plotsresultsfrom simulations.The arrovs markthe pointschoserfor furthercalculations.

ion enegy 30300eV | 60000eV

high voltage 30300eV | 59730eV

injectionlens ov ov

retardatiorpot. | 3250V

transferpot. 1500V 0 0

electrode01 225V transfermot. 1500V | 3000V | 4000V
electrode02 —2000V —1800V retardatiorpot. | 9000V | 6500V | 6500V
electrode03 —1400V —1400V electrode01 225V 625V 800V
electrode04 ov ov

electrode05 285V 185V

Table 5.1: Compilationof parametersisedto simulateion injectioninto REXTRAP.

in orderto testthedependengontheion mass.Sucha dependengcouldoccursincetheions

crossthefringefield region of thesolenoid.However, no effectwasobsenedin theinvestigated
masgegion. Theresultsof theoptimisationprocesaresummarised Table5.1. Thislistsalso

theoptimumparametersf otherelectrodesisedin furthercalculations.

Injection with 30keV BeamEnergy

The 30keV injection calculationshave only be carriedout for a 1**Cs" beam tracedfrom the
testion sourceinto REXTRAR, asdescribedabove. For this simulationinjection parametersis
givenin Table5.1 have beenused. The aim of this simulationshasbeento testhow farit is
possibleto reproducehe experimentaperformance.

A total of 41% of the ions reacheda virtual detectoy placedbehindthe trap entrancedi-
aphragm.This valueis in very goodagreementvith the experimentallyobseredone. There-
fore, it was concludedthat the simulationprocessproposeds well suitedfor thesekind of
studies.
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Figure 5.6: Overview of the resultsof injection simulationsof typical ISOLDE ion beams.Plottedarethe percentagef ions beingreflected(a),
beinglostin thedeceleratiorstage(b), injectionstage(c), andatthetrap entrancediaphragm(d) aswell asreachinga virtual detectobehindthetrap
entrancaliaphragm(e). Thetop andbottomrow of diagramswvereobtainedfor atransferpotentialof 1.5kV and3kV, respecitrely.
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Injection with 60keV BeamEnergy

Theresultsof the injection simulationsof typical 60keV ISOLDE ion beamsof "Li+, 2*Na*,
3K+, 8’Rb*, and 133Cs' areshown in Fig. 5.6. The calculationshave beenperformedfor
transferpotentialsof 1.5kV (top row of Fig. 5.6)and3kV (bottomrow of Fig. 5.6).

Casg(a) of Fig. 5.6shavsthepercentagef ionsbeingreflectedj.e.thesaonsleave thetrap
in oppositedirectionandarelost. Lossesdueto reflectioncanbe notedfor “Li*, Na*, and
3K+, They increaseastheion massdecreasesAbsolutevaluesrangefrom 7% to 31% for a
transfervoltageof 1.5kV and10% to 37% atransfervoltageof 3kV. Thereasorfor ionsbeing
reflectedis a combinedaction of the electric potentialsandthe magneticfield. Longitudinal
ion enegy is partly transferednto radialenegy whenthe ions enterthe magneticfield. This
processs called“radial enegy uptale”. It is causeddy the component®f the magneticfield
which areperpendiculato theionsdirectionof movementsincethesefieldsgenerate Lorentz
force. The absoluteamountof enegy transfereddependon the ion mass,velocity, andits
inclination with respectto the magneticfield. If the radial enegy pick-up exceedsa certain
limit anion is reflectedat the entrancepotentialwall of the trap. The total amountof radial
enepy pick up asafunctionof theion masswill bediscusseanoredetailedfurtherdown.

Fig.5.6(b) shavsthepercentagefionsbeinglostatthediaphragmn thedeceleratiorstage
of REXTRAP. 5% of theionshit the diaphragnfor a transferpotentialof 1.5kV, whereasno
lossesarefoundfor atransfempotentialof 3kV. Thesenumbersorrespondo the onesobtained
duringthe optimisationprocesof this stagedescribedabove.

The percentag®f ions beinglost in the injection stageof the trap is shavn in case(c) of
Fig. 5.6. The numbersfound are practically massindependent.The lossesin this stageare
about40% for atransferpotentialof 1.5kV andabout15% for atransferpotentialof 3kV.

Case(d) of Fig. 5.6 shavs the percentag®f ions hitting the trap injection diaphragm.In
contrastto the case(c) herea clear massdependeng is noticed. For a transferpotential of
1.5KV theion lossegisesgraduallyfrom 0% for "Li* to 28% for 133Cs*. Thisis evenmore
dramaticfor 3kV transfermpotential.In this casethearisefrom 0% for "Li* to 53% for *3Cs*
occurs.

The percentagef ions reachinga virtual detectorplacedbehindthe entrancediaphragm
of thetrap areshavn in case(e) of Fig. 5.6. The generaltrendis independenof the transfer
potential. It peaksfor 2Na*. Thisis not astonishingsincethe set-upwasoriginally designed
and optimisedfor a mass-numbearoundthirty. However, the strongdependencen the ion
masswasnot properlytaken careof duringthatperiod. Remarkabldower injection efficiency
canbe notedfor the casesf lower andhigherion massesie. Li* onthe onesideand®"Rb*
aswell as*3Cs" onthe otherside. Anotherimportantobsenationis thatthe numberof ions
surviing theinjection processs considerabhhigherin the caseof atransferpotentialof 3kV.
The absolutevaluesof ions reachingthe inner part of the trap rangefrom 25% (Cs") to 43%
(¥*Na*) for atransferpotentialof 1.5kV andfrom 35% (Cs') to 58% (**Na*) for a transfer
potentialof 3kV.

As it hasbeenseen,a large numberof ionsis beinglost at the trap entrancediaphragm.
Thus, an increaseof the diaphragmradiusshouldincreasethe numberof ions surviving the
injection processnto REXTRAP. Theresultsof calculationswith anenlageddiaphragmand
for differenttransferpotentialsareshownn in Fig. 5.7. Indeed,the numberof ionsreachingthe
detectolincreasessexpected Nearlytwice asmary ionssurvive if oneincreasesheradiusof
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thediaphragnfrom 5 mmto 8 mm. Thistrendis independentf thetransferpotential. However,
evensuchanincreaseof theradiusof this diaphragndoesnotyield to hundredoercentcapture
efficiengy. Dependingon thetransferpotentiallosseshetweerB0% and56% arestill present.

lon Capturing

Theradialenegy uptale determinesiotonly if ionsarereflectedatthethe potentialwall atthe
trap entranceor not. It contributesto alarge amountof enegy which mustbedissipatedn the
buffer gasof REXTRAP in orderto traptheions. It will bethereforediscussedriefly in the
following.

Histogramsshawing the longitudinalenegy distribution for severalion speciesareshovn
in Fig. 5.8. Theseplots containthe informationof all ions reachedhe virtual detectorafter
the trap injection diaphragm.Pleasenotethatin the caseof 2?Na* the voltageat electrode05
hasbeenloweredby 10V for the calculationin orderto seethe completelongitudinalenepgy
distribution.

The mostimportantvalueto be extractedfrom theseplots is the total width AE, of the
distribution. Oneimmediatelyrealizesthatthis valueincreasesstheion massdecreasesrlhe
following dependenghasbeenfitted to datapoints(bottomright diagramof Fig. 5.8)

1
VA’

whereA denotegshemassnumber

Sucha dependengis expectedwhen consideringa particle flying with constantvelocity
througha magneticfield perpendiculato its directionof moving. Similar trendshave been
found analyticallywhenstudyingtheinjection processnto an EBIS [Wen98]andthe ejection
outof anECR sourceglKV88].

Surviing theinjection stageis necessaryo be capturednto REXTRAR, but not sufficient.
Theenegy lossduringoneoscillationin thetrapmustbe high enoughin orderto notallow the
ionsto againovercomethe potentialbarrierat the trap entrance Simulationshave beencarried
outin orderto determinethe maximumenegy an incidention may have with respectto the
voltageappliedto electrode05n orderto be capturedn the REXTRAP potential.

AE, ~ (5.5)
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Figure 5.8: Histogramsshawing the longitudinal enegy distribution for “Lit, 23Nat, 3K+, 8’Rbt,
and?3Cs" behindthe trap entrancediaphragm(electrode05).The width of the distributionsis shavn
asfunctionof themassnumberat the bottomright diagram.

Thefollowing proceduréhasbeenusedin orderto determinghe maximumtolerableenegy
for the differentbuffer gaspressurevaluesinsidethetrap. An ion of the desiredspeciesvas
startedn the middle of the entrancadiaphragnmwith a certainenegy. Its motionwasrecorded
with lonFly. The startenegy wasstepwiseincreasedslong astheion wasnot ableto over-
cometheentrancepotentialbarrierafterits first oscillation. This valueis themaximumtolerable
enegy AE.

The resultsof the simulationsareshavn in Fig. 5.9. For clarity only the cases?*Cs" and
K+ have beerplotted. Thepointsfollow astraightline in this double-logarithmilot. Hence,
AE canbedescribedy thefollowing equation

AE =¢-p". (5.6)

The constants; andx have beenadaptedo the individual cases.The appropriatevaluesare
listedin Fig. 5.9.

5.3.3 Cooling Performance

In thefollowing thereductionof theamplitudesof theion motionafterbeingcapturedn REX-
TRAP will be discussed.Both cooling of the axial and the radial motion will be discussed
separatelyn thefollowing.

Cooling of the Axial Motion

A typical exampleof cooling of the axial motion in REXTRAP is shavn in Fig. 5.10. The
pictureillustratesthe evolution of the axial amplitudefor a 60keV **Cs" ion enteringthetrap
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Figure 5.9: The maximumion enegy AE which canbe dissipatedn REXTRAP asa function of the
argon buffer gaspressure, in the high pressureegion of thetrap. Left: Plot of simulatedvaluesfor
133Cst and*K*. Right: Constantof the functional correlationadaptedto the simulatedsampling
pointsaccordingto Eq. (5.6). In addition AE for an argon buffer gaspressureof p, = 102 mbaris
given.

system.A buffer gaspressureof of p, = 1072 mbarof argonin the high pressureegion has
beenassumedThe electrodevoltagesarethe sameasbeenusedfor theinjection calculation,
reportedabove.

Theion wasstartedat the tomeorigin at the focal planein front of REXTRAP. It passes
the trap entrancediaphragmafter a few micro-secondslts total enegy at this point is about
85eV. Thisis abouthalf of the maximumtolerableenegy AE to be capturedn thetrap. The
oscillationamplitudeof the motionreducegrom about400mm to lessthan100mm duringthe
first 1.5ms. Thentheion oscillationis limited to thetrappingpart. The furtherdampingof the
oscillationamplitudeis noticeablesmallersincethe buffer gaspressuren this region is about
oneorderof magnitudesmaller After about10msthe amplitudehasreached5mm. At this
level theamplitudereducenly slightly becaus®f thelow velocity theion hasin the potential
nearthetrapcentre.

lon Centring

» SimulationParameters

The calculationscarriedout in orderto investigatehe ion centringprocesshave beenper
formedwith PennDamp The initial conditionsfor the simulationshave beensetto meetthe
realisticREXTRAP conditionsascloseaspossible.PennDampusesthe magnetrorfrequeny
v_ andcyclotronfrequeng v. to determinethe characteristid®enningtrap parameterFor the
firstavalueof v = 1014 Hz hasbeenused.Thelatterwasadaptedo theion speciesy scaling
accordingto the massnumberusing343kHz for 1?3Cs*.

Thestartdistributionsfor anion ensemblehoserfor the simulationof the centringprocess
wasmainly basedon the experiencegjainedduring the calculationsreportedabove. After an
ion haspassedhe trap entrancediaphragmit hasa certaindistanceto the trap centre. This
distanceis the initial magnetrorradius. The initial magnetronradii for the ion cloud were
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equally distributed over the radius of the diaphragm. Sincethe remainingamplitudeof the
cyclotronmotionis rapidly cooledtheinitial valuefor this motionwassetto zero. A valueof
50mm wasusedasinitial amplitudefor the axial motion. Sucha valueis reachedafter few
milli-secondsof confinementn thetrap.

After finishing the calculationsit hasto be decidedif anion may be extractedfrom the
trap,e.g.whethertheion passeshe extractiondiaphragnor getslost at this electrode Further
barrierson the way to the final detectiondo not exist in the REXTRAP set-up. An ion is
regardedassurvivedif the sumof magnetrorandcyclotronradiusdoesnot exceedthe radius
of the ejectiondiaphragm(2.5mm). Applying this criteriato the startdistribution of theions
would meanthat25% could be extracted. This is simply the ratio of the areasof the injection
and ejectiondiaphragm. This value correspondsjuite well to experimentalresults. In the
experimentsucha numberis measuredy settingthetrapis setto the non-trappingmnode,i.e.
thevoltagesatthetrapexit partarepermanentlsetto thevaluesusedfor extraction. Thedirect
comparisorbetweertheion intensityin front of thetrapwith thatmeasuredbehindgave typical
valuesbetweer20 and30%.

» Centringefficiency

Simulationshave beenperformedfor "Li*, 22Na*, K+, 8"Rb*, and'?3*Cs" in orderto de-
terminethe percentag®f ionswhich canbe centredasa function of the argon buffer gaspres-
sure,excitationtime andamplitude.Theresultsaredepictedn contourline plotsin Fig. 5.11.

For "Li* noion centringwas obsered. The reasonfor this is the large massdifference
betweenthe ion andthe neutralcollision partnerand additionalrf heating. Theseeffectsare
describedurtherdown. Theaccordingcontourplots have not beenincludedin this case.

In the caseof 33Cs" the time neededor centringa certainpercentag®f ions decreases
asthe buffer gaspressureéncreasesThis canbe easilyseenfrom the increasingdensityof the
verticalcontourlines. On thefirst view it might be astonishinghatthe numberof centredons
shawvs no dependeng on the excitation amplitude. However, this is an artifactdueto the step
size chosento producethis plots. Already the first amplitudestepof 800V/m? exceedsthe
optimalsaturatioramplitudeneededor the accordingouffer gaspressurédseeSec.3.3.2). For
typical cycletimesof REXTRAP (20ms)nearlyhundredoercentfficiency canbeexpectedor
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Figure 5.11: Percentagef centredonsasa function of excitationtime andnormalisedadiofrequeng
amplitudefor differention speciesandfor differentargon buffer gaspressures.
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Figure 5.12: Simulatedcoolingscandor 133Cst (left) and**Na* (right) in REXTRAP. Theplotsshowv
the numberof particle beingcentredin between20ms andan excitation amplitudeof 4000V/m? asa
functionof theappliedcentringfrequeng v ... for differentargon buffer gaspressures.

buffer gaspressuresf p;,, = 1.05 - 10~ * mbar

Theresultsobtainedor *3Cs' canbeeasilyprojectedo caseof ”Rb*. Thecentringtimes
areevenslightly shorter

However, in the caseof 3°K+ and**Na’* thisis not possible.Hundredpercentefficiency is
notreachedvithin 20mscoolingtime. Lossesof about5 % andbetweenl5 and30% mustbe
notedfor *?K*+ and**Na", respectiely. Theseresultscanbe explainedby the factthatnature
of theion-neutralinteractionchangesiramatically Theenegy carryoverto theion increasess
well asthecorrespondinglisplacemenastheratio of theion masso themassof the buffer gas
atomdecreasesAdditionally, in the caseof 2*Na* the effect of rf-heatingcanbe noticed. At
higherexcitationamplitudeshe percentag®f ions beingcentreddecreaseagain. This effect
hasalreadybeendescribedn Sec.3.4.

» MassResolvingPower

Besidethe numberof ionsbeingcentrednformationaboutthewidth of thecool resonances
areimportant. A coolingresonancelescribeghe numberof ions beingcentredasfunction of
theappliedcentringfrequenyg v ... I1ts width Avq,, determineshe massresolving
Ve

R —

(5.7)

JANZSWY

power sincethe cool processs massselectve.

Simulationsof cooling scanshave beenperformedfor ?Nat, 3°K*, 8’"Rb*, and *3Cs"
in REXTRAP. A cooling time of 20ms and an excitation amplitudeof 4000V/m? hasbeen
chosen.Several diagramsvisualisea few examplesof the scansn Fig. 5.12. Table5.2 gives
importantnumbersobtained.

In the caseof *3Cs" typical resonanceurves are shovn. The width of the resonances
Aveun increasedrom 0.9 to 1.35kHz asthe buffer gaspressurencreasedrom 7 - 107° to
1.4 - 10~*mbar Thecorrespondingnassresolvingpower decreasefom R = 380 to 250.

Thecase®f ¥’ Rb" and*’K* show similarbehaiour. Thewidth of theresonancemcreases
to from 1.3kHz to 1.8kHz for 3’"Rb* andfrom 1.8kHz to 2.65kHz for 3K *. This corresponds
to amassresolvingpower of about400to 300and650to 450, respectiely.
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P, [mbar] efficieney v.[kHz] Aveww[kHz] R = 1%

Vrwhm

70-107°  73% 3.0 670

PNat  105-107¢ 82% 1983.4 3.25 610
140-10°¢  86% 3.55 560

70-10°°  98% 1.8 650

KT 105107 99% 1170.0 2.3 510
140-107¢  99% 2.65 440)

70-107%  100% 1.3 405

YRb™ 1051076  100% 524.4 1.35 390
140-107%  100% 1.8 290

70-107% 100% 0.9 380

Cst 1051075 100% 343.0 1.2 290
140-107%  100% 1.35 250

Table 5.2: Compilationof importantparameterf simulatedcooling scansin REXTRAP. Centring
efficiengy, centringfrequeny v.., width of theresonancé@\ v.-w.v, andthecorrespondingnassesolving
power R aregivenfor differention typesandargon buffer gaspressur@q,.

In the caseof 22Na’ thesetrendscontinue. The resonancevidth variesbetweer8kHz and
3.5kHz for the differentgaspressuresThis corresponds$o a massresolvingpower of 560to
670. However, acompletedifferentline shapeoccurs.Theresonancehowvs two maximawhich
aresymmetricallyshiftedup anddown with respecto the theoreticalresonancdérequeng. A
plausibleexplanationof this unexpectedattitudehasnot beenfound and mustbe keptfor the
next generationof REXTRAP explorers. Neverthelesssereral self-evident possibilitieshave
alreadybeenruled out. The programroutineshave beendouble-chec&d for obvious bugs.
Errorsof theintegrationroutinehave beenexcludedby a changeto a well testedRunge-Kitta
algorithm. Differention-neutralinteractionpotentialshave beenused.However, theline shape
remainedconstant.This leadsto the conclusionthatdetailedcalculationshave to be carriedout
in orderto understandhis line shapeoccurringif a buffer gasmuchheavier thantheion mass
is used.

5.3.4 Propertiesof Ejected lon Bunches

An exactknowledgeof theparametersf theejectedon bunchess of greatimportancedor their
transfertowardsthe REXEBISsystem.Theejectionsimulationshave beencarriedoutwith lon-
Fly usingion ensemblegasstartdistributionswhich have beenobtainedwith PennDamp The
parameteusedfor the calculationsarethe experimentallyoptimisedvaluesgivenin Table4.2.
Additional optimisationf voltagesat the ejectionandacceleratiompartof the systemhave not
beenperformed.This hasnot beennecessargincethe spatialextensionof the extractedbeam
is remarkablysmallerin the caseof ejection.Correspondinglynoion losseshave beendetected
behindthetrapexit diaphragm.lon trajectorieshave beenrecordedat a virtual detectomplaced
behindtheacceleratiorpartof REXTRAP. In factit hasbeenplacedexactly atthe positionof
the multi-channebplateof the Colutronbeamviewing system(seeSec.4.7).

The phasespaceof anion bunchextractedfrom REXTRAP is mainly determinedby the
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Figure 5.13: Time-of-flight histograms trans\ersal, and longitudinal emittanceplots of ejectedion
bunchesfrom REXTRAP assumingstartdistributionswith an equilibriumtemperatureof T = 300 K.
Theline in the TOF histogramsgives the width of the distribution containing95% of the ions. The
emittanceplots containappropriateemittancesllipses.

volumetheion cloud occupiesafter the cooling process.To which extentthis phasespaceis
distributedtrans\erselyandlongitudinallyis discussedn the following.

Equilibrium Distrib utions

Thesmallesiphasespacdor theejectedon bunchesanbe expectedf theion startdistribution
is in thermicalequilibriumwith the buffer gas. Thusthedistributionsobtainedn Sec.3.4 have
beenused.

Time-of-flight histogramsfrans\ersal,andlongitudinal emittanceplots visualisingthe re-
sultsareshavn in Fig. 5.13. The emittanceplots containappropriateemittanceellipses,which
aretilted sincethe pictureshave neitherbeentakenin a spatialnorin atime focus. A compila-
tion of importantnumberss givenin Table5.3. This includesthe meantime-of-flight (TOF),
trans\ersalemittance,.,., andlongitudinalemittances,,,. A width ATOF of the time-of-flight
histogramdasbeenintroduced.Accordingto theemittancedefinitionit is definedasthesmall-
esttime interval including 95% of the ion bunch. Besidethe valuesfor the presentcasealso
valuesfor differentinitial conditionsaregiven. They arediscussedurtherdown.

The meantime-of-flight (TOF) increasesccordingto theion mass.ATOF gronthsasthe
massncreasesValuesfor thelatterrangefrom 1.5to 3.4us.
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Both ... aswell ase¢,,, increasesor highermasseslueto the larger volumetheion cloud
occupiesafter the cooling process. Valuesof 0.19to 0.377 mm-mrad are obtainedfor the
trans\ersalemittance.Thelongitudinalemittancerangedrom 1.39to 3.41eV-ps.

T eool Priap (TOF) ATOF €rrans €iong
[ms] [mbar] [us] [us] [#mm-mrad] [eV-us]
BNat 47.4 15 0.19 1.39
39K + Equilibrium 61.8 1.9 0.23 1.63
13Cgst 113.8 3.4 0.37 3.41
20 70-10°° 112.6 186 8.4 340
¥Cst 20 105-10° 1136  10.5 3.4 68.6
20 140-107% 114.0 6.5 1.5 20.5
20 70-107° 456  18.0 *12.0 407
*Nat 20 105-107% 46.4  13.7 *8.0 *188
20 140-10"% 469  11.8 *5.4 *140
BCst cont. 140-10~° 114.0 6.5 1.5 *20.5

*Theemittanceellipsefor this casesontainsonly 80% of the appropriatéon number

Table 5.3: Meantime-of-flight (TOF), width of the TOF peaksATOF, trans\ersalemittancee,,s, and
longitudinalemittances,,, of ejectedion bunchesfrom REXTRAP for differentinitial conditions.The
top partgivesthe numbersassumingstartdistributions with an equilibrium temperaturef T = 300 K.
Parameter®btainedwith realisticstartdistribution arecompiledin the middle partwhereado lastline
givesnumberdor the caseof continuousnjection. A detaileddescriptionof the differentcasess given
in thetext.

Realistic Start Distrib utions

Consideringealtrapoperatiorparameterg is notpossibleo reachthethermodynamiequilib-
rium statesincethe coolingtimesarenot sufficient. Thusthe characteristicef theion bunches
obtainedcabove doesnotreflectreality. In orderto improvetheability to predictthebeamquality
of REXTRAP morerealisticstartdistribution for the ejectioncalculationshave beenused.

* InjectionandCooling

Thefinal ion distribution obtainedn Sec.5.3.3have beenusedasappropriatenput for the
ejectioncalculations. Thusthis testis basedon the time schemecorrespondingo case(a) in
Fig. 4.21. An appropriatenumberof ions s injected,cooled,andfinally ejected. A cooling
time of 20ms hasbeenchosen.Simulationshave beencarriedout for 2Na* and***Cs" and
threedifferentbuffer gases.Theresultsaredepictedin Fig. 5.14. The correspondingiumbers
aregivenin Table5.3.

At bothcaseghe TOF distributionschangeheirwidth aswell astheir shapéor thedifferent
buffer gaspressuresThe narrav distributionssmearout asthe pressuralecreasesrlhis is well
reflectedby the width ATOF, which increasesrom 6.5to 18.6psandfrom 11.8to 18.0usin
the caseof '33Cs" and?Na*, respectiely. In addition (TOF) decreaseby morethan1psin
bothcases.
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Figure 5.14: Time-of-flight histograms transwersal, and longitudinal emittanceplots of ejectedion
bunchesfrom REXTRAP assumingrealistic start distribution (explanationseetext). The line in the
TOF histogramggives the width of the distribution containing95% of the ions. The emittanceplots
containemittanceellipsescontaining95% (#3Cst) and80% (**Nat) of theions.
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Figure 5.15: Time-of-flight histograms trans\ersal, and longitudinal emittanceplots of ejectedion
bunchedrom REXTRAP assumingealisticstartdistribution andcontinuousnjection (explanationsee
text). Theline in the TOF histogramsgivesthewidth of thedistribution containing95% of theions. The
emittanceplots containemittanceellipsescontaining80% (133Cst).

The emittanceplots shov a commonfeature. A densecoreof alreadycentredionsis sur
roundedby a halo. Thisis morepronouncedn the caseof lower gaspressuresindfor 2Nar.
Especiallyin the latter casethe emittancedefinition as it hasbeenintroducedin Sec.5.2.3
loosesits meaningpartly. In orderto counterbalancehis the emittanceellipsesadjustedto
containonly 80% of theions. The correspondingiumbersaremarkedin Table5.3.

The trans\erseemittanceincreasesrom 1.5to 8.47 mm-mradand5.4to 12.0r mm mrad
for 133Cs* and**Na", respectiely. Theincreasds evenhigherfor the longitudinalemittance
with 20.5to 340eV-psfor *3Cst and140to 407eV-pusfor 2Na’.

» Continuoudnjection

Theinfluenceof changingthetime schemerom the sequentiatasegivenabove to simul-
taneouslyinjectionandcoolingon the beampropertieds briefly discussedn thefollowing.

The modelling of the ion start distribution for the ejection calculationsis more difficult
thenin the previous case. The following approachhasbeenused. lon startdistribution asin
Sec.5.3.3have been‘cooled” with PennDam@drom 1 to 20msin 1 ms. Thejoineddistribution
hasbeenusedasinput for the simulationof the ejectionprocess.

Sincethis kind of simulationis extremelyresourcentensieit hasbeenonly carriedout for
133Cst andfor a buffer gaspressureof p,,, = 1.4 - 10~*mbar The correspondingarameter
plotsaregivenin Fig. 5.15,whereagshe numbercanbefoundagainin Table5.3.

In comparisorio thepreviouscasehe TOF distributionsis remarkablywider. Theemittance
plots shav similar halo structuresasit hasbeenseenfor the caseof 2*Na*. Therefore,the
emittancenumbergyivenreferto 80% of theionsagain.



6 EXxperimental Results

6.1 The Very First Tests

REXTRAP saw its “first light” on 19th July
1999 after four yearsof development,con-
struction,assemblyandtesting.For thefirst
time 133Cs" ions from the testion source
wereinjected,accumulatedcooled, and fi-
nally identifiedin a time-of-flight spectrum
showvn in Fig. 6.1. This majorbreakthrough
wasthebeginningof thefirst commissioning
phaseof REXTRAR The goal wasthe de-
terminationof the basicoperationaparame-
tersof thesystem.Thisphasevascompleted
by afirst on-linetestwith stablebeamsrom e
ISOLDE. Time-of-flight spectrafor differ-

ent ion speciesdelivered by ISOLDE are

‘shONn'in Fig. 62 In thgsespgctrathe in.- Figure 6.1: First time-of-flight spectrumcontaining
jectedion speciescanbe identified by their 3 detectableamountof 133Cs* recordedusing the
time-of-flight. The additionalpeaksaredue REXTRAPset-up.

to ionisedargon andresidualgasions. The
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Figure 6.2: Time-of-flight spectraof 2?Nat, 27Al*, 54Fet, 121Spt, 128Xet, and ¥ Tat asobtained
duringafirst on-linetest. They ionsweredeliveredby ISOLDE, accumulatedgooledin REXTRAP, and
ejected.
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injectedions ejectedons efficiency

SBNat 6.2 - 100 —* —*
ZAIT 34108 1.2-107 3%*
SFeh 7.5 107 3.7 105* 5 %*
21gpt 3.1-107 8.7-10° 8%
128Xet 6.2 - 106 1.2-10° 18%
132Xet 1.2-108 8.7-10° 7%
181 Tt 4.4.108 2.5-10° 6 %
* A determinatiorof thesevalueswasnot possibleor is afflicted with alarge uncertaintydueto overlappingTOF
peaks.

Table 6.1: Numberof injectedand ejectedions per trap cycle andthe correspondindiREXTRAP effi-
cieng for differention species.The numbersgivenwereobtainedduring a first on-line testandcorre-
spondto thetime-of-flight spectragivenin Fig. 6.2.

width of thetime-of-flight peakss largerthanexpected.Thereasorfor thisis thelow amplifi-
cationof theparticlemultiplier usedin thesemeasurementseeSec.4.7) which requiredlarge
ion numbergo be capturedn thetrap.

Neverthelessalreadyat this early commissioningstageandfor the large ion numbery effi-
cieng valuesin theorderof afew percenthave beenreachedvernearlytheentiremassange.
They arelistedin Table6.1 togethemwith the numberof injectedandejectedions. In general,
theefficiency increasesstheinjectedion numberdecreasesT his indicatesthata reductionof
theinjectednumberof ionsis necessaryn orderto understandhe performanceof REXTRAR
notfalsifiedby additional*spacechage effects”.

After this testbeamtime a new ion detectionsystemwas installed. The Colutron beam
viewing systenmdescribedn Sec.4.7 allowsthedetectionof muchlowerion intensitiesandwas
usedfor mostof the subsequennheasurements.

Theresultsreportedin the following have beenobtainedeitherwith ions deliveredby the
off-line ion sourceor by ISOLDE. The origin of theionsis only explicitly mentionedf it is
importantfor therespectie case.

6.2 SignalProcessingand Evaluation

lonsejectedrom REXTRAParedetecteckitherby directcurrentmeasuremenisinga Faraday
cup or by usingthe multi-channelplate detectorof the Colutronbeamviewing system.In the
first casetheion numberis directly accessibleThe latter, however, requiresseveralmanipula-
tion processe orderto obtainfinal spectra.This procedurewill be describedn detailin the
following.

6.2.1 Time-of-Flight Spectra

As describedn Sec.4.7 theionsreachingthe multi-channelplatedetectorof the Colutronsys-
temgeneratea large numberof secondaryelectrons.They arecollectedon ananodeelectrode
andallowedto flow to groundvia aloadresistorR,. R, is determinedyy the 560¢2 resistorof
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Figure 6.3: Left: Time-of-flight of flight spectrumrecordedwith the oscilloscopein its crudeform.
Right: The samespectrumafter corversioninto ion numbers. The numbersat the differenttime-of-
flight peaksdenotethe total numberof ions the peakcontainsasit is obtainedby integrating over the
peakaremarkedwith arrows.

the high voltagedivider andthe 5052 input impedanceof the pre-amplifierstage.This voltage
is pre-amplifiedandrecordedby anoscilloscope.A detailedsketchof the circuit is shovn in
Fig. 4.15. Thedwell time At, i.e. thewidth of a singlechannelis determineddy thetime base
of the oscilloscope.

Raw spectraareobtainedoy averagingover severalcyclesin orderto improve the signal-to-
noise.A typicalraw spectrumis shovnin theleft partof Fig. 6.3. TheoscilloscopevoltageU,
is shavn asafunctionof thetime-of-flight. Thedwell time of the oscilloscopavasAt = 40 ns.
The amplitudesof the time-of-flight peaksis in the order of a few milli-v olts. Due to the
electricalcircuit used(seeFig. 4.15)an offsetvoltageof U .. ~ —109 mV is present.

Thenumbem of ionsperchannekcanbe calculatedvia

At
~ eVR,

N (Uasei = Uspeer) (6.1)
wheree denoteghe elementarychage andU,; is the voltagemeasuredy the oscilloscope.
TheamplificationV = Vs - V.., Of thesystemis determinedy the amplificationV,,., of the
MCP andV,,, of the pre-amplifiey respectiely.

Thisformulaallowsthe measuredoltagego be cornvertedinto correspondingon numbers.
Exceptfor the amplificationV andthe offsetvoltageU,.. all requiredparametersreknown.
Thedeterminatiorof thelatteris straightforvard. U.., is obtainedby averagingover a certain
numberof channelsvhereno time-of-flight peakis presentpreferablyat the beginningor the
endof thespectrum.

The determinatiorof the amplificationV of the detectionsystemis moredifficult. For this
purposethe total chage Q ejectedfrom the trap is directly measuredising the Faradaycup
and a pico-amperemeteaind comparedo the numberof ions containedin the time-of-flight
spectrumQ is connectedo the averagecurrentl,,, by

Q - Iangcycle = Ne ) (62)

whereT,,.. denoteghetotal time of onetrapcycle. A comparisorof Q with Eq. (6.1) allows
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theamplificationV to bedeterminedThusoneobtains

At
RLlavg Tcycle

v > (Uosa = Ugten) (6.3)
#

for theamplificationof the system.>", symboliseshe summatiorof all channelsf thetime-
of-flight spectrum.

The averagecurrentis measuredvith the Faradaycup behindthe trap for typical cycle
timesof 10to 20ms. Suchshortmeasuremenhtervals ensurereliable currentvaluesdespite
the pulsednatureof the beambecausef the muchlarger integrationtime of the pico-ampere
meter

The procedureabove givesa valuefor the amplifi-
cation of the systemfor a certainnumberof chages
1 ejected. Due to the detection limit of the pico-

~ 1 amperemetefabout1pA) onehasto useat least10®

) ) to 10° ionspercycle for atraprepetitionrateof 50Hz.
- | Dependingon the MCP type suchcountratescanal-
1 readymeanthatthe MCP is in saturationj.e. the am-
+ 1 plificationis lowerthanin thecaseof lowercountrates.
rd 1 This hasbeenexcludedby measuringthe numberof
0 50 100 150 200 ejectedions as a function of the injected number of
collection time [us] ions. For thispurposehecollectiontimein REXTRAP
hasbeenvariedover severalordersof magnitudewhile
Figure 6.4: Numberof ions detectedas theincidention currentwaskeptconstantin therange
afunctionof theion collectiontime. The of 1()2 to 105 ions/pulsethe countrateis a linearfunc-
dashedine correspondso alinearfit. tion of the collectiontime indicatingthatthe amplifica-

tion V remainsconstantThisis illustratedin Fig. 6.4.

Thelimiting factorfor the determinatiorof the amplificationV is theaccurag of the pico-
amperemeterat this low currents. Fluctuationsin the orderof 20 to 30% arenoticed,which
determinegthe uncertaintyfor V. The amplificationof the completesystemdependsnainly on
thehighvoltageappliedto theMCP. ForaMCP-wltageof 850V thevaluefor theamplification
is typically V = —5 - 105,

From a time-of-flight spectrumobtainedby the oscilloscopethe numberof ions cannow
be calculatedor eachchannelusingto Eq. (6.1). For theraw spectrumshown in the left part
of Fig. 6.3 a resultas depictedon the right is obtained. The numbersgiven are obtainedby
integrating over the channelscovering the rangeof the peak. They correspondo the total
ion numbera peakcontains. This is the mostusefulnumberwhich canbe extractedfrom the
spectraThereforejn thefollowing theordinateof thetime-of-flight spectrawill notbelabelled
but thetotal numberof ionsin theinterestingTOF peakswill begiven.

The time-of-flight peakscan be assignedo a certainchage-to-masgatio. lons ejected
from REXTRAP arein generalsingly chageddueto the factthat higherchage stateswould
recombinein the buffer gas. Thustime-of-flight peakscan be directly associatedo a mass
number

countrate [arb. units]




6.3. TheMagneticField atthe TrapCentre 89

6.2.2 lon Signalasa Function of Trap Parameters

For optimising of REXTRAP operationalparameterso called “parameterscans’have been

carriedout. In thesescanghe numberof ions ejectedfrom thetrapis recordedime-resohed

asa function of the parametenof interest. For that purposethe on-line measuremernprogram

hasthe possibility to settime gateson the time-of-flight spectrumj.e. to marka certainrange

of channelsNormally, asingleTOF peakof theinterestingon speciess selectedThevoltage

signalsof thesechannelsarethensummediupto obtainavalueU,,,, for apointin theparameter
scan.U,,, canbecorvertedto ion numbers\,,,, via

At

N oint — 7o
P eVR,

(Upoint —n- Uoffset) ) (6.4)

wheren denoteghe numberof channelgated.

6.3 The Magnetic Field at the Trap Centre

The magneticfield at the trap centreis a very importantparameteifor the operationof the
system. It definesdirectly the cyclotronfrequeng of the ions andthereforethe centringfre-
gueng for the rf-sidebandcooling technique.After installationandenepizing of the magnet
the magneticfield hasbeenmeasuredvith a NMR probeto be 2.974911(1Y at the position
of thetrap centre.However, this measuremerttasbeencarriedout without thetrap electrodes
in place.Wheninsertingthe electrodestructurethefield is expectedto shift slightly dueto the
magneticsusceptibilityof theusedmaterials. Therefore are-determinatiof thefield strength
is necessaryfterall structureshave beeninserted.However, at this time thetrap centreis not
ary longeraccessibldor a direct measuremerdndthe magneticfield mustbe determinedoy
anindirectmethod.

Theknowledgeof thecyclotronfrequeny v of atrappedon togethemwith theion masam
allowsthedeterminatiorof themagnetidield B, atthetrapcentreusingEg.(3.3). An elegant
methodto measurevq is provided by the rf-sidebandcooling techniquesince the optimum
centringfrequeng is equivalentto thecyclotronfrequeny vc.

For thedeterminatiorof B...., watermoleculeionsH,O" wereused.They areunintention-
ally createdby ionizationof residualgasmoleculeqseeSec.6.6.2). Theseionswerecaptured
in thetrapregion andcentredvia rf-sidebandcoolingin a heliumbuffer gasatmosphereCool-
ing scans(seeSec.6.4.2) resultedin a resonancdrequeny of v. = 2536345(45) Hz. This
corresponds$o amagnetidield of B, = 2.97478(5) T.

Basedonthis valuecyclotronfrequencies. for differention speciesaregivenin Table6.2.
Theappropriatenassvaluesweretakenfrom [Aud97, Bra99g.

6.4 Verification of BasicREXTRAP Functionality

The following sectiongivesan overview aboutexperimentswhich hadthe aim to prove the
basictrapfunctionality. Dipole andquadrupolexcitationaswell asmassselectve coolingwill
bediscussed.
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ve [HZ] ve [HZ]
LT 6510982(130) S'Rb* 525 618(11)
2Nat  1987018(40)  3Cst  343711(7)
AT 1693049(28)  BlTat  252454(5)
KT 1172401(24)  28Pht 219645(4)
SSRb*  537983(11)

Table 6.2: Calculatedcyclotron frequeng v, for variousion speciesfor the magneticfield B =
2.97478(5) T of REXTRAR

6.4.1 Dipole Excitation

It hasbeendiscussedn Sec.3.3.2that the radial motion of anion in a Penningtrap canbe
influencedby rf-dipole fields. Resonanceffectsareexpectedfor the magnetrorandcyclotron
motion at the magnetrornfrequeny v andthe reducedcyclotron frequeny v, respectiely.

In generaldipole excitationincreaseshe amplitudeof the motion. Therefore atime structure
for aREXTRAP cycle hasbeenchosenn which theionsarefirstly collectedandcentredthen
excited by a radiofrequeng dipole field, andfinally ejected. This correspondso case(b) in

Fig.4.21.

Magnetron Excitation

Magnetronexcitationis neededor thefirst stepfor the applicationof the massselectve cool-
ing techniquewhich will be discussedn Sec.6.4.3. Furthermorethe determinationof the
magnetrorfrequeny allows to verify the depthof thetrappingpotentiall, /d>.

Fig. 6.5 depictsthe numberof ions ejectedfrom the trap as a function of the excitation
frequeny vy,0.. The spectranave beenobtainedfor an excitationtime of T, = 10 msand
excitationamplitudeof Ay, = 50 MV (left) andAp.. = 200 mV (right).

For an excitation amplitudeof 50mV a dip in the countrate canbe recognisedvhich in-

dicatesthe resonancdrequeny v_. It wasdeterminedto be »_ = 1014(10) Hz from this

spectrum. This correspondso a potentialdepthof U, /d* = 3.79(4) - 10* % This valueis

slightly higherthanU,/d* = 3.5 - 10* % which hasbeenobtainedby fitting a parabolao the
potentialslopein the trap centrecalculatedwith SIMION (seeSec.5.2.1). The value corre-
spondgo a magnetrorfrequeng of v = 940 Hz. The differenceof about70Hz resultsmost
likely from slightly differentvoltagesappliedto theinnertrapelectrodeslueto thefactthatthe
high-wltageamplifierusedwerenot calibrated.

An increaseof the excitationamplitudeto 200mV (right) broadengheresonancelip since
theionsaredrivenfurtheraway from thetrapcentre.ln addition,equidistansidebandsbecome
visible. Thedistancebetweernthedipsof 100Hz is expectedor anexcitationtime of 10ms.

Oncethe magnetronfrequeny is determined,it is interestingto study which amplitude
is requiredto drive all ions to orbits larger than the size of the extraction diaphragm. This
is illustratedin Fig. 6.6. The numberof ejectedions from the trap are showvn as a function
of the excitationamplitudeA,,,.. The excitationtime wasT,,. = 10 ms. Firstthe countrate
decreasesontinuouslyto zero,but surprisinglyionscomebackfor largerexcitationamplitudes.
A total of 75% of the primary countrateis reachedor A,,,. = 1.75 V. For higherexcitation
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Figure 6.5: Thenumberof ionsejectedrom REXTRAPasafunctionof thedipole excitationfrequeng
Vpipole TOI @n excitation time of Tg,.e = 10 ms and excitation amplitudesof 50mV (left) and 200mV

(right).

amplitudest decreaseagainto zero.

Sucha peculiardependengcanbe explainedby trapimperfections.The magnetrorradius
increasegluring dipole excitation. The ions reachthe outer regions of the trap. Therethe
electricpotentialis notlongerharmonicasrequiredfor Eqg. (3.1)to bevalid. As aconsequence
the magnetrorfrequeng of theion changesandtheion getsout of phasewith the exciting rf
field. For certaincombinationsf excitationamplitudeandtime theions canthenberecentred
asit hasbeendiscussedn Sec.3.3.2.

This obsenationis corroboratedy resultsof further experiments. In these,the injected
ionswerecentred(T..... = 30 ms). Secondlythey weremagnetrorexcitedfor a variabletime
(Teere)- INn contrastto the experimentdescribedabove, they werefinally recentred T,ecener =
30 ms). Theresultsfor four differentexcitationtimes T, areshovn in Fig. 6.7. The number
of ejectedonsis plottedasa function of the excitationamplitude.

For anexcitationtimeof T, = 10 msarecentringof theionsis possibleupto anexcitation
amplitudeof about0.7V. Thenthe countratedropsto zero. However, if A,,,. exceedsl.4V
someionsarerecentrechgain. A similar behaiour canbe notedfor all otherexcitationtimes.
In thesecasesadditionalminima and maximaare obsened shiftedtowardslower amplitudes.

Figure 6.6: Thenumberof ionsejectedrom REX-

TRAP as a function of the excitation amplitude
Ao IN the caseof resonantlipole excitationwith

afrequeny of v_. TheexcitationtimewasTg,g. =

10 ms.

count rate [arb. units]
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Figure 6.7: Thenumberof ejectedonsfrom REXTRAPasafunctionof thedipoleexcitationamplitude
in thecaseof resonantlipole excitationwith afrequeng of »_ andrecentringwith rf sidebandooling.

In generalbnefindsthatthe extremaoccuralwaysat positionsfor which thetermA....er + Tecie
hasafixedvalue.Thisis expectedsincethe productA...... - Tee determineshefinal amplitude
of themagnetrommotion.

Cyclotron Excitation

Excitationof theion motionatthereduceccyclotronfrequeng v, is notrequiredfor theoper
ationof REXTRAR Neverthelessit is interestingto verify thatalsoin this casethetrapworks
asexpected.

Two typical spectreor thedeterminatiorof v, of 1*3Cs* ionsin the REXTRAP systemare
givenin Fig. 6.8. The plotsdepictthe numberof ions ejectedfrom thetrapasafunctionof the
excitationfrequeng vy, in thevicinity of the expectedfrequeny v, = v. — v_. Excitation
amplitudeof Ay = 100 mV and200mV wereused.Theexcitationtime was T, = 10ms.

For an excitationamplitudeof 100mV () adip in the countratecanbe recognisedvhich
indicatesthe resonancdrequeng v,. An increaseof the amplitudeto 200mV (o) broadens
theresonanceTheresonancérequeng obsenedis in goodagreementith theexpectedvalue
of v, = 342697(17) which is obtainedby usingv. = v, + v_ (seeEq. (3.8)). Thecyclotron
frequeny v, = 343711 Hz wastakenfrom Table6.2. For the magnetrorfrequeng the experi-
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Figure 6.8: Thenumberof ejectedonsfrom REX-
TRAP as a function of the dipole excitation fre-
queny vpge for different excitation amplitudes
(*= Apipoe = 0.1V, o= Apppoe = 0.2V). The ex-
citationtime was T, = 10ms. The were per
formedin the vicinity of the expectedfrequeng

V“F = VC — V- N 1 N 1 N N 1 N 1 N
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vV -342697 [Hz]

Dipole

count rate [arb. units]
L]

mentalvalueof v = 1014(10) from abose hasbeenused. Thus,within the givenuncertainty
thefrequeny relationv, = v, + v_ isfulfilled in this case.

6.4.2 Quadrupole Excitation

lonstrappedn REXTRAP loseenegy by collisionswith the buffer gas. The dissipatingforce
providedby the buffer gasleadsto areductionof thekinetic enegy of theions. Thisreduceghe
amplitudesof theaxialandcyclotronmotion,whereaghe amplitudeof the unstablemagnetron
motion increasegseeSec.3.3.1). This canbe circumventedby coupling of magnetronand
cyclotronmotionwith anazimuthalradiofrequeng quadrupoldield atthecyclotronfrequeng.
This sidebandoolingtechniquenvasdiscussedn Sec.3.3.2andis decisve for the operationof
REXTRAP.

During the commissioningphaseof REXTRAP it turnedout thatthe resonanceurvesob-
tainedin coolingscansaremorecomple thenexpected.Theleft partof Fig. 6.9shavsatypical
coolingscanfor *3Cs". Thenumberof ionsis plottedasa functionof thefrequeny v ... The
scanwas performedin the vicinity of the expectedcentringfrequeng v listedin Table6.2.
REXTRAP wasoperatedvith atiming schemecorrespondingo case(a) of Fig. 4.21. A cen-
tring amplitudeof A..... = 3V andanexcitationtime of T..... = 25 mswereused.Theargon
buffer gaspressuravasp, = 0.9 - 10~ mbar Oneimmediatelyrealizesthatthe maximumof
theresonanceurwe is shiftedby about90Hz towardshigherfrequenciesvith respecto theex-
pectedfrequeny. Suchalarge shift cannotbe explainedby uncertaintieof the determination
of themagnetidield atthetrapcentre.

The right part of Fig. 6.9 givesa similar cooling scanof *3Cs". Comparedo the case
describedabove the buffer gaspressuren thetrapwasincreasedthe excitationamplitudewas
reducedo A..... = 1V, andthecentringtime wasincreasedo T..... = 100 ms. In addition,the
voltagesfor the electrodegorming the harmonicpotentialin thetrap centrehave beenreduced
in orderto lowerthe magnetrorfrequeny v to about850Hz.

The numberof ions ejectedreachests maximumat the theoreticalfrequeng value. How-
ever, thereare additional“dips” in the countratevisible at frequeng valuescloseto v, and
v, —v_. Fromthelatteronly aboutonehalf of theresonanceanbe seen.n thecaseof v, the
dip originatesfrom an azimuthaldipole componenbf the excitationfield, whereagshe dip for
v, — v comesfrom anaxially symmetricquadrupolecomponent.
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Figure6.9: Thenumberof ejectedonsfrom REXTRAPasafunctionof thecentringfrequeny v e, for

133Cst. Two differentsetsof parametewereusedin theleft andright figure. Thescanswvereperformed
in the vicinity of the expectedresonancdérequeny v. = 343711 Hz. In theleft spectrumthe width of

theresonance\ v,y is given. The solid line in theright spectrumindicatesthe expectedshapeof the
coolresonancextrapolatedrom theright half of thespectrum.

Thedipole component®f the excitationfield arenot expectedto occur They ratherresult
eitherfrom geometricaimperfectionsof the trap electrodesr from applyingslightly different
voltagesto oppositeelectrodef the four-fold split centreelectrode.Thelatter canbe caused
by slightly differentimpedancevaluesof the cablesleadingto the electrodes.The reasonfor
the occurrencef the axially symmetricquadrupolecomponents the radiofrequeng coupling
schemaused(seeFig. 4.14). By feedingof the quadrupoleadiofrequeng voltageso only two
oppositeelectrode®f thefour-fold split centreelectrodeandgroundingthe othersnot only the
desiredazimuthalquadrupoldield is generatedbut alsoanaxially symmetricquadrupoldield.

The effect of theseadditional excitation modeson a cooling resonances schematically
illustratedin Fig. 6.10. Theindividual modesareapproximatedy Gaussiarshapedesonance
curves. The width of the differentresonanceurves hasbeenchosenfor bestvisualisationof
theresultingeffects. Theleft partof Fig. 6.10shaws the curvesof the individual resonances,
whereasn the right part the undisturbedresonances givenin comparisornto the final cool
resonanceThelatteris createdy the superpositiorof the separatéesonanceurves. Its shape
hasdramaticallychangedn comparisorto the undisturbedcase. Onerecogniseshatthe left
shoulderof theresonancés now noticeablesteeperwhereasts right sideis hardlyinfluenced.
Theresultis a reductionof the width of the resonancenda shift of its centretowardshigher
frequencies.The total countrateis slightly reduced. An additionaldip becomesvisible at a
frequeny valueof v, — v_.

With thisanalysigFig. 6.9 becomedbetterunderstandablel he shift of the optimalcentring
frequeny towardshigherfrequencie®bsenedin theleft figureis the effect of theresonancat
v,. Theresonancatafrequeny of v, — v_ is hardlyvisible. It is adumbratedt theleft end
of the spectrumaround-2 kHz by a slightly lower countrate.

The width of the cooling resonances aboutAvy,,, ~ 800Hz. This valueis someavhat
smallerthanexpectedfrom the simulations(seeFig. 5.2). However, this experimentalalueis
not the true width of the v resonancebut narroved by the v, resonanceTherefore,a good
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Figure 6.10: Principleline shapeof a REXTRAP cooling resonance.The numberof ejectedions is
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Figure 6.11: Time-of-flight spectraof ejectedionsfrom REXTRAP in orderto cleantheion bunches
from contaminations.Left: Referencespectrumobtainedwithout massselectve buffer gascooling.
Middle: TOF spectrumapplyinga sequentiakxcitation procedureor the cleaning.Right: TOF spec-
trum applyinga simultaneouxcitation procedurdor thecleaning.

agreemenbf the experimentaland simulateddatacan be stated. A Avy,,» value of 800Hz
corresponds$o amassresolvingpower of R ~ 400 for 133Cs".

6.4.3 MassSelectve Cooling

A typical time-of-flight spectrunof *3Cs" is shawvn in theleft figure of Fig. 6.11. It hasbeen
obtainedusing a timing schemecorrespondingo case(a) of Fig. 4.21. A centringtime of
Teener = 15 mswasused.The centringamplitudewasA..... = 3 V. In additionto time-of-flight
peaksof injectedion speciesinto REXTRAP thoseof “volitional” contaminantsare found.
They correspondo ionisedargon buffer gasandresidualwateratoms.A detaileddiscussiorof
thesetime-of-flight spectrawill begivenin Sec.6.6.2.

A selectveremoval of theunwantedon speciesanbeachievedby amassselectve cooling
technique.In thefirst stepthe amplitudeof the magnetrormotionis increasedy magnetron
excitation. Sincethe magnetrorfrequeng is practicallymassindependenall ions aredriven
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to significantlarge orbit. Subsequentlythey would be hinderedto be extractedfrom thetrap

by the ejectiondiaphragm Afterwardsonly the desiredion speciess recentredby quadrupole
excitationwith the cyclotronfrequeng v, of thision speciesOnly thesecentredonscanthen

beextracted.

A timing schemecorrespondindo case(c) of Fig. 4.21 hasbeenusedin orderto apply a
sequentiakxcitation schemdor the cleaningof ionsstoredin REXTRAR After beingcentred
for T...«. = 15mMSs,theinjectedions have beenmagnetrorexcited for T, = 10ms, recen-
tredfor T...... = 15 ms,andfinally ejected.The excitationamplitudeswereA..... = 3V and
A.e = 0.6 V. Theresultis shovnin themiddlefigureof Fig. 6.11. Thetime-of-flight peaksor
theunwantedion speciesareremarkablysmallerin comparisorio theleft spectrumin Fig.6.11
whereno cleaningprocedurevas applied. In factthe fraction of *3Cs" in theion bunchin-
creasedrom 81% to 96%. Thetotal numberof 13*Cs" ionsremainectonstantwhereas®Ar+
andresidualgasionswerereducedy 75% and90%, respectiely.

Theseresultsshow thatthe standardprocedureof massselectve coolingworkswith REX-
TRAP. Unfortunately thesesequentiatleaningprocesshasoneimportantdisadwantage.The
overall cycle time of thetrapis prolongedby magnetrorexcitationtime T, andrecentring
time T.....er- IN Orderto overcomethis handicapa new procedurenasbeentested.Magnetron
excitation wasapplieddirectly after the ion injection for a periodof T.. = 5msstartingat
the sametime asthe quadrupoleexcitation, which was appliedfor T.... = 15ms (case(d)
in Fig. 4.21). Excitationamplitudesof A..... = 3V andA... = 4V wereused. The result
is shawn in theright figure of Fig. 6.11. An even bettersuppressiof unwantedion species
was found comparedo sequentiaktleaning. The numberof °Ar* andresidualgasions has
beenreducedby additional7 % and3 %, respectiely. Thisincreaseshe fractionof 133Cs" in
the ejectedion bunchto 97%. Also in this caseno reductionof the overall numberof ejected
133Cs* ionsis obsered.

Both typesof applyingmassselectve buffer gascooling have beenprovento be extremely
powerful methodgo influencethe compositionof theion bunchesejectedrom REXTRAR

6.5 Determination of Optimum Operation Parameter

6.5.1 Cooling Parameters

The determinationof optimal cooling parametersi.e. buffer gaspressurecentringtime and
amplitudehasbeenoneof the mostimportanttasksduring the commissioningphaseof REX-
TRAP. It wascarriedoutwith greatcaresinceit influencedirectly the overall performanceof
thesystem.Theseproceduras independentdf the optimisationof thetrapinjectionandejection
whichwill bedescribedn Sec.6.5.2.

Thefirst point of concernis the buffer gaspressurehe trap mustbe operatedvith in order
to ensurehigh trappingefficiency andshortcoolingtimes. For this purposethe standardiming
schemecorrespondingo case(a) of Fig. 4.21hasbeenused,i.e. theionsareinjected,centred,
andfinally ejected. The centringtime wassetto T..... = 20 ms andan excitation amplitude
of 3V wasused. In Fig. 6.12 the numberof ejectedions from REXTRAP as a function of
the argon buffer gaspressuras shavn. The numberof ions ejectedincreasedinear up to a
controlvoltageof U, = 5.5V (p, = 0.9 - 1073 mbar)appliedto the buffer gascontrol unit.
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For highervaluesit remainsnearlyconstantj.e. the saturationpoint is reachedor the chosen
centringtime.

After having found a buffer gaspressurdor trap operationa seriesof measurementaas
performedin orderto studythe amountof ejectedions asa function of centringtime andam-
plitude. The sametiming schemeasabove wasusedbut now with a variableexcitation time
T.ner- Theresultsof the systematianvestigationare shovn in Fig. 6.13. The percentagef
ejected'*>Cs' ionsis plottedin contourline plots asa function of excitationtime T,.... and
the amplitudeA...... for differentargon buffer gaspressuresit wasnormalisedto the highest
countratewhich occurredduringthis seriesof measurement,e. the percentagealuesdo not
correspondo theoverall efficiency of thesystem.Theerrorfor thedeterminatiorof thevalues
is the shorttime fluctuationof the countrate. It wasin theorderof 5. .. 10 %.

Exceptfor the caseof U, = 5.25V, wherethe excitation time was not sufficient, satu-
ration of the numberof ejectedionsis reached.In the caseof U,,..,. = 5.5V it is achiesed at
an excitationtime of T..... = 32.5 ms, whereador U.,.., = 5.75V acentringtime of around
Tener = 17.5msis sufficient. The correspondingexcitation amplitudesA..... areabout2.5V
and3V, respectiely. In orderto beableto compareheseexperimentakesultswith thenumer
ical onesshavnin Fig. 5.11the excitationamplitudesA..... mustbe corvertedinto quadrupole
strengthvaluesVy,. This canbeachiezedaccordingto Eq. (3.18)via

A
Vo = a2 (6.5)

7o

wherer, denoteghe radiusof the electrodes.The attenuatiorfactora is only approximately
known for the configurationof the REXTRAP excitation electrodesand the radiofrequeng
couplingschemeused. Due to the fact that the rf-voltagefor the generatiornof the rf field is
only fedto onepair of electrodeshefactoris closeto a = % if furtherattenuatiorfactorscanbe
neglected. After scalingthe ordinatesof Fig. 5.11andFig. 6.13becomedirectly comparable.
The experimentakexcitationamplitudeneededo reachsaturationis slightly lower thantheone
obtainedfrom the simulatedplots, whereasfor the excitation time an opposedbehaiour is
found. This indicatesthatthe buffer gaspressuren the trap region py,, is slightly lower then
postulatedn Sec.4.5.

Buffer gaspressureand excitation amplitudeare two importantvalueswhich determine
the coolingperformancef REXTRAP. Furthermoraet is influencedby the coolingor centring
time. Theleft partof Fig. 6.14shavsverticalsectionghroughFig. 6.13for abuffer gaspressure

3107

calculatedusing Eq. (4.1). An excitation time of
Teener = 20 mswasused.
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of p, = 1.2 - 1073 mbar(Uw. = 5.75V). The numberof ejectedionsis plottedasa function
of the excitationamplitudeA...., for excitationtimesof T, = 5msandT ., = 15ms.

In both caseshe numberof ions ejectedrisesgraduallyfor lower excitation amplitudes.
At highervaluessaturationis reached. The correspondingamplitudesare A..... = 8V for
Teener = DMsandA. ... = 3V for T..... = 15 ms. Theappropriatgointsaremarkedby arrows.

In theright partof Fig. 6.14time-of-flightspectraareshavn which have beenobtainedusing
theamplitudesvheresaturations reachedThetotal numberof ionsextractedis slightly lower
for the caseof T..... = 5ms. Additionally, the TOF peakfor 1?3Cs" is remarkablybroadened
towardsshortertime-of-flights. Both indicatingthatthe centringprocesshasnot beenfinished
for Tewee = 5 mMs. Thus, centringtimesof at leastT..,.., = 15 ms arenecessaryo finish the
coolingprocess.

The productionof the raw datafor contourplotslike thatof Fig. 6.13is a very time con-
sumingprocessandwasthereforeonly carriedout for the caseseportedabove. Dueto thefact
that the experimentalresultsarein good agreementvith the simulationsperformedit canbe
expectedhatfor otherion speciegshebehaiour is similar. In orderto have shortcentringtimes
an argon buffer gaspressureof p, = 1.2 - 10~* mbar (Uewa = 5.75V) in the high pressure
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Figure 6.14: Left: Thenumberof ionsejectedrom REXTRAP asfunctionof the excitationamplitude
A fOr rf sidebandcoolingandexcitationtimesT..... = 5 ms (top) and15ms (bottom). The ampli-
tudeswheresaturations reachedaremarked by arrons. Right: Time-of-flight spectraobtainedfor the
saturatioramplitudes.

region of thetraphasbeenchoserfor furthermeasurements.

To ensureensureshortandcool ion bunchegypical centringtimesof T..e, &~ 15...25ms
wereused.For thesecase®nly theoptimumexcitationamplitudefor the centringprocessnust
bedetermined.

6.5.2 Injection and Ejection Parameters

In the following the procedurds describedvhich mustbe carriedout in orderto optimisethe
injectionandejectionparametenf REXTRAP. It canbedividedinto threeparts. Firstly, the
ion beammustbe broughtto a focal planein front of REXTRAP either from the ISOLDE
targetor thetestion source.Secondlytheinjectioninto thetrap systemhasto be optimisedfor
maximumion transmission.Finally, the trap operationparametemustbe adaptedo the ion
beamusedandthe demand®f the particularexperiments.

Normally, for on-line operationthe tuning processis carriedout with a stableion beam
from ISOLDE. Almost every targettype offers a variety of differentchoices. For the tuning
procedurea specieshouldbe chosersimilar to the massstudiedlater.
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BeamTransport to the Focal Planein Front Of REXTRAP

A goodstartingpoint for the optimisationof the beamtransportare the voltagesgivenin Ta-
ble 6.3 for the on-line and Table 4.2 for the off-line case.They have beenfoundin a number
of beamtransportexercises. Thenonly moderatemodificationsshouldbe necessary In the
diagnostidooxin front of REXTRAP abeamfocusshouldbe achiesed.
Duringtheon-linetestsanoverall ISOLDE transmissiorof about85% to thebeamline po-
sition RA0.FC90hasbeenreached Althoughthisis a standardransmissiorvalueof ISOLDE
it turnedoutthatthe correctbendingof theion beamfrom the centralbeamline into the REX-
TRAP injection beamline wasvery crucialandsensitve to small deviationsfrom the optimal
transportvoltages.A displacemenof the benderin this switch yard by about10mm from its
idealpositionwaslateridentifiedasthereason.The correctionof this misalignmenis planned
which shouldmalke the beamtransportesscritical andyield evenbettertransmissiorvalues.

Optimal Injection into REXTRAP

Optimalinjectioninto REXTRAP requiresa beamthatis symmetricwith respecto the mag-
neticfield axis. In orderto achierethisthetraptiming is switchedoff andtheejectionelectrodes
aresetto the valuesusedfor extraction. ThetransmissionthroughREXTRAP is optimisedby
measuringhe beamcurrentthatarriveson the ejectionplate (seeSec.4.7) andby varyingthe
voltagesof the beamline elementsof CA0.K170, RA0.BE10,the RAO-quadrupolejnjection
kicker, andinjectionsteerer As anintermediatestepthe ISOLDE beamcanfirst be optimised
ontheinjectionplate(seeSec.4.7).

Fine Tuning

Thefine tuningof injectionandejectionparameterss carriedout with trappedandcooledions
by optimisingthe countrate of the ejectedion buncheswith respecto the differentparame-
ter. It normally startswith the injection stage.Parameterdo be optimisedarethe voltagesof
the quadrupoleRAOQ, injection kicker, injection steererretardationpotentialand electrode01.
Whenan optimumhasbeenfound the procedures continuedwith the ejectionpart. Parame-

Calculated Experimental Calculated Experimental
Value[V] Value[V]
GPS.QS030 —1634 —1500 CA0.QS40 —2131 —2062
GPS.QP040 3474 3420 CA0.QP50 2218 2531
GPS.QP050 —1666 —1820 RA0.QP20 —2052 —1955
GPS.QP170 —120 —105 RA0.QP30 2873 3045
GPS.QP180 439 451 RA0.QP40 —1731 —1890
GPS.QP520 2290 2240
GPS.QP530 —2840 —2800
GPS.QP540 —2502 —2670
GPS.QS550 2681 2700

Table 6.3: Calculatechndexperimentaloltagesof ISOLDE beam-lineelementgor optimalbeamtrans-
portfrom thetamgetof the GeneraPurposeSeparatoareatowardsthefocal planein front of REXTRARP.
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tersconcernedirethe voltagesappliedto electrode40gjectionkicker, andejectionsteererand
the acceleratiorpotential. Optimisedvaluesboth for off-line aswell ason-line operationare
compiledin Table4.2.

An ion beamdeliveredby ISOLDE or by thetestion sourceis practicallymono-enegetic.
If it entersthe magneticfield longitudinalenengy is partly transferrednto radialenegy. This
procesf radialenegy uptale hasbeendiscussedn Sec.5.3.2. Thus,thelongitudinalenegy
spreadAE, of theion beamcanreachseveralteneV (seeFig. 5.8). Accordingly, the potential
wall at thetrap entrancehasto be low enoughin orderto not reflections. At the sametime it
mustbesohighthattheenepgy lossof theionsduringoneoscillationin thetrapis sufficientnot
to overcomet again(seeSec.5.3.2). Thereforethe determinatiorof the heightof the potential
wall U, is a critical parameteduring the optimisationof the injection process.Its absolute
valueis givenby U,,; = Ugeeos + Uy, WhereU, s andU,,, denotethe voltagesappliedto the
high-wltageplatformandto electrode05tespectiely.

ForascanoverU,,, oneexpectsaconstantountrateaslongasu,,, is smallerthanavoltage
which correspond$o E,.., — AE,. E...., denotegheion beamenepy deliveredby ISOLDE or
thetestion source.For highervoltagesthe countrateshouldfall until it reachezeroatavalue
for U,.., which correspond$o a beamenengy E......

A typical scanof the voltageappliedto electrode03s shavn in Fig. 6.15. Thetop scaleof
the spectrumshawvs U,,,,. It wasobtainedwith a REXTRAP high-wltageof U,, = 59 700 V.
ThelSOLDE beamenegy wasE,.., = 59 937(2) eV. Thenumberof 1*3Cs" ionsejectedfrom
thetrap increasesuntil it reachesa maximumat 215V. For highervaluesit decreaseto zero
which is reachedor a voltageof U,,,. = 244 V. The curve looks asit was expectedbut for
the fact that the countrate increasedor lower valuesof U,.s. The reasonfor this is that
electrode0Sasa smallfocusingeffect for theincomingions. The valuefor the radialenepgy
uptale of AE, = 30 eVisin perfectagreementvith theoneobtainechumerically(seeFig. 5.8).

Furthermorehis measuremerdllows the calibrationof the REXTRAP high-wltagepower
supplywith respecto voltagesupplyusedfor theISOLDE ion sourcesndfront-end.Collinear
laserspectroscop hasproventhatthatthe error of the ISOLDE high-wltageread-backdoes
notexceed2V [Gei99]. Comparingthetotal heightof the potentialwall U,.,, = 59944V with
the ISOLDE accelerationvoltage of 59937(2)V leadsto the conclusionthatthe REXTRAP
high-wltagepower supplyhasa maximalsystematierrorof 10V.
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6.6 Summary of REXTRAP Performance

The final investigationsof the on-line performanceof REXTRAP was carriedout in the be-
ginning of Decemberl999. A simpletesttargetequippedwith atungsternsurfaceioniserwas
used(ISOLDE testtarget#119). It containedwo independentarget materialreserwirs filled
with cesiumandaluminiumcompoundsrespectiely. Thus,beamsof 1*3Cs", and?”Al* with
currentsup to a few nano-amperesvere available. In addition, a wide variety of beamsof
surface-ionisedargetimpuritieswere obsened and used. This includedstableisotopesfrom
lithium, sodium,potassiumyubidium, andbarium. The currentsof theseimpurity beamshad
anintensityseveralordersof magnitudedessthanthe cesiumandaluminiumbeams.

Fig. 6.16 shows cooling scans(left) and time-of-flight spectra(right) for 2Nat, 2"Al*,
3K+, B5Rbt, and*3Cst obtainedduringthis on-linetest. Most of the parametersisedcanbe
foundin Table4.2. A timing schemecorrespondindo case(a) of Fig. 4.21 hasbeenapplied.
Thecollectiontime T y.i0, Wasvariedto inject 10* . .. 10° ions/pulsdn all casesThe centring
timewasT,.... = 15 ms. Thetrap set-upwascarefully optimisedfor the differentcases.This
includedthe optimisationof ion injection (seeSec.6.5.2) aswell asthe optimisationof the
centringprocesgseeSec.6.5.1)for every ion speciesThe optimumcentringamplitudesA ..
obtainedduring this procedurearelistedin Table6.4. Oneobsenesthat A..... reducesasthe
massnumberincreases. The reasonfor this is that larger excitation amplitudesare needed
to counterbalancéhe higherdampingcoeficient for the lighter ion specieqseeFig. 3.9 and
Table3.1). Furthermorelarger amplitudesare neededo compensat¢he attenuatiorof the rf
feedinglineswhichrisessignificantlyfor the higherrf frequencies.

6.6.1 Cooling

The cooling scansshownn in Fig. 6.16 have beenperformedin the vicinity of the expected
resonancérequenciedor the differention species.Theline shape®f the obseredresonance
curvesareequialentto the onesdiscussedec.6.4.2. Theresonancérequenciesndicatedby
arravs are shiftedtowardshighervaluesdueto the v, resonancéor all casesout for 8> Rb*.
For thelatterthe statisticss not sufficientto obsere anoccurringshift. Absolutevaluesrange
from about80Hz in the caseof **Cs* to nearly2kHz for Al*. For the casesof 2*Na* and
2TAlT asubstantiateductionof the maximumpossiblecountratecanbe seen.

Thewidth of thecoolingresonancemcreasesistheion massdecreasedt is notreasonable
to give valuesfor the massresolvingpower of the centringprocessut for 133Cs™ (Sec.6.4.2).
This hastwo reasons.Firstly, the quadrupoleresonancesre strongly influencedby the ad-
ditional resonanceandsecondlyin mostof the caseghe baseline of the resonancavasnot
recordedThus,areasonableomparisorwith thesimulatedcoolingresonancegseeSec.5.3.3)
is notpossible.

6.6.2 Characteristicsof Ejectedlon Bunches

Thetime-of-flight spectrashavn in theright columnof Fig. 6.16have beenobtainedoy apply-
ing the optimum centringamplitudesandfrequenciesiescribedabove for the centringproce-
dure.
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Figure 6.16: Coolingscangleft) andtime-of-flight spectraright) for 23Nat, 27Alt, 39K+, $Rbt, and
133Cst (topto bottom). Thecoolingscansave beenperformedn thevicinity of theexpectedrequengy.
Theoptimal centringfrequenciesreindicatedby arrows.
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PulseShapeof the Time-Of-Flight Peaks

The time-of-flight for the ejectedion pulsesis in good agreemenwith the calculatedval-

ues. However, the pulse shapeexhibits remarkabledifferences. The simulationsdescribed
in Sec.5.3.4predictsymmetricpeaks.In the experimentakpectraherising edgeis well repro-
duced.Thefalling edgeon the otherhanddoesnot drop assharpasexpected.A long tail can

beobsened. Thisis in particulartrue for the casesof *3Cs", and®Rb*. Thereasorfor this

longtail is not completelyunderstoodA mostlik ely reasons thata smallfractionof theions

collideswith buffer gasatomsduring the extractionprocess.This decelerateghe particleand
finally leadsto a longertime-of-flight. For the buffer gaspressuraisedthe meanfree pathfor

the extractedpatrticlesis in the orderof onemetrein the ejectionandacceleratingart of the

trapsystem.Thus,ion neutralcollision canoccurduring extraction.

Contaminations

In additionto time-of-flight peaksof “volitional” ions contaminationsare found in the TOF
spectra.They canbeassignedo massnumberl?,18,and40, correspondingo watermolecule
ions (H,O™), hydroxideions (OH"), andionisedbuffer gasatoms(*°Ar). As origin for the
creationof theseunwantedion speciessecondaryelectronshave beenidentified. Theseelec-
tronsareproducedy ions hitting the surfaceof electrodesTwo differentlocationsaremainly
affected:thebeamgatein front of REXTRAP andtheinjectiondiaphragmatthetrapentrance.
After creationthe secondaryelectronsaretrappedn Penningtraplik e regionsformedby max-
imain the electricpotentialandthe magneticfield presenfat this location. The corresponding
enegy minimumfor electronscanbe found at the einzellensesaroundelectrodeOlandelec-
trode40,aswell asat electrodeOmandelectrode36 Oncetrappedthe electronshave sufficient
eneqgy to ionise buffer gasatomsandresidualgasatomsandto crackwatermoleculesto hy-
droxideions. lonsproducedat theinjectiondiaphragmareespeciallydangerousincethey can
enterthe ion trappingregion of the systemand are thentrapped,cooled,andfinally ejected.
However alsoions createdat otherpointscanhave large effectssincethey areaccelerate@nd
possiblystrike a surfaceagainproducingsecondaryelectrons.

In additionto ionizationby electronimpactunwantedions could alsobe createdby chage
exchangereactions.However, this canpractically be ruled out for the reportedcases.Alkali
elementhave averylow ionizationpotentialcomparedo noblebuffer gases.

Thereareseveralmeasureshatallow to reduceor evensuppresshe unwantedion species.
Oneis to positionsmall tungsterwires acrossall endangere@lectrodes.This hasbeendone
andprovento absorbalargefractionof thesecondarglectrons Additionally, afinishingof the
surfaceof critical electrodeswith a graphitecompounds planned. Sucha treatmentreduces
the emissionof secondaryelectronsby increasingthe work function of the surface[Sol0(Q.
Furthermoretestsconfirmedthat the countrate of the unwantedion speciescanbe reduced
significantlyif the the ISOLDE ion beamis not sweptover the electrodesurfacesin front of
REXTRAP. Therefore,in all future on-line experimentsthe beamgateof the ISOLDE mass
separatowill beused.

Theselectveremoval of theunwantedon speciexanalsobeachievedby themassselectve
coolingtechniquewhich hasbeendiscussedn Sec.6.4.3.
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Aenier CountRate Efficiency
[V] [ionsperpulse] measured calculated
BNa™ 10 3.0-10° 20(6) % 30 %
ZTAIT 10 1.5- 10 28(8) % —
YKt 5 1.5 10* 28(8) % 36 %
®RbT 6 2.9-10° “14(4) % 32%
B3cst 3 4.3-10% 27(8) % 25 %

* Theinjectionstagewasoptimisedfor 2”Al* for thatmeasurement.

Table 6.4: Measuredand calculatedefficiengy for different ion speciesaccumulatedcooled, and
bunchedn REXTRAP In additionthe centringamplitudeA..... andthe countrateis given.

Emittance

The emittanceof the ejectedion buncheshasnot beeninvestigatedexperimentallyduring the
work presentethere.However, it is animportantcharacteristicef theion bunchessinceit deter
minesdirectly thetransferandinjectionprocesof the REXTRAPion bunchesnto REXEBIS.
It turnedoutthatthesimulationsdescribedn Sec.5 reproduceheexperimentaperformancef
REXTRAPquitewell. Consequentlytheemittanceof theion bunchedeliveredby REXTRAP
shouldbein the orderof the valuesderivedin Sec.5.3.4. For the valuesgivena transportand
injectioninto REXEBISwithoutdifficulty shouldbefeasible.Theaccordingestwill becarried
outif the set-upof thetransportoeamline andREXEBIS arefinished.

6.6.3 Efficiency

Oneof the mostimportantquestionf the performancef REXTRAP is the overall efficiency
of the system,i.e. which amountof the injectedion beamcan be extractedasion bunch. A
compilationof the efficiency valuesfor on-line operationis givenin Table6.4. The appro-
priate numbershave beenextractedfrom the time-of-flight spectrashavn in Fig. 6.16. They
have arelative large absoluteerror, which is dueto the uncertaintyof the determinatiorof the
amplificationV of the ion detectionsystem(seeSec.6.2.1). However, the proportionamong
themselesremainsunafected.For comparisorihe calculatecefficienciesarelistedtoo. These
valueshave beenobtainedby combininginjection efficiency (Fig. 5.6) andcentringefficiency
(Table5.2) for thedifferention species.

An experimentakfficiengy of nearly30% hasbeenfoundfor all casesut ** Rb™ and**Na*.
For the caseof 1?3Cs' the experimentalvalueof 27(8)% is in goodagreemenwith the simu-
latedvalueof 25%. For all othercaseghe experimentalvaluesare considerablysmallerthan
the simulatedones. This is not astonishingor ¥Rb* sincefor this testthe injection stageof
REXTRAPwasnotoptimiseddueto thelimited amountof on-linetime available. The settings
for 27Al*+ wereusedinstead.This provesagainthata carefuladjustmenbf all stagesof REX-
TRAP for eachion speciess necessaryor anoptimal performancef the system.Onereason
for thereducedexperimentakfficiengy for 2Na*™ and*°K* resultsfrom thefactthatthevoltage
appliedto electrode03vhich wasoptimisedfor Cs" (seeFig. 6.15)wasnot re-optimisedvhen
anew isotopewaschosen.Thusionswith aradialenegy uptale of morethan30eV werere-
flectedby the potentialwall atthetrapentrance Accordingto thesimulationsafractionof 20%
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Figure 6.17: Time-of-Flight spectraof ejected'3*Bat (left), 1*Bat (middle), 138Bat (right) from
REXTRAP. Therelative scaleof the ordinatesof the differentspectras 1:2:20.

to 30% of 22Na" and?*’K* is expectedto be affected(seeFig. 5.8). Taking this into account
the expectedefficienciesbecome21% for 2Na™ and29% for 3°K*, respectiely. Thenboth
valuesarein very goodagreemenivith experimentalbbsenedefficiencies.

Furthermordor the caseof *Nat it cannot be excludedthata substantiafraction of ions
is lostdueto theinfluenceof thedecentring/, resonancéseeFig. 6.16).

Constancyof Efficiency

An importantcharacteristice@f REXTRAP is up to what extentthe efficiency dependon the
numberof injectedions. Investigationswere carried out using stable barium beamsfrom
ISOLDE. Barium offers seven different stableisotopescovering a wide alundancerange
[Pfe9d. Thus,isotopicalcleanbeamsof *?Bat, 13*Bat, 13°Ba*, and**Ba’ with intensities
varyingover severalordersof magnitudenvereused.

138Ba is the mostfrequentbariumisotopewith a naturalabundanceof 71%. The average
currentof thisisotopedeliveredby ISOLDE waswell belox the detectionimit of theISOLDE
ion detectiorsystemf aboutl pA. Neverthelessatime-of-flight peakcanbefoundin thecor-
respondingr OF spectrumof Fig. 6.17. The countratewas11100ions/pulse.Evenfor **Ba,
and*?Ba wherethe naturalablundancedropsto 7.854%, and2.417%, respectiely time-of-
flight peaksareclearlyvisible. Countratesof 1000ions/pulsefor 2Ba and410ions/pulseor
1341Bahave beenrecordedor thesecasesAlthoughfor thelatterthe TOF peakis still above the
noiselevel it is obviousthatoneapproachethedetectionimit of theusedcombinatiorof MCP
andoscilloscope.Thusit is not astonishinghat an identificationof *2Bain a corresponding
time-of-flight spectravasnot possiblesincethe expectedcountratewould have beenagainre-
ducedby afactorof 25. However, it is believedthatalsofor this countratethetrapis still well
performing.

Due to the fact that it was not possibleto measurethe currentof the injectedbeamsan
absoluteefficiency value of the trap systemcan not be given for thesecases. Nevertheless,
it is possibleto comparethe countratesobtainedfor the differentisotopesaccordingto their
naturalabundance.Theresultof thisis givenin Table6.5. Therelatve abundanceave been
normalisedto that of **Ba. The experimentalvaluesof 9% for 13°Ba and4 % for '**Ba are
in goodagreementvith the expectedonesof 11% and3.4%, respectrely. It canthereforebe
concludedhatthe performanceof REXTRAP doesnot changevhenworking with avery low
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Figure6.18: Left: Time-of-flightspectrunfor 7Li* ion bunchesjectedrom REXTRAP Right: Cool-
ing scanfor “Li*. The scanwasperformedn thevicinity of the expectedrequeng v, = 6510 982 Hz.
Theoptimumcentringfrequeng is markedwith anarrow.

numberof ions. The implementatiorof a nev more sensitve ion detectionsystemis planned
whichwill allow to verify thatthe systemcanbe operatedevenwith singleions.

If the numberof injectedionsis substantiallyincreased declineof the efficiency of REX-
TRAP is expected.This is dueto the factthatthe size of theion cloudincreasesvhichis due
to electrostatiaepulsionamongtheions. If the radial dimensionof the cloud becomedarger
thanthe openingof the extractiondiaphragntheionsarelost during extraction. The effectsof
largerion numbersn thetrapwill bediscussedn detailin Sec.6.6.5.

6.6.4 "LiT — What a surprise!

While checkingthe ion beamsproducedby the tamgetit waslooked for “Li*. Lithium is like
sodiuma frequentcontaminantof variouschemicalsandit is thereforenot unusualto find
lithium beamdrom differentiISOLDE tagets.

Therewas no evidencefor the presenceof a lithium ion beamneitherfrom the scanner
picturesnor from currentmeasurementom the ISOLDE Faradaycups. Neverthelessthe
ISOLDE massseparatowassetto massnumbersevenandthe beamgatewasopenedA time-
of-flight spectrashawn in Fig. 6.18 hasbeenobtained. A timing schemeaccordingto case
(a) in Fig. 4.21wasused. In contrastto all othercasegeportedno centringquadrupolefield

literatureabundance _countrate relative atundgnce
[ions/pulse] natural experimental
132Ba 0.101 % —* 0.1% —*
134Bg 2.417% 410 3.4% 4%
136Bg 7.854 % 1000 11.0% 9%
138Bg 71.700 % 11000 100.0% 100 %

*detectionsensitvity too low

Table 6.5: Literaturealundancerecordedcountrateaswell asrelative naturalandexperimentalatun-
danceof investigatedstablebariumisotopes Therelative atundances normalisedo thatof 13Ba.
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wasapplied. Theionswasonly allowedto cool for T..... = 15ms. Thetime-of-flight spectra
shows clearly a peakwhich correspond$o massnumberseven. This is not surprisingsince
the REXTRAP ion detectionsystemis muchmoresensitve thanthe ISOLDE ones.However,
coolingof "Li* with amgon buffer gasseemso be very unlikely dueto the large differencein
mass. This is supportedby cooling simulationscarriedout whereno ion cooling effect was
foundfor thision-neutralcombination(seeSec.5.3.3). Thereforetheonly coolingmethodthat
canbeimaginedis thatthelithium ionshave beencooledeitherby residualgasatomsor ions.

In additionto the time-of-flight spectraa cooling scanof “Li* is shavn in Fig. 6.18. The
scanwas performedin the vicinity of the expectedfrequeny v, = 6510982 Hz. A centring
amplitudeof A..... = 10V wasused.Only aslightincreasef thenumberof ejectedonscanbe
noticedwhich resultsfrom a very broadresonanceThe optimal centringfrequeng is marked
with anarrow. It is shiftedtowardshigherfrequenciesiueto the v, resonanceThe latteris
visible asa several kilo-Hertz wide dip. Thereasonfor the large width of both resonancess
not completelyunderstoodlt resultsmostlik ely from the combinationof the large amplitude
usedanda high dampingconstanfor 7Li ™.

6.6.5 Effectsat High lon Numbers

The characteristic®f REXTRAP hasalsobeeninvestigatedor very large ion numbers. For
this purposehe numberof 133Cs' ionsinjectedinto thetraphasbeencontrolledby varyingthe
collectiontime T, over severalordersof magnitude Fig. 6.19givesanoverview of theresults.
Time-of-flight spectraandscansn orderto determinethe optimal frequenciedor magnetron
andcyclotronexcitationaswell ascoolingscansareshovn for acountrateof 1.2- 104, 1.7-10°,
7.2-10°, and1.6 - 10° ions/pulse Thedifferentcaseswill bediscussedn thefollowing.

Shapeof Time-Of-Flight Spectraand lon Numbers

In orderto obtain the time-of-flight spectrashavn in the left column of Fig. 6.19 a timing
schemecorrespondingo case(a) in Fig. 4.21 was used. Centringtime and amplitudewere
T = 1bmsandA.... = 3V, respectiely. The centringfrequeng was adaptedto the
numberof ionsfor optimumcentringefficiengy. Thiswasnecessarginceashift of theoptimum
frequengy for the centringprocessvasobsenedwhich will bediscussedurtherdown.

The!33Cs' peakin thetime-of-flight spectrachangesignificantlywith increasingon num-
bers.lt becomedroademndmovestowardsshortertimes. Especiallyfor the highestcountrate
thepeakrangesoverabout40pus. Theexplanationfor thisis anaxial expansionof theion cloud
dueto theinternalelectrostaticgepulsionamongtheions.

The numberof ions ejectedfrom the trap hasbeendeterminedassuminga constanampli-
fication of the ion detectionsystem. However, thereareindicationsthat this is not the case.
Firstly, the efficiency of the whole systemdecreasefor the two caseswith the highestcount
rateto onethird andonefourth, respectiely, in comparisorto the caseof 1.2 - 10*ions/pulse
ejectedions. Assumingconstantinjection efficiency, the reasonfor this could be that dueto
electrostatiaepulsionamongthe ions the radial extensionof the ion cloud is larger thanthe
openingof the extractiondiaphragm.Furthermorejn the caseof 1.6 - 10° ions/pulsethe base
line of the TOF spectrumnstartsto oscillateindicatingthattheion detectiornsystemis saturated.
The origin of thatreductionof the experimentallyobsened efficiency remainsunclear Thus
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in the two caseswith the highestcountratethe numberof ions ejectedfrom the trap couldin
reality beupto threeto five timeshighet

To how far the transferand subsequentaptureprocessn REXEBIS is influencedby the
changeof thewidth of the ejectedon bunchesmustbe evaluatedn furtherexperiments.

ResonancesShapesand FrequencyShifts in the Caseof Dipole Excitation

The dipole excitation scans,i.e. the scansin orderto determinethe magnetronand reduced
cyclotronfrequeng areshowvn in the middle columnsof Fig. 6.19. They have beencarriedout
using a timing schemecorrespondingo case(c) in Fig. 4.21. The ions were firstly centred
applyingacentringamplitudeof A...... = 3V for aperiodof T..... = 15 ms. For thesubsequent
excitationanamplitudeof A.... = 200 mV wasusedfor a periodof T, = 10 ms.

The magnetrorexcitation scansexhibits clearly the reductionof the countratefor the case
of resonance Sideband®xpectedfor an excitationtime T,.. = 10 msarevisible. At lower
countratesthe numberof ions canbe reducedio zerofor the caseof resonancewhereador
the two caseswith the highestcountrate,the amplitudeis not arny longersufficient to excite
all ions. Thereasorfor the latteris unclear Onepossibleexplanationis thatthe inner part of
theion cloudis shieldedfrom the excitation field by the outerions. The resonancdérequeng
shiftstowardshighervaluesfor anincreaseof theion number This shift reachesabout80Hz
in the caseof 1.6 - 10%ions/pulse.Sucha frequengy shift of the magnetrorfrequeny canbe
explainedwhentakinginto accountheelectricpotentialcreatedy theion cloud. This potential
enlagestheradial partof the potentialgeneratedy thetrap electrodesandresultsin achange
of the potentialdepthof thetrap (% of EqQ. (3.1)). Consequentlythe magnetrorfrequeny is
increased.

The cyclotron excitation scanswere performedin the vicinity of the expectedfrequeng
vy = 342597 Hz. Also in this casethe the reductionof the countrateis clearly visible but for
the highestnumberof ions. The resonancdrequeng shifts towardslower frequenciewith a
higherabsoluterequeng shift value. In the caseof 7.2 - 10° ions/pulsethe shapeof the reso-
nancecurve becomesasymmetricandfor 1.6 - 10° ions/pulset seemsghatthe resonanceven
splits. The reductionof the reducedcyclotron frequeng is againbecausef the eigenpoten-
tial of theion cloud. However accordingto Eq. (3.3) andEq. (3.5) v, is now shiftedto lower
frequeng values. The splitting of the resonanceurve for the highestcountrateis not fully
understood.It shavs similaritiesto resultsobtainedfor non-neutralplasmain Penningtraps
[Sar9]. Thereit wasfoundthatathigh particledensitiegheion cloudshaws severalcyclotron
excitationmodeswith slightly differentexcitationfrequenciesHowever, moredetailedstudies
mustbe carriedout to understandhis phenomenon.

ResonanceShapesand Shifts of the Cooling Resonance

Cooling scanswere performedin the vicinity of the expectedfrequeny v = 343711 Hz. A
timing schemecorrespondindo case(a) in Fig. 4.21 wasused. Centringtime andamplitude
wereT ... = 15 msandA..... = 3V, respectrely. Thescansareshownn in theright columnof
Fig.6.19.

Thecoolingscandor lowerion numberdook like it wasdiscussedn Sec.6.4.2. Thereso-
nancecurwve is a superpositiorof threeseparategesonanceghe centringguadrupoleesonance
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andthe two decentringesonanceat frequencie®f v, andv, — v_, respectiely. Dueto the
cyclotronresonancehe optimal centringfrequeny is slightly higherthanexpected.However,
astheion numberincreaseshis frequeng is shiftedtowardshigherfrequenciesin the caseof
1.6 - 108 ions/pulsea total shift of 2.5kHz canbefound. Sucha large shift cannot be explained
by the broadeningf the v, resonancasit waspossiblefor the othercasesIn factup to now
no satisfyingexplanationof this phenomenoiasbeenfound.

Theresultsreportedabove indicatethat at high ion numbersn REXTRAP oneleavesthe
scopeof singleparticlePenningraptheory Plasmgphysicsphenomenatartto play animpor-
tantrole. Investigationsaboutthe effectsrelatedto alargeramountof ionsin thetraparegoing
on bothexperimentallyaswell astheoreticalljfAme00,Ame0]. Especiallysimulationsseem
to bevery promisingsincefrequeng shiftsof dipoleaswell asquadrupolexcitation couldbe
confirmed[Bec0]]. However, thesecalculationsarevery time consumingandnotyetfinished.

6.6.6 Testswith Radioactive lon Beams

In orderto investigatehow far radioactve ionsinfluencethe performanceosf REXTRAP a sec-
ondon-linetesthasbeencarriedoutin spring2000. A standardantalumfoil taget(ISOLDE
target#139)equippedwith atungstensurfaceioniserwasused.Suchatamgetion sourcecom-
binationdeliversnormally strongbeamsof the neutrondeficientalkali andrare earthisotopes.
Unfortunately this hasnot beenthe casefor this target sinceit hadnearly expiredits desired
life-time after intensve usefor nuclearphysicsexperimentsover several weeks. Therefore,
only low beamsof sodiumandrubidiumisotopeswvereavailable.

Time-of-flight spectraof 2?Nat, 2Na’, 8"Rb*, and®Rb" extractedfrom REXTRAP are
shavnin Fig. 6.20. All of thesasotopesareunstable3—-emittersbut 3’Rbwhichis stable.The
half livesare1.07s,59.6s,and17.8min for 2°Na, 2°Na, and®®*Rb, respectiely [Pfe98].

The time-of-flight spectrawere obtainedby applying a timing schemecorrespondingo
case(a)in Fig. 4.21. Collectiontimesusedwere T ...on = D0 Msfor the sodiumisotopesand
Teoecion = 20 msfor the rubidium isotopesrespectrely. In both caseghe centringtime was
Teener = 20 ms. The centringamplitudewasA. ... = 6 V.

Time-of-flight peaksaccordingof the injectedions areclearly visible. Besidethe already
known peaksof “°Ar* andresidualgasions no new peakscanbe obsered. This is a good
indicationthatthedecayof ionsin thetrapor of thoseionsimplantedin the electrodesloesnot
resultin asignificantincreaseof backgroundions. The countrateshave beendeterminedo be
11000ions/pulsefor Nat, 650ions/pulsefor 2°Nat, and4700ions/pulsefor 8 Rb*.

Thelong half live of *Rb* allowedthe determinatiorof thelocationof ion lossesn REX-
TRAP. For this purposethe trap wasrun continuouslyfor aboutone hour. After this period
it wasimmediatelydismantled. The differentpieceswere checled for radiation. Smallerhot
spotswere found alongthe injection sectionof the trap. However, mostactvity waslocated
at the entrancediaphragmof the trap. Hence,theseresultsarein perfectagreementvith the
predictionsfrom the calculations.
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Figure 6.19: Time-of-flightspectrgleft) andscansn orderto determinghemagnetron’_ andreduced
cyclotronv,. (middle) frequeng aswell asa cooling scan(right) for 33Cs* ions andfor differention
numbersn REXTRAP. The v, scanaswell asthe cooling scanwereperformedin the vicinity of the
expectedrequencies.
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7 Comparisonof REXTRAP to Other Coolingand
Bunching Concepts

With REXTRAP it hasbeendemonstratedor the first time thatit is possibleto accumulate,
cool,andbunchacontinuouson beamfrom anISOL facility by the meansf alarge gas-filled
Penningrap. In thefollowing the performancef REXTRAPIis comparedo othercoolingand
bunchingtechniques.

Theonly techniqueREXTRAP canbereasonablgomparedvith is thebeamaccumulation
and bunchingwith linear radiofrequeng traps. This techniqueis a further developmentof
Paul trapsasfor examplethe onedescribedn [Sch98]. A typical outline of sucha lineartrap
systemis shawvn in Fig. 7.1 [Her00]. After electrostaticallydeceleratinghe incomingbeam
it is injectedinto the trap which is filled with a buffer gas. The trap systemconsistsof four
sggmentedods.A radiofrequeng voltageappliedto therodsresultsin atrans\erselyfocusing
force. The segmentationof the rodsallows the creationof a DC electricfield alongthe axis
of thesystem.Theionsenteringthelineartrapwill losetrans\erseandlongitudinalenegy by
collisionswith the buffer gas. They arefinally accumulatedn the potentialminimumandcan
be extractedasbunchedy loweringthe potentialwall atthetrap exit.

At themomenttwo of theseradiofrequeng coolerandbuncherareoperationahtISOL type
facilities. Thereis the ISOLTRAP coolerandbuncherat ISOLDE [HerO0] andthe ion beam
coolerbuncheratthelGISOL facility in Jyvaskyla (JYFL) [NieOOa Nie00H. A compilationof
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Figure 7.1: Basicschemeof aradiofrequeng ion beamcoolerandbuncher Top: Schematicsideview
of the systemtogetherwith the potentialalongthe symmetryaxis. Bottom: The four rodsandtheir
supplywith radiofrequeng andDC voltage.Thefigurewastakenfrom [Her0Q.
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€peam

beamenegy [+ mmmrad] efficieny T, #ofions
REXTRAP 60 keV 34 30 % 15ms < 10°
ISOLTRAP 60 keV 34 10% 10ms < 1000
JYFLTRAP 40 keV 5) 80 % 10ms < 1000

Table 7.1: Comparisorof the REXTRAP performancavith radiofrequeng coolerandbuncherdevices
usedat ISOL facilitiesfor coolingandbunchingof radioactve beams.Theinitial ion beamenepy, the
trans\ersalemittancee,...., the bunchingefficiengy, the coolingtime T, andthe numberof ions per
buncharelisted.

the performancef bothsystemsn comparisorto REXTRAPIis shavnin Table7.1.

Both facilities differ in the beamquality delivered. ISOLDE hasa trans\ersalbeamemit-
tanceof 347 mm-mrad (@60keV) while the IGISOL beamemittanceis aboutone order of
magnitudesmaller This hasa directeffect on the efficienciesreachedvhichis about10% for
theISOLTRAP andup to 80% for the JYFL cooler Theefficiency of REXTRAPIs with 30%
aboutthreetimeshigherthanthe onefor theISOLTRAP cooler

Thebunchingefficiengy valuesfor theradiofrequeng coolerandbuncherdeviceshasbeen
determinedor ion numbersof 10 to about1 000 per bunch. The latteris alreadyat the upper
limit for thesedevices sincethe effective radial trapping potential provided by the radiofre-
gueng field is relatively low. In contrastthe effective radial potentialcreatedoy the magnetic
field for the Penningtrapis noticeablehigher This givesREXTRAP a naturaladvantageand
explains that the good bunchingperformancds conceved over several ordersof magnitude
more.

Typically coolingtimesof aboutlOms areachievzedin radiofrequeng coolerandbuncher
devices. This s slightly lower thanthe averagecooling timesachieved with REXTRAP. The
reasorfor thisis thatthe centringprocesss notascomplex.

Comparingboth techniquedeadsto the conclusionthatthey arerathersimilar exceptfor
the numberof ionsperbunch. A Penningtrap basedouncherandcooleris first choiceif short
pulseswith intensitiesof morethanthousandons per pulsemustbe delivered. In the caseof
REX-ISOLDE whenthe experimentsrequirea large dynamicrangeof operation this will be
decisve.



8 Technicallmpr ovementsand New Applications

Within this work REXTRAP hasbeenbroughtinto reliableandsmoothoperation.The present
performanceof the systemwill allow the first REX-ISOLDE experimentsto be carriedout.
Neverthelessthereareanumberof improvementghatcanstill bemade.They will bediscussed
in thefollowing.

8.1 Efficiency Impr ovement

8.1.1 Injection Efficiency

Thefirst stepto improve the injection efficiengy is an enlagementof the diameterof trapen-
trancediaphragmby severalmillimetre. As shavn in Sec.5.3.2this hasto be accompaniedby
anincreaseof the transferpotentialto at least3kV. This will improve theinjection efficiency
by atleastafactorof two.

For very light ions, asfor instancdithium isotopestheradialenegy uptale duringtheion
injection turnedout to be an importantlimiting factor For this caseonly a redesignof the
injectionsectionof REXTRAP or animprovementof the ISOLDE beamquality will resultin
alargerefficiengy. A new injection stageof the trap mustbe constructedn orderto minimise
the radial enegy pick up of the ion beam,which is mainly determinedoy the enegy of the
incidention beam jts emittanceandtheshapeof thefringe fieldsof themagnet.Thesimulation
programsdevelopedin the presentwvork areappropriateo find animproveddesign.A second
alternatve for increasingthe injection efficiency of REXTRAP is the reductionof the radial
emittanceof the ISOLDE ion beam.For this purposedevicessimilar to thatshovn in Fig. 7.1
canbe used. Operatedn a continuousion guide modethey have provento be efficient and
fastDC beamcoolerdevices[Kim97]. Suchanion-guidecould be either placedin front of
REXTRAP or closeto the ISOLDE targets beforethe separatiormagnets. From the latter
possibilityevenotherlISOLDE experimentsvould profit.

8.1.2 Centring Efficiency

lon losseduringthe cooling procesccurdueto the presencef decentringexcitationmodes
(seeSec.6.4.2)anddueto radiofrequenyg heating. Lighter buffer gasedik e neonandhelium
will increasgheion-neutralimassratio andminimiserf-heating.

For the reductionof ion lossesdueto the decentringexcitation modesseveral possibilities
exist. On onehanda new couplingschemdor theradiofrequeng will extinguishthev, — v_
resonancenode,which occursin REXTRAP dueto the simplecouplingcircuit (seeFig. 4.14).
For this purposehequadrupoldield is obtainedoy applyingvoltageswith aphaseshift of 180°
to neighbouringelectrodeof the four-fold split centreelectrode(seeFig. 3.4). An additional
possibilitywould beto increaseéhedepthof thetrappingpotential. Thiswill shift thecyclotron
frequeny v, towardslower frequenciesandwill reducethe influenceof the decentringreso-
nancedueto their largerseparatiorfrom v..
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A new excitation schemepromisesto increasethe efficiencgy of the trap in particularfor
a larger numberof ions. The optimumvalue of the centringfrequeng v, increasewith the
numberof ionsin thetrapasdiscussedn Sec.6.6.5. Soa continuouschangeof thatfrequeng
duringtheion centringprocesshouldimprovetheefficieng. Firstresultsof atestareshovnin
Fig. 8.1. It shavsthenumberof ejectedonsasafunctionof thecentringfrequeng. In addition
to a normalcooling schemehe resultof a cooling scanperformedafterthe ions werealready
centredis shavn. The optimum centringfrequeng is shifted to higher frequenciesand an
increaseof the countrateof up to 20% is obsened. On the basisof thisresulta new excitation
schemewill be developed[For01]. During the excitation periodhe centringfrequeng will be
variedin orderto follow this shift.

Anotherinterestingtechniquefor the centringof large numberof ionsis the rotatingwall
technique.lt is routinely usedfor the storageof nhon-neutraplasmain Penningtraps[Hua97.
Recentlyit wasshawvn thatthis techniquecanalsobe usedto increasehe densityof a plasma
cloudupto afactorof 20 [Gre00]. Thetechniques basednthefactthatfor alarge numberof
chagedparticlesin a Penningtrap the interactionbetweerthe particlescannot be neglected.
In sucha casethe ion cloud startsto rotate[Dub99. The rotationfrequeng increasewith
the particledensity Theapplicationof arotatingelectricfield with afrequeny alwaysslightly
higherthanthe rotationfrequeng of the cloud cancompresshe latter further Heatingof the
particlesdueto the rotatingfields canbe counteractedby collisionswith a buffer gas. Up to
now this this techniquehasonly be provento work with a positronplasma Gre00]. However,
thereareno obviousreasonghatit shouldnotwork with ions.

8.2 REXTRAP asa PrecisionConversion Electron Spectro-
scope

In the following a new interestingapplicationof ion trapswill be presentedvhich wastested
with REXTRAP. Thelimiting factorof high-resolutionspectroscop of low-enegy electrons
emitted by radioactve nuclei is the thicknessof the sourcematerialin which electronsare

scattered.The detectionof conversionelectronsfrom the decayof trappedions may provide

new opportunitiedor spectroscopsincethetrappedonsform asourceof nearlyzerothickness
andthereforethe electrongdo not suffer enegy lossdueto scattering.
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Figure8.2: Left: Thecorversionelectrondetectorsetupusedfor theelectronspectroscopexperiments.
The detector(CanberraRD ED10GC-500Pmarked with an arrow) is placedtogetherwith the pre-
amplifier FET ona Peltierelemenfor cooling. Right: Corversionelectronspectraitop) Off-trap 131Ba
(massie source)spectrunrecordedn atestchamber(middle) In-trap 13! Ba (massie source)spectrum
recordedn REXTRAP. (bottom)In-trap11™In (trappedons)spectrunrecordedn REXTRAP.

The electronsemittedby radioactve nuclei confinedin the trap travel alongthe magnetic
field lines. Startingin the strongcentrefield of the solenoidnearly all emittedelectronsin
forwarddirectionareguidedto thetrapexit directionin avery limited solid angle. This allows
theuseof asmall-areahigh-resolutiorsilicon detectomwith high efficiengy. In orderto testthis
approacha specialdetectorsetupwasdevelopedby L. Weissmar{Wei00] which is shown in
the left partof Fig. 8.2. The detector(CanberraRD ED10GC-500Pmarked with an arrow)
is placedtogetherwith the pre-amplifierFET on a Peltierelementfor cooling to ensuredow
noiseoperation.The performancef the detectorsystemhasbeentestedn severalexperiments
which aresummarisedn theright partsof Fig. 8.2.

The top spectrumwasobtainedwith a massve '*'Ba source.The sourcewaspreparedoy
implanting 1*!Ba from ISOLDE into a thin captonfoil. Sourceanddetectorwere mountedin
a testchambeifor this experiment. The spectrumshavs goodenegy resolutionbut it suffers
from from backgroundiueto electronscatteringn thetargetmaterial.

Thespectran themiddleandbottomof theright partof Fig. 8.2shaw in-trapmeasurements.
Thedetectomwaspositioneddirectly afterthe extractiondiaphragmof REXTRAP. The middle
spectrunmwasobtainedwith the samesourceasit wasusedfor the measurementabove placed
in the trap centre. A decreasef the enegy resolutionand an increaseof the backgrounds
obsened. A reasonfor thatis the fact that the detectionsolid angleis increaseddueto the
electronguidancethe magneticfield provides. Thusalsoscatterecelectronsaredetected.The
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resultsof first on-line measurement®r '¥"In areshowvn in the bottomspectrumAn ISOLDE

beamof thation speciesvasinjectedinto REXTRAR accumulatedandtrapped.Conversion
electronemittedfrom the nucleiweretheninvestigatedin additionto theK- andL-transitions
of the 159keV isomerof 11"In andthe 20.1keV Augertransitiona strongpeakaroundéOkeV

is obsened. It resultsfrom strayelectronsacceleratedby the platformpotential.In comparison
to the spectraof 13! Ba a betterbackgroundo noiseratio canbe noted,asexpectedf scattering
of electrongn thesources avoided. Theenegy resolutionseemgo becomenorsebut it turned
outthatthiswascausedy thestrongelectronicnoiseproducedy thecoppervapourasersetup
for the ISOLDE laserion sourcerunningin parallelduringthis measurement@andhadnothing
to dowith thefactthattrappedonswereused.



9 Summary and Conclusion

REX-ISOLDE is a pioneeringprojectfor the post-accelerationf radioactve beamsand, if
successfulwill provide theopportunityfor anew generatiorof experimentsattheon-linemass
separatoffacility ISOLDE. An importantpart of the REX-ISOLDE conceptis the efficient
conversionof a continuoudow-enegy radioactve beaminto shortion buncheswith excellent
beamproperties.The developmenttestandsuccessfutommissioningof REXTRAR a beam
accumulatarcoolerandbunchemwasthetopic of the presentork.

REXTRAP is basedon a large gas-filled Penningtrap. lons from ISOLDE are decelerated,
injectedandaccumulatedn a Penningirap by employing enegy lossvia collisionswith buffer
gasatoms.A massselectve centringtechniques usedto concentratall ionsin thetrapcentre.
Fromtherethey canbe extractedascooledshortion bunchesyeadyto be deliveredto the next
stageof REX-ISOLDE,anelectronbeamion source.

With REXTRAP new territory of ion trap physicswasentered Never beforea Penningtrap of
suchsizehadbeenconstructedandnor theinjection of severalkeV continuouson beamswvas
ever attempted With the demandedtorageof largeion numbersnew effectswereexpectedo
shawv up andit wasnot clearto which extendthey would affect the performancef REXTRAR

Much time during this thesiswork was spentto bring REXTRAP into an operationalstate
beforeary testcouldbeperformed.Theoperationof anion trapon ahigh voltageplatform,the
demandof a high repetitionrateanda high reliability requiredin particularthe developmeniof
arobustandversatilecontrolandelectronicssystem.

Already the first testsof REXTRAP revealedthat the conceptwas successful.lons from an
externalion sourcecould be trappedandbunchedsuccessfully A large numberof subsequent
testswere carriedout both with stableandradioactve ISOLDE beamsaswell aswith beams
from thetestion source.The propertiesof REXTRAP wereinvestigatedn a systematianan-
ner. This allowed optimum parametersor a routineoperationto be found andresultedin the
following performance:

* A total efficiengy of 30% for accumulationcooling and bunchingof ion beamsfrom
ISOLDE canberealized.

* REXTRAPIs applicableto practicallythewhole massrangeavailableat ISOLDE.

» Upto 10’ ionsperion pulsecanbe ejectedwithout a noticeabledeterioratiorof its prop-
ertiesdueto spacechage effects.

» Thesepulsescanbedeliveredwith arepetitionrateupto 100Hz.

The studiesalso revealedthe limits of the techniquewith respectto the usageof large ion
numberswhich for exampleresultin large shifts of resonancdérequencief the storedions.
Theseinterestingeffects needstill to be fully understood.The experimentalinvestigationof
REXTRAP propertieswas accompaniedy a large numberof numericalsimulations. These
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simulationsconfirmedthe experimentakesultsandshow thatthe behaiour of the systemscan
beunderstoodrom first principles.Furthermorethesimulationshelpedto understandbsened
deficienciesn the system. It is now clearhow to raisethe efficiency well above 30%, and
requiredmodificationsof the apparatusrepresentlypursued.

In conclusionREXTRAR, thedecisve first componenbf REX-ISOLDE s working. Thecon-
ceptof usinga large gas-filledPenningtrap hasprovento be successful.Practicallyall other
REX-ISOLDE componentsare assemblednd most of theminstalledat ISOLDE and under
test. First experimentswith post-acceleratechdioactve beamsat ISOLDE will startsoon.
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First Capture and Storage of 2-2K8Drillium in a
Magnetic Trap

Pitch Mid for the REX-ISOLDE collaboration
August 1997

Abstract

First capture and storage of a single mega-heavy 55€Drillium has been observed
in a superconducting magnetic trap at the ISOLDE facility at CERN. The observed
storage time so far has been determined to be Ty, > 10d. The specific particle is
made visible by scattering of photons in visible spectrum and can be stored without
further cooling.

At REX-ISOLDE the radioactive isotopes produced at PS-ISOLDE will be accumulated
and bunched in a magnetic trap, multiple ionized to charged states with q=4"...5% in
an EBIS-source and postaccelerated by RFQs to energies up to 2.2 MeV /nucleon.

Still under construction the already operational first stage of this chain, the superconduct-
ing magnetic trap, has already shown its capability. Having a maximum magnetic flux of
B=3.0 T and an aperture of r=0.07m the apparatus was able to attract and capture a
single mega-heavy ®**¢Drillium which was passing the so called “drilltrap” at a right angle
in a distance of approx. 0.5m in a walking-like velocity. Stored in a deep potential to
prevent tunneling effects the ***¢Drillium — for which decays neither in **#Corkscrewium
nor in > Toothpickium are known so far — is supposed to stay in this status for a very
long time.

Encouraged by this success further experiments with mega-heavies are foreseen with clus-
ters of “"&Keyons, more prolate like **#Screwdriveriums and ®"#Watchiums, which may
serve as stored clocks to test the twin paradoxon in special relativity.
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A lon-Neutral Interaction Potentials

Buffer gascoolingatlowerion enegiesbaseonthelong rangeion buffer gasinteraction.
The ion-neutralinteractionpotentialsconsistof two parts,namelya shortrangerepulsve
andalong rangeattractve part. Oneof simplestform is givenby:

v =BG G (A1)

Thesocalled(n,6,4)-potential€ontainthe parameter., B, Cs, andC,. TheCy/r, andCg/rg-
termsdescribeheattractingforceof theion interactionwith theinduceddipoleandquadrupole
polarisationof the neutralsrespectiely. The empirical B/r™ representshe shortrangerepul-
sionof theinteraction.In theliteratureoneoftenfindsEq. (A.1) in theform of:

ne

Vir) = n(3+7) — 12(1 +7) 1_712(1 +7) <T7m> — 4 <T7m>6 —3(1=7) (TTmﬂ - (A2

wherer,, and e denotesposition and depthof the potentialminimum. ~ givesthe relatve
strengthof ther%-termin comparisorto ther*-term.

The knowledgeof the ion neutralinteractionpotentialallows the determinatiorof theion
mobility K. Threesuccesie integrationsareneededo obtain K. Thefirst integrationdeter
minesthe deflectionanglein anion-neutralcollision asa function of the impactparameteb
andthecenterof massenegy E:

oo 1 dr
o0 5) = | SE_mm (A-3)
r2 E
wherethe distanceof closestapproactr, is the outermostroot of:
v V(r,)
_ 2 _V4d g A4
r2 K 0 (A4)

The secondandthird over enegy £ andimpactparameteb yieldsthe collision integralsasa
functionof temperaturd’:

OT) = (k;4;)3 /OOO E? exp {—%} ./Om b(1 — cos(0(b, E))) dbdFE . (A.5)

Theion mobility K is thengivenby:

3qF 2r m+M 1

K = ;
16 N kTeff mM Q(Teff) '

(A.6)

wherem andg denoteéon massandchage,M themassof thegasparticleandN thegasnumber
density respectrely. Theeffectivetemperaturé’, s, is connectedo theion drift velocity v, and
thegastemperatureia:

3 3

1 2
§kTeff = §kTgas + 5]\/[1}61 . (A?)
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B n Cs Cy
ion/buffer gas {ev} [e } {ev]
e Aﬁ Aﬁ'—

A
Lit—Ar 371.80 8  41.58 13.03
BNat—Ar 1288.41 8 215.62 4.39
K T—Ar 9134.31 10 171.46  3.60

S"Rb*—Ar 2374730 10  211.36  8.38
133Cst—Ar 21010.70 10 138.15 12.57

Table A.1: Parametepf theinteractionpotentialof alkaliionsandargonatoms.
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Figure A.1: Interactionpotentialsof alkaliionsandargonatoms.
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B SIMION Listings

Printed by Pit Schmidt
Sep 12, 00 23:54 electr01.gem Page 1/1

, standard electrodes for REXTRAP
place:
: grid spacing: 1mm
! last change: 26.07.2000 by Pit Schmidt
fill
wi t hin
(box(6,25,40,26) ; inner plate
) wi t hin
{box(6,26.29,30) ; massive middle part
) wi t hin
;box(0,30,29,33) ; outer plate

}

Saturday December 09, 2000 171

Figure B.1: SIMION geometryfile modellinga REXTRAP standarcelectrode.Thisfile is includedby
othergeometryfiles.
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Printed by Pit Schmidt

Printed by Pit Schmidt

Sep 12, 00 23:54 decel.gem Page 1/3

Sep 12, 00 23:54

decel.gem

Page 2/3

e ———

' REXTRAP Version 12 *

A ——
f deceleration part rotated by 180 degrees
place:

trap center at 510mm

; grid spacing: 1Imm

f Electrode 1: transfer potential

; Electrode 2: electrode01

; Electrode 3: deceleration potential

; Electrode 4: beam tube gnd & injectionlens gnd

; Electrode 5: injection lens

; Electrode 6: beam tube hv

f last change: 01.08.2000 by Pit Schmidt
PA_define(860, 91, 1, Cylindrical, Y, Electrostatic, 1)

; transferpotential
El ect rode(1)

fill
wi t hin
box(0,30,140,34)
wi thin
box(235,30,342,34)
wi thin

box(348,40,483,45)

; shielding
wi thin

¢ box(333,47,363,49)
) wi t hin
(clrcle(483,45,5,5)

) wi thin

! box(352,40,354,10)
! wi thin

; box(348,10,358,12)

}
}

; lens
El ect rode(2)
fill

wi thin

box(150,30,225,34)
}

}
}

; 1. deceleration stage
El ect rode(3)

fill
wi thin
circle(503,45,5,5)
wi thin
box(503,40,539,50)
wi thin

circle(539,49,9,9)

}
}

; injection lens/beam tube ground part
El ectrode(4)

;injection lens part |
fill

wi thin

{
circle(686,30,10,10)

wi thin

{
box(676,30,696,73)

;injection lens part Il
fill

wi thin
circle(746,30,10,10)
wi thin

box(736,30,756,50)
}
}
;beam tube
fill

wi thin
box(645,75,678,77)

wi thin
circle(645,72,5,5)

wi thin

box(672,77,676,90)

Saturday December 09, 2000 1/3

Printed by Pit Schmidt
decel.gem Page 3/3

Sep 12, 00 23:54

wi thin

box(676,77,688,90)
}

wi thin

X box(688,77,859,79)
}
}

; injection lens
El ect rode(5)

fill
wi thin
{ circle(716,30,10,10)
) wi thin
¢ box(706,30,726,50)
}))

;beam tube - platform potential
El ect r ode(6)

fill

wi thin

{ box(547,75,580,77)
) wi thin
(clrcle(580,72,5,5)
) wi thin
{ box(549,77,553,90)
) wi thin
{ box(536,77,548,90)
) wi thin
; box(0,77,536,79)

}
}

Saturday December 09, 2000 33
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Saturday December 09, 2000

Figure B.2: SIMION geometryfile modellingthe REXTRAP deceleratiorpart.
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Printed by Pit Schmidt

Printed by Pit Schmidt

Sep 12, 00 23:54 injec.gem

Page 1/2

Sep 12, 00 23:54 injec.gem

Page 2/2

i* REXTRAP Version 12 *

trap injection part rotated by 180 degrees
; place:

; Electrode 1 —-- Electrode05

; Electrode 2 platform ground
; Electrode 3 Electrode03

; Electrode 4 Electrode02

; Electrode 5 ——- transfer potential

: trap center at 520mm
; grid spacing: 1Imm

f last change: 26.07.2000 by Pit Schmidt
PA_Def i ne (211, 35, 1, Cylindrical, Y, Electrostatic, 1)

sinjection diaphragm 1st half
El ect rode(1)

{
Fill
wi t hin
box(0,6,25,10)
wi thin
box(0,10,1,25)
wi thin
box(0,25,25,26)
wi thin

box(0,26,6,33)

}
}

; acceleration electrodes
El ectrode(2)

}Iocate( 24) {include(Electr01) }

El ectrode(3)
locate( 63) { include(Electr01) }
}

El ect rode(4)
locate(102) { include(Electr01) }
}

; transferpotential
El ectr ode(5)

fill
{

wi thin

box(141,30,210,33)

{
o

wi thin
ibox(147.25,186.30)

}
}

Saturday December 09, 2000

12

212

Saturday December 09, 2000

Figure B.3: SIMION geometryfile modellingthe REXTRAP injectionpart.

Printed by Pit Schmidt

Printed by Pit Schmidt

Sep 12, 00 23:54 stop.gem Page 1/2 Sep 12, 00 23:54 stop.gem Page 2/2
¥ REXTRAP Version 12 * El ect r ode(3)
; locate (109,0,0,1,180,0,0) { include(electr01) }
; stopping part ——- high pressure region }
; place: El ectrode(4)
trap center at 510mm locate (148,0,0,1,180,0,0) { include(electr01) }
; grid spacing: 1mm }
; Electrode 1 -—- electrode05 El ectrode(5)
; Electrode 2 —
; Electrode 3 — locate (187,0,0,1,180,0,0) { include(electr01) }
; Electrode 4 — }
; Electrode 5 —
; Electrode 6 — El ect r ode(6)
; Electrode 7 —
; Electrode 8 — locate (226,0,0,1,180,0,0) { include(electr01) }
; Electrode 9 — }
; Electrode 10
; Electrode 11 ——- electrode15 El ect r ode(7)
last change: 02.08.2000 by Pit Schmidt locate (265,0,0,1,180,0,0) { include(electr01) }
}
PA_Def i ne(397, 35, 1, Cylindical, Y, Electrostatic, 1)
El ect rode(8)
; half of entrance diaphragm
El ect rode(1) locate (304,0,0,1,180,0,0) { include(electr01) }
}
fill
El ect r ode(9)
wi thin
{ locate (343,0,0,1,180,0,0) { include(electr01) }
box(0,6,25,10) }
}
Wi thin El ect r ode(10)
{
box(0,10,1,25) locate (382,0,0,1,180,0,0) { include(electr01) }
} }
wi t hin
{ ;half of 2. diaphragma
box(0,25,25,26) El ectrode(11)
}
within locate (421,0,0,1,180,0,0) { include(Electr01) }
{ fill
box(0,26,6,33)
} wi thin
} {
} box(405,25,395,10)
}
; 9. field electrode wi thin
El ect rode(2) {
box(396,10,371,5)
fill }
’ }
Wi thin }
{
box(24,30,70,33)
}
wi thin
{
box(31,25,64,30)
}
}
}
Saturday December 09, 2000 12 212

Saturday December 09, 2000

Figure B.4: SIMION geometryfile modellingthe REXTRAP stoppingpart.
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Printed by Pit Schmidt

Printed by Pit Schmidt

Sep 12, 00 23:54

ejec.gem

Page 1/2

Sep 12, 00 23:54 ejec.gem

Page 2/2

i* REXTRAP Version 12 *

: trap ejection part
; place:

; Electrode 1 —-- Electrode36
; Electrode 2 Electrode37
; Electrode 3 Electrode38
; Electrode 4 Electrode39
; Electrode 5 ——- transfer potential

: trap center at 520mm
; grid spacing: 1Imm

last change: 02.08.2000 by Pit Schmidt
PA_define (211, 35, 1, Cylindrical, Y, Electrostatic, 1)

; ejection diaphragm 2nd half / injection diaphragm 1st half
El ect rode(1)

{ fill
wi t hin
box(0,3,25,10)
wi thin
box(0,10,1,25)
wi thin
box(0,25,25,26)
wi thin

box(0,26,5,33)

}
}

; acceleration electrodes
El ectrode(2)

;Iocate( 24) {include(Electr01) }

El ectrode(3)
locate( 63) { include(Electr01) }
}

El ect rode(4)
locate(102) { include(Electr01) }
}

; transferpotential
El ectr ode(5)

fill
{

wi thin
{box(141,30,210,33)
! wi thin

ibox(147.25,186.30)

}
}

Saturday December 09, 2000

12

212

Saturday December 09, 2000

Figure B.5: SIMION geometryfile modellingthe REXTRAP ejectionpart.
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Printed by Pit Schmidt

Printed by Pit Schmidt

Sep 13, 00 0:10 accel.gem Page 1/3

Sep 13, 00 0:10

accel.gem

Page 2/3

e ———

' REXTRAP Version 12 *

T
B

f deceleration part rotated by 180 degrees

place:

grid spacing: 1mm

Electrode 1: transfer potential

; Electrode 2: electrode40

; Electrode 3: acceleration potential

; Electrode 4: beam tube gnd & ejectionlens gnd

; Electrode 5: ejection lens

; Electrode 6: beam tube hv

! last change: 01.08.2000 by Pit Schmidt

PA_Def i ne(820, 91, 1, Cylindrical, Y, Electrostatic, 1)

; transfer potential
El ect rode(1)

fill

El ect r ode(3)
fill
wi thin
Gircl e(503,45,5,5)
wi thin
Box(503,40,539,50)
wi thin

G rel e(539,49,9,9)

}
}

; ejection lens/beam tube ground part
El ect r ode(4)

{
sinjection lens part |
fill

wi thin
within {
{ Gircl e(646,30,10,10)
Box(0,30,140,34) }
} Wi thin
wi thin {
{ Box(636,30,656,59)
Box(235,30,342,34)
} injection lens part Il
wi t hin wi thin
{
Box(348,40,483,45) Gircl e(706,30,10,10)
}
wi thin wi thin
{
Gircl e(483,455.5) Box(696,30,716,59)
}
wi thin ;beam tube
{ Wi thin
Box(352,40,354,10)
} Box(615,75,638,77)
wi t hin
{ Wi thin
Box(348,10,358,12) {
} Circl e(615,72,5,5)
} }
} Wi thin
{
; lens Box(632,77,636,90)
El ectrode(2) }
wi thin
fill {
Box(636,77,648,90)
Wi thin }
wi thin
Box(150,30,225,34) {
Box(648,77,819,79)
} }
) Y
1 1. acceleration
Saturday December 09, 2000 1/3 2/3 Saturday December 09, 2000
Printed by Pit Schmidt
Sep 13, 00 0:10 accel.gem Page 3/3
; ejection lens
El ectrode(5)
fill
wi thin
{
Circl e(676,30,10,10)
}
wi thin
{
Box(666,30,686,59)
}
}
}
; beam tube - platform potential
El ectr ode(6)
fill
wi thin
{
Box(547,75,570,77)
}
wi t hin
{
) Gircl e(570,72,5,5)
wi thin
{
Box(549,77,553,90)
}
wi thin
{
Box(536,77,548,90)
}
wi t hin
{
) Box(400,77,536,79)
}
}
Saturday December 09, 2000 33

Figure B.6: SIMION geometryfile modellingthe REXTRAP acceleratiorpart.
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Printed by Pit Schmidt

Printed by Pit Schmidt

Sep 12, 00 23:02 source.gem Page 1/2 Sep 12, 00 23:02 source.gem Page 2/2
* REXTRAP lon Source * Locat e(0,0,0,1,0,0,0)
:* units: 1/10 mm * El ectrode(4)
* SIMION definition file fill
i+ contains: lonizer, Skimmer, Extraction \ens and *
i* vacuum tube ; tube
* * wi thin{ Box (620,770,3000,779)}
i* Pit Schmidt, 05/20/2000 * i lens
' ; lens
Locat e(2650,0,0,1,0,0,0)
PA_Def i ne(3000,800,1,Cylindrical,Y,Electrical, 1)
fill
; lonizer (part 10) spart 3
; Wi t hi n{ Box(0,100,-120,770)}
Locat €(200,0,0,1,0,0,0) }
El ectrode(1) Locat e(-880,0,0,1,0,0,0)
fill ;part1
fill
wi t hi n { Box(0,50,300,0)}
notin{ Box(0, 9,300,0)} wi thin{ Grcle(50,100,50,50)}
notin{ Pol yline(301,50,291,9,300,9)} not in{ Box(0,50,100,99)}
notin{ Pol yli ne(290,20,0,50,290, 50)) Wi t hi n{ Box(50,100,760,150)}
}
) Locat e(-460,0,0,1,0,0,0)
}
;part2
fill
;Lens 1 (parts 4 & 5) {
B wi t hi n{ Box(25,50,800,100)}
Locat e(0,0,0,1,0,0,0) wi thi n{ G rcl e(25,75,25,25)}
}
El ectrode(2) }
}
fill }
}
wi thi n{ Box( 0,200,800,300)} }
wi thin{ G rcl e(800,250,50,50)}
wi t hin{ Box( 0,300, 40,380}
notin { Box( 0,200,560,230)}
}
}
}
; Skimmer (part 6)
Locat €(460,0,0,1,0,0,0)
El ectrode(3)
fill
wi thin{ Box ( 0,30,70,210)}
notin { Box( 0,30,60,150)}
notin { Box ( 20,30, 60,170)}
notin { Box ( 20,190, 60,210)}
}
}
}
; Extraction Electrode and Vacuum Tube
12 22 Saturday December 09, 2000

Saturday December 09, 2000

Figure B.7: SIMION geometryfile modellingthe REXTRAPtestion source.
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ISOLDE ion source

quadrupole triplet
GPS.QS30
GPS.QP40
GPS.QP50

quadrupole doublet
GPS.QP170 AR AR W/

GPS.QP180

\
separator magnet
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a \\\\\\\\\\\\\\

21.25m

quadrupole doublet
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quadrupole doublet
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Figure C.1. lon-opticalelementsof the ISOLDE beamline from the taiget areato the focal planein
front of REXTRAP
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