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Intr oduction

Much of whatwe know aboutthepropertiesof “nucleonicmatter”hasbeenlearnedfrom nu-
clearreactions.Nuclearisotopesproducedin reactionswith stablenuclei aregenerally, with
a few exceptions,limited to regionsnearthevalley of stability. Thestudyof speciesfar from
stability hasthroughtheyearsrevealeda rich varietyof genuinenuclearphenomena,e.g.halo
nuclei,protonradioactivity, or exotic shelleffects.Furthermoreit providestheuniqueopportu-
nity to composeanuclearprobeasdesired,i.e. to chooseacompositionof protonsandneutrons
requiredby theexperiment.Thispotentialof usingradioactivebeamsfor studying,in thelabo-
ratory, novel aspectsof nuclearstructureaswell askey reactionsrelevant for nucleosynthesis,
hastriggeredinterestworld wide in theupgradeandconstructionof radioactive ion beamfacil-
ities (RIB) andacceleratorsto generatethehigh-qualitybeamsof short-livednucleirequired.

Over the pastthirty yearsthe large numberof about600 beamsof different radioactive
isotopesfrom morethan60 elementshave beenproducedat the ISOLDE (IsotopeSeparation
Online) facility at CERNnearGeneva (Switzerland).ISOLDE is anISOL-typefacility, where
radioactiveisotopesareproducedby nuclearreactionsin athick targetinducedby theimpactof
a highenergeticprotonbeam.Thereactionproductsareon-lineionised,acceleratedto 60keV,
andmass-analysedandbeingdistributedto severaldifferentbeamports. The long experience
andknow-how in the productionof low-energetic radioactive beamsandthe alreadyexisting
infrastructurepredestinateISOLDE asplacefor a postacceleratorfacility. The first goal of
REX-ISOLDE (Radioactive BeamEXperimentat ISOLDE ) project is to prove an efficient
new conceptof bunching,charge-breedingandpost-acceleratingof low energetic radioactive
ion beamsfrom anISOL-facility to energiessomewhatbelow theCoulombbarrier.

Thesystemhasto beefficient in ordernot to wastethevaluableradioactive ions. Thefinal
energy of thesystemshouldbesufficiently high for thephysicsaddressed.Themostpricy part
of REX-ISOLDE is the acceleratorstructure.To keepthis part shortandat reasonablecosts
a charge breedingdevice hasbeenintroducedbeforetheacceleratorchaindueto the fact that
thefinal energy of anacceleratedparticleis proportionalto its chargestate.For REX-ISOLDE
an ElectronBeamIon Source(EBIS) hasbeenchosendueto the high charge statesandthe
excellentqualityof theextractedion bunches.An efficientEBISoperation,i.e.not to wastethe
costlyproducedradioactive ions,requireslow-emittanceion bunches.

Within this thesisREXTRAP, a large gas-filledPenningtrap, hasbeendeveloped. It has
beensuccessfullycommissionedto serve for accumulation,emittanceimproving, andbunch-
ing of the continuousISOLDE ion beam. Propertiesof REXTRAP have beensystematically
investigatedand intensively verified by numericalsimulations. The reportstartswith a brief
overview of theREX-ISOLDEproject,explainingtheconceptof thepost-accelerator. Special
attentionis givento its dedicationto new physics.Thenext partdealswith thetheorynecessary
to understandREXTRAPin detail. An extensive chapterdescribesthesetup,followedby the
majorpartsof this thesischaracterisingthesystemby discussingresultsobtainedwithin simu-
lationsandexperimentally. A comparisonwith othercoolingandbunchingtechniques,outlook,
summary, andappendixestablishthefinal part.

1





1 REX-ISOLDE

1.1 The On-line MassSeparator ISOLDE

At ISOLDE [Kug92] radioactive isotopesaregeneratedin a thick target by nuclearreactions
betweenrelativistic protonsandtarget nuclei. The pulsedprotonbeamwith an energy of 1–
1.4GeV is deliveredby thesmallestCERNring accelerator— theProtonSynchrotronBooster
(PSB)[Jon93, All92]. Theproducedisotopesarediffusingout of a thick targetmatrix into an
ion source.Dependingon thedesiredion speciesthey becomesingly chargedby ionizationin
surface,plasma,or laserion sources[Rav74,Rav76,Sun92,Mis93, Let98]. After acceleration
to anenergy of 60keV theionsaremassanalysedandthendistributedto severalexperimental
placesvia a set of electrostaticbeamlines. The ISOLDE facility, as illustratedin Fig. 1.1,
housestwo target-separatorunits. The general-purposeseparator(GPS)hasa massresolving
power of about2400. Experimentsrequiring a larger value may utilise the high-resolution
separator(HRS) which provides resolvingpower of about7000 in low and up to 30000in
high-resolutionmode.

1.2 Experimental Setup

The post-acceleratorREX-ISOLDE will deliver radioactive ion beamswith energies up to
2.2MeV/u. For this purposea Penningtrapandan electronbeamion source(REXEBIS)are
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Figure1.2: Flow Chartof theREX-ISOLDEsetup.

combinedwith a linear accelerator. In Fig. 1.2 the principle of the post-acceleratoris illus-
trated.Fig. 1.3 shows a drawing of thecompletesystemasit will be installedin theISOLDE
experimentalhall. Thecontinuousbeamof singlycharged60keV ionsis deceleratedandaccu-
mulatedin agas-filledPenningtrap(REXTRAP).Theionsarecooledandreleasedasbunches.
After re-accelerationthey aretransferredto REXEBISwherethecharge stateis increased.A
magneticq/m separatorselectsthedesiredcharge statefor injection into theaccelerator. The
latterconsistsof a RadioFrequency Quadrupole(RFQ), an InterdigitalH-typestructure(IH )
andthree7-gapresonators.This concept,utilising anaccumulationdevice with buffer gasfor
cooling and bunching,and a charge breederis the first of its kind and is designedfor high
efficiency, which is extremelyimportantwhenhandlingvaluableandrareexotic nuclei.

In thefollowing theindividualstagesof theexperimentwill bedescribedin detail.

1 2 3 2 4 5 6 6 7 8 9 : ; < = > = ? > @ A BC D E 8 F A = B @ G 8 > @ A B2 H D B > A 9 ? > 9 A =
I D A @ < J K L

1 8 B B B = F 8 A 8 > @ A

J M N M 4 2 O

J M N P J 5 Q

Figure1.3: Three-dimensionalview of theREX-ISOLDEsetup.
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1.2.1 REXTRAP

Thefirst stageof theion preparationpartof REX-ISOLDEis REXTRAP, alargegas-filledPen-
ning trap. It accumulatesandbunchesthe incomingcontinuousISOLDE ion beam.The ions
areconfinedin radialdirectionby theactionof a strongmagneticfield andin longitudinaldi-
rectionby astaticquadrupoleelectricalpotential.During theirpassagethroughthesystemthey
loseenergy by collisionswith thebuffer gasandarefinally trappedin thepotentialminimum.
The dissipatingforce providedby the buffer gascombinedwith a specialrf-sidebandcooling
technique[Bol90, Sav91, Kön95] leadsto anoverall phasespacereductionof the injectedion
beam. Finally, all ions are cooledandcollectedin the trap centre. From therethey canbe
extractedasshortion bunchesby suddenloweringof theelectrostaticpotentialwell at thetrap
exit.

1.2.2 REXTRAP-REXEBIS Transfer BeamLine

R S T U V W X

Figure1.4: Schematicof thebeamtransportsystem
connectingREXTRAPto REXEBIS.

The beamtransportbeamline to REXEBIS
(Fig. 1.4) has to fulfil several demands.
Firstly, it hasto transfertheionbunchesdeliv-
eredby REXTRAPwithout lossto REXEBIS
bridgingthedifferencein heightandposition
betweenboth partsof REX-ISOLDE. Sec-
ondly, it has to prevent the flooding of the
EBIS with buffer gasfrom thetrap.

A systemconsistingof two 90° spheri-
calbendersandadditionalquadrupoletriplets
hasbeenchosen,which provides an achro-
matic andsymmetrictransportsystem.Sev-
eralsmalldiaphragmsatbeamfocalpositions
form aamulti-stagedifferentialpumpingsys-
tem.Thusreducingthebuffer gaspressureby
severalordersof magnitudealongthetransfer
beamline. Sucha schemeavoidscontamina-
tionof theEBISion bunchesby ionisedbuffer
gasatomsdiffusingout of REXTRAP.

Beamdiagnosticunits are placedat the
beamtransportentrance,in themiddleof the
system,and at its exit. Eachof theseunits
is composedof a Faradaycup, and a beam
viewing systemconsistingof amulti-channel
plate with a phosphorscreenandan associ-
atedCCD camera.This allows the measure-
mentof beamcurrents,aswell asthedetermi-
nationof beampositionandintensityprofile.

A completedescriptionand analysisof
thebeamtransportsystemis not theintentionof this thesis.It will begivenin [For01].
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Figure 1.5: View of theREXEBISsystem.The right tablegivesthepeakof thecharge statedistribu-
tion for a breedingtime of 20ms for differentelementspecies.A compilationof importantREXEBIS
parametersis givenin thelower table.

1.2.3 REXEBIS

In theREXEBISchargebreeder(Fig. 1.5) thechargestateof theionsdeliveredby REXTRAP
will beincreasedto a charge-to-massratio of ÉÊÌË �ÍÏÎ � [Wen98,Rao98,Axe99].

TheEBIS conceptis mostsuitablefor REX-ISOLDEsinceit deliversthehighestpossible
charge statesin comparisonto other charge breedingtechniques[Sor95,Has96]. An EBIS
makesuseof a denseelectronbeamthat is compressedto a high densityby a strongmagnetic
field. This electronbeamcreatesa radial potentialwell for the ions while the longitudinal
confinementis provided by electric potentialscreatedby cylindrical electrodessurrounding
theelectronbeam.Trappedlow-chargedionsundergo stepwiseionizationvia electronimpact
collisions. Thefinal chargestatedistribution is determinedby theelementandtheproductof
confinementtimeandelectronbeamcurrentdensity(seethetablein Fig. 1.5).

REXEBIS usesan electroncurrentof 0.5A and5keV beamenergy. This beamis com-
pressedby the magneticfield to yield a currentdensityof morethan200 ÐÑÒÊÔÓ . This resultsin
breedingtimesbetween5 and20msfor mostof theinterestingion species.Dueto thecharge
statedistributionof themultiply chargedionsanefficiency of 30% seemsto berealisticfor the
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REXEBISsetup.
During thedeliveryof pulsesfrom REXTRAPtheEBIS is operatedat a potentialof 60kV.

Thepotentialis loweredto 20kV while chargebreedingin orderto matchtheion energy to the
velocityacceptancevalueof thefollowing RFQresonator. After extractionit is rapidlybrought
backto beableto acceptthefollowing ion bunchfrom REXTRAP.

1.2.4 MassSeparator

Thenumberof residualgasionsin anion bunchcomingfromREXEBIScanbeseveralordersof
magnitudelargerthanthenumberof rareradioactiveions.Therefore,anefficientq/m selection
is necessaryprior to the injection of the ion beaminto the LINAC. For this purposea mass
separatorhasbeenintroducedin thesystem[Rao99]. Its componentsareanelectrostaticanda
magneticbender. MonteCarlosimulationsshow thatthemassresolvingpowerof about150is
sufficientto ensurethatlessthan0.01% of theparticlespassingtroughthemassslit areresidual
gasions.

1.2.5 LIN AC

Thelinearacceleratorof REX-ISOLDEconsistsof threedifferentaccelerationstagesfollowing
succesfulconceptsalreadyrealized.Thecomponentsusedfor REX-ISOLDEarefurtherdevel-
opmentsof cavitiesusedat theGSI-HLI LINAC [Ble89], theCERNLINAC 3 [War93],andthe
high-currentinjectorat the MPI für Kernphysikin Heidelberg [Hah92, Sch88,Fri91, Kle92].
An overview including important parametersand photographsof the different parts of the
LINAC is shown in Fig. 1.6.

The 4-rod RFQ

Theefficient accelerationof low energetic ion beamsusingRFQsis well established[Sch85].
Therefore,suchasystemhasbeenchosenfor thefirst acceleratingstageof REX-ISOLDE.

The4-rodRFQconsistsof four electrodesto whichalternatingvoltagesareapplied.Therf
quadrupolefield providestransversefocusingfor the low energy ionswhile anaperturemod-
ulationof thefour rodsperformssmoothbunchingof the injectedbeamandacceleration.The
RFQ tank is 3m long andhasa diameterof 0.32m. It acceleratesthe radioactive ions from
5keV/u to 300keV/u.

The conservative designallows ions to be acceleratedwith charge-to-massratiosdown to
ÉÊÖÕ �
 Î � . This is of specialinterestfor futureexperimentson heavier ions.

The IH-Structur e

The IH structureis an efficient acceleratingdrift-tube structure[Nol79]. Insidethe resonator
tankcylindrical cavity drift tubesof varying length(accordingto thevelocity of theparticles)
aremountedalternatingon oppositesides. The magneticfield lines, createdby the radiofre-
quency field, areparallelto thebeamaxisandtheinducedcurrentsflow azimuthallyonthewall
producingelectricfields of alternatingdirectionbetweenthe drift tubes.This field forcesthe
ionsforward.
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After a first acceleratingpart the ions aretransversallyfocusedby a quadrupoletriplet in
theREX-ISOLDEIH-structure.Thebeamis rebunchedin thefirst threegapsbehindthetriplet
followedby a secondacceleratingstage.TheIH structurehas20 gapsdistributedovera length
of 1.5m. A fine tuning of the final energy between1.1 and 1.2MeV/u can be achieved by
adjustingthegapvoltagedistribution usingtwo capacitiveplungersandchangingtherf-power
level in theresonator.

The 7-gapResonators

Thefinal sectionof theLINAC consistsof three7-gapresonators.Thesespecialtypesof split
ring resonatorsareoptimizedfor synchronousparticlevelocitiesof × ÕÙØ �ÛÚ %, 6.0% and6.6%
[Pod98,Pod99a,Pod99b]. Eachresonatorhasa single resonancestructure,consistingof a
copperhalf shellandthreearmsattachedtwo bothsidesof theshell.An additionalquadrupole
doubletbetweenthefirst andsecondresonatorallows transversefocusing.Thefinal energy of
theacceleratorcaneasilybeadjustedbetween0.8and2.2MeV/u by tuningrf powerandphase
of thethreeactiveresonators.

1.2.6 Targetand Detectors

Thefirst seriesof experimentsto becarriedout with REX-ISOLDEwill makeuseof Coulomb
excitationandnucleontransferreactions[REX94]. Suchexperimentsdemandhighexperimen-
tal efforts. Thisincludessophisticatedtargets,theeffcientdetectionof Ü -rays,aswell asparticle
identification.All theequipmentneededwill bedescribedin thefollowing.

The TargetChamber

A targetchamberhasbeenconstructedaccordingto thespecialrequirementsof thegermanium
detectorarrayMINIBALL, which is describedfurther down. It is a compromisebetweenthe
minimumvolumenecessaryto houseall theneededequipmentandthemaximumvolumethat
canbe easilysurroundedby the Ge detectors.The chamberis madefrom thin aluminiumto
minimize Ü -absorbtionandscattering.It housesa turnablewheelwith targetholders,aFaraday
cup,abeamcollimatorandasegmentedsilicon stripdetector, describedlater.

The Parallel Plate AvalancheCounter

The Parallel PlateAvalancheCounter(PPAC) wasdevelopedservingasan efficient andspa-
tially sensitiveforwardangledetectorto monitortheradioactiveparticlebeambehindthetarget
[Cub00]. It hasa compactdesignwith a low effective thicknessto preventtheradioactive ions
from beingstoppedandto avoid largeanglescattering.This reducesthebackgroundof other
detectorsin the targetarea.Thedetectoris operatedwith a small gasflow of 4 to 10mbarof
isobuthaneandwith voltagesof about600V. Thespatialresolutionof about1.6mm is mainly
determinedby the width of the aluminiumcoatedmylar strips inside the detector. To cover
a large dynamicrangeof countingratesthe PPAC supportstwo modesof operation. At low
countrates( Ý ÞÏß 
 sà � per strip) the signalscan be readout from the endof the delay lines
event-by-event, whereasat intensitiesabove this the currentmeasuredon all anodestrips is
recorded.With a rise time of thedetectorsignalsof about5ns in theevent-by-event read-out
modethePPAC mayevenserveasa fasttrigger.
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Figure 1.6: Overview of the REX-ISOLDE LINAC. The tableshows photographsof openresonator
tanksandtechnicalparametersfor eachaccelerationstage.
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The MINIB ALL Detector

Figure 1.7: TheMINIBALL detector.

Theefficient detectionof Ü -rayswill beoneof the
mostimportanttasksfor theenvisagedexperiments
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 optimized to
gain highest full-energy peak efficiency. It con-
sistsof a new generationof six-fold encapsulated
segmentedGe-detectorsin acompactconfiguration
without Anti-Comptonshielding[Ebe96,Hab97].
In its final implementationthearraywill consistof
40 Ge-detectors.Subgroupsof 3 and 4 detectors
in onecommoncryostatallow flexible geometrical
arrangementstomeetspecificexperimentalrequire-
ments.

Top of the art instrumentationwith flash ana-
logue-digitalconvertersanddigital-signalprocessingwill givetheMINIBALL theenergy reso-
lution of conventionalanaloguehigh-resolutionspectroscopy electronicsatsubstantiallyhigher
countrates. Togetherwith the new dataaquisitionsystem[MAR00] basingon the GSI fron-
tendsystemMBS [MBS00] andtheROOT framework from CERN[ROO00]this will provide
ahigh-performancedataaquisitionandanalysissystemfor theREX-ISOLDEusercommunity.

The CompactDisc DetectorArray
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Figure1.8: TheCompactDiscdetec-
tor.

Thepurposeof particledetectioninsidetheMINIBALL is
to gain information aboutthe dopplershift of the Ü -rays
by measuringthe momentumof their source. Therefore
a positionsensitive silicon detectorbasedon the Double-
SidedSilicon Strip Detectortechnology(DSSSD)detects
scatteredparticlesin therelevantsolid angle[Sel91]. The
front is segmentedin 16 annularp-dopedstripsperquad-
rantat 2mm pitch, while thebackconsistsof 24 n-doped
sectorstripsat 3.5z pitch. These160discretedetectorel-
ementsprovide an effective areaof 93% out of the total
5000mm

	
. Dependingon the application(asenergy loss

or total kinetic energy detector)thewafer thicknessvaries
between35µmand1000µm.

1.3 PhysicsProgram

TheREX-ISOLDEpilot experiment[REX94] aimsto probewhetherthemagicnumbersN=20
andN=28 areconservedwhengoing to very neutron-richnucleiby usingCoulombexcitation
and transferreactionexperiments. The steadilygrowing numberof proposalsand lettersof
intent [Sch99,Axe98,Jon98a, Ost97, Bec99, Wie97, Cam97,And97, Haa94,Wey94, For94]
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for theuseof REX-ISOLDEshow clearlythat it will allow to performa varietyof new experi-
mentsin severalphysicsfields. In thefollowing thephysicsrelevanceof REX-ISOLDEwill be
reviewed.

1.3.1 Nuclear Structure Physics

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

Studiesof Nuclei Closeto the SemimagicShellsof N=20and 28

Quite differentpredictionsfrom nuclearshell models[Dob94, Sha94]areobtainedwhenone
leavesthe valley of stability towardsneutron-richnuclei. This clearly reflectstheuncertainty
in predictingnuclearforces,in particular, their isospindependence.In [Dob94] the change
of thenuclearpotentialfrom a Woods-Saxonpotentialto a moreparabolicharmonicpotential
is predicted. This resultsin a lowering of the low-l single-particleenergies andan increase
in energy of the high-l levels, finally leadingto a changein the magicnumbersandhenceto
new predictionsof the regionsof nucleardeformation. On the otherhand,relativistic mean
field calculations[Sha94] do not confirm thesechanges.Furthermore,informationon semi-
magicnuclei is of particularimportancefor thedeterminationof themonopolecomponentof
thenuclearinteractionastheir simplestructureallows relativistic calculations.Thusa studyof
the level structureandthe quadrupoledeformationsof neutron-richnuclei nearneutronshell
closuresof greatimportance.

An additionalphenomenonmakesthesituationevenmoreinteresting.Thestrongneutron-
protoninteractionimplies a strongcorepolarizationnearclosedshells,resultingin low-lying
intruderstates[Hey92a,Hey92b, Woo92]. Thesestronglydeformed2p2hconfigurationscoex-
istsbesidesthemoresphericalconfigurationsandmayevenbecomethegroundstate.A pilot
experimentconfirmedthis [Mot95]. This triggeredfurther Coulombexcitation experiments
[Sch96,Gla97],which identifieda new region of well-deformednuclei at andnearthe N=28
shellclosure.Theimportanceof intruderconfigurationshasbeenshown in a systematicstudy
of thechainof neutron-richSi-isotopes[Ibb98] aswell asfor neutron-richNeandMg isotopes
[Pri99].

All of thepreviousexperimentshavebeenperformedwith NaI scintillatorsandaretherefore
limited in energy resolution.TheMINIBALL asanefficient,high resolutionÜ -detectionsetup
will greatlyenhancethepossibilityto make a precisestudyof thesecomplex nuclei in orderto
obtaindetailedlevel schemes,informationaboutvibrationstates,andnucleardeformation.In
particularfor odd-Anucleionly sparseknowledgeis available[Ibb99].

Studiesof Nuclei Closeto the Drip-Line

Studiesof light nuclei in the dripline regionscontinueto attracta large interestworld-wide.
Theloosebindingneartheborderof stability andthe largeexcessof protonsor neutronsgive
rise to phenomenasuchas forming of halo states,clusteringand new shell structures. The
steadyprogresson experimentaland theoreticalside is summarizedin recentreview articles
[Han95,Jon98b, Tan96]. Unfortunatelytheanalysisof availableexperimentaldata,aswell as
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futureexperimentsarehamperedby thelackof informationaboutthequantumcharacteristicsof
theirnuclearstates.Thenormalway to obtainthiskind of informationis to producetheneeded
nuclearspeciesin somekind of nuclearreactions.In thecaseof driplinenuclei,whereboththe
involvedtargetandbeamnucleiarefar from stability, theapplicationof this techniquebecomes
ratherdifficult. Almost unknown reactionschemes,smallcrosssectionsandlargebackground
areonly a few drawbacksmakingthe interpretationof experimentalresultsratherdifficult. A
possiblemethodof choiceto overcomesuchproblemsis theuseof radioactivebeamscombined
with simple,well understoodreactionsto populatethe desirednuclearstates[Axe96]. In the
following a few techniquesandthedesiredreactionsrelevantfor REX-ISOLDEarelisted.

The understandingof
���

Li, oneof the mostwell-known halo nuclei with a long tradition
[Pos66,Thi75, Han87], dependsstronglyupon the structureof the low-energy statesin

�|{
Li

being an unboundtwo-body subsystemof
���

Li. The beamsbecomingavailable with REX-
ISOLDE give ratheruniqueopportunitiesto collect moreprecisespectroscopicdatafor

�|{
Li.

Themostfavourablereactionsfor protonresonancescatteringared(} Li,p)
�|{

Li and} Be(} Li,
�
Be)

�|{
Li

[Axe98].
Theclusterizationof theunboundnucleus

�
He is not fully understood.Thequestionif that

nucleusis bestdescribedasa ~ +3nor a


He+nsystemhasto besolved[AS88,Nil96]. A better

knowledgeof
�
He will alsobe importantfor the furtherunterstandingof

�
He, which canbest

bedescribedasa five-body ~ +4nsystemfor themoment[Zhu94]. For thatpurposethesimple
one-neutronpick-upreaction} Be(} Li,

�
Be)

�
Hewill beusedat REX-ISOLDE[Jon98a].

Theheaviestknown one-neutronhalonucleusis
� } C. A systematicstudyof themomentum

distribution of chargedfragmentsafterone-neutronbreakupof
����� � � � � } C hasalreadybeenper-

formed[Bau98].However, thespinof thegroundstateof thesenuclei,oneimportantkey-piece
for interpretingthedata,is still missing.With thepresentREX-ISOLDEenergiesonecanget
informationaboutthe spin of the

� �
C groundstate. The investigationof the T Õ �	 analogue

statesin
� �

N via thereaction
��


C will provide therelevantinformation[Axe98].

1.3.2 Nuclear Astrophysics

A secondimportantshareof REX-ISOLDEexperimentswill dealwith astrophysicalquestions.
Two importantfieldswill beshortlyreviewed.

Nucleosynthesis

Radioactive ion beamexperimentsoffer a uniqueopportunityto extendtheexperimentalstudy
of astrophysicalnucleosynthesisprocessestowardsunstable,short-lived nuclei. A detailed
knowledgeof thenuclear-structureparametersof theinvolvednuclei is essentialto understand
theseprocessestaking placein suchunhabitableenvironmentslike supernovae(the final col-
lapseof massive stars),novae(explosive hydrogenburningon thesurfaceof white dwarfs)or
X-ray bursts(explosivehydrogenburningon thesurfaceof neutronstars)[Kra98b].

Ther-processproceedson theneutron-richsideof theline of stability andis mainly deter-
minedby anequilibriumof neutroncapturesand(Ü ,n) reactions.Themostimportantparam-
eterwhich enterarenuclearmasses,× -decayhalflivesand × -delayedproperties,e.g.neutron
emissionandpossiblyfission.Theonsetof ther-processdependson thecompetitionof ( ~ ,n)-
reactionsandneutroncaptures.Especiallythe understandingof the changefrom ~ -induced
reactionsto neutroncapturesis from greatinteresst[Kra92, Kra95,Kra96,Thi98]. An exper-
imental investigationof the size of ~ -inducedand neutroncapturereactionsof neutronrich
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nuclei,e.g.
��	

Ge(~ ,n)
��{

Zn(d,p)wouldbedesirable[Kra98a].
Explosive hydrogenburning on the surfaceof white dwarfs andneutronstarsleadsto the

rp-process,a sequenceof rapidprotoncapturesandassociated× � -decays.At highermaterial
densitiesandtemperaturesit undergoesa transistionandis thendominatedby ( ~ ,p)-reactions
[Thi94]. Elementsasheavy assulfur andargoncanbeproducedin novae,andup to krypton
andbeyondin X-ray bursts.Theunderstandingof therp-processpath,which is locatedat the
protonrich sideof the chartof nuclei, requiresa detailedknowledgeof the involved (p,Ü )-,
(p,~ )-, and( ~ ,p)-reactionsand × � -decays.It turnsout that the reactionis determinedalmost
entirelyby only a finite numberof key reactions.For example,at temperaturesabove ��� ÞÏß � K
the rp-processflux proceedsthroughthebottleneck

���
Ar(p,Ü ), thebreakout point of theS-Cl-

Ar-cycle[Sch97]. Theinvestigationof thisreactionasoneof thekey reactionsof therp-process
is proposedason of thefirst astrophysicsexperimentsat REX-ISOLDE[Wie97].

The Solar Neutrino Puzzle

The absolutecrosssection � (E) of the reaction
�
Be(p,Ü )

�
B playsan importantrole in the un-

derstandingof thehighenergy flux of solarneutrinos[Bah92,Bah98].Preliminaryvalueswere
derivedfrom the × -delayed~ -decayof

�
Beafterbombarding

�
Betargetswith highenergy pro-

tons. Unfortunatelythesevaluesdiffer significantly. This is believedto bedueto thedifferent
targetstoichiometryof the

�
Be targetsproducedvia hot chemistry. Thus,directmeasurements

of this crosssectionwill improve theaccuracy of thevalueandhelpto solve thesolarneutrino
puzzle. This will be doneby studyingthe reactionH(

�
Be,Ü )

�
B in inversekinematic,i.e. the�

Be beamwill be guidedinto a windowlessgastarget systemfilled with hydrogengas. The�
B residualnuclideswill beimplantedtogetherwith the

�
Be beaminto a beamstopper, which

is periodicallymoved in front of a particledetectorto observe the × -delayed~ -decayof
�
B

[Cam97].

1.3.3 “Lo w” Energy Experimentsat REX-ISOLDE

As it hasbeenshown in theprevioussections,REX-ISOLDEprovidesradioactivebeamexper-
imentsat higherenergies. Nevertheless,it alsoopensup interestingopportunitiesat the“low”
energy side. The reductionof the beamsize as well as of beamdivergenceby REXTRAP
could help several experimentsto usethe potentialof ISOLDE moreefficient. For example
experimentswith collinearspectroscopy [Gei97] couldgainefficiency sincetheoverlapof the
laserbeamwith the ion beamwill be increased.Spectroscopy experimentscanbecomemore
sensitive sinceit is possibleto determinethe backgroundbetterfor pulsedbeams.Precision
experimentsusingfurthertrapsetupsfor laseror electronspectroscopy arealsoimaginable.

A few examplesof projects,which usethelow-energy partof REX-ISOLDEaredescribed
in thefollowing.
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The WITCH Experiment
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Figure 1.9: The WITCH retardation
spectrometer.

The WITCH (Weak InteractionTrap for CHargedpar-
ticles) experimentis a retardationspectrometercoupled
to a Penningtrapsystem.It will beplacedbehindREX-
TRAP [Bec99, Bec00] (seeFig. 1.9). By measuringthe
recoil energy spectrumof suitableion species(e.g.

���
Ar,Í 


V) undergoing a × -decayone hopesto gain informa-
tion aboutthenatureof theelectroweakinteraction.The
presentform of theStandardModeldescribesthenuclear
weakprocessin termsof vector(V) andaxial vector(A)
type interactions. Although all experimentalresultsto-
day can be explainedwith a V-A form of the charged
weakcurrent,the possiblepresenceof scalarandtensor
type interactionsarenot yet ruledout. Theexperimental
limit to distinguishbetweenboth typesis mainly deter-
minedby theknowledgeof thebeta-neutrinocorrelation
coeffizient. It canbe deducedfrom the angularcorrela-
tion betweenthe × -particleand the neutrino. The neu-
trino is ratherdifficult to detect,i.e. thedeterminationof
the correlationhasto be doneindirectly. Onepossibil-
ity is the measurementof the recoil energy spectrumof

× -decayedions, sincethe energy of the ion is influencedby the relative emissionangleof
the × -particle and the neutrino. The systematicerrorsof most of preliminary experiments
[Boo84,Ade93a, Ade93b, Sch93,Glü98] waslimited by particlescatteringin the sourceand
theintermediatemediumbetweenthesourceandthedetectors.Thereductionof theseproblems
will beoneof themainadvantagesof theWITCH retardationspectrometer. The trappermits
storageof cool ions for an extendedperiodof time, providing a strongly localizedsourceof
radioactive ionswith almostzerothickness.REXTRAPwill serve for thatexperimentasbeam
coolerandbuncher.

Solid StatePhysics

Solid statephysicsat ISOLDE hasa long tradition. The combinationof a greatvariety of
isotopicallycleanradioactive ion beams,ratherhigh intensities,andtheopportunityto implant
on-linehasattractedacontinuouslyincreasingnumberof materialsresearchprojects,particular
in thefield of semiconductorphysics.Thehigherion energiesmadepossibleby REX-ISOLDE
will continuethis development,simply dueto the advantageof deeperimplantationsandthe
vanishingproblemof surface“dirt” [For99].

In addition,anew beamline plannedleadingfrom behindtheREX-ISOLDEmassseparator
towardsanexistinghigh-voltageplatform.It allowsionsto bepost-acceleratedupto 300kV per
charge state[Lin95, Haa97]. Theplatformwill be mainly usedfor experimentsneedingdeep
implantationof radioactive ionsinto solid states,aswell aspolarizedbeamswith thetilted-foil
method[Lin95, Lin97].



2 REXTRAP — An Overview

Ion sourcesat ISOL facilities like ISOLDE are optimisedto achieve the highestionization
efficiency, i.e. highestyield, ratherthan to achieve the lowest beamemittance. In fact, the
transversalemittanceof the ISOLDE beamis aboutone order of magnitudelarger then the
transversalacceptanceof theREXEBIS.Furthermore,thehighestcaptureefficiency in anEBIS
canbeachievedif abunchedbeamis injected.Althoughtherearestudiesonthewayto setupa
pulsedISOLDEion source[Seb96]ISOLDEdeliversacontinuousion beamby now. Therefore
atechniquewaslookedfor thatallowsto improvetheISOLDEbeamemittanceby beamcooling
andto convert thecontinuousbeaminto ion bunches.

Becausecoolingismediatedbyarepeatedinteractionof theparticlewith a“coolingmedium”
it canonly be carriedout for particleswhich arestoredfor an appropriatetime. This canbe
achieved in ion storagerings or ion traps. The beamenergy of ISOLDE is not suitablefor a
storagering,howeverasit will beshown it is capablefor anion trap. In addition,ion trapsallow
controlledion extraction,i.e. to form ion bunches,necessaryto operatetrapsasbeambuncher,
asit s necessaryfor REX-ISOLDE.

Thereexist mainly two differentkind of traps,Penning[Pen36,Pie48,Deh67,Deh69]and
Paul [Pau58,Fis59] traps.Severalcoolingtechniques[Ita95] havebeendevelopedandsuccess-
fully appliedto bothkindsof traps.For example,resistivecooling[Cor89] is widely applicable
with cooling timesof a few secondsachievedso far. However, it hasbeenmainly appliedto
very light or highly chargedions. Ion temperaturesin thesub-Kelvin rangecanbereachedby
lasercooling [Win79, Dyc85,Asp86, Bro86,Let88, Cor89,Dal89, Met99], but it requiresan
appropriateoptical transitionavailableonly 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,
positrons,lasercooledions,andbuffer gasatoms.Thelatterascoolingreservoir ensureshort
cooling times,asthey arenecessaryfor the operationof REXTRAP. The drawbacks,i.e. the
possibilityof chargeexchange,canbemadenegligible for mostcasesby usingnoblegasesas
buffer gas.

Thereexist several attemptsto useion trapsasefficient beambuncherandcooler. From
earliertestswith a buffer gasfilled Paul trapasabeambuncherfor theISOLTRAP experiment
[Moo92] it washopedthatan increasein sizewould alsoimprove thecaptureefficiency. Un-
fortunately, this could not be confirmed[Sch98]. The maximumefficiency, achieved so far,
hasbeenin theorderof 0.1% which is a completelyunacceptablevaluewith regardto REX-
ISOLDE. On theotherhandanefficientbuffer-gasassistedcapturingof low energy ionsinto a
cylindrical Penningtrap[Ste94, Rai97]hasbeendemonstratedby thesamegroup.Estimations,
andprojectionson thebasisof theexperiencesgainedduringthatprojectindicatedthata large
gas-filedPenningtrapcouldactasanefficient beamcoolerandbuncherfor theREX-ISOLDE
project— theideaof REXTRAPwasborn.

In a Penningtrap ions areconfinedin radial directionby the actionof a strongmagnetic
field and in longitudinaldirectionby a quadrupoleelectricalpotential. Sucha potentialcan
be createdeitherby hyperboloidalshapedelectrodesor by a stackof cylindrical electrodes.
Therearetwo possibilitiesof injectingexternalparticlesinto a gas-filledPenningtrap asit is
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Figure2.1: OperationPrinciplesof aPenningtrap:continuousandpulsedinjection,cooling,andpulsed
ejection.

illustratedin Fig. 2.1.
For continuousinjection the potentialwell at the trap entranceis set slightly below the

energy of theincomingions.They passthatwell andarereflectedat thesecondpotentialwell.
Trappingcanbeachievedif theenergy lossduringonepassagethroughthe trap is larger then
the initial energy difference.This methodis naturallychosenfor continuousincidentbeams,
whereasfor pre-bunchedbeamsdynamicalinjectionis suitable.Therebythepotentialhill at the
trapentranceis loweredfor ashorttime. After thebunchhasenteredthetrapregion it is raised
again. REXTRAP hasto be operatedwith the continuousinjection schemesinceISOLDE
deliversacontinuousbeam.

During their passagethroughthe systemthe ions will loseenergy by collisionswith the
buffer gasandfinally be trappedin thepotentialminimum. Thedissipatingforceprovidedby
thebuffer gasleadsto a reductionof thekinetic energy of the injectedions. Thecombination
of magneticandelectrostaticfield in a Penningtrap causesthreeeigenmotionsfor the ions:
anoscillationparallelto thedirectionof themagneticfield andtwo radialoscillationsperpen-
dicularto it, thereducedcyclotronmotionandthemagnetronmotion[Bro86]. Thelatterhasa
particularfeature:its energy decreaseswith increasingamplitude.Dueto theenergy dissipation
theamplitudesof theaxial andthe reducedcyclotronmotion decreasewhereastheamplitude
of theunstablemagnetronmotionincreases.Thiscanbecircumventedby amassselectiveside
bandcooling technique,which is describedin detail in Sec.3.3.2. As a resultionsarefinally
cooledandcollectedin the trapcentre.Fromtherethey canbeextractedasshortion bunches
by loweringtheelectrostaticpotentialwell at thetrapexit.

For theworkpresentedhereREXTRAPwasmainlyusedasstandalone,i.e.thetiming of the
systemwasnotsynchronisedneitherwith ISOLDEnorwith thefurtherstagesof REX-ISOLDE.
However, sucha synchronisationwill be requiredfor the operationof the postacceleratorin
connectionwith ISOLDE.

Thevery first experimentsplannedwith REX-ISOLDEwill dealwith very shortlived ion
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species(seeSec.1.3). Thesespeciesareshortly releasedafter theprotonbunchimpactat the
target. Therefore,it is necessaryto synchronisethe trap operationwith the primary proton
bunchesdeliveredby thePSB.For this casethetrapcanbeoperatedwith thefollowing timing
schemeThe trap will be openedfor the target releasetime of the desiredion species. The
cooling processis startedsimultaneously. After closingthe trap it mustbe proceededfor an
additionalperiodin orderto allow alsothelatestinjectedionsto becooled.Theminimal time
distancebetweentwo proton pulsesfrom the PSB is aboutone second. The length of trap
coolingtimewill beabouta few tenthof milli-seconds.Therefore,ion lossesareonly expected
dueto thedecayof thedesiredspeciesduringthis period.

Thereleaseof ion specieswith longerhalf-lives,asfor instanceusedfor solidstatephysics
experiments,is not that stronglycorrelatedto the primary protonbunches.The ion beamis
practicallyuniform. A certaindeadtime of thetrapsystemmustbetakeninto accountfor this
casesinceduringthefinal coolingperiodno ionsareacceptedfrom ISOLDE.

It is obviousthattheoperationof thefollowing stagesof REXTRAPmustbesynchronised
with thetrapcycle. This affectsmainly theion injectioninto theREXEBIS. For thecoordina-
tion of all stagestwo scenarioscouldbeimplemented.Firstly, triggerimpulsescouldbehanded
directly from onestageto next or secondlya mainclock couldbesetup. It hasnot yet decided
whichwill befavoured.





3 Theoretical Background

Thefollowing chaptergivesanoverview of themotionof a chargedparticlein a Penningtrap
with respectto the operationof REXTRAP. This includesthe influenceof dampingforces,
radiofrequency dipoleandquadrupolefields.An additionalsectionis dedicatedto thetheoryof
buffer gascooling.

3.1 Principle of Storagein a PenningTrap

In a Penningtrap ionsareconfinedin radialdirectionby theactionof a strongaxial magnetic
field ¡£¢¥¤¦�¨§©«ª andin longitudinaldirectionby aquadrupoleelectricalpotential

¬ ¢ ­ {®°¯²±´³¶µ°· ±¹¸»º¼±½¸»¾¿±ÁÀÃÂ
(3.1)

Thereareanumberpossibilitiesto producethispotential,two verycommononesareillustrated
in Fig. 3.1.

The equipotentialsurfacesof a quadrupolepotentialare of hyperboloidalrevolution. A
Penningtrapcanthereforebemadeof a ring electrodeandtwo endcapsof hyperbolicshape.

­ { in Eq. (3.1) denotesthe voltagebetweenthe electrodes.The characteristictrap parameter¯
is a functionof Ä { and · { , thedistancesof the ring electrodeandtheendcapsfrom the trap

centre,respectively. It is givenby

¯ ¢ Åµ · ±{ÇÆ Ä ±{µ
Â

(3.2)

Alternatively thequadrupolarshapedelectricalpotentialcanbeapproximatedby asuperpo-
sition of thepotentialsof a stackof cylindrical electrodes.This structureis namedcylindrical
Penningtrap.Theparameter̄ loosesits specialmeaning.However ­ {«È ¯

±
remainsameaning-

ful parameterthatdescribesthedepthof thepotentialwell.
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Figure 3.1: Most commontypesof Penningtraps. Left: Hyperbolic Penningtrap. Right: Simple
cylindrical Penningtrap.
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3.2 Equation of Motion in an Ideal PenningTrap

The equationof motion for a particlewith charge ß andmassà in an electricalpotentialac-
cordingto Eq.(3.1)andanaxialmagneticfield is givenby

áâ ¢ ßà ³äãâæå ¡ ¸èç ¬ À éëê áº á¾ á· ¢ ãº ã¾ ã·
å

ìì
íïî Æ í ±ð

µ
º ¾¸ µ°·

with íïî ¢ ßà ¤ and í ð ¢ ß ­ {à ¯«± Â (3.3)

One immediatelyrealizesthat the axial and radial motion decouple. The axial part of
Eq. (3.3),

á· Æ í ±ð · ¢ ì
, describesa harmonicoscillation with the frequency í ð along the

z-axis

·ñ³óò À ¢ ·ñ³ ì À ± Æ ã·ô³ ì À ±í ±ð õ÷öùø ³ í ð ò Æèú ð À with û²ü ø ú ð ¢
¸ í ð ·ñ³ ì Àã·¼³ ì À

Â
(3.4)

Theradialpartof Eq.(3.3)is mostcommonlysolvedý by introducingthevelocityvectorsþ ÿ ¢�â ¸ í � âÇå §©«ª accordingto [Bro86]. þ �
and þ�� arethevelocitiesin coordinatesystemswhich

aremoving with velocitiesí � â å §©«ª and í � â å §©«ª , respectively. Pleasenotethat þ�� rotates
backwardswith respectto þ �

. Oneobtainsthetwo decoupleddifferentialequationsystems

�þ ÿ ¢ í ÿ þ ÿ å §© ª with í ÿ ¢ Åµ ³ í î�� í ±î ¸ µ í ±ð ÀÃÂ (3.5)

�
For analternativemethodto solveEq.(3.3),referto Sec.3.3.1

axial motion ωωωωz

magnetron motion ωωωω-

cyclotron motion ωωωω+

Figure 3.2: The motion of an ion in an ideal Penningtrap is a superpositionof two circular radial
motions,thereducedcyclotronmotion(	 � ) andthemagnetronmotion(	 � ), andaharmonicoscillation
(	 ð ) in axial direction.
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Thesolutionsare
 ÿ� ¢ 
 ÿ� ³ ì À
��� õ ³ í ÿ ò
À Æ 
 ÿ� ³ ì À õ ö ø ³ í ÿ ò

À

 ÿ� ¢ 
 ÿ� ³ ì À
��� õ ³ í ÿ ò

À ¸ 
 ÿ� ³ ì À õ÷öùø ³ í ÿ ò
À¹Â

(3.6)

Backtransformationinto Cartesianspacevia
º ¢ ¸����� � ����� � � � � and

¾ ¢ � �� � � ��� � � � � givesº ¢ � � õ÷öùø ³ í � ò Æèú � À ¸ � � õ ö ø ³ í � ò Æ ú � À¾ ¢ � � ��� õ ³ í � ò Æ ú � À ¸ � � ��� õ ³ í � ò Æèú � À (3.7)

with � ÿ ¢

 ÿ� ³ ì À ± Æ 
 ÿ� ³ ì À ±í � ¸ í � û ü ø ú ÿ ¢

¸ 
 ÿ� ³ ì À
 ÿ� ³ ì À
Â

Therefore,theradialmotion is a superpositionof two circularmotions,namedmagnetronand
reducedcyclotron motion. They arecharacterisedby the magnetronfrequenciesí � and the
cyclotron frequency í � andtheradii � � and � � , respectively. Pleasenotethe following fre-
quency relations

í � Æ í � ¢ íïî í ± � Æ í ± � Æ í ±ð ¢ í ±î í � í � ¢ Åµ í
±ð í � � í ð � í � Â (3.8)

Fig. 3.2 illustratesthesuperpositionof thetwo radialandtheaxial motion in anidealPenning
trap.

3.3 The Influenceof Additional Forceson the Ion Motion

In the following the influenceof additionalforceson the ion motion in a Penningtrap is dis-
cussed.In connectionwith REXTRAPbuffer gasinduceddampingforcesandforcesresulting
from azimuthalradiofrequency fieldsarefrom specialinterest.

In earlierapproachesto solve theequationof motionfor anion in a Penningtrapunderthe
influenceof adampingforceit hasalwaysbeenassumedthattheion eigenfrequenciesí � , í � ,
and í ð , remainconstant.However, from theharmonicoscillatorit is known, that its frequency
shifts for an additionaldampingforce. Therefore,in the first sub-sectionthe ion motion in a
Penningtrapundertheinfluenceof adampingforceis discussedin detail.

During thecommissioningphaseof REXTRAPanunpredictedbehaviour wasobservedin
thecaseof exciting theion motionwith dipolefields. In orderto understandthis phenomenon
betterthe equationof motion for an ion in a Penningunderthe influenceof an azimuthalrf
dipolefield anda dampingforcehasbeensolvedanalyticallyfor thefirst time. In additionthe
ion motionundertheinfluenceof anazimuthalrf quadrupolefield is shortlyreviewed,asabasis
for theunderstandingof theworkingprincipleof REXTRAP.

3.3.1 Frictional Damping

For low ion velocitiesthedampingof the ion motion is causedby the long-rangedinteraction
betweentheion andthebuffer gasatoms,polarisedby theion (seeSec.3.4). In suchacasethe
dampingforce��� ¢ ¸! à �â Â (3.9)
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is proportionalto the ion velocity. In orderto describethe ion motion underthe influenceof
dampingandazimuthalradiofrequency fieldsit is necessaryto express

���
in unitsof þ ÿ . This

transformationcanbedonevia

ãº ¢ í � 
 �� ¸ í � 
 ��í � ¸ í � and ã¾ ¢ í � 
 �� ¸ í � 
 ��í � ¸ í �
Â

(3.10)

Theequationof motionin Cartesiancoordinatesbecomes

áº ¸ íïî ã¾ ¸ Åµ í
±ð º Æ  ãº ¢ ì

á¾ Æ íïî ãº ¸ Åµ í
±ð ¾ Æ  ã¾ ¢ ì

(3.11)

á· ¸ Åµ í
±ð · Æ  ã· ¢ ì Â

The axial motion

Theaxialmotionalongthez-axisis still decoupledandbehaveslikeanordinarydampedoscil-
lator

·ñ³óò À ¢ " ��# $&% ·ñ³ ì À ± Æ ã·¼³ ì Àí('ð
¸  
µ í('ð ·ñ³ ì

À ±
õ÷öùø ³ í 'ð ò Æèú ' ð À (3.12)

with í 'ð ¢ í ±ð ¸ Å®  ± û²ü ø ú ' ð ¢
¸ í 'ð ·ñ³ ì Àã· ³ ì À´¸*) ± ·ñ³ ì À

Â

The radial motion

Theradialpartof Eq. (3.11)canbecombinedwith thesubstitution+ ¢ º Æ ã, ¾ to

á+ Æ ³ ã,¶íïî Æ  À ã+ ¸ í ±ð
µ + ¢ ì Â

(3.13)

Thishomogeneousdifferentialequationwith constantcoefficientsis mostcommonlysolvedvia
theansatz+ ¢-"/.0213� % �/465 , leadingto thefollowing quadraticequationfor theexponent

í ± Æ ³ íïî ¸ ã,  À í Æ í ±ð
µ ¢ ì Â

(3.14)

Thesolutionof Eq.(3.13)is asuperpositionof thetwo solutionsof Eq.(3.14)

+ ¢*798:" .0213�<; % �/4 ; 5 Æ 7 ± " .0=1>� $ % �/4 $ 5 (3.15)

with í 8=? ± ¢ Åµ ã,  ¸ íïî�� ³ ã,  ¸ íïî À ± ¸ µ í ±ð Â
By splitting + into realandimaginarypart,oneobtainsthefollowing equationsfor themotion
of anion in anidealPenningtrapincorporatingadampingforceproportionalto theion velocityº ¢ �@�A" 4 � % ��� õ ³ í ' � ò Æèú � À Æ � � " 4 � % ��� õ ³ í ' � ò Æ ú � À¾ ¢ ¸ �@�A" 4 � % õ÷öùø ³ í ' � ò Æèú � À ¸ � � " 4 � % õ ö ø ³ í ' � ò Æ ú � À (3.16)
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Figure3.3: Theradialmotionof aparticlein aPenningtrapundertheinfluenceof adampingforceonly
(left) andanadditionalazimuthalquadrupoleexcitationfield (right). In thefirst casetheparticleis lost
dueto theincreaseof themagnetronradius,whereasin thesecondcaseit is finally centred.

with í ' ÿ ¢ Åµ ³ íïî�� í î $ ¸ µ í ±ð À �GF í F í ¢
 ±
Å HJI

K í ±ð Æ  ±
³ í ±î ¸ µ í ±ð À/L$

M ÿ ¢ ¸  
µ Å � Å Æ ÅK I K í

±ð Æ  ±
í ±î ¸ µ í ±ð

Â

Therefore,the radial motion is a superpositionof two circular motionswith the frequenciesí ' � and í ' � which areshifteddown andup, respectively, by F í from theunperturbedfrequen-
cies í � and í � . However, by incorporatingreal trap operationparameters,onerealizesthat
thesefrequency shiftsarevery smallandcanbeneglectedin mostcases.Theradiusof there-
ducedcyclotronmotiondecaysexponentiallywith a time constantM �ON ¸! 

whereastheslow
magnetronmotionradiusincreasesexponentiallywith a considerablesmallertime constantofM � N ) ± � $P� $Q . Thisbehaviour is illustratedin theleft partof Fig. 3.3.Consequently, aparticleun-
dertheinfluenceof a dampingforcein a Penningtrapwill eventuallybelost dueto thesteady
increaseof its magnetronradius. However, this ion lossmechanismcanbe overcomeby an
appropriatecouplingof magnetronandreducedcyclotron motion. The result is shown in the
right partof Fig. 3.3andwill bediscussedin detail in Sec.3.3.2.

3.3.2 The Influenceof Azimuthal RF-Fieldson the Ion Motion

In orderto be ableto manipulatethe ion motion in a Penningtrap azimuthalradio frequency
dipoleandquadrupolefieldsareof specialinterest.Suchfieldscanbegeneratedapproximately
by applyingalternatingvoltageson a segmentedcentraltrapelectrode.The principle is illus-
tratedin Fig. 3.4.

Theapplicationof two voltages­ R phaseshiftedby 180°to oppositehalf-electrodesresults
in a dipolepotentialnearthetrapcentre
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A quadrupolarshapedpotentialis obtainedby applyingvoltages­ V with a phaseshift of 180°
to neighbouringelectrodesof a four-fold split centreelectrode.Thepotentialis characterised
by
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(3.18)

The parameterÄXT denotesthe distanceof the electrodesfrom the trap centre. The geometry
factor S is introducedto describeto deviation from an ideal dipole or quadrupolepotential
causedby thenon-idealshapeof theelectrodes.

Dipole Excitation

Undertheinfluenceof anazimuthalelectricaldipolefield asdescribedby Eq.(3.17)with ­ R ¢
­ Y I

���
õ ³ í[Z]\ ò Æ ú Z]\ À anda dampingforce accordingto Eq. (3.9) the radial part of Eq. (3.5)

becomes
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Theaxialmotionof theparticleis not influencedandfully describedby Eq. (3.12).
For theradialmotiononeexpectsresonanceeffectsat themagnetronandreducedcyclotron

frequency. Therefore,in the following excitation frequenciesí[Z]\ N í � and í[Z]\ N í � are
discussed.As beendiscussedin Sec.3.3.1a dampingforce hasno remarkableeffect on the
eigenfrequenciesí � andí � . Thus,thedifferentialequationsystem(Eq.(3.19))canbesolved
via theansatzþ ÿ ³ ò À ¢a` ÿ ³ ò À I " ÿ .0b1>�Uc % �/d c 5 , following theprocedurein [Bol90], whereit has
beenappliedonly to thecaseof quadrupoleexcitation.Doingso,oneobservesaslow changeof
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Figure 3.4: Principleof generatingan azimuthalelectricaldipole (left) andquadrupolefield (right) in
thecentralpartof a Penningtrapby usingsplit centreelectrodes.
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theamplitudes̀ ÿ ³ ò À with additionalfastmodulations.Neglectingthesehigh frequency terms
(rotatingwaveapproximation)leadsto

ã7 ÿ� ¢ | ã, í ÿ 7 ÿ� Æ í ÿ 7 ÿ� | ^ í ÿ 7 ÿ�í[Z]\ N í �~}ã7 �� ¢ ¸ ã, í � 7 �� ¸ í � 7 �� ¸ ^ í � 7 ��ã7 �� ¢ ã, í � 7 �� ¸ í � 7 �� Æ ^ í � 7 �� Æ ���± " ��.0]��13����� � � � 5 % � 1 d ��� � d � 5��í[Z]\ N í � }ã7 �� ¢ ¸ ã, í � 7 �� ¸ í � 7 �� ¸ ^ í � 7 �� Æ ���± " .0 � 13� ��� � � � 5 % � 1 d ��� � d � 5 �ã7 �� ¢ ã, í � 7��� ¸ í � 7��� Æ ^ í � 79�� Â

(3.20)

Undertheassumptionthattheion motionsarestill circular( 7 ÿ� ¢ � ã, 7 ÿ� ¢ � ã, 7 ÿ ) thisreduces
to

í[Z]\ N í �~} ã7 � ¢ ¸�^ í � 7 �ã7 � ¢ ^ í � 7 � Æ .0 ���± " ��.0]�>13����� � � � 5 % � 1 d ��� � d � 5��
í[Z]\ N í � } ã7 � ¢ ^ í � 7 �ã7 � ¢ ¸�^ í � 7 � ¸ .0 � �± " .0���13����� � � � 5 % � 1 d ��� � d � 5�� Â

(3.21)

Thefirst of eachpair of equationdescribesthenormaldecayandgrowth of thecyclotronand
magnetronradius,asit hasalreadybeendiscussedin Sec.3.3.1. It canbeseenthat in thecase
of dipoleexcitationbothradialmotionsremainuncoupled.An excitationfrequency í[Z]\ N í �
only affectsthemagnetronmotion,whereasfor í[Z]\ N í � only thecyclotronmotion is influ-
enced.In thefollowing, thesecasesarecalledmagnetronandcyclotronexcitation,respectively.
Thesecondequationsarediscussednow. A minussigndescribestheevolutionof themagnetron
motionfor í[Z]\ N í � , while aplussignrefersto thecyclotronmotionfor í�Z�\ N í � .

With theabbreviations

M ÿ ¢�| ^ í ÿ _ ÿ ¢W| _ T�" ÿ .021 d ��� � d c 5 F í ÿ ¢ � ³ í[Z]\ ¸ í ÿ À (3.22)

Eq.(3.21)canbewrittenas

ã7 ÿ ¸ M ÿ 7 ÿ ¢ ã, _ ÿµ " .0>���Uc % (3.23)

Pleasenotethat M ÿ correspondsto thatobtainedin Sec.3.3.1.
Thesolutionof Eq.(3.23)canbefoundvia standardtechniques,i.e. Laplacetransformation

[Arf71]. This leadsto

7 ÿ ³�� À � � ¸ M ÿ � ¢�7 ÿ ³ ì À Æ ã, _ ÿµ Å³�� ¸ ã,:F í ÿ À
Â

(3.24)

A partialfractionexpansion

7 ÿ ³�� À ¢ 7�ÿ ³ ì À³�� ¸ M ÿ À
¸ ã, _ ÿµ¼³ M ÿ ¸ ã,&F í ÿ À Å³ M ÿ ¸ � À Æ Å³�� ¸ ã,:F í ÿ À (3.25)



26 3.3. TheInfluenceof AdditionalForceson theIon Motion

allowsbacktransformationandoneobtains

7 ÿ ³ ò À ¢W7 ÿ ³ ì À " 4 c % Æ _ ÿµ " 4 c % ¸ " .0>��� c %F í ÿ Æ ã,:M ÿ
Â

(3.26)

Theradii arecalculatedvia � ÿ ³óò À ¢ 8� � � � � I�� 7 ÿ ³óò À I " ÿ .0213�Uc % �/d c 5 ,

� ÿ ³óò À ¢ Åí � ¸ í � 7 ÿ ³ ì À " 4 c % Æ _ Tµ I � ÿ� ÿ
±
Æ _ Tµ I � ÿ� ÿ

±
(3.27)

with

7 ÿ ³ ì À ¢ ³ í � ¸ í � À � ÿ ³ ì À� ÿ ¢ F í ± ÿ Æ M ± ÿ F ú ÿ ¢ ú Z]\ ¸ ú ÿ� ÿ ¢ F í ÿ�� � ���
õ F ú ÿ � " 4 c %

¸����
õ ³ F í ÿ ò

À � Æ õ÷öùø F ú ÿ õ ö ø ³ F í ÿ ò
À(� ÆM ÿ�� õ÷öùø F ú ÿ � " 4 c %

¸����
õ ³ F í ÿ ò

À � | ���
õ F ú ÿ õ ö ø ³ F í ÿ ò

À(�
� ÿ ¢ F í ÿ�� | õ÷öùø F ú ÿ � " 4 c %

¸����
õ ³ F í ÿ ò

À � Æ ���
õ F ú ÿ õ ö ø ³ F í ÿ ò

À(� ÆM ÿ�� | ���
õ F ú ÿ � " 4 c %

¸����
õ ³ F í ÿ ò

À � ¸ õ÷öùø F ú ÿ õ ö ø ³ F í ÿ ò
À(� Â

Theevolution of theradii � ÿ will bediscussednow startingwith thesimplecasesM ÿ ¢ ì
or_ T ¢ ì

endendingwith themorecomplex one M ÿ �¢ ì
, _ T �¢ ì

.

• M ÿ¡�¢ ì�¢ _ T ¢ ì
In thecaseof dampingonly Eq. (3.27)reducesto

� ÿ ³ ò À ¢W� ÿ ³ ì À " 4 c % ¢ (3.28)

which describesthenormalgrowth anddecayof themagnetronandcyclotronmotionas
it wasalreadydiscussedin Sec.3.3.1.

• M ÿ ¢ ì�¢ _ T �¢ ì
In thecaseof excitationonly oneobtainsfrom Eq.(3.27)

� ÿ ³óò À ¢ 8� � � � � 7 ÿ ³ ì À ± Æ � $���� $c õ ö ø
± ³ ��� c± ò À

Æ 7 ÿ ³ ì À �£����Uc � µ ��� õ F ú ÿ õ ö ø
± ³ ���Uc± ò À Æ õ ö ø F ú ÿ õ÷öùø ³ F í ÿ ò

À ;$ Â
(3.29)

Therefore,� ÿ ³óò À is the sumof a constantterm � ÿ ³ ì À anda term modulatedwith the
frequency 8± F í ÿ and F í ÿ .
In Fig. 3.5theevolutionof thecyclotronradius � � ³ ò À asa functionof F í � is shown for
two differentinitial phaseshifts F ú � . Themagnetronmotionperformssimilar. There-
fore it is not treatedin anextra figure. Theamplitudeof theoscillationbecomeslarger
with increasingexcitationamplitude_ T andwith smallerfrequency detuningF í ÿ . The
startingphasehasa small influenceanddoesnot changethegeneralbehaviour. For the
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resonancecaseone notesa linear increaseof the radius,which can be deducedfrom
Eq.(3.29),

¤ ö¦¥���UcA§ T � ÿ ³óò À ¢ Åí � ¸ í � 7 ÿ ³ ì À ± Æ _ ±T® ò ± Æ 7 ÿ ³ ì À _ T ò õ ö ø ú
Â

(3.30)

If theionsstartat rest( � ÿ ³ ì À ¢ ì
), then � ÿ ³óò À loosesits phasedependency andshowsa

simpleoscillation,

� ÿ ³ ò À ¢ _ TF í ÿ õ ö ø ³
F í ÿµ ò À Â

(3.31)
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Figure 3.5: The amplitudeof the cyclotron motion
� �����! 

for dipole excitation as a function of the
excitationtime " Z]\ (in unitsof �£�± ) for differentvaluesof # 	 � ( ①: 0, ②:

8$ T T 	 � , ③:
8% T T 	 � , ④:

88bT T 	 � ,
⑤: 8$ T 	 � ) andan initial phaseshift #'& �)(+*, (left) and #'& �-(+* ± (right). Parametersusedin these
calculationsare	 � (/. , 	 � ( 8$ T , 0 (21 , 3 T ( 88bT T T 	 � , and

� � � 1  54 1 .
• M ÿ¡�¢ ì�¢ _ T �¢ ì

As seenin thepreviouscasealsoherea phaseshift betweeninitial ion motionandexci-
tationfield doesnot changethegeneralbehaviour of themotion. Therefore,F ú ÿ ¢ ì

is
usedin thefollowing.

Eq.(3.27)canbewrittenas

� ÿ ³ ò À ¢ Åí � ¸ í � 7 ÿ ³ ì À " 4 c % Æ _ Tµ I ��
±
Æ _ Tµ I � �

±
(3.32)

� ¢ M ÿ õ÷öùø ³ F í ÿ ò
À Æ F í ÿ � " 4 c % ¸G���

õ ³ F í ÿ ò
À �� ¢ F í ÿ õ÷öùø ³ F í ÿ ò

À Æ M ÿ � " 4 c % ¸G���
õ ³ F í ÿ ò

À � Â

Alreadyhereonerecognisesanimportantcharacteristicof themotion. For dampingval-
ues

^76 ì
and ò98 : the magnetronradiusgrows to infinity, whereasthe cyclotron

motionradiusapproachesamaximumvaluewhich is independentof all otherinitial con-
ditions.
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In theupperpartof Fig. 3.6 theevolution of themagnetronradiusfor differentdetuning
values( F í � ) is shown. Oscillationswith afrequency of

��� �± areclearlyvisible,ontopof
thealreadymentionedexponentialincrease.Thetimeconstantof thelatteris notaffected
by thedetuning.It dependsonly on thedampingcoefficient ascanbeseenin thebottom
of Fig. 3.6.
Thecyclotronradiusapproachesfor ò;8 : a limit of

� � ³<: À ¢ _ T
µ¼³ í � ¸ í � À M ± � Æ F í ± �

Â
(3.33)

Accordingly, anincreaseof thefrequency detuning( F í � ) aswell asthedampingcoeffi-
cient( M � ) will decrease� � ³<: À

. This caneasilybeseenin Fig. 3.7. Also in thesecases
oneobservesoscillationswith a frequency

��� �± . An initial radius� � ³ ì À hasno influence
on thefinal radius.
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Figure 3.6: The amplitudeof the magnetronmotion
� � ���¢ for dipole excitation asa function of the

dipole excitation time " Z]\ for the parametersfrequency detuning #�	 � (top), dampingcoefficient 0
(bottom)andinitial radii

� � � 1  (21 (left),
� � � 1  ¤£(21 (right).

Numbersusedin this calculationsare 	 �¥(¦. , 	 � ( 8$ T ; Top: 3 T ( 0 	 î , # 	 � ( ①: 0, ②: 8$ T 	 � , ③:8± T 	 � , ④: 88bT 	 � , ⑤:
±$ 	 � , 0 ( 8$ T T ; Bottom: 3 T ( 88bT T T 	 î , # 	 � ( 8$ T 	 � , 0 ( ①: 0, ②: 88bT T T , ③: 8$ T T ,

④: 8± $ T , ⑤: 88bT T , ⑥: 8$ T .
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Quadrupole Excitation

The manipulationof the ion motion in a Penningtrap usingazimuthalelectricalquadrupole
fieldshasbeendiscussedin greatdetail in ref. [Bol90, Sav91, Kön95]. Its importancefor the
workingprincipleof REXTRAPmakesit necessaryto discussit herebriefly.

An azimuthalelectricalquadrupolefieldasdescribedbyEq.(3.18)with ­ V ¢ ­¨§ I
���
õ ³ í[Z]\ ò Æú Z]\ À andadampingforceaccordingto Eq. (3.9)changestheradialpartof Eq. (3.5) to

ã
 ÿ� ¢ í ÿ 
 ÿ� Æ _ ³ 
 �� ¸ 
 �� À ¸ ^ ³ í � 
 �� ¸ í � 
 �� Àã
 ÿ� ¢ ¸ í ÿ 
 ÿ� Æ _ ³ 
 �� ¸ 
 �� À ¸ ^ ³ í � 
 �� ¸ í � 
 �� À (3.34)

with _ ¢ _ T ��� õ ³ í[Z]\ ò Æèú Z]\ À _ T ¢ Sí � ¸ í �
ßà ­¨§µ Ä ±T

Â
Theaxialmotionof theparticleis not influencedandfully describedby Eq. (3.12).
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Figure 3.7: Theamplitudeof thecyclotronmotion
� �À���¢ 

normalisedby
� �Á ( � ���ÃÂÅÄ # 	 �ÇÆÈ1  (�± ) � � for dipoleexcitationasa functionof theexcitationtime " Z]\ for theparametersfrequency detuning

# 	 � (top),dampingcoefficient 0 (bottom)andinitial radii
� ��� 1  (21 (left),

� ��� 1  ( 8± � �Á (right).
Numbersusedin this calculationsare 	 �Ç(/. , 	 � ( 8$ T ; Top: 3 T ( 0<	 î , # 	 �É( ①: 0, ②:

88bT T T 	 � , ③:8$ T T 	 � , ④:
8± $ T 	 � , ⑤:

88bT T 	 � , ⑥:
8$ T 	 � , 0 ( 8$ T T ; Bottom: 3 T ( 88bT T T 	 î , # 	 � ( 8$ T 	 � , 0 ( ①: 0, ②:88bT T T , ③: 8$ T T , ④: 8± $ T , ⑤: 88bT T , ⑥: 8$ T .
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The solutionof this differentialequationsystemcanbe found following the sameway as
it hasbeendonefor the caseof dipole excitation in Sec.3.3.2. For an excitation frequencyí[Z]\ N íïî andundertheassumptionthat themagnetronandreducedcyclotronmotion remain
circularwith theunperturbedfrequenciesí � andí � , onefindsfor theradii

� ÿ ³óò À ¢ � Ê ÿ ³óò À " ÿÌËÍ$ ��� % " � # $&% (3.35)

Ê ÿ ³ ò À ¢ � ÿ ³ ì À
��� õ Î ³ F ò
À | ³ ^ í î Æ ã,&F í À � ÿ ³ ì À Æ�_ ÿT � � ³ ì Àµ F õ÷öùø Î ³ F ò

À
F ¢ Åµ ³ ^ íïî Æ ã,&F í À ± ¸ _ ±TF í ¢ í[Z]\ ¸ íïî _ ÿT ¢ _ TX" ÿ .0>� d F ú ¢ ú Z]\ ¸ ³ ú � Æ ú � À Â

In the following theresonancecaseí�Z�\ ¢ íïî will bediscussedstartingfrom thesimplecases_ ¢ ì
and

 ¢ ì
andendingwith themorecomplex ones_ �¢ ì�¢  �¢ ì

.

• _ ¢ ì�¢  �¢ ì
For thecaseof dampingonly Eq. (3.35)reducesto

� ÿ ³ ò À ¢W� ÿ ³ ì À " 4 c % ¢ (3.36)

which is equivalentto Eq.(3.16)anddescribedthere.

• _ �¢ ì�¢  ¢ ì
For thecaseof excitationonly Eq.(3.35)becomes:

� ÿ ³ ò À ¢W� ÿ ³ ì À
��� õ ³
_ Tµ ò

À | � � ³ ì À
��� õ F ú õ ö ø ³
_ Tµ ò

À Â
(3.37)

As canbeseen,theazimuthalquadrupoleexcitationleadsto a couplingof thecyclotron
andmagnetronmotion. The initial phaseshift determineshow completethe transferof
themotionsinto eachotherwill be.

• _ �¢ ì�¢  �¢ ì
It hasbeenshown in Sec.3.3.1 that the cyclotron motion decaysmuchfasterthan the
magnetronmotiongrows underthe influenceof andampingforce. A sufficiently strong
couplingof bothmotionsshouldthereforeprevent the increaseof themagnetronradius,
allowing areductionof theamplitudeof bothmotions.In thecaseof resonanceEq.(3.35)
changesto

� ÿ ³ ò À ¢�" � # $ % � ÿ ³ ì À
��� õ Î ³ F ò
À |

^ íïî � ÿ ³óò À Æ�_ ÿT � � ³ ì Àµ F õ ö ø Î ³ F ò
À

(3.38)

Thegeneralbehaviour of � ÿ ³óò À is determinedby thesizeof F , i.e. theratioof thedamp-
ing rate (̂ í î ) to the excitation amplitude( _ T ). Fig. 3.8 shows the amplitudesof the
magnetronandcyclotron motion asa function of the excitation time (Ï Z]\ ) for different
valuesof _ T (markedwith ①..⑥). As ageneraltrendoneobservesanexponentialincrease
or decreaseof theamplitudes.ThecorrespondingtimeconstantM is displayedin Fig. 3.9.
An detaileddescriptionof thesecasesis givenin thefollowing.
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①..③ _ T � ^ íïî : Here, F is realandthetime constantfor theamplitudesis givenby M ¢¸ ) ± Æ F . Accordingly, the radii increasefor F � ) ± , they remainconstantforF ¢ ) ± , or elsethey decrease.Thisbehaviour is illustratedin thecases①, ②, and③,
respectively. Therebyit hasbeenusedthat F ÐÑ Ò ¸ ) ± correspondsto _ T ÐÑ Ò9Ó µ�I ^ í ð .

④..⑥ _ TÕÔ ^ í î : For _ TÕÔ ^ íïî�F becomescomplex andoneobtainsfor theradii:

� ÿ ³ ò À ¢W" ��# $:% � ÿ ³ ì À
��� õ ³!Ö F Ö ò
À |

^ íïî � ÿ ³ ì À ÆG_ T ��� õ F ú � � ³ ì
À

µÀÖ F Ö õ ö ø ³×Ö F Ö ò
À ¢

(3.39)

observinga steadydecreaseof bothamplitudeswith anadditionalperiodicbeating
betweenthem.ThetimeconstantM hasreachedits maximumnegativevalueof

¸ ) ± .
An increaseof _ T above

^ í î doesnot changeM further. It only raisesthe beating
frequency betweenthe two motions. This behaviour is clearly visible in thecases
④, ⑤, and⑥ in Fig. 3.8andFig. 3.9.

As shown above, for a dampingforceactingon the ion andsufficiently strongcouplingof
magnetronandcyclotron motion via an azimuthalrf quadrupolefield with a frequency of íïî
onecanachievea reductionof bothmotions.In this wayonecancounteracttheincreaseof the
magnetronradiusfoundfor thedampingcaseonly andfinally centreanion in a Penningtrap.
This is illustratedin Fig. 3.3.

3.4 Buffer GasCooling

In Sec.2 it hasbeendiscussedthatthereductionof thephasespaceoccupiedby theion swarm
via cooling,is essentialfor anoperationof REXTRAPasemittanceimprovementandbunching
device. Buffer gascooling in combinationwith rf sidebandexcitation ensuresshort cooling
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Figure3.8: Amplitudes
� � of themagnetron(left) and
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of thecyclotronmotion(right) with quadru-

poleexcitationasfunctionof theexcitationtime " Z�\ (in unitsof
) ± ) for differentexcitationamplitudes:
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times.It is applicableto all ion speciesandin comparisonto othertechniquesrelatively easyto
perform.

In thefollowing a shortintroductionto importanttopicsof buffer gascoolingwith respect
to theoperationof REXTRAPis presented.

3.4.1 Damping and Ion Mobility

Theequationof motionfor anion in aPenningtrapundertheinfluenceof adampingforcewas
extendedby adampingterm(seeSec.3.3.1)��� ¨¸·  º¹¼»½¿¾ (3.40)

Realisticdampingconstantsareobtainedfrom measurementsof theion mobility in theaccord-
ing buffer gas.Thedrift velocity ÀÂÁ of theion is measuredwhendraggingtheion throughthe
gasvia anappliedelectricalfield Ã¿Á . Therelationshipbetweendrift velocity andelectricfield
is givenby

ÀÂÁ ¨ÅÄ Ã¿ÆÈÇ ¢ (3.41)

where Ä denotestheion mobility. By comparingthestationarylimit
»ÀÂÁÊÉ  ÀÂÁ ¨ Ë¹ Ã¿ÆÌÇ ¤ÎÍ ¥% § Á

»ÀÂÁ ¨ÐÏ (3.42)

with Eq. (3.41)oneobtainsfor thedampingconstant
 

 ¨ Ë¹ ÑÄ ¾ (3.43)

Sincetheion mobility scaleswith thegastemperatureÏ andpressureÒ it is normallytabulated
asreducedmobility Ä T , i.e. normalisedto standardatmosphericpressureandtemperature

Ä T ¨ÅÄ ªÔÓ ¯ ¾ Ñ H Kelvin
Ï

Ò
Ñ Ï Ñ ¯ mbar

¾ (3.44)

A compilationof nearlyall available ion mobility datacanbe found in [Ell76, Ell78, Ell84,
Vie95]. Thesedatacover mostly the energy rangeup to a few electronvolts. In this regime
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Figure 3.10: The reducedion mobility as function of the ion velocity for ö Li, ÷ % Na,
%ùø

K, úûö Rb, andü�%Ã%
Csin aargonbuffer gasatmosphere.(• – experimentalvaluesfrom [Ell76, Ell78, Ell84, Vie95], ý –

simulatedvalues,dashedline – parametricfunctionaccordingto Eq.(3.45))

theion mobility canbetreatedasconstantfor a certainion buffer gascombination.For higher
ion energiesin the orderof a few hundredelectronvolts, no experimentaldataareavailable.
Unfortunately, this rangeis interestingfor thesimulationof ion injection into REXTRAPand
of the energy lossof the ions while passingthroughthe trap. Therefore,it wasnecessaryto
calculatetheion mobility for theinterestingvelocity range.

Ion simulationshave beenperformedusinga methodalreadyappliedin [Sch98]. In this
simulationsionsaredraggedthroughabuffer gasby anappliedelectricalfield. Collisionswith
the neutralsof the gasare treatedin a “realistic” way, i.e. by employing known ion-neutral
interactionpotentials.For a detaileddescriptionof this procedurepleaserefer to Sec.A. The
resultsof the calculationsaredepictedfor several ion-neutralcombinationsin Fig. 3.10. The
experimentalvaluesof theion mobility arewell reproducedfor thelow energy range.At higher
energies,whereno experimentaldataareavailable,themobility decreasesandfor evenhigher
energies it approachesa stationarylimit. This trend can be understoodsincefor higher ion
energies the natureof the collisions changesfrom thosedominatedby soft Van-der-Waals-
interactionto hard-spherecollisionsdueto thestrongrepellingpartof theinteractionpotential.

For theion motionsimulationsin REXTRAPit hasbeendesirableto haveaparametricfunc-
tion availablethatdescribesthecompleteshapeof thecurve. The following heuristicformula
wasfoundto describewell theion mobility asa functionof theion velocity

Äÿþ�������� ¨ Ä þþ · Ä Áþ
Ñ É �
	�
�

� É Ä Áþ ¾ (3.45)

For lowervelocities(��� 8 Ï ) Ä þ takesthevalue Ä þþ , whereasit becomesÄ Áþ for highervalues
(��� 8 : ). Theslopeof thedropin betweentheseextremecasescanbecontrolledby � � and 
 .
Theresultsof fitting Eq.(3.45)to thecalculatedvaluesaregivenin Table3.1.As it canbeseen
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Ä þþ Ä Áþ � � 

ion/buffer gas cm�

Vs
cm�
Vs

m
s

ö Li � —Ar � ¾ � Ï ª ¾�� Ó � ��� ¯ ¾���� �Ô¾ ¯ ª
÷ % Na� —Ar ¯ ¾ � � Ñ ¾ ¯ � � ªÔª Ï ¾ ¯ � ¯ ¾ Ï �%ùø

K � —Ar ¯ ¾ Ñ Ó Ï ¾ � � � Ó Ï Ï ¾ Ó ¯ ª ¾ ¯ �
úûö Rb� —Ar ª ¾ ¯ Ñ Ï ¾�� ª ����� Ó ¾ Ï Ó ª ¾ ¯ �ü�%Ã%

Cs� —Ar ª ¾ Ï � Ï ¾ � ¯ � � � � ¾ Ó�� ª ¾ ¯ �
Table 3.1: Parametersfor Eq. (3.45) in order to reproducethe ion mobility as a function of the ion
velocity for several ion-neutralcombinations.

in Fig. 3.10,this parametricfunctionreproducestheexperimentalandcalculatedion mobility
quitewell over thecompletevelocity rrangeshown.

3.4.2 Cooling Limit

Thecoolingprocess,asit wasconsidereduntil now, would leadto zeroamplitudesof the ion
motion sincethe finite temperatureof the cooling mediumwasneglected. It is obvious that
phasespacereductionwill only takeplaceuntil thesystemhasreacheda thermodynamicequi-
librium state,i.e. until thetemperatureof theion swarmis equalto thebuffer gastemperature.
Thecoolinglimit will bediscussedin thefollowing.

Thephasespacedensityof acollectionof interactingparticlesin thethermalequilibriumis
representedby therelation

phasespacedensity ¨ constant������� �� Ï (3.46)

where
�

is theenergy and
� Ï is a constantwhich definesthe temperatureof theensemblein

termsof theBoltzmannconstant
�
. ExpressingEq. (3.46)in symbolicform gives

d n � � �
dxdydzdp! dp" dp

­$# ����� �� Ï (3.47)

wherex, y, andz denotesthespatialcoordinates,p! , p" , andp
­

aretheassociatedmomentum
coordinates.

Both, axial andradialmotion,contribute to theHamiltonian
�

for a particlein a Penning
trap. Sinceit containsno mixing terms(radial and axial motion are decoupled)Eq. (3.47)
decomposesandaxialandradialmotioncanbetreatedseparately.

The Axial Motion

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

� ¨ ¹
ª « ÷­&% ÷þ with

% þ ¨ % � Ï�� ÷ É '% � Ï�� ÷« ÷­ ¾ (3.48)
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Figure 3.11: The longitudinal(left) andradial (right) ion densityfor thecoupledcaseasa functionof
displacementfor severalequilibriumtemperatures.Pleasenotethedifferentscales.

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

d÷)(
d
%
d
'% # ����� · �� Ï ¨ �*�+� · ¹

ª � Ï
« ÷­&% ÷þ ¾ (3.49)

Integrationoverd
'%

andnormalisationleadsto

d(
d
% þ ¨

¹ « ÷­� Ï % þ �*��� · ¹ « ÷­ª � Ï % ÷þ ¾ (3.50)

Usingthefrequency relationsof Eq. (3.8)allow this to besimplifiedfurther

d(
d
% þ$,

ª Ë.- «0/� Ï % þ �*�+� · Ë.- «0/� Ï % ÷þ ¾ (3.51)

An importantcharacteristicof sucha distribution is themeanradiusgivenby

1 % þ32 ¨ Á
þ % þ d( ¨ Á

þ % þ d(
d
% þ d

% þ ¨ Ñ«²­ 4 � Ïª ¹ , Ñª 4 � ÏË.- «0/
¾ (3.52)

Therefore,theshapeof theaxial spatialdistribution is mainly determinedby the temperature.
An increaseof the temperaturebroadensit. This is illustratedin Fig. 3.11. It shouldbenoted
thatthedistribution is notmassdependent.

The Radial Motion

Theion densityfunctionfor theradialmotioncanbefoundin asimilar way [Sch00].

• Magnetronandcyclotronmotionwithoutquadrupoleexcitation(without coupling)

TheHamiltonianfor this uncoupledcaseis givenby

� ¨ ¹
ª � « � · «0/ �3� « �+5 � · «0/ 5

/ � (3.53)
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Sincethemagnetronmotionis unbound(denotedby the“ · ” sign)it is only meaningfulto give
adistribution functionfor thecyclotronmotion

d(
d5 � ¨

¹ « � � « � · «0/ �� Ï 5 � ����� · ¹Ð« � � « � · «0/ �ª � Ï 5 � ÷ 6 (3.54)

whichcanbefurtherreducedto

d(
d5 � , Ë ÷ - ÷¹ � Ï 5 � ����� · Ë ÷ - ÷ª ¹ � Ï 5 � ÷ ¾ (3.55)

Averaginggivesthemeanradii

1 5 � 287:9 ±<; 7:=*>@?A� ¨ 4 � Ïª ¹ « � � « � · «0/ � , Ñ« � 4 � Ïª ¹ ¨ ÑËB- 4 ¹ � Ïª1 5
/ 287:9 ±<; 7:=*>@?A� ¨ C for DFE C ¾ (3.56)

Therefore,thefinal distribution is mainly determinedby the temperatureof thebuffer gas. In
contrastto theaxial caseit is massdependent.Higher temperatureor larger ion massleadsto
broaderdistributions.

• Magnetronandcyclotronmotionwith quadrupoleexcitation(coupling)

As beenshown in Sec.3.3.2magnetronandcyclotron motion canbe coupledvia a radial
quadrupolefield with thefrequency

«HG8I ¨ «²± . ThentheHamiltonbecomes

� ¨ ¹
� � « � · «0/ � ÷ � 5 � ÷ É 5

/ ÷ � 6 (3.57)

which leadsto thefollowing densityfunction

d(
d5 ´ ¨ ¹ � « � · «0/ � ÷ª �BJ 5 ´ ����� · ¹ � « � · «0/ � ÷� �.J 5 ´ ÷ (3.58)

, Ë ÷ - ÷ª �BJ ¹ 5 ´ ����� · Ë ÷ - ÷� �BJ ¹ 5 ´ ÷ ¾
For themeanradii oneobtains

1 5 ´ 2 ±<; 7:=�>K?L� ¨ 4 �.Jª ¹ « � � « � · «0/ � , ÑË.-
M
4 ¹ �.J ¨ M ª 1 5 � 287:9 ±<; 7:=*>K?L� ¾ (3.59)

Thefinal radii distributionsfor bothmotionsareidentical. They arebroadenedby a factorofM ª comparedto thecoupledcase.

Simulation of Equilibrium Distrib utions

In orderto prove thecalculatedrelationsandto obtainreasonableinput datato investigatethe
characteristicsof ejectedion bunchesfrom REXTRAP, thermalequilibrium distributions of
severalion buffer gascombinationshavebeensimulated.

Dif ferentdistributionshave beenobtainedby placinganion swarmconsistingof a few ten
thousandionsintoavirtualPenningtrapwith buffergasandtrackitsmotionuntil anequilibrium
statehasbeenreached. The simulationhasbeenperformedusing the programPennDamp
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describedin Sec.5.2. The input parameterset for the programhasbeenchosento meetreal
operationparametersof REXTRAP ascloseaspossible. The collisionsof the ions with the
buffer gasweretreatedashardspherecollisionswith a ratecorrespondingto a helium buffer
gasatmosphereof pHe

¨ ÑON®Ñ Ï
/�P

mbaranda temperatureT ¨ ¯ÔÏÔÏ K. The equilibrium state
wasnormally reachedafter a few seconds,indicatedby the fact that the meanradii show no
significantchangebetweentwo iterations.

In Fig. 3.12thedifferencesbetweenuncoupledandcoupledmagnetronandcyclotronmo-
tion for

üRQSQ
Cs� is presented.Theplotsshow histogramsof theradii of thedifferentmotionand

thecorrespondingtheoryfunctions.A nearlyperfectagreementof thesimulationswith theory
canbenoted.

Similar plots in Fig. 3.13 illustratethe massdependenceof the amplitudedistribution for
the differentmotion in the caseof coupledmagnetronandcyclotron motion. Again, perfect
agreementof thesimulationwith theorycanbeseenfor thecaseof

üRQSQ
Cs� . If themassratio of

thecollision partnersbecomessmaller, i.e. for
Qùø

K � and ÷ Q Na� thedistributionsof magnetron
andcyclotronradii broadenslightly, whichcanbeattributedto aslightly highertemperatureof
thesemotions.A similarphenomenon,rf-heating,hasbeenfoundin Paul traps.Dueto thecol-
lisionswith thebuffer gasatomstheionsrunoutof phasewith theappliedcouplingquadrupole
rf-field, which resultsin heatingof the radialmotion. Accordingly, it is not noticeablefor the
axial motion.
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Figure 3.12: Equilibrium distributions for
üRQSQ

Cs� in a Penningtrap with Helium buffer gasat a tem-
peratureof 300K. Thehistogramsaretheresultof a simulation.Theline plotscorrespondto thetheory
functions. Left: Distribution of cyclotron radii j � for uncoupledmagnetronand cyclotron motion.
Middle and Right: Distribution of magnetronradii j /

andcyclotronradii j � for coupledmagnetron
andcyclotronmotion.



38 3.4. Buffer GasCooling

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0 0.5 1 1.5 2 2.5 3 3.5 4

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0 0.5 1 1.5 2 2.5 3 3.5 4

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0 0.5 1 1.5 2 2.5 3 3.5 4

k lm
n om
pk q r

s t u v v w s x u v v w y z u v v w

{ | } ~

| � �

� | | � �

{ | } ~

| � �

� | | � �

{ | } ~

| � �

� | | � �
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4 Experimental Set-up

The plannedperformanceof the REX-ISOLDE postaccelerator, togetherwith the limits set
by REXEBISandby thebeampropertiesof ISOLDEdefinetheboundaryconditionsfor REX-
TRAPdesign.Dueto thefew andcostlyproducedradioactiveionsthedevicehasto beefficient,
i.e. the injection andextractionefficiency shouldbe closeto 100%. The acceptanceshould
be equalor larger thanthe ISOLDE beamemittanceof 35 4 mmmrad(@60keV). The EBIS
requestsion bunchesthatfit into a narrow acceptancephasespacewith valuesof 3 4 mmmrad
(@60keV) radiallyandand100µseV (@60keV) longitudinally[Wen98,Wen00]. Cycletimes
of 20msshouldbereachedin orderto matchtheacceleratorstiming scheme[Hab00].Further-
more,thedevicehasto bereliablesinceit is apartof acomplex acceleratorchain.

The experimentalset-upof REXTRAP (Fig. 4.1), built to meettheserequirements,is de-
scribedin detail in this chapter. Theset-up,thecontrol systemaswell asimportantoperation
parametersandschemeswill bediscussed.
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Figure 4.1: Theexperimentalset-upof REXTRAP. Left: Schematicaltop view of thesystem.Nearly
the completespaceinside the Faradaycageis taken by a high voltageplatform. The magnetsystem
thathousesthetrapstructureandtwo rackscontainingtheelctronicfor trapoperationareplacedon the
platform. Right: Photographof the system. The high voltageplatform restson large insulatorsand
themagnetcanbeeasilypinpointedin theforeground.Partsof theinjectionandejectionion opticsare
visible in front andbehindthemagnet.
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Figure 4.2: Overview of theRA0 beamline leadingtowardsREXTRAP. The insertionof theoff-line
ion sourceinto thebeamline andtheprincipalof theREXTRAPbeamgateareschematicallyshown.

4.1 BeamTransport to REXTRAP

Theinjectionbeamline of REXTRAP, i.e. theRA0 sectionof theISOLDE beamline system,
branchesoff thecentralbeamline at theendof sectionCA0 to theright. A sketchof thebeam
line is shown in Fig. 4.2. It consistsof a standardISOLDE quadrupoletriplet, a beamkicker,
andastandardISOLDEdiagnosticbox.

Thebeamtubebetweentheswitchyardandthequadrupolecanberemoved. In thegapthe
testion sourceis insertedto carryoutoff-line measurements.

Theinjectionkicker hasbeenintroducedin orderto correcta 3° misfit betweenthekicker-
bendersystemat the endof the CA0-beamline and the optical axis of REX-ISOLDE. The
kickerconsistsof two parallelelectrodesfor horizontalandverticaldeflection,respectively. The
verticalplatesareusedasbeamgatefor REXTRAP, which allows thecontrolof thenumberof
ions to be injectedandstoredin the trap. This functionality is achievedby applyinga pulsed
high voltageto oneof theverticalkicker plates,which deflectsthe ion beaminto thesidewall
of thebeamline.

4.2 The Off-Line Ion Source

In orderto carryoutoff-line measurementsfor commissioningof REXTRAPandfurtherstages
of REX-ISOLDE a compaction sourcefor alkali ions hasbeendevelopedusing a concept
describedin ref. [Dez96].

In Fig. 4.3 a detailedsketchof thesourceis shown. Additionally, picturesof thecomplete
systemanda detailedview aregiven.Theheartof thesystemis a conicallyshapedcylindrical
hollow heatermadefrom graphiteandfilled upwith analkali-zeolite.It is directcurrentheated
andbuildsupatemperaturegradientfrom thethinnestpartin front to thethickerpartat theend.
Thegradientprovidesasteadilyflow of alkali atomsfrom thebackpartof thezeolitereservoir
to its front. Therethe atomsare ionisedat somepiecesof tungstenwire incorporatedin the
zeolitematerial. The ions areacceleratedin the field betweenthe ioniserat high voltageand
anelectrodeat groundpotential.Thebeamshapecanbeinfluencedby anadditionalextraction



4.2. TheOff-Line Ion Source 41

②

④

①

③

⑤
⑤

Ó Ô Õ Ö × Ø Ù × Ö Ú
① Û Ü Ý Þ ß Ü à á Þ Ü â ã ä
② å æ à å ç Þ è é à å â
③ å à Ý é ê Ü â æ è
④ Ý ë å ì ì Þ è í ê Ü â Þ Ý
⑤ Þ î â è Ü ï â å æ à ê Þ à Ý Þ Ý

ð ñ ò ó ô õ ñ ö ÷ ô ñ ø

ù ú û ü ý ú þ ÿ ü

� � þ � � ü �
ü � � � ú � � � � þ � ü þ û

� 	 
 

④

⑤

③

②
①

� � ñ 
 � ô ñ ø
① � � � � � � �
② � � � � � � � � �
③ � � � � � � � � � � �
④ � � � � � � � �  � �
⑤ ! � � � � � � � � �

Figure4.3: TheREXTRAPtestion source.Top: Sectionalview of thesystem.Bottom left: Photograph
of theopenFaradaycage.Bottom right: Theinnerparttakenin pieces.
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Figure4.4: Block diagramof theREXTRAPtestion source.

electrode.

The systemwasconstructedto ensureeasymaintenance.It fits completelyon a vacuum
flangeof 150mm in diameter. For servicingthe ioniser, i.e. to refill the zeolitematerial,two
screwsfixing theextractionlenssystemto thebaseflangehave to beunfastenedto removethat
part. Theelectricalcontactsof theioniserunit establishplugswhich fit into socketsformedby
thevacuumfeedtroughsmountedat thebaseflange.Thisallowsaneasyremoval of theioniser.

All currentandvoltagesuppliesfor operationareprovidedby a setof cablesdirectly from
thehigh voltageplatformof REXTRAP.For on-lineoperation,i.e. whentheion sourceunit is
movedoutof thebeamline, thecableconnectionis disconnected.A principlesketchof theion
sourcecircuit is givenin Fig. 4.4.

In order to keepthe ion currentfrom the sourceconstantit is necessaryto stabilisethe
temperatureof the ioniser. This is achieved by regulating the primary currentof the heater
transformerby a motor drivenvariacplacedon the high voltageplatform. The variacis con-
trolled by anexternalregulationcircuit consistingof a current-to-voltageconverteranda main
controlunit. Thecircuit comparesin principlea signalderivedfrom theprimaryheatercurrent
with a nominalvoltageset remotelyby the user. In addition, the control unit incorporatesa
safetycircuit which opensthecircuit of theprimaryheatingcurrentin thecaseof malfunction.

Due to the limited spacebetweenthe ISOLDE switch yard and the quadrupoleRA0 the
Faradaycageof the ion sourcewithstandsonly high voltagesup to 50kV without frequent
sparks.For mostof thetestmeasurementsahighvoltageof 30kV waschosen,ensuringalmost
troublefreeoperation.

The test ion sourcehasbeenfound to be very reliable over the time it was usedto get
REXTRAP operational.Dependingon which zeolitewasusedion beamsof n QSQ Cs� , oqp Rb� ,Qsr

K � , and t Q Na� with stablecurrentsup to a few nA can be producedover several weeks
without refilling thesource.
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4.3 The REXTRAP Solenoid

Themagnetconstitutesthe largestindividual part of theREXTRAPsystemwhenit comesto
weightandcost.It providesthemagneticfield neededfor theradialion confinement.

Thesolenoid,manufacturedby MAGNEX, is of superconductingtype. It is anunshielded
systemwith a warmbore,i.e. the innercylinder containinga vacuumtubewith thetrapstruc-
tureis keptat roomtemperatureandthermallydecoupledfrom thecryostats.Superconducting
systemshave two advantages.They provide high stability andneedno on-line power supply.
Ontheotherhandthemagnetcoilsmustbecooledto liquid heliumtemperature.Dependingon
theseasontheREXTRAPmagnetneedsto berefilledevery6 weekswith liquid helium(100l).
Theouterliquid nitrogencryostathasto befilled everyweek(70l).

A compilationof importantdataof theREXTRAPmagnetcanbefoundin Table4.1.

4.3.1 The High VoltagePlatform

Themagnetis placedon a high voltageplatforminsidea Faradaycage.It abutson rails which
allow asidewisedisplacementof aboutonemetre.Thisensureseasyaccessto thetrapstructure
for maintenance.

TheREXTRAPhighvoltageplatformrestsonteninsulatorsmadeof Delrin. Theinsulation
of thevacuumline is providedby largedisc-shapedpolyethyleneinsulatorswhicharecarvedat
their in- andoutsidein orderto extendthecreepagedistance.

4.3.2 The Magnetic Field

The magneticfield of the REXTRAP solenoidis producedby a pair of Helmholtz coils. A
numberof additionalsmall shim windingsallows fine tuning of the field parametersandthe
compensationof field deformingdueto the influenceof thesurroundingenvironment. A plot
of themagneticfield strengthalongthecentralaxisis givenin Fig. 4.5. It wasobtainedby cal-
culationsusingthenominalcoil currentandthegeometricaldataprovidedby themanufacturer.
The field is relatively flat in the centrepart, risesto its maximumat the positionof the coils
while droppingfastfurtherout.

manufacturer: Magnex ScientificLimited
maximumcentralfield: 3T nominalcoil current:200.3A
shimcoils:Z1, Z2, X, Y, ZX, ZY, X2-Y2, XY
centralfield homogeneity

axially over20mm: uwv ppm radially over20mm: uyx{z ppm
lengthof cryostat: 1300mm

clearbore: 120mm
overall diameter: 890mm

overallheight: 1328mm
hold time

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

Q
/h)

Table4.1: Compilationof importantpropertiesof theREXTRAPsolenoid.



44 4.3. TheREXTRAPSolenoid

-1500 -1000 -500 0 500 1000 1500
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
injection diaphragm

trap center
ejection diaphragm

 

 

B
[T

]

z [mm]

-10 -5 0 5 10

0

1x10
-4

2x10
-4

3x10
-4

4x10
-4

5x10
-4

 

 

B
-2

.9
74

83
1 

[T
]

z [cm ]

Figure 4.5: The magneticfield of the REXTRAP solenoid. Left: Field plot along the magnetaxis
obtainedfrom calculationsusingthenominalcurrentandgeometricaldataprovidedby themanufacturer.
Right: Axial magneticfield strengthmeasuredat themagnetcentre.

Thefield homogeneityat thecentreof themagnetwasspecifiedto beaxially over 20mm
lessthan2ppm andradially over 20mm lessthan10ppm. This waschecked usinga NMR
probeandfoundto beslightly violated(Fig. 4.5).However, this shouldnotaffect theoperation
of REXTRAPsignificantlyandwasthereforenot reclaimed.

Althoughthestrayfieldsof themagnetaresmallerthan5G outsidetheFaradaycage,they
influencedthebeamtransportof thecentralbeamline of ISOLDE remarkably, sincethis beam
line runsa long distancenearlyin parallelwith thefield lines. Therefore,it wasnecessaryto
shieldthis partof thebeamline in orderto preventunwantedbeamdisplacement.

4.3.3 VacuumTubeAlignment

B
|

solenoid

vacuum tube

detector

-Voffset
f
}
ilament

Figure4.6: Theset-upusedfor aligningthevacuum
tube housingthe trap structurewith respectto the
field linesof theREXTRAPmagnet.

The manufacturerdid not guaranteethat the
axisof themagneticfield is identicalwith the
geometricalaxis of the magnetcase.There-
fore, thevacuumtubeinsidethemagnetbore
is mountedwith a specialfixation allowing
the alignmentof the tubewith respectto the
magneticfield lines.

Thealignmentprocedurewascarriedout
using low energy electronsproducedin the
magnetcentre. The experimentalset-upof
this procedureis shown in Fig. 4.6. Theelec-
trons emitted by a current-heatedtantalum
foil andacceleratedby a smalloffsetvoltage
of about~�v�z�z V mustpassthroughtwo small

pinholeat eachsideensuringlow emittanceelectronbeamsto bothsides.Theelectronstravel
alongthemagneticfield linesandhit segmentedcatcherelectrodesatbothendsof thesolenoid.
Fromthecurrentdistributionat thedifferentelectrodesegmentsonecanextractthepositionof
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thevacuumtubeaccordingto themagneticfield linesandcorrectit until theelectroncurrentis
maximisedat thecentralsegment. This procedureis very sensitive andit is assumedthat the
REXTRAPvacuumtubeis adjustedbetterthan0.1mmwith respectto themagneticfield of the
solenoid.

5.5kgDrillium

Injection Losses� � � ���

Figure4.7: Spectrumof thefirst SuperHeavy Parti-
cle of 5.5kgDrillium trappedin REXTRAPusingvisi-
ble photonsafterparticleextraction.Lossesthatoc-
curredduringtheinjectionprocessaremarked.

The REXTRAP magnetwasdeliveredin
1996 and hasbeenfound very reliable and
robust. It passedits first practicaltest soon
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 theinjectionprocedure,onehasto bewail
lossesin the orderof a few 10%. However,
oncepassedthe entrancediaphragm,no fur-
ther lossescould be noted. This was con-
firmed by scatteringexperimentsof visible
photons(Fig. 4.7). Sincethecharge-to-mass
ratio of the trappedparticletendsto beclose
to zero,it wasnot possibleto ejectthesuper
heavy in thecommonwayby loweringtheax-
ial electricalpotential. Instead,themagnetic
field hadto belowereduntil it couldbeeasily
extracted.For thephysicsrelevanceof thisuniqueeventpleasereferto theincludedarticlefrom
theIJTFat page123.

4.4 The ElectrodeStructur e

The electrodestructureof the REXTRAP set-upis shown in Fig. 4.8. The systemwas cut
into its threefunctionalsectionsfor a bettervisualisation.Every ion-opticalelementis named
accordingto thenameof thedevicewhich it is connectedto.

Theejectionandaccelerationstageof REXTRAPis similarto thedecelerationandinjection
part,exceptthat it is mirroredwith respectto the trapcentre.Theelectrodesneededfor these
stagesarefixedinsideof vacuumtubesandchambers.Theseareconnectedto thetubeinsidethe
magnetboreandto supportstructureson groundpotential. All theseelectrodesaremachined
of stainlesssteel. Alumina or glassceramics(Macor) areusedfor the insulatingparts. All
electrodesbut thekickerandsteereronesarecylindrical shaped.Thelatterconsistsof two pairs
of parallelplatesmountedin horizontalandverticaldirection,respectively. Suchaconstruction
allowsbeamsteeringby applicationof differentvoltagesto facingelectrodes.

Themiddlesection,thetrapstructureitself, consistsof about40electrodeswith adiameter
of 50mm. Thecentreelectrodeis four-fold split in orderto generateelectricalquadrupoleand
dipolefieldsin thetrapcentre.Theelectrodesareassembledin fivesub-units(Fig.4.9topright).
Ceramicspacers(Macor) betweenthe electrodesprovide electricalinsulation. The insulators
fit in specialslots of the electrodes.Thesesandwich-like-structuresarehold togetherby an
outsidesupportstructure. All sub-unitsare combinedto the completetrap structure,which
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Figure4.8: Theelectrodestructureof theREXTRAPset-up.Thelinearstructureof thesystemhasbeen
cut into threefunctionalunits for bettervisualisation.Every ion-opticalelementis namedaccordingto
thenameof thedevicewhich it is connectedto.
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Figure 4.9: Photographsof the trap structureof REXTRAP. Top Left: The jigsaw puzzleof all parts
waiting to beassembled.Bottom Left: Thedifferentsectionscompleteassembled.
Right: Thetrapstructurecompletelyassembledandcabledrestingat its supporttrolley.

hasanoverall lengthof about1.30m. Thecompletelyassembledandcabledtrap is shown in
Fig. 4.9. A largeMacordisc is mountedat theouterpartson bothsidesof thestructurewhich
containssocketsfor electricalconnection.Similarcounterpartswith appropriateplugsarefixed
in vacuumcrosspieces. This “plug and play” systemprovides, in contrastto its computer
equivalent,aneasymaintenanceof thecompletesystem.Dismountingandmountingtimesof
thesystemaretypically in theorderof tenminutes.

The trapstructureis situatedin thevacuumtubeinsidetheboreof thesolenoid.The tube
materialis aspecialstainlesssteelwith anextra low magneticsusceptibilityandhasbeenespe-
cially checkednot to containmagneticenclosures.All trapelectrodesaremadefrom oxygen-
free copper, which is gold-platedfor an excellent finish quality. The useof materialswith
low magneticactivity, which alsoincludeswashersandscrews for trapassembling,ensuresa
minimumof magneticfield distortions.Smallaluminiumwheelsallow aneasyinsertionof the
completetrapstructureinto thevacuumtubewhenthemagnetis movedinto its outsideposition.

4.5 VacuumSystem

An schematicoverview of thevacuumandgasinlet systemof REXTRAPis shown in Fig.4.10.
Thevacuumsystemthathousestheion opticalpartdiscussedaboveconsistsof atubeinsidethe
boreof thesolenoidandseveralvacuumchambersmostlyof DN 160ISOsizeconnectedto the
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Figure 4.10: Overview of the REXTRAP vacuumand gasinlet system. The moleculargasflow is
indicatedby arrows. Theverticalaxishasbeenstretchedby a factorof 5 for a bettervisualisation.The
tablegivesthebuffer gaspressurenormalisedby thepressurein thestoppingpartfor argonaccordingto
gasflow calculations.Thepointscorrespondto thescaleshown on top.

tube.Two turbopumps(Alcatel 400l/s) ateachsideof theset-upareconnectedto REXTRAP.
Thesepumpsarebackedby one33m� /h roughingpump(Alcatel2033D).Theinnerpartof the
trapis mainly pumpedthroughtheinjectionandejectiondiaphragms.Dif ferentialpumpingin
betweenthetrapsectionsis accomplishedby anumberof diaphragms,ensuringagoodquality
vacuumtowardstheISOLDEbeamline andthebeamtransportsystemto REXEBIS.

An importantpoint of concernaregasimpuritiesin thesystem,i.e. therestgaspressure.It
shouldbe kept low, in orderto minimisecharge exchangereactionsandion lossesinsidethe
trapstructure.Thevacuumtubeandthecontainedtrapstructureis only moderatelybakeable
(up to 80°C), sincethesurroundingsuperconductingmagnetis heatsensitive for obviousrea-
sons.Furthermore,the innerpartof the trapstructureis only pumpedthroughthedifferential
pumpingdiaphragms,resultingin a relative high restgaspressure.Beadsof non-evaporable
gettermaterials(SAESSt 172type)havebeeninstalledin thespacebetweenvacuumtubeand
trapelectrodesto compensatethis lack of pumpingspeedandto cleanthebuffer gasfrom im-
purities. This beadsarenormallyactivatedby directcurrentheatingafter thesystemhasbeen
pumpeddown.
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Figure 4.11: The buffer gaspressurep� in the stoppingpart of REXTRAP asa function of the con-
trol voltageappliedto the buffer gascontrol unit Ucontrol for different gases.In the working areathis
dependency canexpressedaccordingto Eq.(4.1)usingtheconstantsgivenin thetable.

Buffer GasSupply

Thebuffer gaspressurein thetrap,namelyargon,neon,or helium,is keptat a stationarypres-
suredistribution by stabilisingthe pressureof a small gasreservoir outside. This reservoir is
formedby a small vacuumT-piece. The buffer gasinlet is controlledvia a needlevalve con-
nectedto a pressurecontrollerunit (BalzersRME010+ RVG040).Thereadingof a full-range
pressuregauge(Alcatel P3C+ CA111)fixedto thereservoir servesasinput for thecontroller
unit. Thegasis guidedto the innerpartof the trapvia a long teflonhose.This capillary tube
releasesthegasat thespacein betweenthevacuumtubeandtheelectrodestructure.Thisouter
part is shieldedagainstinjectionandtrappingpartby diffusionbarriers.Severalelectrodesof
thestoppingpartareperforated,allowing thegasto diffuseinto the inner trappart. Thehigh
buffer gaspressurein the stoppingpart providesthe energy losspower necessaryto trap the
injectedions.Thegasflow is directedtowardstheouterpartsof thesystemfollowing thepres-
suregradientproducedby the vacuumpumps. Specialattentionmustbe paid to the pressure
valuein thetrappingandejectionpart.On theonehandit mustbesufficiently high to ensurea
suitablecoolingperformanceandon theotherhandit mustbeaslow aspossibleto prevention
re-heatingduringtheextractionprocess.Therefore,severalelectrodesareagainperforatedfor
abetterevacuationof theejectionpart.

Thebuffer gaspressurein thegasreservoir is of coursehigherthantheonein the trap. In
orderto understandthepressuredistributionof thebuffer gasin all stages,gasflow calculations
havebeencarriedout,assumingKnudsenflow in theteflontubeandmolecularflow in all other
stages[Umr97]. Additionally, thevacuumgaugereadingshavebeencorrectedfor differentgas
types. The resultsof thecalculationsareshown in severalfigures. In Fig. 4.10thebuffer gas
pressurenormalisedby thepressureat thehigh pressureregion at severalpointsis shown. The
distributionover thecompletetrapstructureis givenin Fig. 4.20.

An importantpointof interestis thebuffer gaspressurein thestoppingpartof REXTRAPas
a functionof thepressurein thereservoir, or in otherwordsasa functionof thecontrolvoltage.
Thecorrelationof bothvaluesis givenin Fig. 4.11.Thelinearapproximation

p� [mbar] ������� U � Ucontrol[V] ~ p (4.1)
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Figure 4.12: Schematicof the circuit
usedto provide line power andhigh volt-
ageto theREXTRAPplatform.
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hasbeenadjustedto thecalculatedpointsin orderto describethecurve in theinterestingwork-
ing region. TheconstantsU andp for thedifferentgasescanbefoundin thetableof Fig. 4.11.

Thegasflow conductanceof thedifferentpartsof REXTRAPcanbeestimatedonly roughly.
For instancethe distancebetweenthe pumpingstopsand the vacuumtube was taken to be
0.1mm. However, sincethetubeis slightly bentthisvaluecouldeasilybetoosmallby a factor
of two. Therefore,the pressurevaluesobtainedby the calculationsshouldonly be taken as
approximationsvalid within a factorof two.

4.6 Electronics

4.6.1 The High-VoltageSystem

A schematicoverview of thehigh-voltageandtheline power supplyfor thehigh-voltageplat-
form is given in the left part of Fig. 4.12. Two oil-free 2kVA isolationtransformer(Power-
Sources)deliver the line power neededat theplatform. Theplatformpotentialis providedby
a remotecontrolledpower supplyfrom fug (FUG HCN 140M-65000).Thehigh voltageout-
let is directly connectedto the secondarywinding of the potentialtransformeraswell as to
the high voltageplatform. Several groundingbandconnectionsprevent any potentialdiffer-
encesbetweeninstallationson the platform. Varistorsprotectthe electronicequipmentfrom
high-voltagetransientscausedby occasionalsparkovers.

A complex interlock systemswhich includesinterlock contactsat the cagedoors,for the
platformgroundingrods,for thevacuumsystem,anda masterkey ensuresa safeoperationof
the high voltageplatform andpreventsthe unwantedcontactof trap operatorsanduserswith
any kind of the high voltageinstallation. The systemhasbeenapproved by the local CERN
authoritiesin chargeof thesafetyof HV installations.

Althoughstabilityandreproducibilityof theHV powersupplyarespecifiedto bebetterthan
10��� themanufacturergivesfor theabsolutecalibrationof thepower supplya valueof 0.5%.
Theoperationof thetraprequiresthecalibrationof theREXTRAPhigh-voltagepower supply
with respectto theacceleratingvoltageof theISOLDE ion source.This hasbeenachievedby
a proceduredescribedin Sec.6.5.2. In conclusion,the voltagereadbackof the REXTRAP
high-voltagepowersupplyis at maximum10V off, which is anexcellentvalue.
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4.6.2 ElectrodeSupply

All static voltagesneededfor the beamoptical elementslike lensesand trap electrodesare
providedby remote-controlledpowersupplies(FUG,CERN).

From the trap centretowardsthe trap exit all electrodesmustbepulseddown for ejecting
theion bunchesfrom REXTRAP.Voltagesupto afew hundredvolt mustbeswitchedin micro-
secondsfrom onepolarity to the other. Thereare two possibilitiesto achieve this. On one
handonecanusefasthigh-voltageswitchesin connectionwith high-voltagepowerssupplies.
A moreelegantwayhasbeenchosenfor REXTRAPillustratedschematicallyin Fig. 4.13.

An analogcontrolvoltagedeliveredfrom a channelof a self-madeswitchbox is amplified
by high voltageamplifiers(TREK Model 750/50,electronicslab (E-lab) University Mainz)
dependingon theresponsetime andthedynamicrangeneeded.TheE-LAB amplifiershave a
dynamicrangeof

� x���� V anda switchingtime lessthan1µs. They areusedfor theinnertrap
electrodes(electrode24� � � electrode29).For the outerelectrodes(electrode29� � � electrode36),
wheretheresponsetimeis uncritical,TREK amplifiersareusedbecauseof theirhigherdynamic
range(

� ����� V).
Theself-madeswitchbox contains16 independentswitchingchannels.Eachchannelcon-

sistsof fast-switchingstagefollowedby a fastline driver. Thefirst baseson fastCMOSanalog
switches(TEMIC semiconductorsDG403). A TTL triggersignalswitchestheoutputvoltage
of this stagebetweentwo analogvoltages.Theline driverwasaddedin orderto drive resistive
loads.A driving capabilityof

� x�� V into 50  atswitchingtimesin theorderof 1µsis provided
by ahighspeed,highpoweroperationalamplifier(NationalSemiconductorLM 6313).
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Figure 4.14: Schematicof the generationof rf
dipoleandquadrupolefieldsin thetrapcentre.

The manipulation of the ion motion
requires oscillating dipole and quadrupole
fields. Theradio frequency voltagesarepro-
vided by two arbitrary function generators
(StanfordResearchSystemsDS345). The
supplyof theradiofrequency to thefour-fold
split centreelectrodesis schematicallyshown
in Fig.4.14.Therearetwodisadvantageasso-
ciatedwith thiskind of “poor men”coupling.
Firstly, oneloosesa factorof two in theam-
plitudeof the rf field at the trapcentre.Sec-
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Figure4.13: Principleof fastvoltageswitchingfor REXTRAPelectrodes.Left: Principlesketchof one
switchingchannel.Right: Schematicof thecompleteelectrodeswitchingsystem.Theanalogcontrol
voltagesfor eachareprovided by the PROFIBUS. The outputof the switch box is controlledby TTL
compatibletriggersignalsandfinally amplifiedby atotalof 6 E-laband2 TREK highvoltageamplifiers.
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ondly, onecreatesanadditionalDC offsetat
thetrapcentre.However, thesedrawbacksare
by farcompensatedby itsodds.Thisis onone

handtherathersimpledesignof thiscircuit. In addition,it avoidsbroadbandmixing stagesand
amplifiers,which aredifficult in designandfragileduringoperation.

4.7 BeamDiagnosticsand Ion detection

Severaltoolsareavailablefor theoptimisationanddiagnosisof theperformanceof REXTRAP
andits teamplay with ISOLDEandthefurtherstagesof thetrapsystem.

A standardISOLDEdiagnosticbox is situatedin front of REXTRAPat theendof theRA0
beamline. It containsa Faradaycupanda needlescannerwhich allow thebeamintensityand
spatialdensityof theincidentbeamto bedetermined.

For thestudyof beaminjectionandejectiontwo simpleplatesmadeof stainlesssteelcan
beinsertedinto thebeampath.Theplatesaresituatedin betweenthegapof transferpotential
andelectrode01andtransferpotentialandelectrode40,respectively. They provide thepossibil-
ity of currentmeasurementsin orderto optimisethe injection into REXTRAP. Although the
constructionis quitesimpleit ensuresexactmeasurementssincetheelectricalpotentialdistri-
butionat thepositionof theplatespreventstheescapeof secondaryparticlescreatedby theion
impact,whichnormallyfalsify thecurrentdetermination.Thereadoutof theplatesis achieved
by pico-amperemeters(Keithley 485).

At the ejectionside on groundpotentialthreedifferentbeamdiagnostictools have been
placedfor theoptimisationandcharacterisationof the ion pulsesdeliveredby REXTRAPfor
thetestmeasurements.A Faradaycupconnectedto apico-amperemeter(Keithley 485)allowed
themeasurementof thebeamcurrentextractedfrom REXTRAP.For therecordingof time-of-
flight spectraa particlemultiplier systemanda commercialbeamviewing systemhave been
used.Theseset-upsareillustratedin Fig. 4.15.
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An electron multiplier tube (Hama-
matsuR2362),sometimesalsoreferredto as
particle multiplier, was used for numerous
test measurements.Normally suchsystems
arequitereliableandprovideawidedynamic
range. Unfortunatelythis type of multiplier
did not reachits performancewith respectto
gain. So it wasonly usefulfor the detection
of ratherhigh intensitiesandreplacedby the
Colutronbeamviewing system.Althoughthe
multiplier wasspecifiedto work properly in
the magneticfield of a few Gaussit is be-
lieved that its improperbehaviour is caused
by permanentdamagecausedby operationin
thestrayfieldsof theREXTRAPmagnet.

The beam viewing system (Colutron
BVS-2), which is mountedan a flangewith
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aview port,consistsof amicro-channelplate
with a phosphorscreenbehind. This system
an deliver picturesof the spatial densityof
ion beams.Thefluorescentlight of thephos-
phor screenoriginatedfrom secondaryelec-
trons emitted by the MCP after ion impact
canbeviewedthroughthewindow by aCCD
camera. However, the lack of a triggerable
cameraandframegrabbercardmadethisoperationmodeimpossibleduringthework described
here. The MCP wasusedonly to recordtime-of-flight spectraof extractedion bunchesfrom
REXTRAP.

Thesignalscomingfrom theelectronmultiplier canbegrabbedeitherby a standardoscil-
loscope(LeCroy 9314A)or a multi-channelscaler(StanfordResearchSystemsSR430). The
latter is mostsuitablefor low countratesup to a few ionsperpulse.At highercountratesthe
scalerstartsto misseventsdueto thelimited bandwidthof its discriminatorstage.Therefore,it
wasusedonly occasionally.

4.8 The Control System

The REXTRAP control systembaseson a systemoriginally developedfor the ISOLTRAP
experiment[Emm93, Roh93,Bec97]. The centralposition is hold by a VME-bus computer
runningthereal-timeoperatingsystemOS/9.A graphicaluserinterfaceis providedby several
programsrunningonstandardWINDOWSbasedpersonalcomputers,whichcommunicatewith
theVME-buscomputervia network connections.

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

4.8.1 Hardware

All parametersnecessaryfor theoperationof REXTRAPareremotecontrolledvia threediffer-
entchannels.All intelligentdevices,i.e. deviceswhich needa certainamountof programmed
information,aremanagedby aGeneralPurposeInterfaceBus(GPIB).A fieldbussystem,i.e.a
PROFIBUS system,servesfor equipmentwhich requirelessattention.Logical triggersignals
coordinatetheteamplayof all componentsof thesystem.

GPIB

As alreadymentioned,the GPIB controlsall intelligent devices. This includesthe Memory
moduleresponsiblefor timing (seeparagraphtriggersignalsfurtherdown), theProbuscontrol
unit for thehigh-voltagepower supply, thearbitraryfunctiongenerators,thepico-ampereme-
ters,theoscilloscope,andthemulti-channelscaler. Thebustransfersprogrammingandstatus
informationaswell asrecordeddata. It is controlledby VME-bus interfacecard(JanzElec-
tronic). A fibre optic link system(GPIB140-A, National Instruments)bridgesthe potential
differenceto thehigh-voltageplatform.
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PROFIBUS

PROFIBUS is a vendor-independent,openfieldbusstandarddevelopedfor a wide rangeof ap-
plicationsin manufacturing,processandbuildingautomation[Pro00].ThebusprotocolPROFI-
BUS-DP, chosenfor theapplicationat REXTRAP, is optimisedfor high speedcommunication
andinexpensive hookup. It is designedespeciallyfor communicationbetweena control sys-
temanddistributedinput/outputdevicesmatchingexacttherequirementsfor mostof thelarger
physicsexperiments.

An overview of thetopologyof thePROFIBUS,designedfor REXTRAP, is givenin Fig.4.17.
Thesystemconsistsof a busmasterwhich determinesthedatacommunicationon thebusand
five slave units (SiemensET200Mwith SIMATIC S3andWAGO I/O system),equippedwith
DACs,ADCs, logical in andoutputs,aswell asserialinterfaces,which allocatea total number
of about180controlsignals.Theslavesarespreadovera largeareaof theexperimentalhall or
areplacedon thehighvoltageplatform.

The PROFIBUS transmissionbaseson the RS485 protocol, i.e. the bus signalsaretrans-
portedby shieldedtwistedpair cablesto all slavesat groundpotential. In orderto bridgethe
potentialdifferenceto thehighvoltageplatform,anopticallink systemconsistingof anoptical
link module(OLM, Siemens)andanopticallink plug (OLP, Siemens)connectedvia anplastic
fibre loop is used.Thetransmissiontechnologyensuressimplecost-effectivecabling.Theused
equipmentallows datatransferratesup to 1.5MBit/s, a performancewhich is far beyond the
experimentaldemands.

Thebus is controlledby a VME-PROFI mastercard(DorschMikrosystem)[Chr98]. This
cardhasits own CPUwhich handlesthecomplex PROFIBUS protocol.TheVME-bussystem
canreador write the I/O-bytesof the distributedperipheralstationsby readingor writing of
the dual portedmemoryof the cardwhich is mirrored to the VME-bus memory. Low level
debugging,configurationof thePROFIBUS, aswell asinspectioncanbedoneusingtheWIN-
DOWSbasedprogramDPKonfig[Chr96]. It interactswith theVME-PROFI cardvia aninternal
RS232interfaceor via TCP/IPconnection.For thispurposeseveraldemonprogramshavebeen
installedon theOS/9system.

In orderto integratethePROFIBUS in theexisting softwarepackage,several servicepro-
gramsaswell asa library containinglow level functionsandproceduresneededto implement
high level codehavebeenprogrammed.

REXTRAPandREXEBISestablisha functionalunit with respectto ion preparationfor the
REX-ISOLDELINAC. Therefore,in anearlydesignphasebothsystemsit hasbeenconsidered
to haveacommoncontrolsystem.However, duringthecommissioningphaseof eachsystemsit
turnedout to beusefulto havetwo independentsub-systems.Whenthetestsof bothREXTRAP
andREXEBISarecompletedbothsystemswill bemergedagain.

TheREXEBIS-PROFIBUS hasbeenfoundvery reliablesinceits implementing.It needed
nearlyno maintenanceandduring its operationperiodof aboutthreeyearsonly oneanalog
outputmodulebrokedueto ahighvoltagespark.

Trigger Signals

Thecoordinationof thetrapoperationcycleisprovidedbyTTL-triggersignals.A programmable
logicalpatterngenerator, theso-calledmemorymodule(E-LAB UniversityMainz),createsthe
appropriatelogical pulses. The logical patternis programmedvia the GPIB interfaceof the
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Figure 4.17: Topologyof theREXTRAPPROFIBUS.

module. Synchronisationwith the VME-bus processesis ensuredvia a VME-bus digital I/O
interfacecard(Janz). Deviceswhich demandtrigger pulsesarethe beamgatein front of the
trap, the function generators,andthe dataacquisition(the oscilloscopeandthemulti-channel
scaler). A specialoptical link systemhasbeendevelopedto bring the fast trigger signalsto
thehighvoltageplatform.They arebasedon opticalreceiverandtransmittercomponentsfrom
Harting[Har98a, Har98b,Har98c].

4.8.2 Software

In orderto provide a stableandreliablecontrol system,which canbe easilyintegratedin the
complex acceleratorchainof REX-ISOLDE,tremendousprogrammingwork hasbeencarried
outbothon theWINDOWSuserinterfaceaswell ason theVME computerside.This included
theportingof thecompletesourcecodeof theVME projectto a crosscompilerplatform,bug
fixing, andintegrationof new hardware. For thefirst time thesystemhasbeenintegratedin a
well definedtreestructure.ThecrosscompilersystemHawk [Haw98] createsa completeand
easy-to-usedevelopmentenvironment,whichshouldreducetheperiodof vocationaladjustment
for newcomersdrastically. The descriptionof all changesandadditionsis wide beyond the
scopeof this thesisandwill begivenin detail in [For01].

The following sectionwill give a short introductioninto the softwareproject. Only very
basicaspectscanbetreated.More informationcanbefoundin thereferencesmentionedabove.

An overview of the softwarepart of the REXTRAP control systemis shown in Fig.4.18.
Both the PC aswell as the VME sideareshown. Inter processcommunicationbetweenthe
programson PCandVME sideis providedby a TCP/IPbasednetwork protocol.

VME Project

Thereal trapoperationis controlledby a numberof programsrunningon theVME-buscom-
puter. This includesDevServer, ProcServer, andDataServer. They arecoordinatedby theSu-
perVisor process.Furthermore,it administratesanumberof projecttables(DevTable, ProcTable,
DataTable, ConnTable), whereimportantrun-timeinformationaboutthe statusof the system
arestoredandwherethey canbe accessedby other processes.Real hardwareequipmentis
representedby device drivers. Sucha driver hasinformation aboutthe hardware addresses,
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Figure 4.18: Overview of thesoftwareprojectof theREXTRAPcontrolsystem.

initialisationandlimit valuesaswell ashow to accessthe functionalityof theequipment.All
devicesaremanagedby theDevServer. TheProcServerdemonis responsiblefor correctini-
tialisationandterminationof all processesconnectedwith thecontrolsystem.TheDataServer
manageslarge portionsof memory, so-calleddatamoduleswhereprocessescanstoreimpor-
tant dataandinformation. Inter processcommunicationis providedby a complex messaging
system.TheprocessREXTRAPControl controlsthetrapmeasurementcycle.

User Interface

Most of thefunctionalityof theREXTRAPcontrolsystemcanbedirectly accessedvia utility
programson theVME-buscomputer. However, for a bettervisualisationandin orderto have
a well known systemfor new and unexperiencedusersa WINDOWS basedgraphicaluser
interfaceexists. It consistsof two programs. The programREXDeviceControl managesall
staticdevices. REXTRAPControl at thePCsideprovidesa well structuredinterfacefor the
controlof thetrapcycle. Besidethepossibilityof controlling thetime structureof thecycle it
allowsparameterto bescannedandthevisualisationof theacquireddata.

4.8.3 The Control of the Trap Timing

The control of the trap cycle includeshardwareaswell assoftware. The interactionbetween
bothwill beshortlydescribedin thefollowing.

Theprincipleof controllingthetraptiming is illustratedin Fig. 4.19.
REXTRAPControl is startedby the SuperVisor processafter requestby the user. The first

actionof theprogramis to setthetimestructureof thedesiredcycle in thememorymodule.For
optimisationof thetrapperformanceit is possibleto scanparametersof certaindevices.These
devicesareinitialised in thesecondstep.Now thecontrol is handedover to theRexMemHan-
dler. ThesignalStartEnable is generatedthatstartsthememorymodule.StartEnable
is clearedafter receiving the signalStartDone . This avoids unwantedre-triggering. Now,
the memorygeneratesits patternof trigger signals. After finishing the signal CycleFin-
ished is generated.This re-activatestheRexMemHandler. If thenumberof Memorycycles
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hasnot reachedits desiredvalue,theMemoryis restarted.Otherwise,thecontrolis givenback
to REXTRAPControl. In this casedatafrom the dataacquisitionsystemarewritten to a data
module,wherethey canbeaccessedfrom thedataevaluationprogramon thePCside. When
thecompletescanis finishedtheuseris notifiedvia theappropriatePCprograms.

4.9 BasicOperational Proceduresof REXTRAP

4.9.1 Functional Overview

After passingthebeamgatein front of hesystemtheincidention beamreachestheREXTRAP
setup. In the following the ion optical functionality of the differentstagesof REXTRAP is
discussed.Thedenominationof thedifferentpartsandelectrodescorrespondsto theonesused
in Fig. 4.8.

Decelerationand Injection

The incomingion beamis focusedthrougha first diaphragmby a lenssystemformedby the
retardationpotentialandthe first lensat transferpotential. The ion beamhasnow an energy
correspondingto the transferpotential. After this first focustheexpandingbeamis refocused
with aneinzellensconsistingof electrode01andtwo electrodesat transferpotential. Thepo-
tential at electrode01is chosenin order to focus the beamtowardsthe injection diaphragm.
Longitudinalion energy is partly transferedto radialenergy while travelling troughthe fringe
fields of the solenoid,referredto asradial energy pick up. Therea part of the magneticfield
vectoris perpendicularto thedirectionof movementof the ion. This resultsin Lorentzforce
which is thereforeresponsiblefor theenergy transfer. At thesametime theionshave to climb
thepotentialwall at thetrapentrance,createdby electrode02to electrode05.Thelongitudinal
energy spreadhasnow reachedits maximum,mainly determinedby the ion speciesand the
parametersof the incidentbeam.Typically thevaluesrangefrom 30eV to morethan100eV.
In ordernot to reflectthebeampartly, thepotentialappliedto electrode05hasto belower than
thecorrespondingminimumaxial energy of the incidention beam.After this point, whenthe
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ionshave reachedthestrongmagneticfields,they follow themagneticfield linesguidingthem
to thecentralregionof themagnet.

Stoppingand Trapping

The centralpart of REXTRAP is divided into two subunits. The stoppingpart with its high
buffer gaspressureprovidesa sufficiently high energy loss to trap the ions. The pressurein
thetrappingpartwherethepotentialminimumis situatedis keptlower in orderto ensuregood
coolingperformanceandto preventheatingof theionsby collisionswith thebuffer 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 frequency field usedfor
the rf-sidebandcooling (seeSec.3.3.2). After finishing thecoolingprocedurethevoltagesof
electrode24to electrode36is pulseddown in orderto acceleratetheion bunchtowardsthetrap
exit.

Ejection and Acceleration

As alreadydiscussedin Sec.4.4. Theejectionandaccelerationstageof REXTRAPis similar
to the decelerationandinjection part, exceptthat the ions passthroughin oppositedirection,
i.e. afterpassingtheextractiondiaphragmthe ion pulseis refocusedby theeinzellenssystem
formedby transferpotentialandelectrode40towardsthefinal acceleration.

4.9.2 Operational Parameters

REXTRAPhasbeenoperatedwith twobeamenergiesof theincidention beam.Whenoperating
with the test ion sourcea beamenergy of 30keV hasbeenchosenin orderto avoid frequent
spark-overs,whereasfor on-line measurementswith ISOLDE an ion energy of about60keV
was used. Table 4.2 gives a compilationof all trap operationparameterbut the timing for
this two cases.For the differentbeamenergies remarkabledifferencescanbe found for the
following voltages:RA0 quadrupole,retardationpotential,injection kicker, andacceleration
potential,electrode05. The different valuesfor electrode01and electrode40are due to the
fact that different ion masseshave beenusedto obtain theseoptimisedsettings. The argon
buffer gaspressurein thehigh pressureareawasp0 »

¼¾½À¿ÂÁ x ¼ÄÃ mbarfor theoff-line caseand
p0 » x ½ÆÅÇÁ x ¼ÄÃ mbarfor theon-linecase.

The voltagesand buffer gasdistribution along the trap axis resulting from applying the
valuesfor theon-linemeasurementsareshown in Fig. 4.20.

4.9.3 Timing

For the exact coordinationand trap synchronisationfour trigger signalsarenecessary. They
control the switchingof the beamgate,the switchingof the outputof the arbitrary function
generatorsfor dipoleandquadrupoleexcitation,andthey triggerthepulsingof thepotentialsat
thetrapexit for ion extraction.È

É
The latterconsistin factof two signals,which aredelayedby 13µsin orderto compensatethedifferentrise

timesof thehigh-voltageamplifiers(compareSec.4.6.2).However, thatsof no importancefor theunderstanding
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device name OFF-LINE operation ON-LINE operation
heating: ÊÌËÎÍ —

IonSource
offset: ÏÑÐÑÐÒËÎÐ —

HV ÏÑÐÑÐÑÐÑÐÓËÎÐ ÔÑÕÑÖÑÏÑÐÓËÎÐ
TransferPotential ×ÙØÑÔÑÐÑÐÓËÎÐ ×ÙØÑÔÑÐÑÐÚËÎÐ
GasInlet ÔÑËÎÔ ÔÒËÎÖÑÔ
RA0.QP20 ØÑÏÑÔÑÔÓËÎÐ ÛÑØÑÔÑÐÚËÎÐ
RA0.QP30 ØÑÜÑØÑÛÓËÎÐ ÏÑØÑÏÑÐÚËÎÐ

quad: ØÑÛÑÕÑÛÓËÎÐ quad: ÛÑÛÑÐÑÔÚËÎÐ
offset: ÍÑÐÑÐÒËÎÐ offset: ÏÑÐÑÐÚËÎÐRA0.QS40
horiz: ÜÑÐÒËÎÐ horiz: ØÑÐÒËÎÐ
vert: ×ÇÏÑÐÒËÎÐ vert: ÏÑÐÒËÎÐ

InjectionLens ×ÇÔÑÐÑÐÒËÎÐ ÐÒËÎÐ
RetarationPot ×ÙÛÑÕÑÐÑÐÓËÎÐ ×ÙÍÑÔÑÐÑÐÚËÎÐ

horiz: ÊÌÕÑÔÒËÎÐ horiz: ÜÑØÑÔÚËÎÐ
InjectionKicker

vert: ÐÑËÎÐ vert: ÜÑÐÒËÎÐ
horiz: ÐÑËÎÐ horiz: ÔÑÐÒËÎÐ

InjectionSteerer
vert: ÔÑÐÒËÎÐ vert: ÔÒËÎÐ

Electrode01 ×ÇØÑÏÑÔÒËÎÐ ×ÙÛÑÖÑÐÚËÎÐ
Electrode02 ×ÙÛÑÐÑÐÑÐÓËÎÐ ×ÙØÑÜÑÐÑÐÚËÎÐ
Electrode03 ×ÙØÝÊÌÐÑÐÓËÎÐ ×ÙØÝÊÌÐÑÐÚËÎÐ
Electrode05 ÛÑÜÑÔÒËÎÐ ØÑÜÑÔÚËÎÐ
Electrode16 ØÑÐÑÐÒËÎÐ ÜÑÐÒËÎÐ
Electrode17 ÊÌÛÒËÎÐ ÊÌÛÒËÎÐ
Electrode18 ØÝÊÞËÎÐ ØÝÊÞËÎÐ
Electrode20 ÐÑËÎÐ ÐÒËÎÐ

injection ejection injection ejection
Electrode24 ØÝÊÞËÎÐ ×ÙÏÑËÎÔ ØÝÊÞËÎÐ ×ÙÏÒËÎÔ
Electrode26 ÊÌÛÒËÎÐ ×ÙÍÑËÎÐ ÊÌÛÒËÎÐ ×ÙÍÒËÎÐ
Electrode27 ÜÑÐÒËÎÐ ×ÙÕÑËÎÛ ÜÑÐÒËÎÐ ×ÙÕÒËÎÛ
Electrode28 ØÑÐÑÐÒËÎÐ ×ÇØÑÏÒËÎÍ ØÑÐÑÐÒËÎÐ ×ÙØÑÏÒËÎÍ
Electrode29 ØÑÛÑÐÒËÎÐ ×ÇØÑÜÒËÎÐ ØÑÛÑÐÒËÎÐ ×ÙØÑÜÒËÎÐ
Electrode32 ØÑÜÑÔÒËÎÐ ×ÇÏÑØÒË Ê ØÑÜÑÔÒËÎÐ ×ÙÏÑØÒË Ê
Electrode33 ÛÑØÑÛÒËÎÐ ×ÇÏÑÔÒËÎÜ ÛÑØÑÛÒËÎÐ ×ÙÏÑÔÒËÎÜ
Electrode36 ÏÑØÑÐÒËÎÐ ×ÇÔÑÐÒËÎÐ ÏÑØÑÐÒËÎÐ ×ÙÔÑÐÒËÎÐ
Electrode37 ×ÇÏÑÐÑÐÒËÎÐ ×ÙÏÑÐÑÐÚËÎÐ
Electrode38 ×ÙØÑÐÑÐÑÐÓËÎÐ ×ÙØÑÐÑÐÑÐÚËÎÐ
Electrode39 ×ÙÛÑÐÑÐÑÐÓËÎÐ ×ÙØÑÜÑÐÑÐÚËÎÐ
Electrode40 ×ÇÜÑÐÒËÎÐ ×ÙÏÑÜÑÐÚËÎÐ
AccelerationPot ×ÙÔÑÐÑÐÑÐÓËÎÐ ×ÙØÑÐÑÐÑÐÑÐÚËÎÐ

horiz: ÐÑËÎÐ horiz: ÐÒËÎÐ
EjectionKicker

vert: ÔÑÐÒËÎÐ vert: ÍÑÐÒËÎÐ
horiz: ×ÇØÑÏÑÐÒËÎÐ horiz: ×ÙÔÑÐÒËÎÐ

EjectionSteerer
vert: ×ÇÛÑÔÒËÎÐ vert: ×ÙØÑÐÒËÎÐ

EjectionLens ×ÇÔÑÐÑÐÒËÎÐ ÐÒËÎÐ
Table4.2: Typicaloperationalparametersof REXTRAPfor a30keV ion beam(off-line operation)from
thetestion sourceandfor a 60keV ion beamfrom ISOLDE (on-lineoperation).All voltagesaregiven
in volts.
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Therearea numberof differenttiming schemeswhich have beenusedduringthecommis-
sioningphaseof REXTRAP. They areshown in Fig.4.21andwill bedescribedin thefollowing.
Theenumerationof thefollowing list correspondsto theoneusedin thefigure.

(a) Thebeamgateis openedfor thecollectiontimeTcoll, allowinganappropriatenumberof ions
to enterthetrap.A shortwaiting timeTwait hasbeenintroducedin orderto ensurea similar
conditionsif Tcoll changesover a wide rangeduringa seriesof measurements.Afterwards
the ionsarecentredby rf sidebandcooling for a periodTcenter. Finally, they areejectedby
openingtheexit sideof thetrapfor a periodTex. This is oneof thestandardtime schemes
used.It hasbeenemployedfor thedeterminationandoptimisationof importantparameters
of REXTRAP.

(b) This time schemeis similar to (a), except that after ion centring,dipole excitation for a
periodTexcite is carriedout. This allows magnetronandcyclotron frequency aswell asthe
appropriateamplitudesfor the manipulationof the ion motion via rf dipole fields to be
determined.

(c) In contrastto case(b) ions arerecentredfor a periodTrecenter after dipole excitation for a
period Texcite. With this time schemeit is possibleto cleanthe trap from unwantedion
species,sincetheion centringprocessis massdependent.

(d) This caseis similar to (c) exceptthat ion centringanddipole excitation take placeat the

of thefollowing discussionandwill beneglected.
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Figure 4.20: Electrodestructure,buffer gaspressuredistribution insideof REXTRAP, andpotential
alongthetrapaxis.Thepotentialis givenrelative to theplatformpotential.
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Figure 4.21: Schematicoverview of thetiming schemesusedduringthecommissioningof REXTRAP.
Thedifferentcasesarediscussedin thetext.

sametime. It has the advantagethat overall time the ions have to spentin the trap is
significantlyreduced.

(e) Ion injection (Tcoll) and cooling (Tcoll - Tfc) takes placealmostsimultaneously. This time
schemehasbeenrarelyandonly usedfor weakion beams.

The individual timesvariedparticularlyover a wide range.Especiallythecollectiontime
Tcoll rangedfrom 1µsto 100ms. It dependedon thestrengthof the incidention beamandthe
desirednumberof ionsto beinjectedinto REXTRAP. Typical centringtimesTcenter have been
in the orderof 10 to 40ms, whereasfor ion decentringexcitation periodsTexcite of 5 to 10ms
havebeensufficient.



5 Simulation of REXTRAP Parameters

In generalthefeaturesandtheperformanceof anion-opticalsystemcanbedeterminedtheoreti-
cally by employing matrixopticsupto asufficiently highorderor via ray-tracingin numerically
determinedfields. Especiallyfor largersystemsit is obviousthatcopioussimulationsdescrib-
ing the systemas realisticaspossibleshouldbe donein the final stagesof the construction
process.They maycircumventlaterefforts in pretendederrorfinding, redesigning,andexpen-
sivehardwarework.

The main partsof REXTRAP have beenconstructedon the basisof calculations,estima-
tions, and projectionsby my colleaguesFriedhelmAmes, IsmaelMartel-Bravo, andHarald
Raimbault-Hartmannusingtheexperiencesgainedwith thecoolertrapof the ISOLTRAP ex-
periment[Rai97]. However, during thecommissioningphaseof the trap theefficiency stayed
behindthe expectedvalue. In orderto understandthis phenomenona completesetof “more
realistic” anddetailedsimulationshave beencarriedout. It turnedout that indeedthesecal-
culationsdescribetheexperimentalperformanceof REXTRAPvery well. If donebeforehand
they could have influencedits designsignificantly. Now they may serve asinput parameters
for further improvements.In the following simulationwill be presentedwhich cover accep-
tance,efficiency, coolingperformanceof REXTRAP, aswell aspropertiesof theextractedion
bunches.

5.1 General Intr oduction

Therearenumerouscodesfor thesimulationof particleopticalsystems.Thesecodesfall into
two categories.Thematrix codescomputeTaylor expansionsto describetheactionof thesys-
temon thephasespace.They arevery usefulfor theunderstandingof beamline like systems,
whereeachelementcaneasilyberepresentedby a matrix. Thesematricesarecombinedto an
overall transfermatrix, characterisingthe ion-opticalpropertiesof thesystem.Suchcodesare
usuallyvery fastandtheexpansioncoefficientsoftenprovide a detailedinsightof thesystem.
However, they fail to describespecialeffects,e.g.dissipative forcesor simpleion lossat elec-
trodes.Theothercategoryof codesincludesray tracingcodeswhich usenumericalintegrators
to determinethe trajectoriesof individual rays throughnumericallydeterminedelectromag-
netic fields. Their advantageis that theelectromagneticfieldsproducedby theelectrodescan
befully takeninto accountevenfor complex configurationsandeffectslikedampingcaneasily
beintegrated.

For the simulationof the propertiesof REXTRAP andthe beamtransportfrom ISOLDE
bothapproacheshavebeenused.TheISOLDEbeamline systemhasbeenanalysedby thema-
trix systemsCOSYINFINITY [Ber00] andGIOSP[Wol87]. Thetrapandaccompanying optics
hadbeeninvestigatedwith the programSIMION [Dah95] anda self-madesoftwarepackage.
Thelatterarebasedon theray tracingapproach.

ThecommercialavailableprogramSIMION is averypowerful tool for calculationandvisu-
alisationof particleraysthrougharbitrarytwo andthree-dimensionalelectromagneticsystems.
It is well suitedfor afirst look atanion-opticalsystem.However, verydetailedsimulationsand
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calculationsarenot manageableif a hugeamountof ion trajectoriesneedsto becalculatedand
additionalforcesbetakeninto account.Reasonsarethatuserprogramsmayhaveto beincluded
in a FORTH like programminglanguagewhich is ratherdifficult to learnandto maintain,lim-
ited in functionality, andslow in execution. It wasthereforenecessaryto developa dedicated
programpackagewhichwill belinedout in thefollowing.

5.2 The Program Package

A SIMION like approachis in principlevery favourableto traceraysthroughthedesiredsys-
tems.Suchanansatzhadalreadybeenprovenits excellenceby thesimulationof a largePaul
trapasit wasusedin theISOLTRAP experiment[Sch98].However, thatcodewastailoredfor
this specialpurposeonly. Nevertheless,it served asa usefulbasisfor the designof the new
programpackage.This packageconsistsof themainprogramsIonFly andPennDamp, aswell
asa numberof auxiliary routinesandtools. The programsareof object-orienteddesignThis
preventsto a largeextentproblemsthatoccurin softwarethatevolvesovermany iterations.

Oneof thebestimplementationsof object-orientedprogrammingis theC++language[Str98].
Consequently, all programshavebeencodedin thatlanguage.

In orderto carry out the extensive calculationsasrequiredin the presentwork the useof
a batchservicehasbeeninevitable. A total of morethan10000 jobs runningfrom lessthan
oneminuteup to severaldayshave gulpeda total CPUtime of nearlyfour yearson theCERN
public batchserviceLXBATCH. TheLXBATCH computerfarmconsistof about100INTEL
PentiumII 600MHz dualprocessorcomputersystemsrunningLINUX asoperatingsystemand
lsf asbatchscheduler.

5.2.1 IonFly
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Figure 5.1: Flow chartof the programIonFly usedfor
simulationof ion trajectoriesthroughtheREXTRAPsys-
tem.

A flow chart,which illustratesthework-
ing principle of the programIonFly, is
shown in in Fig. 5.1. IonFly is based
on a Runge-Kutta integration routine
whichnumericallysolvestheequationof
motion for an ion experiencingseveral
forcessimultaneously.

Following the SIMION conceptthe
programincorporatesthe conceptof a
workbench. A workbenchis an imagi-
naryvolumein space,whereion manip-
ulating instances(for examplean einzel

lens)areplaced.Instancesaredefinedby their size,their placein theworkbench,andtheir ac-
tion of ions. In comparisonto SIMION, whereinstancesarealwaysassociatedwith a potential
array, IonFly is moreuniversal,i.e. every actionon the particlesarerepresentedby instances
thatcanbesuperimposed.Theseinstancescanbefor instanceadampingforceor ion-ion inter-
action. Theimplementationof a new typeof instancesonly requiresthecodingof somebasic
functionslike initialisationandtheactionon anion.
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Computation of Ion Trajectories

Thetrajectoriesof asetof N ionsis simplyobtainedby theintegrationof theequationof motion
for every ion

dr 1
dt
243 F1

m1
5 37698:8;8 N < (5.1)

where r 1 denotesthe position of the
5
th particle. The force F1 incorporatesall forces,e.g.

CoulombandLorenzforce,actingonthatspecificparticle.Thissetof secondorderdifferential
equationcanbesimplifiedby introducingthevelocity v1 . Oneobtainsthefollowing first order
equations

dr 1
dt

3 v1 and
dv1
dt

3 F1
m1

5 3=6>8;8;8 N 8 (5.2)

Although thenumberof equationshasdoubledit is now directly accessiblefor standardinte-
grationmethods. In the caseof IonFly a Runge-Kutta methodof fourth orderwith adaptive
step-wiseerrorcorrectionaccordingto ref. [Pre97] hasbeenimplemented.

The major taskduring the integrationof theequationof motion is the interpolationof the
electric and magneticfields at the actualpoint of integration to calculatethe forceson the
particle.

Computation of Electric Fields

Theinformationabouttheelectricfieldsarestoredin so-calledpotentialarrays.They represent
a uniform grid overlaid thesystemof interest.Theresultingmatricesaretwo or threedimen-
sionaldependingon thesymmetrydegreeof thestructure.Theelectricfield at a certainpoint
is obtainedby interpolatingbetweenpotentialpointsof the grid. The complex interpolation
routinehasbeenadaptedfrom ref. [Dah95, Pre97].

Thepotentialarrayshave beencreatedwith SIMION. Theelectrodestructureis expressed
in a specialgeometryprogramminglanguagethat comeswith that program. In doing so the
electrodesurfacesaredefinedby a setof fixedpotentialsin a potentialarray. Thepotentialsat
all pointssurroundedarethensuccessively approximatedby a “relaxation” procedure,called
“refining”, i.e. by solving theLaplaceequation.Thegeneratedfiles containingthefield infor-
mationserveasinput parameterfor IonFly.

• Off-line ion source

The mechanicalset-upof the REXTRAP test ion sourcehasbeendiscussedin Sec.4.2.
Thecomplicatedgeometricalshapeof theioniserdemandsa high resolutiongrid to reflectthe
electricalfield distribution at the ion startpoint asgoodaspossible.Therefore,the complete
structurewasmodelledwith a resolutionof 0.1mm. The SIMION geometryfile usedcanbe
foundin theappendix(Fig. B.7).

• REXTRAPelectrodestructure

Thecaseof REXTRAPis a little bit morecomplicated.Theinternalcapacityof SIMION is
limited to 40 electrodesfor therefiningprocedure.Thustheelectrodestructureof REXTRAP
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cannot be refinedin onesession.Instead,it hasbeendivided into several sub-tasksfor the
refining procedureand joined againfor the calculations. Natural points of division are the
five diaphragmssincethereis no electricalfield inside(seeSec.4.4). TheSIMION geometry
files usedto generatethe potentialarraysusedcanbe found in the appendix(Fig. B.1–B.6).
The REXTRAP electrodestructurewasmodelledin rotationalsymmetry. A grid spacingof
1mmhasbeenchosen,which is agoodcompromisebetweenadequateaccuracy andsizeof the
generatedfiles.

Theinjection-andejectionkickersystemsbreaktherotationalsymmetryof REXTRAPand
woulddemandto modelseveralpartsof thetrapfully threedimensional.On thecomputational
workbenchhowever, no beamsteeringis necessary, sincetheion-opticalelementsareperdefi-
nition perfectlyaligned.Therefore,in thesimulationthekicker systemsareapproximatedby a
cylinderelectrode.

Computation of the Magnetic Field

The magneticpotentialgeneratedby the solenoidwas calculatedusing the mechanicaland
electricdataavailablefor theREXTRAPsolenoid.Thedatawereconvertedto theappropriate
SIMION file format.Theinformationaboutthemagneticfield atany point in spaceis obtained
by thesamealgorithmasit hasbeenappliedin thecaseof theelectricalfields. Themagnetic
field createdby theREXTRAPmagnetchangesverysmoothly(seeSec.4.3).Therefore,it was
sufficient to useagrid spacingof 5mm for themagneticpotential.

Damping Forces

In additionto the forcesresultingfrom the electricandmagneticfields,a velocity depending
dampingforceaccordingto Sec.3.4hasbeenincludedin IonFly. A buffer gaspressuredistri-
bution alongthetrapaxisaccordingto Sec.4.5hasbeenused.

5.2.2 PennDamp

TheprogramPennDamphasbeenadaptedfrom thealreadymentionedprogramlibrary created
by StefanSchwarz in orderto run in connectionwith IonFly. It allows theinvestigationof the
ion motionin aPenningtrapwith abuffer gasatmosphere.A flow chartillustratingtheworking
principle is shown in Fig. 5.1. In contrastto IonFly the algorithmof the programPennDamp
is not basedon a numericalintegrationalgorithm. It usesthe equationof motion in an ideal
Penningtrapderivedin Sec.3.3.2.Collisionswith buffer gasatomsaretreatedby incorporating
known realisticion-neutralinteractionpotentials.Thetheoryof ion-neutralcollisionswill not
bediscussedhere.It canbefoundin detail in [Sch98, Kim97].

5.2.3 Data Evaluation

The numericalsimulationswould be of little useif the resultscannotbe easilyextractedand
interpreted. The programpackageusesa specialtext basedfile format to store ion related
information. This allows easyextractionof desiredinformationby standardUNIX tools like
grep,awk, gnuplotetc. Over thetime a numerousamountof scriptsandprogramsfor diverse
purposeshavebeenwritten,whicharevery reliableandfastin operation.
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Figure 5.2: Theprincipleof theprogram
PennDampusedfor simulationof ion mo-
tion in thetrappingregion of REXTRAP.
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Emittance Definitions

The clearestpictureof the evolution of a dynamiccollectionof particlescanbe obtainedby
combiningits momentumand spatialcoordinatesBC1 and DE1 (

5 3 D 8;8;8;F ) on an equal level.
Thesix-dimensionalvolumerepresentedby 1HGJILK M:K N BO1PDE1 is called“phasespace”.Phasespace
is difficult to visualisein its full six dimensions.In order to obtainpicturesthat areeasyto
understand,it is projectedinto two-dimensionalplanes,the so called “emittancediagrams”.
This transitionis describedin an excellentway in ref. [Moo95]. Sincethe confusionabout
emittanceandits propertyarewidespreadhereareafew remarksconcerningthenumbersgiven
in thepresentwork.

Emittanceplotsof typical ion beamsareof elliptical shape.Theemittancevalueis thearea
of thisellipse.Nevertheless,for practicalreasons,thisdefinitionis notcompletelyunambiguous
sincearealbeamhasnowell definedandsharpborderline envelopein phasespace.A practical
definitionis to definetheemittanceastheareaof thesmallestellipsecontaining95% of all the
particlesin its interior.

Dueto theradialsymmetryof theREXTRAPsystem,thehorizontalandverticalemittance
arein principalidentical.In thefollowing they arereferredto asthetransverseemittanceQSRUTWVYX[Z .
It is representedby

QSRUTWVYX[Z 3=\ D4]:D_^ with `baJcdD_^ 3 BCI
BCN < (5.3)

where \ D and D ^ denotethe displacementcoordinateandthe beamdivergence,respectively.
Thetransverseemittanceis measuredin e mm] mrad.

Insteadof usingmomentumandspacefor definingthephasespaceof a beamalsoenergy
andtime canbeused.This is of particularadvantagefor thedescriptionof theevolution of ion
pulses.This is referredto aslongitudinalemittance.Theareaof theemittanceellipse QWfhgSX[i for
abeampulseis givenby

QSfjgSX[i 3 e \lk ] \nm < (5.4)

where \ok and \pm correspondto energy spreadandtime duration,respectively. It is measured
in eV] µs.
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5.3 Simulations

Most of thecalculationscarriedout arerelatedto experimentalresults,which arepresentedin
Sec.6. Thesimulationshavebeenrestrictedto thealkalineions q Li r ,

2ts
Nar ,

stu
K r , vwq Rbr , andxysts

Csr . This choicecoversthe entiremassrangeof experimentsREX-ISOLDE is dedicated
to. Furthermore,the interactionpotentialsof theseionswith noblegasatomsareknown. The
REXTRAP set-upcanbe of courseoperatedwith several buffer gases.For instancehelium,
neon,or argonarepossiblechoices.For time reasonsthe calculationshave beenrestrictedto
thecaseof argon.

An overview of all simulationsperformedis shown in Fig. 5.3. Threegroupscanbedistin-
guished.Firstly, calculationsto understandtheinjectionof ionsinto REXTRAP. Secondly, the
modellingof thecoolingperformanceandfinally, thesimulationof propertiesof theejectedion
bunches.Fig. 5.3shows thedifferenttaskswhich havebeencarriedout andtheprogramsused
for this purpose.They will bedescribedin detail in theappropriatesections.

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

For thesimulationof theion injectionprocessinto REXTRAPit wasnecessaryto generateion
ensemblesatthefocalplanein front of REXTRAP.In orderto havethemasrealisticaspossible
it wasnecessaryto investigatetheion opticalpropertiesof thetestion sourceandISOLDE. The
first hasbeendonewith IonFly. For thelatterGIOSPandCOSYhavebeenused.

Ion Ensemblesfor the Off-line Case

Realisticion ensemblesat the focal planehave beengeneratedby tracingions from theplace
of creationat the surfaceof the ioniser of the test ion sourceto the focal planein front of
REXTRAP. This processconsistsof two steps.In the first stepthecreationandacceleration
of the ions in the ion sourceis performed.For this purposeIonFly hasbeenused. As a side
effect the propertiesof an ion beamfrom the test ion sourceareobtained. The secondstep
is the transferof the ions throughthe injection beamline towardsthe focal planein front of
REXTRAP.ThishasbeencarriedoutusingCOSY.
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Figure5.3: Overview of thesimulationsperformedin orderto investigatetheexperimentalbehaviour of
REXTRAP.
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For thesimulationof creationandaccelerationin theion sourcetheionshave beenequally
distributedover the front sideof the ioniserhole. The active areawasa circle with a radius
of 0.95mm. A Maxwell velocity distribution (T=1000K) reflectsthe thermalenergy of the
ions. Thentheionswereextractedby thefield producedby theelectrodesandtheir properties
werestudiedataplane250mmdownstreamtheioniser. Theresultsof thecalculationfor typical
operationvaluesof theion source(accelerationvoltage30300V, voltageatextractionelectrode
30000V) areshown in Fig. 5.4.

Fromthesecalculationsthetransverseemittancehasbeendeterminedto5 e mm] mrad(@30kV).
This valueis about4 timeslarger thanit wasestimatedin [Dez96]. However, a reconstruction
of scannerpicturesdownstreamthebeamline aswell astheexperimentalperformanceof REX-
TRAP whenoperatedwith beamsfrom thetestion sourcegive strongevidencethat this value
is in goodagreementwith reality. Thelongitudinalenergy distribution is about7eV wide. This
reflectsexactly thepotentialgradientover theholein theioniserandprovesthattheintegration
routineis performingwell.

For furtherprocessingtheionstowardsthefocal planein front of REXTRAPtheinjection
beamline hasbeenanalysedwith COSY. The sourcefile usedcanbe found in the appendix
(Fig. C.3). The resultingtransfermatrix providesan elegantway to generatethe desiredion
ensembles.Horizontalandverticalion densitydistributionshavebeenextractedfrom theresult.
They have beenin goodagreementwith experimentalrecordedscannerpictureswhich gives
evidencethattheion ensemblesobtainedfor this casearesuitablefor thesimulationof theion
injectionprocess.

Ion Ensemblesfor the On-line Case

A commonlyacceptedvaluefor theISOLDE beamemittanceis 34 e mm] mrad[Let00]. Based
on this numbertheISOLDEbeamline wasanalysedwith GIOSPandCOSY.Thesourcecode
of theCOSYinputfile canbefoundin theappendix(Fig.C.2).Althoughthecalculatedvoltages
arein goodagreementwith theexperimentalvalues(seeTable6.3)a perfectreconstructionof
therealconditionsat thefocalplanein front of REXTRAPhasnotbeenachieved.

Thus,suitableion ensemblesfor the injection calculationshave beenobtainedby another
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Figure 5.4: Simulatedtransverseemittance(left) and longitudinal energy distribution (right) of the
REXTRAPtestion sourcefor anaccelerationvoltageof 30300 V.
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method.Numbersaboutthespatialdistribution of the ion beamcanbeextractedfrom experi-
mentalscannerpictures.Combiningit with theemittanceof the ISOLDE ion sourcegivesall
informationrequiredto createthedesireddistributions.For thesimulations,reportedin thefol-
lowing, thespatialaswell astheangularion distribution have beenassumedto beGaussians,
with a full width at half maximumof 2.2mm and15mradwide.

5.3.2 Ion Injection into REXTRAP

The simulationof the ion injection processinto REXTRAP hasbeenperformedwith IonFly
usingtheion ensemblesobtainedaboveasinputconditions.Thesimulationcanbedividedinto
two subtasks.Firstly, theparametersusedfor thesimulationshave beenoptimised.Secondly,
the injection performancehasbeendeterminedusing the optimal parametersobtainedin the
first step.Theresultsof bothstepsis discussedin detail in thefollowing.

Optimisation of Retardation and Transfer Potential

The ion trajectoriesin the decelerationpart of REXTRAP aredeterminedby the retardation
andtransferpotentials.A properadjustmentof both voltagesis necessaryin orderto achieve
a high trappingefficiency. Thevoltageat theelectronsuppressionelectrode(injection lens)is
uncriticalandwassetto zerofor thecalculationsreported.

During thecommissioningphaseof REXTRAPthetransferpotentialhasbeenlimited to a
valueof 1.5kV for technicalreasons.However, improvementsareplannedwhich will allow
highervaluesat a laterdate.Therefore,simulationshavebeencarriedout for beamenergiesof
30keV and60keVandfor transferpotentialsof 1.5keV, 3keV, and4keV. Theresultsareshown
in Fig. 5.5. The percentageof particlesdetectedafter the first diaphragmin the deceleration
stage(seeFig. 4.8) is plottedasfunctionof theretardationpotential.

For a beamenergy of 30keV the percentageof detectedparticleshows a commonmaxi-
mumfor a retardationpotentialof about3250V. This is practicallyindependentof thetransfer
voltage. However, the trendof thesetransmissioncurveschangesasthe retardationpotential
increases.It remainsnearlyconstantfor a transferpotentialof 1.5kV whereasit decreasesin
thecaseof 3kV and4kV.

A differenttrendcanbenotedfor a beamenergy of 60keV. All curvesshow thesameten-
dency. Thepercentageof ionssurviving thefirst diaphragmgrowthsastheretardationpotential
increasesuntil it reachesa maximum. In contrastto the caseof a 30keV beamenergy when
a onehundredpercentefficiency canbereachedat all transferpotentialvalues,a maximumof
only 95% is achieved in thecaseof 1.5keV. For further calculationsretardationpotentialsof
9000V with 1.5kV transferpotentialandof 6500V with 3kV and4kV transferpotentialhave
beenchosen.Thesevaluesaremarkedby arrows in Fig. 5.5.

Optimisation of the Potential of Electrode01

Theeinzellensformedby electrode01andthe two electrodesat transferpotentialdetermines
the ion injection into the magneticfield. Hence,a carefuladjustmentis necessaryto ensure
bestinjectionperformance.Theoptimumvoltageappliedto electrode01dependsmainlyonthe
transfervoltage.Simulationswith q Li r ,

2ts
Nar ,

stu
K r , vwq Rbr , and

xysts
Csr havebeenperformed
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Figure 5.5: Percentageof particlesdetectedafter the first diaphragmas function of the retardation
potentialfor different transferpotentialvoltagesandbeamenergies (left: 30keV, right: 60keV). The
plotsresultsfrom simulations.Thearrows markthepointschosenfor furthercalculations.

ion energy }b~�}b~b~ eV �b~�~b~b~ eV
highvoltage }b~�}b~b~ eV �b���b}b~ eV
injectionlens ~ V ~ V
retardationpot. }b�b�b~ V
transferpot. �b�b~b~ V ⊗
electrode01 �b�b� V
electrode02 ���b~b~b~ V ���b�b~b~ V
electrode03 ������~b~ V ������~b~ V
electrode04 ~ V ~ V
electrode05 �b�b� V �b�b� V

⊗
transferpot. �b�b~b~ V }b~b~b~ V ��~b~b~ V
retardationpot. �b~b~b~ V �b�b~b~ V �b�b~b~ V
electrode01 �b�b� V �b�b� V �b~b~ V

Table5.1: Compilationof parametersusedto simulateion injectioninto REXTRAP.

in orderto testthedependency on theion mass.Sucha dependency couldoccursincetheions
crossthefringefield regionof thesolenoid.However, noeffectwasobservedin theinvestigated
massregion. Theresultsof theoptimisationprocessaresummarisedin Table5.1.This listsalso
theoptimumparametersof otherelectrodesusedin furthercalculations.

Injection with 30keV BeamEnergy

The30keV injectioncalculationshave only becarriedout for a
xysts

Csr beam,tracedfrom the
testion sourceinto REXTRAP, asdescribedabove. For this simulationinjectionparametersas
given in Table5.1 have beenused. The aim of this simulationshasbeento testhow far it is
possibleto reproducetheexperimentalperformance.

A total of 41% of the ions reacheda virtual detector, placedbehindthe trap entrancedi-
aphragm.This valueis in very goodagreementwith theexperimentallyobservedone. There-
fore, it was concludedthat the simulationprocessproposedis well suitedfor thesekind of
studies.



72 5.3. Simulations

0 10 20 30 40 50 60 70 80 90

100

28%
22%

9%

0%
5%

133C
s

87R
b

39K
23N

a
7L

i
0 10 20 30 40 50 60 70 80 90

100

25%
32%

40%

27%

43%

133C
s

87R
b

39K
23N

a
7L

i
0 10 20 30 40 50 60 70 80 90

100

0%
0%

7%

31%

7%

133C
s

87R
b

39K
23N

a
7L

i
0 10 20 30 40 50 60 70 80 90

100

5%
5%

6%

14%
7%

133C
s

87R
b

39K
23N

a
7L

i
0 10 20 30 40 50 60 70 80 90

100

43%
42%

39%
37%

40%

133C
s

87R
b

39K
23N

a
7L

i

0 10 20 30 40 50 60 70 80 90

100

32%

43%

55%
51%

58%

133C
s

87R
b

39K
23N

a
7L

i
0 10 20 30 40 50 60 70 80 90

100

0%
0%

10
%

37
%

14
%

133C
s

87R
b

39K
23N

a
7L

i
0 10 20 30 40 50 60 70 80 90

100

0%
0%

2%
6%

4%

133C
s

87R
b

39K
23N

a
7L

i
0 10 20 30 40 50 60 70 80 90

100

53%

40%

20%

0%

12%

133C
s

87R
b

39K
23N

a
7L

i
0 10 20 30 40 50 60 70 80 90

100

 

14%
17%

16%
13%

16%

133C
s

87R
b

39K
23N

a
7L

i

D
eceleration

Injection
injection

reflected

Detector

reflected
retardation potential:


transfer potential:

electrode01:

9

1.5


225

kV



kV



V

d
eceleratio

n
retardation potential:


transfer potential:

electrode01:

9

1.5


225

kV



kV



V

tran
sfer

retardation potential:

transfer potential:


electrode01:

9

1.5


225

kV



kV



V

d
iap

h
rag

m
retardation potential:


transfer potential:

electrode01:

9

1.5


225

kV



kV



V

su
rvived

retardation potential:

transfer potential:


electrode01:

9

1.5


225

kV



kV



V

su
rvived

retardation potential:

transfer potential:


electrode01:

6.5
3

625

kV



kV



V

d
iap

h
rag

m
retardation potential:


transfer potential:

electrode01:

6.5
3

625

kV



kV



V

tran
sfer

retardation potential:

transfer potential:


electrode01:

6.5
3

625

kV



kV



V

d
eceleratio

n
retardation potential:


transfer potential:

electrode01:

6.5
3

625

kV



kV



V

reflected
retardation potential:


transfer potential:

electrode01:

6.5
3

625

kV



kV



V

(a)
(b

)
(c)

(d
)

(e)

F
igure

5.6:
O

verview
of

the
resultsof

injection
sim

ulationsof
typicalIS

O
LD

E
ion

beam
s.P

lotted
are

the
percentageof

ions
being

reflected(a),
being

lostin
the

decelerationstage(b),injection
stage(c),and

atthe
trap

entrancediaphragm
(d)asw

ellasreachinga
virtualdetectorbehindthe

trap
entrancediaphragm

(e).T
he

top
and

bottom
row

ofdiagram
sw

ere
obtainedfor

a
transferpotentialof1.5

kV
and

3
kV

,respectively.



5.3. Simulations 73

Injection with 60keV BeamEnergy

Theresultsof the injectionsimulationsof typical 60keV ISOLDE ion beamsof � Li � , �t� Na� ,
�t� K � , �w� Rb� , and �y�t� Cs� are shown in Fig. 5.6. The calculationshave beenperformedfor
transferpotentialsof 1.5kV (top row of Fig. 5.6)and3kV (bottomrow of Fig. 5.6).

Case(a)of Fig.5.6showsthepercentageof ionsbeingreflected,i.e.theseionsleavethetrap
in oppositedirectionandarelost. Lossesdueto reflectioncanbe notedfor � Li � , �t� Na� , and
�t� K � . They increaseasthe ion massdecreases.Absolutevaluesrangefrom 7% to 31% for a
transfervoltageof 1.5kV and10% to 37% atransfervoltageof 3kV. Thereasonfor ionsbeing
reflectedis a combinedactionof the electricpotentialsandthe magneticfield. Longitudinal
ion energy is partly transferedinto radialenergy whenthe ionsenterthemagneticfield. This
processis called“radial energy uptake”. It is causedby thecomponentsof themagneticfield
whichareperpendicularto theionsdirectionof movementsincethesefieldsgenerateaLorentz
force. The absoluteamountof energy transfereddependson the ion mass,velocity, and its
inclination with respectto the magneticfield. If the radial energy pick-up exceedsa certain
limit an ion is reflectedat the entrancepotentialwall of the trap. The total amountof radial
energy pick upasa functionof theion masswill bediscussedmoredetailedfurtherdown.

Fig.5.6(b) showsthepercentageof ionsbeinglostatthediaphragmin thedecelerationstage
of REXTRAP. 5% of theionshit thediaphragmfor a transferpotentialof 1.5kV, whereasno
lossesarefoundfor a transferpotentialof 3kV. Thesenumberscorrespondto theonesobtained
duringtheoptimisationprocessof this stagedescribedabove.

The percentageof ions beinglost in the injection stageof the trap is shown in case(c) of
Fig. 5.6. The numbersfound arepracticallymassindependent.The lossesin this stageare
about40% for a transferpotentialof 1.5kV andabout15% for a transferpotentialof 3kV.

Case(d) of Fig. 5.6 shows the percentageof ions hitting the trap injection diaphragm.In
contrastto the case(c) herea clearmassdependency is noticed. For a transferpotentialof
1.5KV the ion lossesrisesgraduallyfrom 0% for � Li � to 28% for �y�t� Cs� . This is evenmore
dramaticfor 3kV transferpotential.In thiscasethearisefrom 0% for � Li � to 53% for �y�t� Cs�
occurs.

The percentageof ions reachinga virtual detectorplacedbehindthe entrancediaphragm
of the trap areshown in case(e) of Fig. 5.6. The generaltrendis independentof the transfer
potential. It peaksfor �t� Na� . This is not astonishingsincetheset-upwasoriginally designed
andoptimisedfor a mass-numberaroundthirty. However, the strongdependenceon the ion
masswasnot properlytakencareof duringthatperiod.Remarkablelower injectionefficiency
canbenotedfor thecasesof lower andhigherion masses,i.e. � Li � on theonesideand �w� Rb�
aswell as �y�t� Cs� on theotherside. Anotherimportantobservation is that thenumberof ions
surviving theinjectionprocessis considerablyhigherin thecaseof a transferpotentialof 3kV.
Theabsolutevaluesof ionsreachingthe innerpartof the traprangefrom 25% (Cs� ) to 43%
(�t� Na� ) for a transferpotentialof 1.5kV andfrom 35% (Cs� ) to 58% (�t� Na� ) for a transfer
potentialof 3kV.

As it hasbeenseen,a large numberof ions is being lost at the trap entrancediaphragm.
Thus,an increaseof the diaphragmradiusshouldincreasethe numberof ions surviving the
injectionprocessinto REXTRAP. Theresultsof calculationswith anenlargeddiaphragmand
for differenttransferpotentialsareshown in Fig. 5.7. Indeed,thenumberof ionsreachingthe
detectorincreasesasexpected.Nearlytwiceasmany ionssurviveif oneincreasestheradiusof
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Figure 5.7: Percentageof a simulated
ISOLDE �y�t� Cs� ion beamreachinga vir-
tual detectorbehind the trap entrancedi-
aphragmasa functionof thediaphragmra-
diusandfor severaltransferpotentials.
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thediaphragmfrom 5mmto 8mm. Thistrendis independentof thetransferpotential.However,
evensuchanincreaseof theradiusof this diaphragmdoesnotyield to hundredpercentcapture
efficiency. Dependingon thetransferpotentiallossesbetween30% and56% arestill present.

Ion Capturing

Theradialenergy uptakedeterminesnotonly if ionsarereflectedat thethepotentialwall at the
trapentranceor not. It contributesto a largeamountof energy which mustbedissipatedin the
buffer gasof REXTRAP in orderto trap the ions. It will be thereforediscussedbriefly in the
following.

Histogramsshowing the longitudinalenergy distribution for several ion speciesareshown
in Fig. 5.8. Theseplots containthe informationof all ions reachedthe virtual detectorafter
the trap injectiondiaphragm.Pleasenotethat in the caseof �t� Na� the voltageat electrode05
hasbeenloweredby 10V for thecalculationin orderto seethecompletelongitudinalenergy
distribution.

The most importantvalue to be extractedfrom theseplots is the total width � Ez of the
distribution. Oneimmediatelyrealizesthatthis valueincreasesastheion massdecreases.The
following dependency hasbeenfitted to datapoints(bottomright diagramof Fig. 5.8)

� Ez �
�

�
A � (5.5)

whereA denotesthemassnumber.
Sucha dependency is expectedwhenconsideringa particleflying with constantvelocity

througha magneticfield perpendicularto its directionof moving. Similar trendshave been
foundanalyticallywhenstudyingtheinjectionprocessinto anEBIS [Wen98]andtheejection
outof anECRsource[KV88].

Surviving theinjectionstageis necessaryto becapturedinto REXTRAP, but not sufficient.
Theenergy lossduringoneoscillationin thetrapmustbehighenoughin orderto notallow the
ionsto againovercomethepotentialbarrierat thetrapentrance.Simulationshavebeencarried
out in order to determinethe maximumenergy an incident ion may have with respectto the
voltageappliedto electrode05in orderto becapturedin theREXTRAPpotential.
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Figure 5.8: Histogramsshowing the longitudinalenergy distribution for � Li � , �t� Na� , �t� K � , �w� Rb� ,
and �y�t� Cs� behindthe trapentrancediaphragm(electrode05).Thewidth of thedistributionsis shown
asfunctionof themassnumberat thebottomright diagram.

Thefollowing procedurehasbeenusedin orderto determinethemaximumtolerableenergy
for the differentbuffer gaspressurevaluesinsidethe trap. An ion of the desiredspecieswas
startedin themiddleof theentrancediaphragmwith a certainenergy. Its motionwasrecorded
with IonFly. Thestartenergy wasstepwise increasedaslong asthe ion wasnot ableto over-
cometheentrancepotentialbarrierafterits first oscillation.Thisvalueis themaximumtolerable
energy � E.

Theresultsof thesimulationsareshown in Fig. 5.9. For clarity only thecases�y�t� Cs� and
�t� K � havebeenplotted.Thepointsfollow astraightline in thisdouble-logarithmicplot. Hence,
� E canbedescribedby thefollowing equation

� E �=�S��� p�o� (5.6)

The constants�W� and   have beenadaptedto the individual cases.The appropriatevaluesare
listedin Fig. 5.9.

5.3.3 Cooling Performance

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

Cooling of the Axial Motion

A typical exampleof cooling of the axial motion in REXTRAP is shown in Fig. 5.10. The
pictureillustratestheevolutionof theaxial amplitudefor a60keV �y�t� Cs� ion enteringthetrap
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Figure 5.9: Themaximumion energy ° E which canbedissipatedin REXTRAPasa functionof the
argon buffer gaspressurep0 in thehigh pressureregion of the trap. Left: Plot of simulatedvaluesfor
�y�t� Cs� and �t� K � . Right: Constantsof the functionalcorrelationadaptedto the simulatedsampling
pointsaccordingto Eq. (5.6). In addition ° E for an argon buffer gaspressureof p0 ±³²b´ § � mbaris
given.

system.A buffer gaspressureof of p0 � �[¦ § � mbarof argon in the high pressureregion has
beenassumed.Theelectrodevoltagesarethesameasbeenusedfor the injectioncalculation,
reportedabove.

The ion wasstartedat the tomeorigin at the focal planein front of REXTRAP. It passes
the trap entrancediaphragmafter a few micro-seconds.Its total energy at this point is about
85eV. This is abouthalf of themaximumtolerableenergy � E to becapturedin thetrap. The
oscillationamplitudeof themotionreducesfrom about400mmto lessthan100mm duringthe
first 1.5ms. Thentheion oscillationis limited to thetrappingpart. Thefurtherdampingof the
oscillationamplitudeis noticeablesmallersincethebuffer gaspressurein this region is about
oneorderof magnitudesmaller. After about10ms theamplitudehasreached25mm. At this
level theamplitudereducesonly slightly becauseof thelow velocity theion hasin thepotential
nearthetrapcentre.

Ion Centring

• SimulationParameters

Thecalculationscarriedout in orderto investigatethe ion centringprocesshave beenper-
formedwith PennDamp. The initial conditionsfor the simulationshave beensetto meetthe
realisticREXTRAPconditionsascloseaspossible.PennDampusesthemagnetronfrequencyµ § andcyclotronfrequency µ[¶ to determinethecharacteristicPenningtrapparameter. For the
first avalueof µ § � �[¦·� ® Hz hasbeenused.Thelatterwasadaptedto theion speciesby scaling
accordingto themassnumberusing343kHz for �y�t� Cs� .

Thestartdistributionsfor anion ensemblechosenfor thesimulationof thecentringprocess
wasmainly basedon theexperiencesgainedduring the calculationsreportedabove. After an
ion haspassedthe trap entrancediaphragmit hasa certaindistanceto the trap centre. This
distanceis the initial magnetronradius. The initial magnetronradii for the ion cloud were
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Figure 5.10: Simulationof cooling the
axial motionof �y�t� Cs� in REXTRAPas-
suming an argon buffer gas pressureof
p0 ±¸²b´ § � mbarin thetraphigh pressure
region. Theevolution of theaxial ion po-
sition is shown asa functionof time. The
positionof thediaphragmsseparatingthe
differentpressureregionsof thetrapsare
indicated.
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equally distributedover the radiusof the diaphragm. Sincethe remainingamplitudeof the
cyclotronmotion is rapidly cooledthe initial valuefor this motionwassetto zero. A valueof
50mm wasusedasinitial amplitudefor the axial motion. Sucha valueis reachedafter few
milli-secondsof confinementin thetrap.

After finishing the calculationsit hasto be decidedif an ion may be extractedfrom the
trap,e.g.whethertheion passestheextractiondiaphragmor getslost at this electrode.Further
barrierson the way to the final detectiondo not exist in the REXTRAP set-up. An ion is
regardedassurvived if thesumof magnetronandcyclotronradiusdoesnot exceedtheradius
of the ejectiondiaphragm(2.5mm). Applying this criteria to the startdistribution of the ions
would meanthat25% couldbeextracted.This is simply theratio of theareasof the injection
and ejectiondiaphragm. This value correspondsquite well to experimentalresults. In the
experimentsucha numberis measuredby settingthetrap is setto thenon-trappingmode,i.e.
thevoltagesat thetrapexit partarepermanentlysetto thevaluesusedfor extraction.Thedirect
comparisonbetweentheion intensityin front of thetrapwith thatmeasuredbehindgavetypical
valuesbetween20and30%.

• Centringefficiency

Simulationshavebeenperformedfor � Li � , �t� Na� , �t� K � , �w� Rb� , and �y�t� Cs� in orderto de-
terminethepercentageof ionswhich canbecentredasa functionof theargonbuffer gaspres-
sure,excitationtimeandamplitude.Theresultsaredepictedin contourline plotsin Fig. 5.11.

For � Li � no ion centringwasobserved. The reasonfor this is the large massdifference
betweenthe ion andthe neutralcollision partnerandadditionalrf heating. Theseeffectsare
describedfurtherdown. Theaccordingcontourplotshavenot beenincludedin this case.

In the caseof �y�t� Cs� the time neededfor centringa certainpercentageof ions decreases
asthebuffer gaspressureincreases.This canbeeasilyseenfrom theincreasingdensityof the
verticalcontourlines. On thefirst view it might beastonishingthatthenumberof centredions
shows no dependency on theexcitationamplitude.However, this is anartifactdueto thestep
sizechosento producethis plots. Already the first amplitudestepof 800V/m� exceedsthe
optimalsaturationamplitudeneededfor theaccordingbuffer gaspressure(seeSec.3.3.2).For
typicalcycletimesof REXTRAP(20ms)nearlyhundredpercentefficiency canbeexpectedfor
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Figure 5.11: Percentageof centredionsasa functionof excitationtime andnormalisedradiofrequency
amplitudefor differention speciesandfor differentargonbuffer gaspressures.
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Figure5.12: Simulatedcoolingscansfor ½y¾t¾ Cs¿ (left) andÀt¾ Na¿ (right) in REXTRAP.Theplotsshow
the numberof particlebeingcentredin between20ms andan excitation amplitudeof 4000V/mÀ asa
functionof theappliedcentringfrequency Á ¶ÃÂWÄ[ÅUÂWÆ for differentargonbuffer gaspressures.

buffer gaspressuresof pTrap � � � ¦ ¯¼� �[¦ §ÈÇ mbar.
Theresultsobtainedfor ½y¾t¾ Cs¿ canbeeasilyprojectedto caseof ÉwÊ Rb¿ . Thecentringtimes

areevenslightly shorter.
However, in thecaseof ¾tË K ¿ and Àt¾ Na¿ this is not possible.Hundredpercentefficiency is

not reachedwithin 20mscoolingtime. Lossesof about5% andbetween15 and30% mustbe
notedfor ¾tË K ¿ and Àt¾ Na¿ , respectively. Theseresultscanbeexplainedby thefact thatnature
of theion-neutralinteractionchangesdramatically. Theenergy carryoverto theion increasesas
well asthecorrespondingdisplacementastheratioof theion massto themassof thebuffer gas
atomdecreases.Additionally, in thecaseof Àt¾ Na¿ theeffect of rf-heatingcanbenoticed. At
higherexcitationamplitudesthepercentageof ionsbeingcentreddecreasesagain.This effect
hasalreadybeendescribedin Sec.3.4.

• MassResolvingPower

Besidethenumberof ionsbeingcentredinformationaboutthewidth of thecool resonances
areimportant.A coolingresonancedescribesthenumberof ionsbeingcentredasfunctionof
theappliedcentringfrequency µ

center. Its width � µ FWHM determinesthemassresolving

R � µ
c

� µ FWHM

(5.7)

powersincethecoolprocessis massselective.
Simulationsof cooling scanshave beenperformedfor Àt¾ Na¿ , ¾tË K ¿ , ÉwÊ Rb¿ , and ½y¾t¾ Cs¿

in REXTRAP. A cooling time of 20ms andan excitation amplitudeof 4000V/mÀ hasbeen
chosen.Several diagramsvisualisea few examplesof thescansin Fig. 5.12. Table5.2 gives
importantnumbersobtained.

In the caseof ½y¾t¾ Cs¿ typical resonancecurves are shown. The width of the resonances
� µ FWHM increasesfrom 0.9 to 1.35kHz as the buffer gaspressureincreasesfrom

¬ � �[¦C§ ª to� �Ì®�� �[¦C§ÈÇ mbar. Thecorrespondingmassresolvingpowerdecreasesfrom R �=©JÍ ¦ to 250.
Thecasesof ÉwÊ Rb¿ and¾tË K ¿ show similarbehaviour. Thewidth of theresonancesincreases

to from 1.3kHz to 1.8kHz for ÉwÊ Rb¿ andfrom 1.8kHz to 2.65kHz for ¾tË K ¿ . Thiscorresponds
to a massresolvingpowerof about400to 300and650to 450,respectively.
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pTrap [mbar] efficiency µ[¶ [kHz] � µ FWHM [kHz] R � ÎÐÏ� µ FWHM¬J¦ � �[¦C§ ª ¬ ©ÒÑ ©J� ¦ ÓJ¬J¦
�[¦ ¯�� �[¦C§ ­ ÍJ«ÒÑ ©J�P«J¯ Ó_�[¦Àt¾ Na¿ � ® ¦ � �[¦C§ ­ Í Ó Ñ

1983.4
©J�P¯J¯ ¯ ÓJ¦¬J¦ � �[¦ § ­ Ô ÍÒÑ � �PÍ Ó ¯ ¦�[¦ ¯�� �[¦C§ ­ ÔJÔ Ñ «J�P© ¯ �[¦¾tË K ¿ � ® ¦ � �[¦C§ ­ ÔJÔ Ñ

1170.0
«J� Ó ¯ ®J® ¦¬J¦ � �[¦C§ ­ �[¦J¦ Ñ � �P© ® ¦ ¯�[¦ ¯�� �[¦C§ ­ �[¦J¦ Ñ � �P©J¯ © Ô ¦ÉwÊ Rb¿ � ® ¦ � �[¦C§ ­ �[¦J¦ Ñ

524.4 � �PÍ « Ô ¦¬J¦ � �[¦C§ ­ �[¦J¦ Ñ ¦ � Ô ©JÍ ¦�[¦ ¯�� �[¦C§ ­ �[¦J¦ Ñ � �P« « Ô ¦½y¾t¾ Cs¿ � ® ¦ � �[¦C§ ­ �[¦J¦ Ñ
343.0 � �P©J¯ «J¯ ¦

Table 5.2: Compilationof importantparameterof simulatedcooling scansin REXTRAP. Centring
efficiency, centringfrequency Á ¶ , width of theresonance°pÁ ¶ FWHM, andthecorrespondingmassresolving
power R aregivenfor differention typesandargonbuffer gaspressurepTrap.

In thecaseof Àt¾ Na¿ thesetrendscontinue.Theresonancewidth variesbetween3kHz and
3.5kHz for thedifferentgaspressures.This correspondsto a massresolvingpower of 560 to
670.However, acompletedifferentline shapeoccurs.Theresonanceshowstwo maximawhich
aresymmetricallyshiftedup anddown with respectto the theoreticalresonancefrequency. A
plausibleexplanationof this unexpectedattitudehasnot beenfoundandmustbe kept for the
next generationof REXTRAP explorers. Nevertheless,several self-evident possibilitieshave
alreadybeenruled out. The programroutineshave beendouble-checked for obvious bugs.
Errorsof theintegrationroutinehave beenexcludedby a changeto a well testedRunge-Kutta
algorithm.Differention-neutralinteractionpotentialshavebeenused.However, theline shape
remainedconstant.This leadsto theconclusionthatdetailedcalculationshaveto becarriedout
in orderto understandthis line shapeoccurringif a buffer gasmuchheavier thanthe ion mass
is used.

5.3.4 Propertiesof Ejected Ion Bunches

An exactknowledgeof theparametersof theejectedion bunchesis of greatimportancefor their
transfertowardstheREXEBISsystem.Theejectionsimulationshavebeencarriedoutwith Ion-
Fly usingion ensemblesasstartdistributionswhich have beenobtainedwith PennDamp. The
parameterusedfor thecalculationsaretheexperimentallyoptimisedvaluesgivenin Table4.2.
Additionaloptimisationsof voltagesat theejectionandaccelerationpartof thesystemhavenot
beenperformed.This hasnot beennecessarysincethespatialextensionof theextractedbeam
is remarkablysmallerin thecaseof ejection.Correspondingly, noion losseshavebeendetected
behindthetrapexit diaphragm.Ion trajectorieshave beenrecordedat a virtual detectorplaced
behindtheaccelerationpartof REXTRAP. In fact it hasbeenplacedexactly at thepositionof
themulti-channelplateof theColutronbeamviewing system(seeSec.4.7).

The phasespaceof an ion bunchextractedfrom REXTRAP is mainly determinedby the
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Figure 5.13: Time-of-flight histograms,transversal, and longitudinal emittanceplots of ejectedion
bunchesfrom REXTRAP assumingstartdistributionswith an equilibrium temperatureof T ±Ø×b´b´ K.
The line in the TOF histogramsgives the width of the distribution containing95% of the ions. The
emittanceplotscontainappropriateemittanceellipses.

volumethe ion cloud occupiesafter the cooling process.To which extent this phasespaceis
distributedtransverselyandlongitudinallyis discussedin thefollowing.

Equilibrium Distrib utions

Thesmallestphasespacefor theejectedion bunchescanbeexpectedif theion startdistribution
is in thermicalequilibriumwith thebuffer gas.Thusthedistributionsobtainedin Sec.3.4have
beenused.

Time-of-flight histograms,transversal,andlongitudinalemittanceplotsvisualisingthe re-
sultsareshown in Fig. 5.13.Theemittanceplotscontainappropriateemittanceellipses,which
aretilted sincethepictureshaveneitherbeentakenin a spatialnor in a time focus.A compila-
tion of importantnumbersis givenin Table5.3. This includesthemeantime-of-flight Ù TOFÚ ,
transversalemittanceÛ trans, andlongitudinalemittanceÛ long. A width Ü TOFof thetime-of-flight
histogramshasbeenintroduced.Accordingto theemittancedefinitionit is definedasthesmall-
esttime interval including95% of the ion bunch. Besidethe valuesfor the presentcasealso
valuesfor differentinitial conditionsaregiven.They arediscussedfurtherdown.

Themeantime-of-flight Ù TOFÚ increasesaccordingto theion mass.Ü TOF growthsasthe
massincreases.Valuesfor thelatterrangefrom 1.5to 3.4µs.
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Both Û trans aswell as Û long increasesfor highermassesdueto thelargervolumetheion cloud
occupiesafter the cooling process. Valuesof 0.19 to 0.37Ý mmÞ mrad are obtainedfor the
transversalemittance.Thelongitudinalemittancerangesfrom 1.39to 3.41eVÞ µs.

Tcool pTrap Ù TOFÚ Ü TOF Û trans Û long

[ms] [mbar] [µs] [µs] [ Ý mmÞ mrad] [ eVÞ µs]

Àt¾ Na¿ ß ¬Jà ß á à ¯ ¦Oà á Ô á à © Ô
¾tË K ¿ Equilibrium

Ó á à Í á à Ô ¦Oà «J© á àÌÓ ©
½y¾t¾ Cs¿ áJá © à Í © à ß ¦Oà © ¬ © à ß_á

20
¬J¦ Þ á ¦ § ­ áJá « àPÓ á Í àÌÓ Í à ß © ß ¦

20 á ¦ ¯�Þ á ¦ § ­ áJá © àPÓ á ¦Oà ¯ © à ß Ó Í àÌÓ½y¾t¾ Cs¿
20 á[ß ¦ Þ á ¦O§ ­ áJá[ß àP¦ ÓOà ¯ á à ¯ « ¦Jà ¯
20

¬J¦ Þ á ¦ § ­ ß ¯ àPÓ á Í àÌ¦ â á « àÌ¦ â ß ¦J¬
20 á ¦ ¯�Þ á ¦ § ­ ß ÓJà ß á © àÌ¬ â Í àÌ¦ â á ÍJÍÀt¾ Na¿
20 á[ß ¦ Þ á ¦ § ­ ß ÓJà Ô áJá à Í â ¯ à ß â áwß ¦

½y¾t¾ Cs¿ cont. á[ß ¦ Þ á ¦O§ ­ áJá[ß àP¦ ÓOà ¯ â á à ¯ â « ¦Jà ¯â
Theemittanceellipsefor this casescontainsonly 80% of theappropriateion number.

Table 5.3: Meantime-of-flight ã TOFä , width of theTOF peaks° TOF, transversalemittanceå trans, and
longitudinalemittanceå long of ejectedion bunchesfrom REXTRAPfor differentinitial conditions.The
top partgivesthenumbersassumingstartdistributionswith anequilibriumtemperatureof T ±7×b´b´ K.
Parametersobtainedwith realisticstartdistribution arecompiledin themiddlepartwhereasto last line
givesnumbersfor thecaseof continuousinjection. A detaileddescriptionof thedifferentcasesis given
in thetext.

RealisticStart Distrib utions

Consideringrealtrapoperationparametersit is notpossibleto reachthethermodynamicequilib-
rium statesincethecoolingtimesarenotsufficient. Thusthecharacteristicsof theion bunches
obtainedabovedoesnotreflectreality. In orderto improvetheability to predictthebeamquality
of REXTRAPmorerealisticstartdistribution for theejectioncalculationshavebeenused.

• InjectionandCooling

Thefinal ion distribution obtainedin Sec.5.3.3have beenusedasappropriateinput for the
ejectioncalculations.Thusthis testis basedon the time schemecorrespondingto case(a) in
Fig. 4.21. An appropriatenumberof ions is injected,cooled,andfinally ejected. A cooling
time of 20ms hasbeenchosen.Simulationshave beencarriedout for Àt¾ Na¿ and ½y¾t¾ Cs¿ and
threedifferentbuffer gases.Theresultsaredepictedin Fig. 5.14. Thecorrespondingnumbers
aregivenin Table5.3.

At bothcasestheTOFdistributionschangetheirwidth aswell astheirshapefor thedifferent
buffer gaspressures.Thenarrow distributionssmearoutasthepressuredecreases.This is well
reflectedby thewidth Ü TOF, which increasesfrom 6.5 to 18.6µsandfrom 11.8to 18.0µsin
thecaseof ½y¾t¾ Cs¿ and Àt¾ Na¿ , respectively. In addition Ù TOFÚ decreasesby morethan1µsin
bothcases.
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Figure 5.14: Time-of-flight histograms,transversal, and longitudinal emittanceplots of ejectedion
bunchesfrom REXTRAP assumingrealistic start distribution (explanationseetext). The line in the
TOF histogramsgives the width of the distribution containing95% of the ions. The emittanceplots
containemittanceellipsescontaining95% ( ½y¾t¾ Cs¿ ) and80% (Àt¾ Na¿ ) of theions.
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Figure 5.15: Time-of-flight histograms,transversal, and longitudinal emittanceplots of ejectedion
bunchesfrom REXTRAPassumingrealisticstartdistribution andcontinuousinjection(explanationsee
text). Theline in theTOFhistogramsgivesthewidth of thedistribution containing95% of theions.The
emittanceplotscontainemittanceellipsescontaining80% ( ½y¾t¾ Cs¿ ).

Theemittanceplotsshow a commonfeature.A densecoreof alreadycentredions is sur-
roundedby a halo. This is morepronouncedin thecaseof lower gaspressuresandfor Àt¾ Na¿ .
Especiallyin the latter casethe emittancedefinition as it hasbeenintroducedin Sec.5.2.3
loosesits meaningpartly. In order to counterbalancethis the emittanceellipsesadjustedto
containonly 80% of theions.Thecorrespondingnumbersaremarkedin Table5.3.

The transverseemittanceincreasesfrom 1.5 to 8.4Ý mmÞ mradand5.4 to 12.0Ý mm mrad
for ½y¾t¾ Cs¿ and Àt¾ Na¿ , respectively. Theincreaseis evenhigherfor the longitudinalemittance
with 20.5to 340eVÞ µsfor ½y¾t¾ Cs¿ and140to 407eVÞ µsfor Àt¾ Na¿ .

• ContinuousInjection

Theinfluenceof changingthetime schemefrom thesequentialcasegivenabove to simul-
taneouslyinjectionandcoolingon thebeampropertiesis briefly discussedin thefollowing.

The modelling of the ion start distribution for the ejectioncalculationsis more difficult
thenin the previous case.The following approachhasbeenused. Ion startdistribution asin
Sec.5.3.3havebeen“cooled” with PennDampfrom 1 to 20msin 1ms.Thejoineddistribution
hasbeenusedasinput for thesimulationof theejectionprocess.

Sincethiskind of simulationis extremelyresourceintensiveit hasbeenonly carriedout for
½y¾t¾ Cs¿ andfor a buffer gaspressureof pTrap ê á à ß Þ á[ëCì Ç mbar. Thecorrespondingparameter
plotsaregivenin Fig. 5.15,whereasthenumbercanbefoundagainin Table5.3.

In comparisonto thepreviouscasetheTOFdistributionsis remarkablywider. Theemittance
plots show similar halo structuresas it hasbeenseenfor the caseof Àt¾ Na¿ . Therefore,the
emittancenumbersgivenreferto 80% of theionsagain.



6 Experimental Results

6.1 The Very First Tests
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Figure 6.1: First time-of-flight spectrumcontaining
a detectableamountof íyîtî Csï recordedusing the
REXTRAPset-up.

REXTRAPsaw its “first light” on 19thJuly
1999after four yearsof development,con-
struction,assembly, andtesting.For thefirst
time íyîtî Csï ions from the test ion source
were injected,accumulated,cooled,andfi-
nally identified in a time-of-flight spectrum
shown in Fig. 6.1. Thismajorbreakthrough
wasthebeginningof thefirst commissioning
phaseof REXTRAP. The goal wasthe de-
terminationof thebasicoperationalparame-
tersof thesystem.Thisphasewascompleted
by afirst on-linetestwith stablebeamsfrom
ISOLDE. Time-of-flight spectrafor differ-
ent ion speciesdelivered by ISOLDE are
shown in Fig. 6.2. In thesespectrathe in-
jectedion speciescanbe identifiedby their
time-of-flight. Theadditionalpeaksaredue
to ionisedargon andresidualgasions. The
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Figure 6.2: Time-of-flight spectraof ð î Naï , ðwñ Al ï , òtó Feï , í ð í Sbï , í ðtô Xeï , and í ô í Taï asobtained
duringafirst on-linetest.They ionsweredeliveredby ISOLDE,accumulated,cooledin REXTRAP, and
ejected.
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injectedions ejectedions efficiency

ð î Naï õ àPö Þ á[ë:÷ —
â

—
â

ðwñ Al ï ø à ß Þ á[ë ô á àÌö Þ á[ë ñ â øúù â
òtó Feï û àPü Þ á[ë ñ ø à û Þ á[ë ÷ â ü ù â
í ð í Sbï ø à á Þ á[ë ñ ý à û Þ á[ë ÷ ýúù
í ðtô Xeï õ àPö Þ á[ë:÷ á àÌö Þ á[ë;÷ á ýúù
íyî ð Xeï á àPö Þ á[ë:ô ý à û Þ á[ë;÷ ûúù
í ô í Taï ß à ß Þ á[ë:ô öOàÌü Þ á[ë;ò õ ùâ

A determinationof thesevalueswasnot possibleor is afflictedwith a largeuncertaintydueto overlappingTOF
peaks.

Table 6.1: Numberof injectedandejectedions per trap cycle andthe correspondingREXTRAP effi-
ciency for differention species.Thenumbersgivenwereobtainedduringa first on-line testandcorre-
spondto thetime-of-flight spectragivenin Fig. 6.2.

width of thetime-of-flight peaksis largerthanexpected.Thereasonfor this is thelow amplifi-
cationof theparticlemultiplier usedin thesemeasurements(seeSec.4.7)which requiredlarge
ion numbersto becapturedin thetrap.

Nevertheless,alreadyat this earlycommissioningstageandfor the large ion number, effi-
ciency valuesin theorderof a few percenthavebeenreachedovernearlytheentiremassrange.
They arelisted in Table6.1 togetherwith thenumberof injectedandejectedions. In general,
theefficiency increasesastheinjectedion numberdecreases.This indicatesthata reductionof
theinjectednumberof ionsis necessaryin orderto understandtheperformanceof REXTRAP,
not falsifiedby additional“spacechargeeffects”.

After this testbeamtime a new ion detectionsystemwas installed. The Colutronbeam
viewing systemdescribedin Sec.4.7allowsthedetectionof muchlower ion intensitiesandwas
usedfor mostof thesubsequentmeasurements.

The resultsreportedin the following have beenobtainedeitherwith ionsdeliveredby the
off-line ion sourceor by ISOLDE. The origin of the ions is only explicitly mentionedif it is
importantfor therespectivecase.

6.2 SignalProcessingand Evaluation

Ionsejectedfrom REXTRAParedetectedeitherby directcurrentmeasurementusingaFaraday
cupor by usingthemulti-channelplatedetectorof theColutronbeamviewing system.In the
first casetheion numberis directly accessible.Thelatter, however, requiresseveralmanipula-
tion processesin orderto obtainfinal spectra.This procedurewill bedescribedin detail in the
following.

6.2.1 Time-of-Flight Spectra

As describedin Sec.4.7 theionsreachingthemulti-channelplatedetectorof theColutronsys-
temgeneratea largenumberof secondaryelectrons.They arecollectedon ananodeelectrode
andallowedto flow to groundvia a loadresistorRL. RL is determinedby the560 þ resistorof
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Figure 6.3: Left: Time-of-flight of flight spectrumrecordedwith the oscilloscopein its crudeform.
Right: The samespectrumafter conversioninto ion numbers.The numbersat the different time-of-
flight peaksdenotethe total numberof ions the peakcontainsasit is obtainedby integratingover the
peakaremarkedwith arrows.

thehigh voltagedivider andthe50 þ input impedanceof thepre-amplifierstage.This voltage
is pre-amplifiedandrecordedby anoscilloscope.A detailedsketchof the circuit is shown in
Fig. 4.15. Thedwell time ÿ t, i.e. thewidth of a singlechannelis determinedby thetime base
of theoscilloscope.

Raw spectraareobtainedby averagingoverseveralcyclesin orderto improvethesignal-to-
noise.A typicalraw spectrumis shown in theleft partof Fig.6.3.TheoscilloscopevoltageUosci

is shown asa functionof thetime-of-flight. Thedwell timeof theoscilloscopewas ÿ t ê�� ë 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)anoffsetvoltageof Uoffset ����� ë�� mV is present.

ThenumberN of ionsperchannelcanbecalculatedvia

N ê ÿ t
eVRL

Uosci � Uoffset 	 (6.1)

wheree denotestheelementarycharge andUosci is the voltagemeasuredby the oscilloscope.
TheamplificationV ê VMCP 
 Vamp of thesystemis determinedby theamplificationVMCP of the
MCPandVamp of thepre-amplifier, respectively.

This formulaallowsthemeasuredvoltagesto beconvertedinto correspondingion numbers.
Exceptfor theamplificationV andtheoffsetvoltageUoffset all requiredparametersareknown.
Thedeterminationof thelatter is straightforward.Uoffset is obtainedby averagingovera certain
numberof channelswhereno time-of-flight peakis present,preferablyat thebeginningor the
endof thespectrum.

Thedeterminationof theamplificationV of thedetectionsystemis moredifficult. For this
purposethe total charge Q ejectedfrom the trap is directly measuredusing the Faradaycup
anda pico-amperemeterandcomparedto the numberof ions containedin the time-of-flight
spectrum.Q is connectedto theaveragecurrentIavg by

Q ê IavgTcycle ê Ne 	 (6.2)

whereTcycle denotesthetotal time of onetrapcycle. A comparisonof Q with Eq. (6.1) allows
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theamplificationV to bedetermined.Thusoneobtains

V ê ÿ t
RLIavgTcycle � Uoszi � Uoffset (6.3)

for theamplificationof thesystem. � symbolisesthesummationof all channelsof thetime-
of-flight spectrum.

The averagecurrent is measuredwith the Faradaycup behindthe trap for typical cycle
timesof 10 to 20ms. Suchshortmeasurementintervalsensurereliablecurrentvaluesdespite
thepulsednatureof thebeambecauseof themuchlarger integrationtime of thepico-ampere
meter.
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Figure 6.4: Numberof ions detectedas
a functionof theion collectiontime. The
dashedline correspondsto a linearfit.

Theprocedureabove givesa valuefor theamplifi-
cation of the systemfor a certainnumberof charges
ejected. Due to the detection limit of the pico-
amperemeter(about1pA) onehasto useat least �
� ò
to �
� ÷ ionspercycle for a traprepetitionrateof 50Hz.
Dependingon the MCP type suchcount ratescanal-
readymeanthat theMCP is in saturation,i.e. the am-
plificationis lowerthanin thecaseof lowercountrates.
This hasbeenexcludedby measuringthe numberof
ejectedions as a function of the injectednumberof
ions.For thispurposethecollectiontimein REXTRAP
hasbeenvariedoverseveralordersof magnitudewhile
theincidention currentwaskeptconstant.In therange
of ��� ð to ��� ÷ ions/pulsethecountrateis a linear func-
tion of thecollectiontime indicatingthattheamplifica-
tion V remainsconstant.This is illustratedin Fig. 6.4.

Thelimiting factorfor thedeterminationof theamplificationV is theaccuracy of thepico-
amperemeterat this low currents.Fluctuationsin theorderof 20 to 30% arenoticed,which
determinetheuncertaintyfor V. Theamplificationof thecompletesystemdependsmainly on
thehighvoltageappliedto theMCP. For aMCP-voltageof 850V thevaluefor theamplification
is typically V � � ü 
���� ò .

From a time-of-flight spectrumobtainedby the oscilloscopethe numberof ions cannow
becalculatedfor eachchannelusingto Eq. (6.1). For theraw spectrumshown in the left part
of Fig. 6.3 a resultasdepictedon the right is obtained. The numbersgiven areobtainedby
integrating over the channelscovering the rangeof the peak. They correspondto the total
ion numbera peakcontains.This is themostusefulnumberwhich canbeextractedfrom the
spectra.Therefore,in thefollowing theordinateof thetime-of-flightspectrawill notbelabelled
but thetotal numberof ionsin theinterestingTOFpeakswill begiven.

The time-of-flight peakscan be assignedto a certaincharge-to-massratio. Ions ejected
from REXTRAParein generalsingly chargeddueto the fact thathighercharge stateswould
recombinein the buffer gas. Thus time-of-flight peakscanbe directly associatedto a mass
number.
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6.2.2 Ion Signal asa Function of Trap Parameters

For optimisingof REXTRAP operationalparametersso called “parameterscans”have been
carriedout. In thesescansthenumberof ionsejectedfrom the trap is recordedtime-resolved
asa functionof theparameterof interest.For thatpurposetheon-linemeasurementprogram
hasthepossibility to settime gateson thetime-of-flight spectrum,i.e. to marka certainrange
of channels.Normally, asingleTOFpeakof theinterestingion speciesis selected.Thevoltage
signalsof thesechannelsarethensummedupto obtainavalueUpoint for apoint in theparameter
scan.Upoint canbeconvertedto ion numbersNpoint via

Npoint � ÿ t
eVRL

Upoint � n 
 Uoffset 	 (6.4)

wheren denotesthenumberof channelsgated.

6.3 The Magnetic Field at the Trap Centre

The magneticfield at the trap centreis a very importantparameterfor the operationof the
system.It definesdirectly the cyclotron frequency of the ions andthereforethe centringfre-
quency for the rf-sidebandcooling technique.After installationandenergizing of themagnet
the magneticfield hasbeenmeasuredwith a NMR probeto be 2.974911(1)T at the position
of thetrapcentre.However, this measurementhasbeencarriedout without thetrapelectrodes
in place.Wheninsertingtheelectrodestructurethefield is expectedto shift slightly dueto the
magneticsusceptibilityof theusedmaterials.Therefore,are-determinationof thefield strength
is necessaryafterall structureshave beeninserted.However, at this time thetrapcentreis not
any longeraccessiblefor a directmeasurementandthemagneticfield mustbedeterminedby
anindirectmethod.

Theknowledgeof thecyclotronfrequency ��� of a trappedion togetherwith theion massm
allowsthedeterminationof themagneticfieldBcenter atthetrapcentreusingEq.(3.3).An elegant
methodto measure��� is provided by the rf-sidebandcooling techniquesincethe optimum
centringfrequency is equivalentto thecyclotronfrequency ��� .

For thedeterminationof Bcenter watermoleculeionsHð Oï wereused.They areunintention-
ally createdby ionizationof residualgasmolecules(seeSec.6.6.2).Theseionswerecaptured
in thetrapregionandcentredvia rf-sidebandcoolingin a heliumbuffer gasatmosphere.Cool-
ing scans(seeSec.6.4.2) resultedin a resonancefrequency of � C � öJü ø õ ø � ü�� � ü�� Hz. This
correspondsto amagneticfield of Bcenter � ö�� � û � ûJý �Ãü�� T.

Basedonthisvaluecyclotronfrequencies��� for differention speciesaregivenin Table6.2.
Theappropriatemassvaluesweretakenfrom [Aud97,Bra99].

6.4 Verification of BasicREXTRAP Functionality

The following sectiongivesan overview aboutexperimentswhich had the aim to prove the
basictrapfunctionality. Dipoleandquadrupoleexcitationaswell asmassselectivecoolingwill
bediscussed.
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Table 6.2: Calculatedcyclotron frequency � c for variousion speciesfor the magneticfield Bcenter  !#"%$#&(')&#*#+�,#-
T of REXTRAP.

6.4.1 Dipole Excitation

It hasbeendiscussedin Sec.3.3.2 that the radial motion of an ion in a Penningtrap canbe
influencedby rf-dipole fields. Resonanceeffectsareexpectedfor themagnetronandcyclotron
motion at the magnetronfrequency ��. andthe reducedcyclotron frequency � ï , respectively.
In general,dipoleexcitationincreasestheamplitudeof themotion. Therefore,a time structure
for a REXTRAPcyclehasbeenchosenin which theionsarefirstly collectedandcentred,then
excited by a radiofrequency dipole field, andfinally ejected. This correspondsto case(b) in
Fig. 4.21.

Magnetron Excitation

Magnetronexcitationis neededfor thefirst stepfor theapplicationof themassselective cool-
ing techniquewhich will be discussedin Sec.6.4.3. Furthermorethe determinationof the
magnetronfrequency allows to verify thedepthof thetrappingpotential / �1032 ð .

Fig. 6.5 depictsthe numberof ions ejectedfrom the trap as a function of the excitation
frequency � Dipole. The spectrahave beenobtainedfor an excitation time of TExcite � ��� ms and
excitationamplitudesof ADipole � ü � mV (left) andADipole � ö �3� mV (right).

For an excitation amplitudeof 50mV a dip in the countratecanbe recognisedwhich in-
dicatesthe resonancefrequency ��. . It was determinedto be ��.4� ����� � � �
� � Hz from this

spectrum.This correspondsto a potentialdepthof / �10�2 ð � ø � û � � � � 
5�
� ó V
m6 . This valueis

slightly higherthan / �70�2 ð � ø �Ìü 
8��� ó V
m6 which hasbeenobtainedby fitting a parabolato the

potentialslopein the trap centrecalculatedwith SIMION (seeSec.5.2.1). The valuecorre-
spondsto a magnetronfrequency of ��.9� � � � Hz. Thedifferenceof about70Hz resultsmost
likely from slightly differentvoltagesappliedto theinnertrapelectrodesdueto thefactthatthe
high-voltageamplifierusedwerenotcalibrated.

An increaseof theexcitationamplitudeto 200mV (right) broadenstheresonancedip since
theionsaredrivenfurtherawayfrom thetrapcentre.In addition,equidistantsidebandsbecome
visible. Thedistancebetweenthedipsof 100Hz is expectedfor anexcitationtimeof 10ms.

Oncethe magnetronfrequency 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 areshown asa function
of theexcitationamplitudeADipole. Theexcitation time wasTExcite � ��� ms. First thecountrate
decreasescontinuouslyto zero,but surprisinglyionscomebackfor largerexcitationamplitudes.
A total of 75% of theprimarycountrateis reachedfor ADipole � � � û ü V. For higherexcitation
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Figure6.5: Thenumberof ionsejectedfrom REXTRAPasafunctionof thedipoleexcitationfrequency� Dipole for an excitation time of TExcite  ;:#< ms andexcitation amplitudesof 50mV (left) and200mV
(right).

amplitudesit decreasesagainto zero.
Sucha peculiardependency canbeexplainedby trapimperfections.Themagnetronradius

increasesduring dipole excitation. The ions reachthe outer regions of the trap. Therethe
electricpotentialis not longerharmonicasrequiredfor Eq.(3.1) to bevalid. As aconsequence
themagnetronfrequency of the ion changesandthe ion getsout of phasewith theexciting rf
field. For certaincombinationsof excitationamplitudeandtime theionscanthenberecentred
asit hasbeendiscussedin Sec.3.3.2.

This observation is corroboratedby resultsof further experiments. In these,the injected
ionswerecentred(Tcenter � ø � ms). Secondly, they weremagnetronexcitedfor a variabletime
(TExcite). In contrastto theexperimentdescribedabove, they werefinally recentred( Trecenter �ø � ms). Theresultsfor four differentexcitationtimesTExcite areshown in Fig. 6.7. Thenumber
of ejectedionsis plottedasa functionof theexcitationamplitude.

For anexcitationtimeof TExcite � ��� msarecentringof theionsis possibleupto anexcitation
amplitudeof about0.7V. Thenthe countratedropsto zero. However, if ADipole exceeds1.4V
someionsarerecentredagain.A similar behaviour canbenotedfor all otherexcitationtimes.
In thesecasesadditionalminima andmaximaareobservedshiftedtowardslower amplitudes.

Figure6.6: Thenumberof ionsejectedfrom REX-
TRAP as a function of the excitation amplitude
ADipole in thecaseof resonantdipoleexcitationwith
afrequency of � . . TheexcitationtimewasTExcite  :#< ms.
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Figure6.7: Thenumberof ejectedionsfrom REXTRAPasafunctionof thedipoleexcitationamplitude
in thecaseof resonantdipoleexcitationwith a frequency of � . andrecentringwith rf sidebandcooling.

In generalonefindsthattheextremaoccuralwaysat positionsfor which thetermAcenter 
 TExcite

hasafixedvalue.This is expectedsincetheproductAcenter 
 TExcite determinesthefinal amplitude
of themagnetronmotion.

Cyclotron Excitation

Excitationof theion motionat thereducedcyclotronfrequency ��= is not requiredfor theoper-
ationof REXTRAP. Nevertheless,it is interestingto verify thatalsoin this casethetrapworks
asexpected.

Two typicalspectrafor thedeterminationof ��= of >@?�? Cs= ionsin theREXTRAPsystemare
givenin Fig. 6.8. Theplotsdepictthenumberof ionsejectedfrom thetrapasa functionof the
excitationfrequency � Dipole in thevicinity of theexpectedfrequency ��=A�4� C � �3. . Excitation
amplitudesof ADipole � �
��� mV and200mV wereused.TheexcitationtimewasTExcite � ��� ms.

For anexcitationamplitudeof 100mV (• ) a dip in thecountratecanberecognisedwhich
indicatesthe resonancefrequency �3= . An increaseof the amplitudeto 200mV ( B ) broadens
theresonance.Theresonancefrequency observedis in goodagreementwith theexpectedvalue
of ��=C�;D ��E�F ��G � � G � which is obtainedby using ���H�I�3=�JK�3. (seeEq. (3.8)). Thecyclotron
frequency ���L��D � D G �3� Hz wastakenfrom Table6.2. For themagnetronfrequency theexperi-
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Figure6.8: Thenumberof ejectedionsfrom REX-
TRAP as a function of the dipole excitation fre-
quency � Dipole for different excitation amplitudes
(•– ADipole  M< " : V, N – ADipole  M< "%! V). The ex-
citation time wasTExcite  O:#< ms. The wereper-
formed in the vicinity of the expectedfrequency� =  � �QP � . .
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mentalvalueof ��.9� ����� � � �
� � from above hasbeenused.Thus,within thegivenuncertainty
thefrequency relation �����R��=SJT�3. is fulfilled in this case.

6.4.2 Quadrupole Excitation

Ionstrappedin REXTRAPloseenergy by collisionswith thebuffer gas.Thedissipatingforce
providedby thebuffer gasleadsto areductionof thekineticenergy of theions.Thisreducesthe
amplitudesof theaxialandcyclotronmotion,whereastheamplitudeof theunstablemagnetron
motion increases(seeSec.3.3.1). This canbe circumventedby coupling of magnetronand
cyclotronmotionwith anazimuthalradiofrequency quadrupolefield at thecyclotronfrequency.
Thissidebandcoolingtechniquewasdiscussedin Sec.3.3.2andis decisivefor theoperationof
REXTRAP.

During thecommissioningphaseof REXTRAPit turnedout that theresonancecurvesob-
tainedin coolingscansaremorecomplex thenexpected.Theleft partof Fig.6.9showsatypical
coolingscanfor >@?�? Cs= . Thenumberof ionsis plottedasafunctionof thefrequency � center. The
scanwasperformedin the vicinity of the expectedcentringfrequency ��� listed in Table6.2.
REXTRAPwasoperatedwith a timing schemecorrespondingto case(a) of Fig. 4.21. A cen-
tring amplitudeof Acenter �UD V andanexcitationtime of Tcenter � E�V mswereused.Theargon
buffer gaspressurewasp0 � � � � 
8��� . ? mbar. Oneimmediatelyrealizesthat themaximumof
theresonancecurve is shiftedby about90Hz towardshigherfrequencieswith respectto theex-
pectedfrequency. Sucha largeshift cannotbeexplainedby uncertaintiesof thedetermination
of themagneticfield at thetrapcentre.

The right part of Fig. 6.9 givesa similar cooling scanof >@?�? Cs= . Comparedto the case
describedabove thebuffer gaspressurein thetrapwasincreased,theexcitationamplitudewas
reducedto Acenter � � V, andthecentringtimewasincreasedto Tcenter � ���3� ms. In addition,the
voltagesfor theelectrodesforming theharmonicpotentialin thetrapcentrehavebeenreduced
in orderto lower themagnetronfrequency �3. to about850Hz.

Thenumberof ionsejectedreachesits maximumat thetheoreticalfrequency value.How-
ever, thereareadditional“dips” in the count ratevisible at frequency valuescloseto ��= and��= � ��. . Fromthelatteronly aboutonehalf of theresonancecanbeseen.In thecaseof ��= the
dip originatesfrom anazimuthaldipolecomponentof theexcitationfield, whereasthedip for��= � �3. comesfrom anaxially symmetricquadrupolecomponent.
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Figure6.9: Thenumberof ejectedionsfrom REXTRAPasafunctionof thecentringfrequency � center for>@?�? Cs= . Two differentsetsof parameterwereusedin theleft andright figure.Thescanswereperformed
in thevicinity of theexpectedresonancefrequency � �  �W ' W & :#: Hz. In the left spectrumthewidth of
theresonanceXY� FWHM is given. Thesolid line in theright spectrumindicatestheexpectedshapeof the
cool resonanceextrapolatedfrom theright half of thespectrum.

Thedipolecomponentsof theexcitationfield arenot expectedto occur. They ratherresult
eitherfrom geometricalimperfectionsof thetrapelectrodesor from applyingslightly different
voltagesto oppositeelectrodesof thefour-fold split centreelectrode.Thelattercanbecaused
by slightly differentimpedancevaluesof the cablesleadingto the electrodes.The reasonfor
theoccurrenceof theaxially symmetricquadrupolecomponentis theradiofrequency coupling
schemeused(seeFig. 4.14).By feedingof thequadrupoleradiofrequency voltagesto only two
oppositeelectrodesof thefour-fold split centreelectrodeandgroundingtheothersnot only the
desiredazimuthalquadrupolefield is generatedbut alsoanaxially symmetricquadrupolefield.

The effect of theseadditionalexcitation modeson a cooling resonanceis schematically
illustratedin Fig. 6.10.Theindividualmodesareapproximatedby Gaussianshapedresonance
curves. The width of the differentresonancecurveshasbeenchosenfor bestvisualisationof
the resultingeffects. The left partof Fig. 6.10shows thecurvesof the individual resonances,
whereasin the right part the undisturbedresonanceis given in comparisonto the final cool
resonance.Thelatteris createdby thesuperpositionof theseparateresonancecurves.Its shape
hasdramaticallychangedin comparisonto the undisturbedcase.Onerecognisesthat the left
shoulderof theresonanceis now noticeablesteeper, whereasits right sideis hardlyinfluenced.
Theresultis a reductionof thewidth of the resonanceanda shift of its centretowardshigher
frequencies.The total count rate is slightly reduced.An additionaldip becomesvisible at a
frequency valueof �3=[Z\��. .

With thisanalysisFig. 6.9becomesbetterunderstandable.Theshift of theoptimalcentring
frequency towardshigherfrequenciesobservedin theleft figureis theeffectof theresonanceat��= . Theresonanceat a frequency of ��=]ZK�3. is hardlyvisible. It is adumbratedat theleft end
of thespectrumaround-2kHz by aslightly lowercountrate.

The width of the cooling resonanceis about ^]� FWHM _a`���� Hz. This valueis somewhat
smallerthanexpectedfrom thesimulations(seeFig. 5.2). However, this experimentalvalueis
not the truewidth of the ��� resonance,but narrowedby the ��= resonance.Therefore,a good
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Figure 6.10: Principle line shapeof a REXTRAP cooling resonance.The numberof ejectedions is
plotted asa function of the excitation frequency � center. Left: The threeindividual resonancecurves
for the resonancesat � � (solid line) and � = , � = P � . (dottedline). Right: The superpositionof the
individual resonances(solid line) andtheunperturbedbdc resonance(dottedline).
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Figure 6.11: Time-of-flight spectraof ejectedions from REXTRAP in orderto cleanthe ion bunches
from contaminations.Left: Referencespectrumobtainedwithout massselective buffer gascooling.
Middle: TOF spectrumapplyinga sequentialexcitationprocedurefor thecleaning.Right: TOF spec-
trumapplyingasimultaneousexcitationprocedurefor thecleaning.

agreementof the experimentalandsimulateddatacanbe stated. A ^]e FWHM valueof 800Hz
correspondsto amassresolvingpowerof R _Rf�g�g for >@?�? Cs= .

6.4.3 MassSelective Cooling

A typical time-of-flight spectrumof >@?�? Cs= is shown in theleft figureof Fig. 6.11. It hasbeen
obtainedusing a timing schemecorrespondingto case(a) of Fig. 4.21. A centringtime of
Tcenter hji V mswasused.ThecentringamplitudewasAcenter h D V. In additionto time-of-flight
peaksof injectedion speciesinto REXTRAP thoseof “volitional” contaminantsare found.
They correspondto ionisedargonbuffer gasandresidualwateratoms.A detaileddiscussionof
thesetime-of-flightspectrawill begivenin Sec.6.6.2.

A selectiveremoval of theunwantedion speciescanbeachievedby amassselectivecooling
technique.In thefirst steptheamplitudeof themagnetronmotion is increasedby magnetron
excitation. Sincethemagnetronfrequency is practicallymassindependentall ions aredriven
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to significantlarge orbit. Subsequently, they would be hinderedto be extractedfrom the trap
by theejectiondiaphragm.Afterwardsonly thedesiredion speciesis recentredby quadrupole
excitationwith thecyclotronfrequency e�k of this ion species.Only thesecentredionscanthen
beextracted.

A timing schemecorrespondingto case(c) of Fig. 4.21hasbeenusedin orderto applya
sequentialexcitationschemefor thecleaningof ionsstoredin REXTRAP. After beingcentred
for Tcenter h i V ms, the injectedions have beenmagnetronexcited for Texcite h i�g ms, recen-
tred for Trecenter hli V ms,andfinally ejected.TheexcitationamplitudeswereAcenter h D V and
Aexcite h�gnm F V. Theresultis shown in themiddlefigureof Fig. 6.11.Thetime-of-flightpeaksfor
theunwantedion speciesareremarkablysmallerin comparisonto theleft spectrumin Fig. 6.11
whereno cleaningprocedurewasapplied. In fact the fraction of >@?�? Cs= in the ion bunchin-
creasedfrom 81% to 96%. Thetotalnumberof >@?�? Cs= ionsremainedconstant,whereaso�p Ar =
andresidualgasionswerereducedby 75% and90%, respectively.

Theseresultsshow thatthestandardprocedureof massselectivecoolingworkswith REX-
TRAP. Unfortunately, thesesequentialcleaningprocesshasoneimportantdisadvantage.The
overall cycle time of the trap is prolongedby magnetronexcitation time Texcite andrecentring
time Trecenter. In orderto overcomethis handicapa new procedurehasbeentested.Magnetron
excitation wasapplieddirectly after the ion injection for a periodof Texcite h V ms startingat
the sametime as the quadrupoleexcitation, which wasappliedfor Tcenter h i V ms (case(d)
in Fig. 4.21). Excitationamplitudesof Acenter h D V andAexcite hMf V wereused. The result
is shown in the right figureof Fig. 6.11. An evenbettersuppressionof unwantedion species
wasfound comparedto sequentialcleaning. The numberof o�p Ar = andresidualgasions has
beenreducedby additional7% and3%, respectively. This increasesthefractionof >@?�? Cs= in
theejectedion bunchto 97%. Also in this caseno reductionof theoverall numberof ejected>@?�? Cs= ionsis observed.

Both typesof applyingmassselectivebuffer gascoolinghave beenprovento beextremely
powerful methodsto influencethecompositionof theion bunchesejectedfrom REXTRAP.

6.5 Determination of Optimum Operation Parameter

6.5.1 Cooling Parameters

The determinationof optimal cooling parameters,i.e. buffer gaspressure,centringtime and
amplitudehasbeenoneof themostimportanttasksduring thecommissioningphaseof REX-
TRAP. It wascarriedout with greatcaresinceit influencesdirectly theoverall performanceof
thesystem.Theseprocedureis independentof theoptimisationof thetrapinjectionandejection
whichwill bedescribedin Sec.6.5.2.

Thefirst point of concernis thebuffer gaspressurethetrapmustbeoperatedwith in order
to ensurehigh trappingefficiency andshortcoolingtimes.For thispurposethestandardtiming
schemecorrespondingto case(a) of Fig. 4.21hasbeenused,i.e. theionsareinjected,centred,
andfinally ejected. The centringtime wassetto Tcenter h E g ms andan excitation amplitude
of 3V wasused. In Fig. 6.12 the numberof ejectedions from REXTRAP asa function of
the argon buffer gaspressureis shown. The numberof ions ejectedincreaseslinear up to a
controlvoltageof Ucontrol h V m V V (p0 hUgnmrqHs8i�gut ? mbar)appliedto thebuffer gascontrolunit.
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For highervaluesit remainsnearlyconstant,i.e. thesaturationpoint is reachedfor thechosen
centringtime.

After having found a buffer gaspressurefor trap operationa seriesof measurementswas
performedin orderto studytheamountof ejectedionsasa functionof centringtime andam-
plitude. The sametiming schemeasabove wasusedbut now with a variableexcitation time
Tcenter. The resultsof the systematicinvestigationareshown in Fig. 6.13. The percentageof
ejected>@?�? Cs= ions is plottedin contourline plots asa function of excitation time Tcenter and
the amplitudeAcenter for differentargon buffer gaspressures.It wasnormalisedto the highest
countratewhich occurredduringthis seriesof measurement,i.e. thepercentagevaluesdo not
correspondto theoverallefficiency of thesystem.Theerrorfor thedeterminationof thevalues
is theshorttimefluctuationof thecountrate.It wasin theorderof V m7m�m3i�g %.

Exceptfor the caseof Ucontrol h V m E3V V, wherethe excitation time wasnot sufficient, satu-
rationof thenumberof ejectedions is reached.In thecaseof Ucontrol h V m V V it is achievedat
anexcitation time of Tcenter h D E m V ms,whereasfor Ucontrol h V m G V V a centringtime of around
Tcenter hvi G m V ms is sufficient. The correspondingexcitation amplitudesAcenter areabout2.5V
and3V, respectively. In orderto beableto comparetheseexperimentalresultswith thenumer-
ical onesshown in Fig. 5.11theexcitationamplitudesAcenter mustbeconvertedinto quadrupole
strengthvaluesw)x . Thiscanbeachievedaccordingto Eq. (3.18)via

w)x hRy Acenterz3{p | (6.5)

wherez p denotesthe radiusof theelectrodes.The attenuationfactor y is only approximately
known for the configurationof the REXTRAP excitation electrodesand the radiofrequency
couplingschemeused. Due to the fact that the rf-voltagefor the generationof the rf field is
only fedto onepairof electrodesthefactoris closeto y}h >{ if furtherattenuationfactorscanbe
neglected.After scalingtheordinatesof Fig. 5.11andFig. 6.13becomedirectly comparable.
Theexperimentalexcitationamplitudeneededto reachsaturationis slightly lower thantheone
obtainedfrom the simulatedplots, whereasfor the excitation time an opposedbehaviour is
found. This indicatesthat thebuffer gaspressurein the trap region pTrap is slightly lower then
postulatedin Sec.4.5.

Buffer gaspressureand excitation amplitudeare two importantvalueswhich determine
thecoolingperformanceof REXTRAP.Furthermoreit is influencedby thecoolingor centring
time. Theleft partof Fig.6.14showsverticalsectionsthroughFig.6.13for abuffergaspressure
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Figure 6.12: The number of ejectedions from
REXTRAP asa function of the control voltageof
the buffer gas regulator unit. The accordingar-
gon gaspressurein the high pressureregion was
calculatedusing Eq. (4.1). An excitation time of
Tcenter ~��#� mswasused.
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Figure 6.13: Measuredpercentageof ions
ejectedfrom REXTRAP asa function of cen-
tring timeTcenter andamplitudeAcenter for differ-
entargonbuffer gaspressuresp0. Thenumber
of ionswasnormalisedto thehighestcountrate
duringthisseriesof measurements.

of p0 h�i�mr�Hs�i
gut3� mbar(Ucontrol h V mr� V V). Thenumberof ejectedions is plottedasa function
of theexcitationamplitudeAcenter for excitationtimesof Tcenter h V msandTcenter h;i V ms.

In both casesthe numberof ions ejectedrisesgraduallyfor lower excitation amplitudes.
At higher valuessaturationis reached. The correspondingamplitudesare Acenter h ` V for
Tcenter hR� msandAcenter h�� V for Tcenter h;i�� ms.Theappropriatepointsaremarkedby arrows.

In theright partof Fig.6.14time-of-flightspectraareshownwhichhavebeenobtainedusing
theamplitudeswheresaturationis reached.Thetotalnumberof ionsextractedis slightly lower
for thecaseof Tcenter h;� ms. Additionally, theTOF peakfor � ��� Cs� is remarkablybroadened
towardsshortertime-of-flights.Both indicatingthat thecentringprocesshasnot beenfinished
for Tcenter h�� ms. Thus,centringtimesof at leastTcenter h�i�� ms arenecessaryto finish the
coolingprocess.

The productionof the raw datafor contourplots like thatof Fig. 6.13 is a very time con-
sumingprocessandwasthereforeonly carriedout for thecasesreportedabove. Dueto thefact
that the experimentalresultsarein goodagreementwith the simulationsperformedit canbe
expectedthatfor otherion speciesthebehaviour is similar. In orderto haveshortcentringtimes
an argon buffer gaspressureof p0 h i�mr�Ss�i�gut3� mbar(Ucontrol h��nmr��� V) in the high pressure
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Figure 6.14: Left: Thenumberof ionsejectedfrom REXTRAPasfunctionof theexcitationamplitude
Acenter for rf sidebandcoolingandexcitation timesTcenter ~�� ms(top) and15ms(bottom). Theampli-
tudeswheresaturationis reachedaremarkedby arrows. Right: Time-of-flight spectraobtainedfor the
saturationamplitudes.

regionof thetraphasbeenchosenfor furthermeasurements.

To ensureensureshortandcool ion bunchestypical centringtimesof Tcenter _�i���m7m�m)��� ms
wereused.For thesecasesonly theoptimumexcitationamplitudefor thecentringprocessmust
bedetermined.

6.5.2 Injection and Ejection Parameters

In thefollowing theprocedureis describedwhich mustbecarriedout in orderto optimisethe
injectionandejectionparameterof REXTRAP. It canbedivided into threeparts. Firstly, the
ion beammust be broughtto a focal planein front of REXTRAP either from the ISOLDE
targetor thetestion source.Secondly, theinjectioninto thetrapsystemhasto beoptimisedfor
maximumion transmission.Finally, the trap operationparametermustbe adaptedto the ion
beamusedandthedemandsof theparticularexperiments.

Normally, for on-line operationthe tuning processis carriedout with a stableion beam
from ISOLDE. Almost every target type offers a variety of differentchoices.For the tuning
procedureaspeciesshouldbechosensimilar to themassstudiedlater.
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BeamTransport to the FocalPlanein Front Of REXTRAP

A goodstartingpoint for theoptimisationof thebeamtransportarethevoltagesgiven in Ta-
ble 6.3 for theon-line andTable4.2 for theoff-line case.They have beenfound in a number
of beamtransportexercises.Thenonly moderatemodificationsshouldbe necessary. In the
diagnosticbox in front of REXTRAPabeamfocusshouldbeachieved.

Duringtheon-linetestsanoverall ISOLDEtransmissionof about85% to thebeamline po-
sition RA0.FC90hasbeenreached.Althoughthis is a standardtransmissionvalueof ISOLDE
it turnedout thatthecorrectbendingof theion beamfrom thecentralbeamline into theREX-
TRAP injectionbeamline wasvery crucialandsensitive to smalldeviationsfrom theoptimal
transportvoltages.A displacementof thebenderin this switchyardby about10mm from its
idealpositionwaslateridentifiedasthereason.Thecorrectionof this misalignmentis planned
whichshouldmake thebeamtransportlesscritical andyield evenbettertransmissionvalues.

Optimal Injection into REXTRAP

Optimal injection into REXTRAPrequiresa beamthat is symmetricwith respectto themag-
neticfield axis. In orderto achievethisthetraptiming is switchedoff andtheejectionelectrodes
aresetto thevaluesusedfor extraction.ThetransmissionthroughREXTRAPis optimisedby
measuringthebeamcurrentthatarriveson theejectionplate(seeSec.4.7)andby varyingthe
voltagesof the beamline elementsof CA0.KI70, RA0.BE10,the RA0-quadrupole,injection
kicker, andinjectionsteerer. As anintermediatesteptheISOLDE beamcanfirst beoptimised
on theinjectionplate(seeSec.4.7).

Fine Tuning

Thefine tuningof injectionandejectionparametersis carriedoutwith trappedandcooledions
by optimisingthe count rateof the ejectedion buncheswith respectto the differentparame-
ter. It normallystartswith the injectionstage.Parametersto be optimisedarethevoltagesof
the quadrupoleRA0, injection kicker, injection steerer, retardationpotentialandelectrode01.
Whenanoptimumhasbeenfound theprocedureis continuedwith theejectionpart. Parame-

Calculated Experimental Calculated Experimental
Value[V] Value[V]

GPS.QS030 � i����3f � i���g�g CA0.QS40 � ��i���i � �3g����
GPS.QP040 ��f��3f ��f���g CA0.QP50 ����i�� �3����i
GPS.QP050 � i����3� � i�����g RA0.QP20 � ��g���� � i
q����
GPS.QP170 � i
��g � i�g�� RA0.QP30 ������� �3g�f��
GPS.QP180 f��3q f���i RA0.QP40 � i�����i � i
��q�g
GPS.QP520 ����q3g ����f�g
GPS.QP530 � ����f3g � ����g�g
GPS.QP540 � ����g3� � ������g
GPS.QS550 ������i ����g�g

Table6.3: Calculatedandexperimentalvoltagesof ISOLDEbeam-lineelementsfor optimalbeamtrans-
port from thetargetof theGeneralPurposeSeparatorareatowardsthefocalplanein front of REXTRAP.
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Figure 6.15: Numberof ejected� ��� Cs� ionsfrom
REXTRAP as function of the voltage applied to
electrode05Uelec05. Thetop scaleshows theheight
of the potentialwall Uwall. Additionally, the trun-
cation voltage Utrunc, the correspondingISOLDE
accelerationvoltage,andthe radial energy uptake�

Ez aremarked.

tersconcernedarethevoltagesappliedto electrode40,ejectionkicker, andejectionsteerer, and
the accelerationpotential. Optimisedvaluesboth for off-line aswell ason-line operationare
compiledin Table4.2.

An ion beamdeliveredby ISOLDE or by thetestion sourceis practicallymono-energetic.
If it entersthemagneticfield longitudinalenergy is partly transferredinto radialenergy. This
processof radialenergy uptakehasbeendiscussedin Sec.5.3.2.Thus,thelongitudinalenergy
spread� Ez of theion beamcanreachseveralteneV (seeFig. 5.8). Accordingly, thepotential
wall at thetrapentrancehasto below enoughin orderto not reflections. At thesametime it
mustbesohighthattheenergy lossof theionsduringoneoscillationin thetrapis sufficientnot
to overcomeit again(seeSec.5.3.2).Therefore,thedeterminationof theheightof thepotential
wall Uwall is a critical parameterduring the optimisationof the injection process.Its absolute
valueis givenby Uwall = Uelec05 + UHV, whereUelec05 andUHV denotethevoltagesappliedto the
high-voltageplatformandto electrode05,respectively.

For ascanoverUwall oneexpectsaconstantcountrateaslongasUwall is smallerthanavoltage
whichcorrespondsto Ebeam ��� Ez. Ebeam denotestheion beamenergy deliveredby ISOLDEor
thetestion source.For highervoltagesthecountrateshouldfall until it reacheszeroat avalue
for Uwall whichcorrespondsto abeamenergy Ebeam.

A typical scanof thevoltageappliedto electrode05is shown in Fig. 6.15.Thetop scaleof
thespectrumshows Uwall. It wasobtainedwith a REXTRAPhigh-voltageof UHV h��3q��3��� V.
TheISOLDE beamenergy wasEbeam h���q�q��3������� eV. Thenumberof � ��� Cs� ionsejectedfrom
the trap increasesuntil it reachesa maximumat 215V. For highervaluesit decreasesto zero
which is reachedfor a voltageof Utrunc hM�� �  V. The curve looks as it wasexpectedbut for
the fact that the count rate increasesfor lower valuesof Uelec05. The reasonfor this is that
electrode05hasa small focusingeffect for the incomingions. Thevaluefor the radialenergy
uptakeof � Ez hR�3� eV is in perfectagreementwith theoneobtainednumerically(seeFig.5.8).

Furthermorethis measurementallows thecalibrationof theREXTRAPhigh-voltagepower
supplywith respectto voltagesupplyusedfor theISOLDEion sourcesandfront-end.Collinear
laserspectroscopy hasproven that that the error of the ISOLDE high-voltageread-backdoes
not exceed2V [Gei99]. Comparingthetotal heightof thepotentialwall Uwall h¡��q�q� �  V with
the ISOLDE accelerationvoltageof 59937(2)V leadsto the conclusionthat the REXTRAP
high-voltagepowersupplyhasamaximalsystematicerrorof 10V.
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6.6 Summary of REXTRAP Performance

The final investigationsof the on-line performanceof REXTRAP wascarriedout in the be-
ginningof December1999. A simpletesttargetequippedwith a tungstensurfaceioniserwas
used(ISOLDE testtarget#119). It containedtwo independenttargetmaterialreservoirs filled
with cesiumandaluminiumcompounds,respectively. Thus,beamsof � ��� Cs� , and {
¢ Al � with
currentsup to a few nano-ampereswere available. In addition, a wide variety of beamsof
surface-ionisedtarget impuritieswereobservedandused. This includedstableisotopesfrom
lithium, sodium,potassium,rubidium,andbarium. Thecurrentsof theseimpurity beamshad
anintensityseveralordersof magnitudeslessthanthecesiumandaluminiumbeams.

Fig. 6.16 shows cooling scans(left) and time-of-flight spectra(right) for { � Na� , {
¢ Al � ,��£ K � , ¤�¥ Rb� , and � ��� Cs� obtainedduringthis on-linetest.Most of theparametersusedcanbe
found in Table4.2. A timing schemecorrespondingto case(a) of Fig. 4.21hasbeenapplied.
Thecollectiontime Tcollection wasvariedto inject i�� o m7m�m�i�� ¥ ions/pulsein all cases.Thecentring
time wasTcenter h¦i�� ms. Thetrapset-upwascarefullyoptimisedfor thedifferentcases.This
includedthe optimisationof ion injection (seeSec.6.5.2)aswell as the optimisationof the
centringprocess(seeSec.6.5.1)for every ion species.TheoptimumcentringamplitudesAcenter

obtainedduring this procedurearelisted in Table6.4. OneobservesthatAcenter reducesasthe
massnumberincreases.The reasonfor this is that larger excitation amplitudesare needed
to counterbalancethe higherdampingcoefficient for the lighter ion species(seeFig. 3.9 and
Table3.1). Furthermore,largeramplitudesareneededto compensatetheattenuationof the rf
feedinglineswhich risessignificantlyfor thehigherrf frequencies.

6.6.1 Cooling

The cooling scansshown in Fig. 6.16 have beenperformedin the vicinity of the expected
resonancefrequenciesfor thedifferention species.Theline shapesof theobservedresonance
curvesareequivalentto theonesdiscussedSec.6.4.2.Theresonancefrequenciesindicatedby
arrows areshiftedtowardshighervaluesdueto the § � resonancefor all casesbut for ¤�¥ Rb� .
For thelatterthestatisticsis not sufficient to observeanoccurringshift. Absolutevaluesrange
from about80Hz in the caseof � ��� Cs� to nearly2kHz for Al � . For the casesof { � Na� and{
¢ Al � asubstantialreductionof themaximumpossiblecountratecanbeseen.

Thewidth of thecoolingresonancesincreasesastheion massdecreases.It is notreasonable
to givevaluesfor themassresolvingpower of thecentringprocessbut for � ��� Cs� (Sec.6.4.2).
This hastwo reasons.Firstly, the quadrupoleresonancesare strongly influencedby the ad-
ditional resonancesandsecondly, in mostof the casesthe baseline of the resonancewasnot
recorded.Thus,areasonablecomparisonwith thesimulatedcoolingresonances(seeSec.5.3.3)
is not possible.

6.6.2 Characteristicsof Ejected Ion Bunches

Thetime-of-flight spectrashown in theright columnof Fig. 6.16havebeenobtainedby apply-
ing theoptimumcentringamplitudesandfrequenciesdescribedabove for the centringproce-
dure.
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Figure6.16: Coolingscans(left) andtime-of-flight spectra(right) for ¨ � Na� , ¨ ¢ Al � , ��£ K � , ¤�¥ Rb� , and� ��� Cs� (topto bottom).Thecoolingscanshavebeenperformedin thevicinity of theexpectedfrequency.
Theoptimalcentringfrequenciesareindicatedby arrows.
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PulseShapeof the Time-Of-Flight Peaks

The time-of-flight for the ejectedion pulsesis in good agreementwith the calculatedval-
ues. However, the pulseshapeexhibits remarkabledifferences. The simulationsdescribed
in Sec.5.3.4predictsymmetricpeaks.In theexperimentalspectratherisingedgeis well repro-
duced.Thefalling edgeon theotherhanddoesnot dropassharpasexpected.A long tail can
beobserved. This is in particulartrue for thecasesof � ��� Cs� , and ¤�¥ Rb� . Thereasonfor this
long tail is not completelyunderstood.A mostlikely reasonis thata small fractionof theions
collideswith buffer gasatomsduring theextractionprocess.This deceleratestheparticleand
finally leadsto a longertime-of-flight. For thebuffer gaspressureusedthemeanfreepathfor
the extractedparticlesis in the orderof onemetrein the ejectionandacceleratingpart of the
trapsystem.Thus,ion neutralcollisioncanoccurduringextraction.

Contaminations

In addition to time-of-flight peaksof “volitional” ions contaminationsare found in the TOF
spectra.They canbeassignedto massnumber17,18,and40,correspondingto watermolecule
ions (Ḧ O� ), hydroxideions (OH� ), and ionisedbuffer gasatoms(©�ª Ar). As origin for the
creationof theseunwantedion speciessecondaryelectronshave beenidentified. Theseelec-
tronsareproducedby ionshitting thesurfaceof electrodes.Two differentlocationsaremainly
affected:thebeamgatein front of REXTRAPandtheinjectiondiaphragmat thetrapentrance.
After creationthesecondaryelectronsaretrappedin Penningtraplike regionsformedby max-
ima in theelectricpotentialandthemagneticfield presentat this location. Thecorresponding
energy minimum for electronscanbe found at theeinzellensesaroundelectrode01andelec-
trode40,aswell asat electrode05andelectrode36.Oncetrappedtheelectronshave sufficient
energy to ionisebuffer gasatomsandresidualgasatomsandto crackwatermoleculesto hy-
droxideions. Ionsproducedat theinjectiondiaphragmareespeciallydangeroussincethey can
enterthe ion trappingregion of the systemandarethentrapped,cooled,andfinally ejected.
However alsoionscreatedat otherpointscanhave largeeffectssincethey areacceleratedand
possiblystrikeasurfaceagainproducingsecondaryelectrons.

In additionto ionizationby electronimpactunwantedionscouldalsobecreatedby charge
exchangereactions.However, this canpracticallybe ruled out for the reportedcases.Alkali
elementshaveavery low ionizationpotentialcomparedto noblebuffer gases.

Thereareseveralmeasuresthatallow to reduceor evensuppresstheunwantedion species.
Oneis to positionsmall tungstenwires acrossall endangeredelectrodes.This hasbeendone
andprovento absorba largefractionof thesecondaryelectrons.Additionally, afinishingof the
surfaceof critical electrodeswith a graphitecompoundis planned.Sucha treatmentreduces
the emissionof secondaryelectronsby increasingthe work function of the surface[Sol00].
Furthermore,testsconfirmedthat the count rateof the unwantedion speciescanbe reduced
significantly if the the ISOLDE ion beamis not sweptover the electrodesurfacesin front of
REXTRAP. Therefore,in all future on-line experimentsthe beamgateof the ISOLDE mass
separatorwill beused.

Theselectiveremovalof theunwantedion speciescanalsobeachievedby themassselective
coolingtechniquewhichhasbeendiscussedin Sec.6.4.3.
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Acenter CountRate Efficiency
[V] [ionsperpulse] measured calculated¨ � Na� « � �n¬���­ « � � �3��������® ����®¨ ¢ Al � « � « ¬���­ « � © �3��������® —��£ K � � « ¬���­ « � © �3��������® ����®¤�¥ Rb� � �n¬�¯�­ « � � ° «  ��� ���® ����®� ��� Cs� �  n¬���­ « � © �3��������® ����®° Theinjectionstagewasoptimisedfor ±³² Al ´ for thatmeasurement.

Table 6.4: Measuredand calculatedefficiency for different ion speciesaccumulated,cooled, and
bunchedin REXTRAP. In additionthecentringamplitudeAcenter andthecountrateis given.

Emittance

Theemittanceof theejectedion buncheshasnot beeninvestigatedexperimentallyduring the
workpresentedhere.However, it is animportantcharacteristicsof theionbunchessinceit deter-
minesdirectly thetransferandinjectionprocessof theREXTRAPion bunchesinto REXEBIS.
It turnedout thatthesimulationsdescribedin Sec.5 reproducetheexperimentalperformanceof
REXTRAPquitewell. Consequently, theemittanceof theion bunchesdeliveredby REXTRAP
shouldbein theorderof thevaluesderivedin Sec.5.3.4. For thevaluesgivena transportand
injectioninto REXEBISwithoutdifficulty shouldbefeasible.Theaccordingtestwill becarried
out if theset-upof thetransportbeamline andREXEBISarefinished.

6.6.3 Efficiency

Oneof themostimportantquestionsof theperformanceof REXTRAPis theoverall efficiency
of the system,i.e. which amountof the injectedion beamcanbe extractedasion bunch. A
compilationof the efficiency valuesfor on-line operationis given in Table6.4. The appro-
priatenumbershave beenextractedfrom the time-of-flight spectrashown in Fig. 6.16. They
have a relative largeabsoluteerror, which is dueto theuncertaintyof thedeterminationof the
amplificationV of the ion detectionsystem(seeSec.6.2.1). However, the proportionamong
themselvesremainsunaffected.For comparisonthecalculatedefficienciesarelistedtoo. These
valueshave beenobtainedby combininginjectionefficiency (Fig. 5.6) andcentringefficiency
(Table5.2) for thedifferention species.

An experimentalefficiency of nearly30% hasbeenfoundfor all casesbut ¤�¥ Rb� and̈ � Na� .
For thecaseof � ��� Cs� theexperimentalvalueof 27(8)% is in goodagreementwith thesimu-
latedvalueof 25%. For all othercasestheexperimentalvaluesareconsiderablysmallerthan
the simulatedones.This is not astonishingfor ¤�¥ Rb� sincefor this testthe injectionstageof
REXTRAPwasnotoptimiseddueto thelimited amountof on-linetimeavailable.Thesettings
for ¨ ¢ Al � wereusedinstead.This provesagainthata carefuladjustmentof all stagesof REX-
TRAP for eachion speciesis necessaryfor anoptimalperformanceof thesystem.Onereason
for thereducedexperimentalefficiency for ¨ � Na� and��£ K � resultsfrom thefactthatthevoltage
appliedto electrode05whichwasoptimisedfor Cs� (seeFig. 6.15)wasnot re-optimisedwhen
a new isotopewaschosen.Thusionswith a radialenergy uptake of morethan30eV werere-
flectedby thepotentialwall at thetrapentrance.Accordingto thesimulationsafractionof 20%
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Figure 6.17: Time-of-Flight spectraof ejected �@µ © Ba� (left), �@µ�¶ Ba� (middle), �@µ�¤ Ba� (right) from
REXTRAP.Therelative scaleof theordinatesof thedifferentspectrais 1:2:20.

to 30% of ¨ µ Na· and µ £ K · is expectedto be affected(seeFig. 5.8). Taking this into account
theexpectedefficienciesbecome21% for ¨ µ Na· and29% for µ £ K · , respectively. Thenboth
valuesarein verygoodagreementwith experimentalobservedefficiencies.

Furthermorefor thecaseof ¨ µ Na· it cannot beexcludedthata substantialfractionof ions
is lost dueto theinfluenceof thedecentring§ · resonance(seeFig. 6.16).

Constancyof Efficiency

An importantcharacteristicsof REXTRAP is up to whatextent the efficiency dependson the
numberof injected ions. Investigationswere carried out using stablebarium beamsfrom
ISOLDE. Barium offers seven different stableisotopescovering a wide abundancerange
[Pfe98]. Thus,isotopicalcleanbeamsof ¸@µ ¨ Ba· , ¸@µ © Ba· , ¸@µ�¶ Ba· , and ¸@µ�¤ Ba· with intensities
varyingoverseveralordersof magnitudewereused.¸@µ�¤ Ba is themostfrequentbariumisotopewith a naturalabundanceof 71%. Theaverage
currentof this isotopedeliveredby ISOLDEwaswell below thedetectionlimit of theISOLDE
ion detectionsystemsof about1pA. Nevertheless,atime-of-flightpeakcanbefoundin thecor-
respondingTOF spectrumof Fig. 6.17. Thecountratewas11100ions/pulse.Evenfor ¸@µ © Ba,
and ¸@µ ¨ Ba wherethe naturalabundancedropsto 7.854%, and2.417%, respectively time-of-
flight peaksareclearlyvisible. Countratesof 1000ions/pulsefor ¸@µ�¶ Ba and410ions/pulsefor¸@µ © Bahavebeenrecordedfor thesecases.Althoughfor thelattertheTOFpeakis still abovethe
noiselevel it is obviousthatoneapproachesthedetectionlimit of theusedcombinationof MCP
andoscilloscope.Thusit is not astonishingthat an identificationof ¸@µ ¨ Ba in a corresponding
time-of-flight spectrawasnot possiblesincetheexpectedcountratewould havebeenagainre-
ducedby a factorof 25. However, it is believedthatalsofor this countratethetrapis still well
performing.

Due to the fact that it was not possibleto measurethe currentof the injectedbeamsan
absoluteefficiency valueof the trap systemcan not be given for thesecases.Nevertheless,
it is possibleto comparethe countratesobtainedfor the differentisotopesaccordingto their
naturalabundance.Theresultof this is givenin Table6.5. Therelative abundanceshave been
normalisedto that of ¸@µ�¤ Ba. The experimentalvaluesof 9% for ¸@µ�¶ Ba and4% for ¸@µ © Ba are
in goodagreementwith theexpectedonesof 11% and3.4%, respectively. It canthereforebe
concludedthat theperformanceof REXTRAPdoesnot changewhenworking with a very low
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Figure6.18: Left: Time-of-flightspectrumfor ¢ Li · ion bunchesejectedfrom REXTRAP. Right: Cool-
ing scanfor ¢ Li · . Thescanwasperformedin thevicinity of theexpectedfrequency ¹dº¼»�½Q¾#¿#ÀQÁ#Â#Ã Hz.
Theoptimumcentringfrequency is markedwith anarrow.

numberof ions. The implementationof a new moresensitive ion detectionsystemis planned
whichwill allow to verify thatthesystemcanbeoperatedevenwith singleions.

If thenumberof injectedionsis substantiallyincreaseda declineof theefficiency of REX-
TRAP is expected.This is dueto thefact that thesizeof the ion cloudincreaseswhich is due
to electrostaticrepulsionamongthe ions. If the radialdimensionof thecloudbecomeslarger
thantheopeningof theextractiondiaphragmtheionsarelost duringextraction.Theeffectsof
largerion numbersin thetrapwill bediscussedin detail in Sec.6.6.5.

6.6.4 Ä Li Å — What a surprise!

While checkingthe ion beamsproducedby the target it waslooked for ¢ Li · . Lithium is like
sodiuma frequentcontaminantof variouschemicalsand it is thereforenot unusualto find
lithium beamsfrom differentISOLDEtargets.

Therewas no evidencefor the presenceof a lithium ion beamneitherfrom the scanner
picturesnor from currentmeasurementsfrom the ISOLDE Faradaycups. Nevertheless,the
ISOLDEmassseparatorwassetto massnumbersevenandthebeamgatewasopened.A time-
of-flight spectrashown in Fig. 6.18 hasbeenobtained. A timing schemeaccordingto case
(a) in Fig. 4.21wasused. In contrastto all othercasesreportedno centringquadrupolefield

countrate relativeabundanceliteratureabundance
[ions/pulse] natural experimental¸@µ ¨ Ba �n¬ « � « ® — ° ��¬ « ® — °¸@µ © Ba Æ ¬r  «�Ç ®   « � È�¬� �®  �®¸@µ�¶ Ba Ç ¬rÉ�Ê� �® « ����� «�« ¬���® ¯�®¸@µ�¤ Ba Ç�« ¬ Ç ����® «�« ����� « ���3¬���® « ����®° detectionsensitivity too low

Table 6.5: Literatureabundance,recordedcountrateaswell asrelative naturalandexperimentalabun-
danceof investigatedstablebariumisotopes.Therelative abundanceis normalisedto thatof ¸@µ�Ë Ba.
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wasapplied.Theionswasonly allowedto cool for Tcenter Ì « Ê ms. Thetime-of-flight spectra
shows clearly a peakwhich correspondsto massnumberseven. This is not surprisingsince
theREXTRAPion detectionsystemis muchmoresensitive thantheISOLDE ones.However,
coolingof Í Li · with argonbuffer gasseemsto bevery unlikely dueto the largedifferencein
mass. This is supportedby cooling simulationscarriedout whereno ion cooling effect was
foundfor this ion-neutralcombination(seeSec.5.3.3).Therefore,theonly coolingmethodthat
canbeimaginedis thatthelithium ionshavebeencooledeitherby residualgasatomsor ions.

In additionto the time-of-flight spectraa coolingscanof Í Li · is shown in Fig. 6.18. The
scanwasperformedin the vicinity of the expectedfrequency Î º ÌÐÏ�Ê «�Ñ ¯�É Æ Hz. A centring
amplitudeof Acenter Ì «�Ñ V wasused.Only aslight increaseof thenumberof ejectedionscanbe
noticedwhich resultsfrom a very broadresonance.Theoptimalcentringfrequency is marked
with an arrow. It is shiftedtowardshigherfrequenciesdueto the Î · resonance.The latter is
visible asa several kilo-Hertz wide dip. The reasonfor the large width of both resonancesis
not completelyunderstood.It resultsmostlikely from thecombinationof the largeamplitude
usedandahighdampingconstantfor Í Li · .
6.6.5 Effectsat High Ion Numbers

The characteristicsof REXTRAP hasalsobeeninvestigatedfor very large ion numbers.For
thispurposethenumberof ¸@µ�µ Cs· ionsinjectedinto thetraphasbeencontrolledby varyingthe
collectiontimeTcoll overseveralordersof magnitude.Fig. 6.19givesanoverview of theresults.
Time-of-flight spectra,andscansin orderto determinetheoptimal frequenciesfor magnetron
andcyclotronexcitationaswell ascoolingscansareshown for acountrateof Ò�ÓrÆÕÔ#Ò�Ñ�Ö , Ò�Ó�ÇÕÔ#Ò
Ñ7× ,ÇnÓrÆ�Ô�Ò�Ñ7× , and Ò�Ó Ï Ô�Ò�Ñ�¶ ions/pulse.Thedifferentcaseswill bediscussedin thefollowing.

Shapeof Time-Of-Flight Spectraand Ion Numbers

In order to obtain the time-of-flight spectrashown in the left column of Fig. 6.19 a timing
schemecorrespondingto case(a) in Fig. 4.21 wasused. Centringtime andamplitudewere
Tcenter Ì Ò Ê ms and Acenter Ì È V, respectively. The centring frequency was adaptedto the
numberof ionsfor optimumcentringefficiency. Thiswasnecessarysinceashift of theoptimum
frequency for thecentringprocesswasobservedwhich will bediscussedfurtherdown.

The ¸@µ�µ Cs· peakin thetime-of-flightspectrachangessignificantlywith increasingion num-
bers.It becomesbroaderandmovestowardsshortertimes.Especiallyfor thehighestcountrate
thepeakrangesoverabout40µs.Theexplanationfor this is anaxialexpansionof theion cloud
dueto theinternalelectrostaticrepulsionamongtheions.

Thenumberof ionsejectedfrom thetraphasbeendeterminedassuminga constantampli-
fication of the ion detectionsystem. However, thereare indicationsthat this is not the case.
Firstly, the efficiency of the whole systemdecreasesfor the two caseswith the highestcount
rateto onethird andonefourth, respectively, in comparisonto thecaseof Ò�ÓrÆØÔÙÒ�Ñ7Ö ions/pulse
ejectedions. Assumingconstantinjection efficiency, the reasonfor this could be that dueto
electrostaticrepulsionamongthe ions the radial extensionof the ion cloud is larger thanthe
openingof theextractiondiaphragm.Furthermore,in thecaseof Ò�Ó Ï Ô�Ò�Ñ�¶ ions/pulsethebase
line of theTOFspectrumstartsto oscillateindicatingthattheion detectionsystemis saturated.
The origin of that reductionof the experimentallyobserved efficiency remainsunclear. Thus
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in the two caseswith thehighestcountratethenumberof ionsejectedfrom the trapcould in
realitybeup to threeto five timeshigher.

To how far the transferandsubsequentcaptureprocessin REXEBIS is influencedby the
changeof thewidth of theejectedion bunchesmustbeevaluatedin furtherexperiments.

ResonanceShapesand FrequencyShifts in the Caseof Dipole Excitation

The dipole excitation scans,i.e. the scansin order to determinethe magnetronand reduced
cyclotronfrequency areshown in themiddlecolumnsof Fig. 6.19.They have beencarriedout
usinga timing schemecorrespondingto case(c) in Fig. 4.21. The ions werefirstly centred
applyingacentringamplitudeof Acenter Ì�È V for aperiodof Tcenter Ì Ò Ê ms.For thesubsequent
excitationanamplitudeof Aexcite Ì Æ�Ñ�Ñ mV wasusedfor aperiodof Texcite Ì Ò
Ñ ms.

Themagnetronexcitationscansexhibits clearlythereductionof thecountratefor thecase
of resonance.Sidebandsexpectedfor an excitation time Texcite Ì Ò
Ñ ms arevisible. At lower
countratesthe numberof ions canbe reducedto zerofor the caseof resonance,whereasfor
the two caseswith the highestcountrate,the amplitudeis not any longersufficient to excite
all ions. Thereasonfor the latter is unclear. Onepossibleexplanationis that the innerpartof
the ion cloud is shieldedfrom theexcitationfield by theouterions. The resonancefrequency
shifts towardshighervaluesfor an increaseof the ion number. This shift reachesabout80Hz
in the caseof Ò�Ó Ï ÔÕÒ�Ñ7Ú ions/pulse.Sucha frequency shift of the magnetronfrequency canbe
explainedwhentakinginto accounttheelectricpotentialcreatedby theion cloud.Thispotential
enlargestheradialpartof thepotentialgeneratedby thetrapelectrodesandresultsin a change
of thepotentialdepthof the trap( Û1ÜÝ�Þ of Eq. (3.1)). Consequently, themagnetronfrequency is
increased.

The cyclotron excitation scanswereperformedin the vicinity of the expectedfrequencyÎ · ÌßÈ�à Æ Ê�á Ç Hz. Also in this casethethereductionof thecountrateis clearlyvisible but for
thehighestnumberof ions. The resonancefrequency shifts towardslower frequencieswith a
higherabsolutefrequency shift value. In thecaseof ÇnÓrÆHÔ�Ò
Ñ7× ions/pulsetheshapeof thereso-
nancecurve becomesasymmetricandfor Ò�Ó Ï ÔÙÒ
Ñ7Ú ions/pulseit seemsthat the resonanceeven
splits. The reductionof the reducedcyclotron frequency is againbecauseof theeigenpoten-
tial of the ion cloud. However accordingto Eq. (3.3) andEq. (3.5) Î · is now shiftedto lower
frequency values. The splitting of the resonancecurve for the highestcount rate is not fully
understood.It shows similarities to resultsobtainedfor non-neutralplasmain Penningtraps
[Sar95]. Thereit wasfoundthatathighparticledensitiestheion cloudshowsseveralcyclotron
excitationmodeswith slightly differentexcitationfrequencies.However, moredetailedstudies
mustbecarriedout to understandthis phenomenon.

ResonanceShapesand Shifts of the Cooling Resonance

Coolingscanswereperformedin thevicinity of theexpectedfrequency Î�â Ì�È�à3È Ç�Ò�Ò Hz. A
timing schemecorrespondingto case(a) in Fig. 4.21wasused.Centringtime andamplitude
wereTcenter Ì Ò Ê msandAcenter Ì¡È V, respectively. Thescansareshown in theright columnof
Fig. 6.19.

Thecoolingscansfor lower ion numberslook like it wasdiscussedin Sec.6.4.2.Thereso-
nancecurve is a superpositionof threeseparateresonances,thecentringquadrupoleresonance
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andthe two decentringresonancesat frequenciesof Î · and Î ·�ã Î3ä , respectively. Dueto the
cyclotronresonancetheoptimalcentringfrequency is slightly higherthanexpected.However,
astheion numberincreasesthis frequency is shiftedtowardshigherfrequencies.In thecaseofÒ�Ó Ï ÔåÒ�Ñ7Ú ions/pulsea total shift of 2.5kHz canbefound.Sucha largeshift cannotbeexplained
by thebroadeningof the Î · resonanceasit waspossiblefor theothercases.In factup to now
no satisfyingexplanationof this phenomenonhasbeenfound.

The resultsreportedabove indicatethatat high ion numbersin REXTRAPoneleavesthe
scopeof singleparticlePenningtraptheory. Plasmaphysicsphenomenastartto playanimpor-
tantrole. Investigationsabouttheeffectsrelatedto a largeramountof ionsin thetraparegoing
onbothexperimentallyaswell astheoretically[Ame00,Ame01]. Especially, simulationsseem
to beverypromisingsincefrequency shiftsof dipoleaswell asquadrupoleexcitationcouldbe
confirmed[Bec01]. However, thesecalculationsarevery timeconsumingandnot yetfinished.

6.6.6 Testswith Radioactive Ion Beams

In orderto investigatehow far radioactive ionsinfluencetheperformanceof REXTRAPa sec-
ondon-linetesthasbeencarriedout in spring2000.A standardtantalumfoil target(ISOLDE
target#139)equippedwith a tungstensurfaceioniserwasused.Sucha target ion sourcecom-
binationdeliversnormallystrongbeamsof theneutrondeficientalkali andrareearthisotopes.
Unfortunately, this hasnot beenthe casefor this target sinceit hadnearlyexpired its desired
life-time after intensive usefor nuclearphysicsexperimentsover several weeks. Therefore,
only low beamsof sodiumandrubidiumisotopeswereavailable.

Time-of-flight spectraof æ�× Na· , æ Ú Na· , Ë Í Rb· , and Ë�Ë Rb· extractedfrom REXTRAP are
shown in Fig. 6.20.All of theseisotopesareunstableç ä -emittersbut Ë Í Rbwhich is stable.The
half livesare1.07s,59.6s,and17.8min for æ Ú Na, æ�× Na,andË�Ë Rb,respectively [Pfe98].

The time-of-flight spectrawere obtainedby applying a timing schemecorrespondingto
case(a) in Fig. 4.21. CollectiontimesusedwereTcollection ÌUÊ Ñ msfor thesodiumisotopesand
Tcollection Ì Æ3Ñ ms for the rubidium isotopes,respectively. In both casesthe centringtime was
Tcenter Ì Æ�Ñ ms.ThecentringamplitudewasAcenter ÌRÏ V.

Time-of-flight peaksaccordingof the injectedions areclearly visible. Besidethealready
known peaksof Ö�è Ar · andresidualgasions no new peakscanbe observed. This is a good
indicationthatthedecayof ionsin thetrapor of thoseionsimplantedin theelectrodesdoesnot
resultin asignificantincreaseof backgroundions.Thecountrateshavebeendeterminedto be
11000ions/pulsefor æ�× Na· , 650ions/pulsefor æ Ú Na· , and4700ions/pulsefor Ë�Ë Rb· .

Thelonghalf liveof Ë�Ë Rb· allowedthedeterminationof thelocationof ion lossesin REX-
TRAP. For this purposethe trap wasrun continuouslyfor aboutonehour. After this period
it wasimmediatelydismantled.The differentpieceswerechecked for radiation. Smallerhot
spotswerefound alongthe injection sectionof the trap. However, mostactivity waslocated
at the entrancediaphragmof the trap. Hence,theseresultsarein perfectagreementwith the
predictionsfrom thecalculations.
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Figure6.19: Time-of-flightspectra(left) andscansin orderto determinethemagnetron¹ ä andreduced
cyclotron ¹1é (middle) frequency aswell asa coolingscan(right) for ê@ë�ë Csé ionsandfor differention
numbersin REXTRAP. The ì1é scanaswell asthecoolingscanwereperformedin thevicinity of the
expectedfrequencies.
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Figure 6.20: Time-of-flight spectraof æ Ú Naé (top left), æ�× Naé (top right), Ë Í Rbé (bottom left), andË�Ë Rbé (bottomright) ejectedfrom REXTRAP. Pleasenotethat the ordinatein thecaseof æ�× Naé has
beenstretchedby a factorof 10 in comparisonto theotherspectra.



7 Comparisonof REXTRAP to Other Cooling and
Bunching Concepts

With REXTRAP it hasbeendemonstratedfor the first time that it is possibleto accumulate,
cool,andbunchacontinuousion beamfrom anISOL facility by themeansof a largegas-filled
Penningtrap. In thefollowing theperformanceof REXTRAPis comparedto othercoolingand
bunchingtechniques.

Theonly techniqueREXTRAPcanbereasonablycomparedwith is thebeamaccumulation
and bunchingwith linear radiofrequency traps. This techniqueis a further developmentof
Paul trapsasfor exampletheonedescribedin [Sch98]. A typical outlineof sucha linear trap
systemis shown in Fig. 7.1 [Her00]. After electrostaticallydeceleratingthe incomingbeam
it is injectedinto the trap which is filled with a buffer gas. The trap systemconsistsof four
segmentedrods.A radiofrequency voltageappliedto therodsresultsin a transverselyfocusing
force. The segmentationof the rodsallows the creationof a DC electricfield alongthe axis
of thesystem.Theionsenteringthelineartrapwill losetransverseandlongitudinalenergy by
collisionswith thebuffer gas.They arefinally accumulatedin thepotentialminimumandcan
beextractedasbunchesby loweringthepotentialwall at thetrapexit.

At themomenttwo of theseradiofrequency coolerandbuncherareoperationalat ISOL type
facilities. Thereis the ISOLTRAP coolerandbuncherat ISOLDE [Her00] andthe ion beam
cooler-buncherat theIGISOL facility in Jyväskylä (JYFL) [Nie00a, Nie00b]. A compilationof
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Figure 7.1: Basicschemeof a radiofrequency ion beamcoolerandbuncher. Top: Schematicsideview
of the systemtogetherwith the potentialalong the symmetryaxis. Bottom: The four rodsand their
supplywith radiofrequency andDC voltage.Thefigurewastakenfrom [Her00].
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$
beam

beamenergy
[ % mmÔmrad]

efficiency Tcool # of ions

REXTRAP &(' keV ) à )*',+ Ò.- ms /4Ò0'7×
ISOLTRAP &(' keV ) à Ò0',+ Ò.' ms /4Ò1'*'*'
JYFLTRAP à ' keV - 2*',+ Ò.' ms /4Ò1'*'*'

Table7.1: Comparisonof theREXTRAPperformancewith radiofrequency coolerandbuncherdevices
usedat ISOL facilitiesfor coolingandbunchingof radioactive beams.Theinitial ion beamenergy, the
transversalemittance3 beam, the bunchingefficiency, the cooling time Tcool, andthe numberof ions per
buncharelisted.

theperformanceof bothsystemsin comparisonto REXTRAPis shown in Table7.1.
Both facilitiesdiffer in thebeamquality delivered. ISOLDE hasa transversalbeamemit-

tanceof 34 % mmÔmrad(@60keV) while the IGISOL beamemittanceis aboutoneorder of
magnitudesmaller. This hasa directeffect on theefficienciesreachedwhich is about10% for
theISOLTRAP andup to 80% for theJYFL cooler. Theefficiency of REXTRAPis with 30%
aboutthreetimeshigherthantheonefor theISOLTRAP cooler.

Thebunchingefficiency valuesfor theradiofrequency coolerandbuncherdeviceshasbeen
determinedfor ion numbersof 10 to about1000perbunch. The latter is alreadyat theupper
limit for thesedevices sincethe effective radial trappingpotentialprovided by the radiofre-
quency field is relatively low. In contrast,theeffective radialpotentialcreatedby themagnetic
field for thePenningtrap is noticeablehigher. This givesREXTRAPa naturaladvantageand
explains that the goodbunchingperformanceis conceived over several ordersof magnitude
more.

Typically cooling timesof about10msareachievedin radiofrequency coolerandbuncher
devices. This is slightly lower thantheaveragecooling timesachievedwith REXTRAP. The
reasonfor this is thatthecentringprocessis notascomplex.

Comparingboth techniquesleadsto the conclusionthat they arerathersimilar exceptfor
thenumberof ionsperbunch.A Penningtrapbasedbuncherandcooleris first choiceif short
pulseswith intensitiesof morethanthousandionsperpulsemustbedelivered. In thecaseof
REX-ISOLDE whenthe experimentsrequirea large dynamicrangeof operation,this will be
decisive.



8 TechnicalImpr ovementsand NewApplications

Within this work REXTRAPhasbeenbroughtinto reliableandsmoothoperation.Thepresent
performanceof the systemwill allow the first REX-ISOLDE experimentsto be carriedout.
Nevertheless,thereareanumberof improvementsthatcanstill bemade.They will bediscussed
in thefollowing.

8.1 Efficiency Impr ovement

8.1.1 Injection Efficiency

Thefirst stepto improve the injectionefficiency is anenlargementof thediameterof trapen-
trancediaphragmby severalmillimetre. As shown in Sec.5.3.2this hasto beaccompaniedby
an increaseof the transferpotentialto at least3kV. This will improve the injectionefficiency
by at leasta factorof two.

For very light ions,asfor instancelithium isotopes,theradialenergy uptakeduringtheion
injection turnedout to be an importantlimiting factor. For this caseonly a redesignof the
injectionsectionof REXTRAPor an improvementof the ISOLDE beamquality will resultin
a largerefficiency. A new injectionstageof thetrapmustbeconstructedin orderto minimise
the radial energy pick up of the ion beam,which is mainly determinedby the energy of the
incidention beam,its emittance,andtheshapeof thefringefieldsof themagnet.Thesimulation
programsdevelopedin thepresentwork areappropriateto find animproveddesign.A second
alternative for increasingthe injection efficiency of REXTRAP is the reductionof the radial
emittanceof theISOLDE ion beam.For this purposedevicessimilar to thatshown in Fig. 7.1
canbe used. Operatedin a continuousion guidemodethey have proven to be efficient and
fastDC beamcoolerdevices[Kim97]. Suchan ion-guidecould be eitherplacedin front of
REXTRAP or closeto the ISOLDE targetsbeforethe separationmagnets. From the latter
possibilityevenotherISOLDEexperimentswouldprofit.

8.1.2 Centring Efficiency

Ion lossesduringthecoolingprocessoccurdueto thepresenceof decentringexcitationmodes
(seeSec.6.4.2)anddueto radiofrequency heating.Lighter buffer gaseslike neonandhelium
will increasetheion-neutralmassratio andminimiserf-heating.

For thereductionof ion lossesdueto thedecentringexcitationmodesseveralpossibilities
exist. On onehanda new couplingschemefor theradiofrequency will extinguishthe 4 é ã 4�ä
resonancemode,whichoccursin REXTRAPdueto thesimplecouplingcircuit (seeFig. 4.14).
For thispurposethequadrupolefield is obtainedby applyingvoltageswith aphaseshift of 180°
to neighbouringelectrodesof the four-fold split centreelectrode(seeFig. 3.4). An additional
possibilitywouldbeto increasethedepthof thetrappingpotential.Thiswill shift thecyclotron
frequency 4 é towardslower frequenciesandwill reducethe influenceof the decentringreso-
nancedueto their largerseparationfrom 4 c.

115



116 8.2. REXTRAPasaPrecisionConversionElectronSpectroscope

342 343 344 345 346 347 348
0.0

5.0x10
4

1.0x10
5

1.5x10
5

2.0x10
5

2.5x10
5

3.0x10
5

 

 

νν
C [kHz]

co
un

tr
at

e 
[i

on
s/

pu
ls

e
]

 normal exitation

 additional 2
nd

 exitation

Figure 8.1: Numberof extractedionsasfunc-
tion of theappliedcentringfrequency ì65 for a
single( 7 ) andadouble(• ) excitationscheme.

A new excitation schemepromisesto increasethe efficiency of the trap in particularfor
a larger numberof ions. The optimumvalueof the centringfrequency 4 5 increaseswith the
numberof ionsin thetrapasdiscussedin Sec.6.6.5.Soacontinuouschangeof thatfrequency
duringtheion centringprocessshouldimprovetheefficiency. First resultsof atestareshown in
Fig. 8.1. It showsthenumberof ejectedionsasafunctionof thecentringfrequency. In addition
to a normalcoolingschemetheresultof a coolingscanperformedafter the ionswerealready
centredis shown. The optimum centringfrequency is shifted to higher frequenciesand an
increaseof thecountrateof up to 20% is observed.On thebasisof this resultanew excitation
schemewill bedeveloped[For01]. During theexcitationperiodhecentringfrequency will be
variedin orderto follow this shift.

Anotherinterestingtechniquefor the centringof large numberof ions is the rotatingwall
technique.It is routinelyusedfor thestorageof non-neutralplasmain Penningtraps[Hua97].
Recentlyit wasshown that this techniquecanalsobeusedto increasethedensityof a plasma
cloudup to a factorof 20 [Gre00].Thetechniqueis basedonthefactthatfor a largenumberof
chargedparticlesin a Penningtrap the interactionbetweentheparticlescannot beneglected.
In sucha casethe ion cloud startsto rotate[Dub99]. The rotation frequency increaseswith
theparticledensity. Theapplicationof a rotatingelectricfield with a frequency alwaysslightly
higherthantherotationfrequency of thecloudcancompressthe latter further. Heatingof the
particlesdueto the rotatingfields canbe counteractedby collisionswith a buffer gas. Up to
now this this techniquehasonly beprovento work with a positronplasma[Gre00]. However,
therearenoobviousreasonsthatit shouldnotwork with ions.

8.2 REXTRAP as a PrecisionConversion Electron Spectro-
scope

In the following a new interestingapplicationof ion trapswill bepresentedwhich wastested
with REXTRAP. The limiting factorof high-resolutionspectroscopy of low-energy electrons
emittedby radioactive nuclei is the thicknessof the sourcematerial in which electronsare
scattered.The detectionof conversionelectronsfrom the decayof trappedions may provide
new opportunitiesfor spectroscopy sincethetrappedionsform asourceof nearlyzerothickness
andthereforetheelectronsdo notsuffer energy lossdueto scattering.
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Figure8.2: Left: Theconversionelectrondetectorsetupusedfor theelectronspectroscopy experiments.
The detector(Canberra,RD ED10GC-500P, marked with an arrow) is placedtogetherwith the pre-
amplifierFETonaPeltierelementfor cooling.Right: Conversionelectronspectra:(top)Off-trap ê@ë
ê Ba
(massivesource)spectrumrecordedin atestchamber. (middle)In-trap ê@ë
ê Ba(massivesource)spectrum
recordedin REXTRAP.(bottom)In-trap ê�ê Ú mIn (trappedions)spectrumrecordedin REXTRAP.

The electronsemittedby radioactive nuclei confinedin the trap travel alongthe magnetic
field lines. Startingin the strongcentrefield of the solenoidnearlyall emittedelectronsin
forwarddirectionareguidedto thetrapexit directionin a very limited solid angle.This allows
theuseof asmall-areahigh-resolutionsilicondetectorwith highefficiency. In orderto testthis
approacha specialdetectorsetupwasdevelopedby L. Weissman[Wei00] which is shown in
the left part of Fig. 8.2. The detector(Canberra,RD ED10GC-500P, marked with an arrow)
is placedtogetherwith the pre-amplifierFET on a Peltierelementfor cooling to ensureslow
noiseoperation.Theperformanceof thedetectorsystemhasbeentestedin severalexperiments
whicharesummarisedin theright partsof Fig. 8.2.

The top spectrumwasobtainedwith a massive ê@ë
ê Ba source.Thesourcewaspreparedby
implanting ê@ë
ê Ba from ISOLDE into a thin captonfoil. Sourceanddetectorweremountedin
a testchamberfor this experiment.Thespectrumshows goodenergy resolutionbut it suffers
from from backgrounddueto electronscatteringin thetargetmaterial.

Thespectrain themiddleandbottomof theright partof Fig.8.2show in-trapmeasurements.
Thedetectorwaspositioneddirectlyaftertheextractiondiaphragmof REXTRAP.Themiddle
spectrumwasobtainedwith thesamesourceasit wasusedfor themeasurementsaboveplaced
in the trap centre. A decreaseof the energy resolutionandan increaseof the backgroundis
observed. A reasonfor that is the fact that the detectionsolid angleis increaseddue to the
electronguidancethemagneticfield provides. Thusalsoscatteredelectronsaredetected.The
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resultsof first on-linemeasurementsfor ê�êPO mIn areshown in thebottomspectrum.An ISOLDE
beamof that ion specieswasinjectedinto REXTRAP, accumulated,andtrapped.Conversion
electronsemittedfrom thenucleiweretheninvestigated.In additionto theK- andL-transitions
of the159keV isomerof ê�ê Ú mIn andthe20.1keV Augertransitionastrongpeakaround60keV
is observed.It resultsfrom strayelectronsacceleratedby theplatformpotential.In comparison
to thespectraof ê@ë
ê Ba abetterbackgroundto noiseratio canbenoted,asexpectedif scattering
of electronsin thesourceis avoided.Theenergy resolutionseemsto becomeworsebut it turned
outthatthiswascausedby thestrongelectronicnoiseproducedby thecoppervapourlasersetup
for theISOLDE laserion sourcerunningin parallelduringthis measurementsandhadnothing
to do with thefactthattrappedionswereused.



9 Summary and Conclusion

REX-ISOLDE is a pioneeringproject for the post-accelerationof radioactive beamsand, if
successful,will providetheopportunityfor anew generationof experimentsat theon-linemass
separatorfacility ISOLDE. An importantpart of the REX-ISOLDE conceptis the efficient
conversionof a continuouslow-energy radioactive beaminto shortion buncheswith excellent
beamproperties.Thedevelopment,testandsuccessfulcommissioningof REXTRAP, a beam
accumulator, coolerandbuncherwasthetopicof thepresentwork.

REXTRAP is basedon a large gas-filledPenningtrap. Ions from ISOLDE are decelerated,
injectedandaccumulatedin aPenningtrapby employing energy lossvia collisionswith buffer
gasatoms.A massselectivecentringtechniqueis usedto concentrateall ionsin thetrapcentre.
Fromtherethey canbeextractedascooledshortion bunches,readyto bedeliveredto thenext
stageof REX-ISOLDE,anelectronbeamion source.

With REXTRAPnew territory of ion trapphysicswasentered.Neverbeforea Penningtrapof
suchsizehadbeenconstructedandnor theinjectionof severalkeV continuousion beamswas
ever attempted.With thedemandedstorageof largeion numbersnew effectswereexpectedto
show up andit wasnotclearto whichextendthey wouldaffect theperformanceof REXTRAP.

Much time during this thesiswork was spentto bring REXTRAP into an operationalstate
beforeany testcouldbeperformed.Theoperationof anion traponahighvoltageplatform,the
demandof ahigh repetitionrateandahigh reliability requiredin particularthedevelopmentof
a robustandversatilecontrolandelectronicssystem.

Already the first testsof REXTRAP revealedthat the conceptwassuccessful.Ions from an
externalion sourcecouldbetrappedandbunchedsuccessfully. A largenumberof subsequent
testswerecarriedout bothwith stableandradioactive ISOLDE beamsaswell aswith beams
from thetestion source.Thepropertiesof REXTRAPwereinvestigatedin a systematicman-
ner. This allowedoptimumparametersfor a routineoperationto be foundandresultedin the
following performance:

• A total efficiency of 30% for accumulation,cooling andbunchingof ion beamsfrom
ISOLDEcanberealized.

• REXTRAPis applicableto practicallythewholemassrangeavailableat ISOLDE.

• Up to 10Q ionsperion pulsecanbeejectedwithoutanoticeabledeteriorationof its prop-
ertiesdueto spacechargeeffects.

• Thesepulsescanbedeliveredwith a repetitionrateup to 100Hz.

The studiesalso revealedthe limits of the techniquewith respectto the usageof large ion
numbers,which for exampleresultin large shiftsof resonancefrequenciesof thestoredions.
Theseinterestingeffectsneedstill to be fully understood.The experimentalinvestigationof
REXTRAP propertieswasaccompaniedby a large numberof numericalsimulations. These
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simulationsconfirmedtheexperimentalresultsandshow thatthebehaviour of thesystemscan
beunderstoodfrom first principles.Furthermore,thesimulationshelpedto understandobserved
deficienciesin the system. It is now clearhow to raisethe efficiency well above 30%, and
requiredmodificationsof theapparatusarepresentlypursued.

In conclusion,REXTRAP, thedecisivefirst componentof REX-ISOLDEis working. Thecon-
ceptof usinga large gas-filledPenningtrap hasprovento be successful.Practicallyall other
REX-ISOLDE componentsareassembledandmostof theminstalledat ISOLDE andunder
test.First experimentswith post-acceleratedradioactivebeamsat ISOLDEwill startsoon.
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A Ion-Neutral Interaction Potentials

Buffer gascoolingat lower ion energiesbaseson thelong rangeion buffer gasinteraction.
The ion-neutralinteractionpotentialsconsistof two parts,namelya shortrangerepulsive

anda long rangeattractivepart.Oneof simplestform is givenby:
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Thesocalled(� ,6,4)-potentialscontaintheparameter� , � ,
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-
termsdescribetheattractingforceof theion interactionwith theinduceddipoleandquadrupole
polarisationof theneutrals,respectively. Theempirical � � � �

representstheshortrangerepul-
sionof theinteraction.In theliteratureoneoftenfindsEq.(A.1) in theform of:
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where
��.

and $ denotesposition and depthof the potentialminimum. ' gives the relative
strengthof the

� �
-termin comparisonto the

� �
-term.

The knowledgeof the ion neutralinteractionpotentialallows thedeterminationof the ion
mobility 3 . Threesuccesive integrationsareneededto obtain 3 . The first integrationdeter-
minesthe deflectionanglein an ion-neutralcollision asa function of the impactparameter4
andthecenterof massenergy 5 :
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wherethedistanceof closestapproach
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Thesecondandthird over energy 5 andimpactparameter4 yields thecollision integralsasa
functionof temperatureJ :
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Theion mobility 3 is thengivenby:
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wherem andq denoteion massandcharge,M themassof thegasparticleandN thegasnumber
density, respectively. TheeffectivetemperatureJg`Mbcb is connectedto theion drift velocity h�i and
thegastemperaturevia:
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TableA.1: Parameterof theinteractionpotentialof alkali ionsandargonatoms.
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Figure A.1: Interactionpotentialsof alkali ionsandargonatoms.



B SIMION Listings

;**********************
;* REXTRAP Version 12 *
;**********************
;
; standard electrodes for REXTRAP
;
; place:
;
; grid spacing: 1mm
;
; last change: 26.07.2000 by Pit Schmidt 

fill
{
  within
  {
    box(6,25,40,26)     ; inner plate
  }
  within
  {
    box(6,26,29,30)     ; massive middle part
  }
  within
  {
    box(0,30,29,33)      ; outer plate
  }
}

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

Saturday December 09, 2000 1/1

Figure B.1: SIMION geometryfile modellinga REXTRAPstandardelectrode.This file is includedby
othergeometryfiles.
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;**********************
;* REXTRAP Version 12 *
;**********************
;
; deceleration part rotated by 180 degrees
; 
; place:
;
; trap center at 510mm
; grid spacing: 1mm
;
; 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
;
; last change: 01.08.2000 by Pit Schmidt 
 
PA_define(860, 91, 1, Cylindrical, Y, Electrostatic, 1)
 
; transferpotential
Electrode(1)
{ 
  fill
  {
    within
    {
      box(0,30,140,34)
    }
    within
    {
      box(235,30,342,34)
    }
    within
    {
      box(348,40,483,45)
    }
    ; shielding
    within
    {
      box(333,47,363,49)
    }
    within
    {
      circle(483,45,5,5)
    }
    within
    {
      box(352,40,354,10)
    }
    within
    {
      box(348,10,358,12)
    }
  }
}
  
; lens
Electrode(2)
{ 
fill
  {
    within
    {

Sep 12, 00 23:54 Page 1/3decel.gem
Printed by Pit Schmidt

Saturday December 09, 2000 1/3

      box(150,30,225,34)
    }
  }
}

; 1. deceleration stage
Electrode(3)
{ 
fill
  {
    within
    {
      circle(503,45,5,5)
    }
    within
    {
      box(503,40,539,50)
    }
    within
    {
      circle(539,49,9,9)
    }
  }
}

; injection lens/beam tube ground part
Electrode(4)
{ 
;injection lens part I
fill
  {
    within
    {
      circle(686,30,10,10)
    }
    within
    {
      box(676,30,696,73)
    }
  }
;injection lens part II
fill
  {
    within
    {
      circle(746,30,10,10)
    }
    within
    {
      box(736,30,756,50)
    }
  }
;beam tube
fill
  {
    within
    {
      box(645,75,678,77)
    }
    within
    {
      circle(645,72,5,5)
    }
    within
    {
      box(672,77,676,90)

Sep 12, 00 23:54 Page 2/3decel.gem
Printed by Pit Schmidt

2/3 Saturday December 09, 2000

    }
    within
    {
      box(676,77,688,90)
    }
    within
    {
      box(688,77,859,79)
    }
  }
}

; injection lens
Electrode(5)
{ 
fill
  {
    within
    {
      circle(716,30,10,10)
    }
    within
    {
      box(706,30,726,50)
    }
  }
}

;beam tube − platform potential
Electrode(6)
{ 
  fill
  {
    within
    {
      box(547,75,580,77)
    }
    within
    {
      circle(580,72,5,5)
    }
    within
    {
      box(549,77,553,90)
    }
    within
    {
      box(536,77,548,90)
    }
    within
    {
      box(0,77,536,79)
    }
  }
}

Sep 12, 00 23:54 Page 3/3decel.gem
Printed by Pit Schmidt

Saturday December 09, 2000 3/3

FigureB.2: SIMION geometryfile modellingtheREXTRAPdecelerationpart.
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    within
    {
      box(141,30,210,33)
    }
    within
    {
      box(147,25,186,30)
    }
  }
}

Sep 12, 00 23:54 Page 2/2injec.gem
Printed by Pit Schmidt

2/2 Saturday December 09, 2000

;**********************
;* 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 510mm
; grid spacing: 1mm
;
; last change: 26.07.2000 by Pit Schmidt 

PA_Define (211, 35, 1, Cylindrical, Y, Electrostatic, 1)
  
;injection diaphragm 1st half
Electrode(1)
{
  Fill
  {
    within
    {
      box(0,6,25,10)
    }
    within
    {
      box(0,10,1,25)
    }
    within
    {
      box(0,25,25,26)
    }
    within
    {
      box(0,26,6,33)
    }
  }
}

; acceleration electrodes
Electrode(2)
{ 
  locate( 24) { include(Electr01) }
}

Electrode(3)
{ 
  locate( 63) { include(Electr01) }
}

Electrode(4)
{ 
  locate(102) { include(Electr01) }
}
 
; transferpotential
Electrode(5) 
{ 
  fill
  {

Sep 12, 00 23:54 Page 1/2injec.gem
Printed by Pit Schmidt

Saturday December 09, 2000 1/2

FigureB.3: SIMION geometryfile modellingtheREXTRAPinjectionpart.

  
Electrode(3)
{ 
  locate (109,0,0,1,180,0,0) { include(electr01) }
}

Electrode(4)
{ 
  locate (148,0,0,1,180,0,0) { include(electr01) }
}

Electrode(5)
{ 
  locate (187,0,0,1,180,0,0) { include(electr01) }
}

Electrode(6)
{ 
  locate (226,0,0,1,180,0,0) { include(electr01) }
}

Electrode(7)
{ 
  locate (265,0,0,1,180,0,0) { include(electr01) }
}

Electrode(8)
{ 
  locate (304,0,0,1,180,0,0) { include(electr01) }
}

Electrode(9)
{ 
  locate (343,0,0,1,180,0,0) { include(electr01) } 
}

Electrode(10)
{ 
  locate (382,0,0,1,180,0,0) { include(electr01) }
}

;half of 2. diaphragma
Electrode(11)
{ 
  locate (421,0,0,1,180,0,0) { include(Electr01) }
  fill
  {
    within
    {
      box(405,25,395,10)
    }
    within
    {  
      box(396,10,371,5)
    }
  }
}

Sep 12, 00 23:54 Page 2/2stop.gem
Printed by Pit Schmidt

2/2 Saturday December 09, 2000

;**********************
;* REXTRAP Version 12 *
;**********************
;
; stopping part −−− high pressure region
; 
; place:
;
; trap center at 510mm
; grid spacing: 1mm
;
; Electrode  1 −−− electrode05
; Electrode  2 −−− electrode06
; Electrode  3 −−− electrode07
; Electrode  4 −−− electrode08
; Electrode  5 −−− electrode09
; Electrode  6 −−− electrode10
; Electrode  7 −−− electrode11
; Electrode  8 −−− electrode12
; Electrode  9 −−− electrode13
; Electrode 10 −−− electrode14
; Electrode 11 −−− electrode15
;
; last change: 02.08.2000 by Pit Schmidt 
 
PA_Define(397, 35, 1, Cylindical, Y, Electrostatic, 1)
 
; half of entrance diaphragm
Electrode(1)
{
  fill
  {
    within
    {
      box(0,6,25,10)
    }
    within
    {
      box(0,10,1,25)
    }
    within
    {
      box(0,25,25,26)
    }
    within
    {
      box(0,26,6,33)
    }
  }
}

; 9. field electrode
Electrode(2)
{ 
fill
  {
    within
    {
      box(24,30,70,33)
    }
    within
    {
      box(31,25,64,30)
    }
  }
}

Sep 12, 00 23:54 Page 1/2stop.gem
Printed by Pit Schmidt

Saturday December 09, 2000 1/2

Figure B.4: SIMION geometryfile modellingtheREXTRAPstoppingpart.
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    within
    {
      box(141,30,210,33)
    }
    within
    {
      box(147,25,186,30)
    }
  }
}

Sep 12, 00 23:54 Page 2/2ejec.gem
Printed by Pit Schmidt

2/2 Saturday December 09, 2000

;**********************
;* 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 510mm
; grid spacing: 1mm
;
; 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
Electrode(1)
{
  fill
  {
    within
    {
      box(0,3,25,10)
    }
    within
    {
      box(0,10,1,25)
    }
    within
    {
      box(0,25,25,26)
    }
    within
    {
      box(0,26,5,33)
    }
  }
}

; acceleration electrodes
Electrode(2)
{ 
  locate( 24) { include(Electr01) }
}

Electrode(3)
{ 
  locate( 63) { include(Electr01) }
}

Electrode(4)
{ 
  locate(102) { include(Electr01) }
}
 
; transferpotential
Electrode(5) 
{ 
  fill
  {

Sep 12, 00 23:54 Page 1/2ejec.gem
Printed by Pit Schmidt

Saturday December 09, 2000 1/2

Figure B.5: SIMION geometryfile modellingtheREXTRAPejectionpart.
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;**********************
;* REXTRAP Version 12 *
;**********************
;
; 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_Define(820, 91, 1, Cylindrical, Y, Electrostatic, 1)
 
; transfer potential
Electrode(1)
{ 
  fill
  {
    within
    {
      Box(0,30,140,34)
    }
    within
    {
      Box(235,30,342,34)
    }
    within
    {
      Box(348,40,483,45)
    }
    within
    {
      Circle(483,45,5,5)
    }
    within
    {
      Box(352,40,354,10)
    }
    within
    {
      Box(348,10,358,12)
    }
  }
}
  
; lens
Electrode(2)
{ 
fill
  {
    within
    {
      Box(150,30,225,34)
    }
  }
}

; 1. acceleration

Sep 13, 00 0:10 Page 1/3accel.gem
Printed by Pit Schmidt

Saturday December 09, 2000 1/3

Electrode(3)
{ 
fill
  {
    within
    {
      Circle(503,45,5,5)
    }
    within
    {
      Box(503,40,539,50)
    }
    within
    {
      Circle(539,49,9,9)
    }
  }
}

; ejection lens/beam tube ground part
Electrode(4)
{ 
;injection lens part I
fill
  {
    within
    {
      Circle(646,30,10,10)
    }
    within
    {
      Box(636,30,656,59)
    }
;injection lens part II
    within
    {
      Circle(706,30,10,10)
    }
    within
    {
      Box(696,30,716,59)
    }
;beam tube
    within
    {
      Box(615,75,638,77)
    }
    within
    {
      Circle(615,72,5,5)
    }
    within
    {
      Box(632,77,636,90)
    }
    within
    {
      Box(636,77,648,90)
    }
    within
    {
      Box(648,77,819,79)
    }
  }
}

Sep 13, 00 0:10 Page 2/3accel.gem
Printed by Pit Schmidt

2/3 Saturday December 09, 2000

; ejection lens
Electrode(5)
{ 
fill
  {
    within
    {
      Circle(676,30,10,10)
    }
    within
    {
      Box(666,30,686,59)
    }
  }
}

; beam tube − platform potential
Electrode(6)        
{ 
fill
  {
    within
    {
      Box(547,75,570,77)
    }
    within
    {
      Circle(570,72,5,5)
    }
    within
    {
      Box(549,77,553,90)
    }
    within
    {
      Box(536,77,548,90)
    }
    within
    {
      Box(400,77,536,79)
    }
  }
}

Sep 13, 00 0:10 Page 3/3accel.gem
Printed by Pit Schmidt

Saturday December 09, 2000 3/3

Figure B.6: SIMION geometryfile modellingtheREXTRAPaccelerationpart.
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;*******************************************************
Locate(0,0,0,1,0,0,0)
{
  Electrode(4)
  {
    fill
    {
      ; tube
      within { Box (620,770,3000,779)}
      ; lens
    }
    ; lens
    Locate(2650,0,0,1,0,0,0)
    {
      fill
      {
        ;part 3
        within { Box(0,100,−120,770)}
      }

      Locate(−880,0,0,1,0,0,0)
      {
        ; part 1
        fill
        {
          within { Circle(50,100,50,50)}
          notin { Box(0,50,100,99)}
          within { Box(50,100,760,150)}
        }
        Locate(−460,0,0,1,0,0,0)
        {
          ; part 2
          fill
          {
            within{ Box(25,50,800,100)}
            within{ Circle(25,75,25,25)}
          }
        }
      }
    }
  }
}

Sep 12, 00 23:02 Page 2/2source.gem
Printed by Pit Schmidt

2/2 Saturday December 09, 2000

;******************************************************* 
;*  REXTRAP Ion Source                                 *
;*                                                     *
;*  units: 1/10 mm                                     *
;*                                                     *
;*  SIMION definition file                             *
;*  contains: Ionizer, Skimmer, Extraction lens, and   *
;*  vacuum tube                                        *
;*                                                     *
;*  Pit Schmidt, 05/20/2000                            *
;******************************************************* 

 
PA_Define(3000,800,1,Cylindrical,Y,Electrical,1)

; Ionizer (part 10)
;*******************************************************
Locate(200,0,0,1,0,0,0)
{
  Electrode(1)
  {
    fill
    {
      within { Box(0,50,300,0)}
       notin { Box(0, 9,300,0)}
       notin { Polyline(301,50,291,9,300,9)}
       notin { Polyline(290,20,0,50,290,50)}
    }
  }
}

; Lens 1 (parts 4 & 5)
;*******************************************************
Locate(0,0,0,1,0,0,0)
{
  Electrode(2)
  {
    fill
    {
      within { Box(   0,200,800,300)} 
      within { Circle(800,250,50,50)}
      within { Box(   0,300, 40,380)}
      notin  { Box(   0,200,560,230)} 
    }
  }
}

; Skimmer (part 6)
;*******************************************************
Locate(460,0,0,1,0,0,0)
{
  Electrode(3)
  {
    fill
    {
      within { 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

Sep 12, 00 23:02 Page 1/2source.gem
Printed by Pit Schmidt

Saturday December 09, 2000 1/2

Figure B.7: SIMION geometryfile modellingtheREXTRAPtestion source.



C ISOLDE BeamLine

133



134

21
.2

5 
m




14 cm


ISOLDE ion source


q� uadrupole triplet

	GPS.QS30

	GPS.QP40

	GPS.QP50


q� uadrupole doublet

	GPS.QP170

	GPS.QP180


q� uadrupole doublet

	GPS.QP520

	GPS.QP540


q� uadrupole doublet

	GPS.QP540

	GPS.QP550


q� uadrupole doublet

	GPS.QS40

	GPS.QP50


q� uadrupole triplet

	RA0.QP20

	RA0.QP30

	RA0.QS40


s� eparator magnet

	GPS.MAG70


kicker---bender

	GPS.BE560


CA0.KI10


kicker---bender

	CA0.KI70

RA0.BE10


vertical
 horizontal
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sity (1998).

[Wen00] FredrikWenander. privatecommunication(2000).

[Wey94] K. Weyer, G. BondeNielsenandM. Fanciulli. Defectsstudiesin high-energy ion
implantedsemiconductors.CERNISC94-24,ISC I12 (1994).

[Wie97] M. Wiescher, F. K. Thielemann,K. L. Kratz,etal. A radioactive-ionbeamexperiment
for the studyof the astrophysicalrp-processat CERN-ISOLDE. CERN ISC94-21,
ISC I11 (1997).

[Win79] D. J.Wineland.Laser-to-microwavedivisionusingsynchrotronradiation.Journalof
AppliedPhysics50(4), 2528(1979).

[Wol87] H. Wollnik. Opticsof ChargedParticles. AcademicPress(1987).

[Woo92] J. L. Wood,K. Heyde,W. Nazarewicz, M. Huyse,andP. vanDuppen.Coexistence
in even-massnuclei. PhysicsReports215(3–4),101–201(1992).

[Yod92] J.YodaandK. Sugiyama.Determinationof characteristicsof Yb q ion cloudtrapped
in a rf trapwith He buffer gas. JapaneseJournal of AppliedPhysics31(11), 3750–
3753(1992).

[Zhu94] M. V. Zhukov, A. A. Korsheninnikov, andM. H. Smedberg. Simplified � +4nmodel
for the

�
Henucleus.PhysicalReview C50(1), R1–R4(1994).





Danksagung
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