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Zusammenfassung:
Die vorliegende Dissertation prasentiert Experimente zur effizienten
Laserkihlung hochenegetischer °Be"-lonenstrahlenhin zu extremen

PhasenraumdichtenAnhand systematischeMessungerund realistischen

Computermodellerwurde die Dynamik des gelunchtenKiihischemasn
verschiedeneRotentialformeruntersuchsowie bedeutend®olle strahlin-
terner CoulombsbRRe erkannt. Bei extrem hohen Phasenraumdichte
beobachteman ein plotzlichesVerschwinderstrahlinterneStoRe, die auf
das Einsetzenvon Ordnungsprozessehindeutenkdonnten. Desweiteref
wird LaserKihlungungelunchterlonenstrahlenn eineroptischenMelasse

demonstriertln diesemZusammenhangurdeerstmaligdie dreidimensiont

aleKuhlungkontinuierlicherlonenstrahlemealisiert.

Abstract:

This doctoralthesispresentsexperimentson efficient lasercooling of fast
stored ?Bet ions to extreme phase-spacelensities. The dynamics of
bunchedcoolingin differentpotentialsandthe importantrole of intrabeam
Coulombscatteringhave beeninvestigatedn the basisof systematianea-
surementandrealisticcomputermodels.At extremephase-spacédensities
an abruptdisappearancef intra beamscatteringis obsered which could
possiblyindicate the onsetof Coulomborderingin the ion beam. Laser
cooling of a coastingbeamin an optical molassess demonstratedFor the

N
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firsttime, true 3D lasercooling of a coastingpeamhasbeenrealized.
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Chapter 1

Intr oduction

Over the years, the physics with fast stored ion beamshas evolved into

a large researchfield with mary dedicatedacceleratorand storagefacilities

around the world. With the adwance of cooling techniques[Mgller, 1994]

such as electroncooling and stochasticcooling a new classof high-precision
experiments becamepossible. Cold ion beamsin a storagering can be

used to perform high-precision mass measurementgSchottky mass spec-
trometry) [Radonetal., 1997, investigationsof short-lving isotopes cooled
and stored in traps [Bollenetal.,1996] and precisetests of special relativ-

ity [Grieseretal.,1994. By recombinationexperiments, atomic structures
[Wolf etal.,2000] and QED effects[Brandatetal., 1999 areinvestigated.Cold

ion beamscould also becomean important tool in inertial fusion reactions
[Bock, 1997]. The study of the dynamicsof storedcold ion beamsitself deliv-

ersimportantresultson the physicsof non-neutrakold plasmasat high centerof

massenegies[Miesner 1995 Lauer 1999 Madsenretal., 1999.

All cooling methodsusedat storagerings have to fight againstextremely
strongheatingprocesses.This heatingessentiallystemsfrom envelopeoscilla-
tions due to the alternatingfocusingof the beamalong the ring in connection
to intra beamCoulombscattering(IBS) [Sgrensen]1987. Figurel.1lshowsthe
coupling of the degreesof freedomfor ionsin a storagering. The enegy for
IBS heatingcomesfrom the kinetic beamenegy which representa hugeheat
bath. Sincethe collision rate dependson the phase-spacdensity this heating
mechanisnbecome®venstrongerduringthe cooling procesdinally limiting the
achievabletemperatures.

Lasercooling is a techniqueto achieze muchhighercooling rateslt is par
ticularly suitedfor low-chagedions whereelectroncooling becomegatherin-
efficient. Laser cooling relies on the radiation-pressuréorce exerted by res-
onancelaser light on the ions. The light force arisesfrom repeatedmo-
mentumtransferin a seriesof mary absorption-spontaneowamissioncycles
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Figure 1.1: Couplingsbetweerthe degreesof freedonfor anion beamat a high
centerof massenegy.

[Metcalf andvanderStraten,1999. For moving ions the Doppler effect trans-
latesthis frequeny dependeng force into velocity-dependenfriction force. At
a storagering lasercooling canberealizedby meging a laserbeamwith theion
beamalonga straightsectionof the storagering (figure 1.2). Onethe onehand

laser cooling section

laser beam

injection

Figure 1.2: Implementatiorof laser cooling at the Heidelbeg TestStorage Ring
(TSR).For laser cooling the ion beamis meiged with a laser beamwhosefre-
guencyis nearlyresonantvith a Dopplershiftedtransitionline of theions.

lasercooling is restrictedto somelight ions suchasLi™, Bet or Mg™ having
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an optical transitionwith a wavelengthaccessibléo a lasersystem.However it
turnedout thatlasercoolingis an extremely efficient cooling procesdeadingto
phase-spacdensitieshat cannotbe achiezed with othercoolingtechniquest a
storagering. Lasercooling experimentshave beenperformedwith Lithium and
Beryllium ionsat TSR[Schibderetal., 19970 at beamenegiesof MeV andwith
Magnesiumonsat 100keV in the ASTRID storagering [Hangstetal., 1991].

Sincethelaserforceonly eitheracceleratesr deceleratetheions,beamcool-
ing canonly be realizedby providing an additionalcounterforce.In early laser
cooling experimentsthis counterforcewas eitherrealizedusing a secondcoun-
terpropagatindaser[Schidderetal., 1990] or aninductionaccelerato{INDAC)
[Ellert etal., 1992 Petrichetal.,1993. Theseexperimentsrevealedthe impor-
tant role of hard Coulomb collisions leadingto ion velocity changesof about
1000m/s. The collisions lead to lossesfor the cooling processdue the small
capturerangeof the laserforce (~ 150 m/s). Theselossescould be suppressed
by the useof a capturerangeextensionrealizedthrougha rapid adiabaticpas-
saggWanneretal., 199§. With theintroductionof beambunchingto realizethe
counterforceby the applicationof a pseudopotentiadonfiningtheionsin thelon-
gitudinal directionit waspossibleto overcomethetime limitation of the INDAC
method[Hangstetal., 1995k Miesneretal., 1996a].Bunchedcoolingalsoleads
toa“recycling” of ionsthathave undegonea Coulombcollision outof thecapture
range.

Lasercooling candirectly cool only the longitudinaldegreeof freedom. Di-
recttrans\erselasercooling by shiningin light perpendiculato the direction of
motion is practically not possible. The reasonsare the shortinteractiontimes
andthe sensitvity to tiny angledeviations betweenlaserandion beamleading
to large Doppler shifts. However, methodshave beendevelopedto also cool
the beamtrans\ersally: sincethe degreesof freedomare coupledthroughcol-
lisions, the directly cooledlongitudinal directionactsas a heatsink which also
leadsto a temperaturaeductionof the trans\ersedirections(indirect cooling)
[Miesneretal.,19961. In additionthe ring dispession leadsto a coupling be-
tweenthe horizontal position of the closedorbit and the longitudinalion mo-
mentum(figure 1.1. Combiningdispersve couplingwith linearbetatroncoupling
[Bryant, 1994 we realizedfull 3D lasercooling which doesnot dependon the
phase-spaceensity[Laueretal., 1999.

In the framework of this thesis,systematianeasurementsn lasercooling of
bunchedbeamsin variouspotentialshapedave beenperformed. Theseexperi-
mentsgive a very clearpicture of the short-andthe long-termdynamicsof the
cooling process Realisticcomputersimulationshave beendevelopedto identify
kinetic effectsof theion ensemblexperiencinghon-linearcoolingforcesandthe
influenceof differentbunchingpotentialson the cooling dynamics.Furthermore
the implementationof collisionsinto the model gives a detailedinsight on the
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crucialrole of intra beamscatteringor thelasercoolingdynamics.

With theseexperimentghecoolingparameterbave beenoptimizedto achieve
efficient 3D coolingto unprecendentephase-spacdensitiesn storagerings. In
thisextremeregimewe obseredasudderanomalouweambehaior whichshaws
the signatureof Coulombordering at very high phase-spacdensitiesthe mu-
tual Coulombrepulsionof the ions significantly influencesthe behaior of the
beam. In particular if the thermalenegy becomesomparabldo the Coulomb
enegy which is expressedy the plasmaparameterl’ = Ecoulomb/ Fiherm =~ 1,
ions canno longer overtale eachother For I' > 127 the formation of these
Wigner crystalshasalreadybeenobsenred and studiedin variousion trapsfor
ensemblesat rest[Walther 1993. For low kinetic enegiesof aboutleV recent
experimentsdemonstratedhe formation of a lasercooledcrystallizedion beam
revolving in a small circular quadrupoletrap (PALLAS) [Schatzetal.,2001].
The questionof a possibleCoulomb orderingin anion beamrevolving with
somepercentof the speedof light is onemotivationfor our cooling experiments
[HabsandGrimm, 1995. A crystallineion beamrepresentshe ultimate phase-
spacedensityreachableat a storagering. Orderingphenomenat beamener
giesof several hundredMeV have beenobsered for electron-coolebeamsof
highly chagedions [Stecketal.,1994. In this casethe experimentshave been
performedwith anextremelysmallnumberof ions. Typical ion distancesareon
theorderof severalcentimetersip to meters.Coulomborderingtakesplacein the
sensdhattwo revolving ionsdo notovertale eachother, but they arereflecteddue
to the electrostatiaepulsion[Hasse 1999. However, dueto the large distances
onedoesnotachieve crystallinestructureswith along-rangeordet

TheoreticalcalculationgHasseandSchiffer, 1990 shaw thatthe structureof
a crystallizedion beamstrongly dependson the ion number The lowestcrys-
talline structureis the one-dimensiondinear chainwhereion aremaoving along
the closedorbit with well-defineddistancedrom eachother For higherbeam
densitiesthe ions startevadingfrom eachotherforming a two-dimensionakig-
zagarrangemenor higher3D structures.Moleculardynamicssimulationsdone
for our experimentakonditions(’Be* ionsat7.3MeV in theHeidelbeg teststor
agering TSR) predictthatonly the linear chainandpossiblythe vertical zig-zag
arestablystoragablg¢Wei etal., 1995. Higherorder3D structuresvould bede-
stroyed dueto shearforce occurringin the bendingmagnetsof the storagering.
Themaximumtotalion numberfor theformationof alinearion chainatthe TSR
accordingo the simulationwould be 10°.

Our experimentsindeedshon a suddendisappearancef intra beamscatter
ing during the cooling processat the predictedparticle number This would be
the signaturefor the formation of orderedstructures:for a crystallizedbeam,
collisions are completelysuppressedlue to the fixed relative ion positionsin
the beam. However, other interpretationsof this phenomenorassumingad-



ditional heatingprocesse®r effects of the bunchedcooling mechanismitself
cannotbe excluded. Anomalousbeambehaior during lasercooling hasalso
beenobsened at ASTRID leadingto density limitations [Madsenetal., 1999]
and suddentrans\ersebeamblowups monitoredwith real-time imaging meth-
ods[Kjeergaardetal., 200Q. However, theseeffectshave not beenobsenedwith
dispersvely cooledbeams.

In orderto rule out effectsrelatedto thebunchedcoolingmethod gxperiments
oncoastingoeamcoolingin aone-dimensionabpticalmolassefiase beencarried
out. Cooling of a coastingbeamis achiezed usinga secondcounterpropagating
laserto apply a deceleratingorce thus forming a one-dimensionabptical mo-
lasses.We presenthe technicalaspectf this cooling schemesuchasthe laser
systemaswell asa detailedinvestigationof the coolingdynamics.In additionwe
demonstratéhefirst realizationof full 3D lasercoolingof a coastingon beamin
astorageing.

Thisthesiss organizedasfollows: Chaptel2 givesanintroductionto thebasic
principlesaswell astheexperimentatechniquesieededor efficientlasercooling
of faststoredions. The dynamicsof bunchedlasercooling on the basisof sys-
tematicmeasurementandcomputersimulationsis presentedn chapter3. Here
we alsodescribethe suddenanomalousehaior of thelasercooledion beamat
extremephase-spacdensities. Chapter4 coversthe descriptionandthe results
of coastingbeamcoolingexperimentdn a one-dimensionabptical molassesAn
outlookto future experimentds givenin chapterb.
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Chapter 2

Basicsof ion beamcooling

2.1 Faststoredion beams

Fastion beamsmoving with velocitiesin the orderof the speedof light canbe
storedin anultra-highvacuumpipeemploying the Lorentzianforce F = q(Tx E)
via magneticfields [Wille, 1996]. Magneticdipole fields perpendiculato the
directionof motion are usedto deflectthe beamin orderto form a closedorbit

(figure2.1).
laser cooling section
laser beam
electron §
cooler
beam profile
monitor
- - - )_{
injection im

extractio

Figure 2.1: Sdhematicpicture of the Heidelbeg TestStorage Ring (TSR).

Due to the mutualrepulsve Coulombinteractionandthe unavoidableangle
spreadn thedirectionof motion,thebeamhasalsoto beconfinedn thetrans\erse

7



8 Chapter2. Basicsof ion beamcooling

degreeof freedomin orderto producestableparticle trajectories. A magnetic
guadrupoldield providesa focusingforce in onedirectionanda defocusingone
in the other It hasbeenshowvn that the use of quadrupolepairs can be used
to confinethe motion of the revolving ionsin both directions(alternategradient
focusing)[CourantandSryder, 1958]. In this magneticstructure(lattice), ions
performanoscillatorymotionaroundthe closedorbit (betation oscillation). This
motionin thetrans\ersedegreeof freedomz for a longitudinalpositions in the
storagering is describedy

z(s) = 1/eB(s) cosW(s) . (2.1)

The amplitudeconsistsof the emittancee which is a constantof motion corre-
spondingto the occupiedphase-spaceolumeandthe storagering function 3(s)
whichrelateso thefocusingstrengthof thequadrupolenagnetsThephasel (s)
is calculatedas ¥ (s) = [y ds'/5(s"). The numberof oscillation per round-trip
(tune@ = Y¥(C)/2m, C: ring circumference)must not be an integer number
which would drive the betatronoscillationleadingto animmediateparticleloss
(storagering resonancg

The velocity dependencef the Lorentzianforce leadsto a differentbending
radiusfor ionsmoving with differentvelocities.Hence the closedorbit grows or
shrinkswith respecto thelongitudinalmomentun(storage ring dispesion). The
orbital displacementAz in the horizontaldegreeof freedomwith respecto the
relative changeof longitudinalmomentums describedy

Ap
p

As we will see,thisimportantcouplingmechanisnbetweenthe longitudinalion
motion andits trans\ersepositionwill be exploitedfor efficient transersebeam
cooling.

Az(s) = D(s) (2.2)

2.2 Coldion beams

2.2.1 Beamtemperatures

Strictly speakingthetermtempeature is only definedfor particleensemblebe-

ing in thermalequilibrium. As we will seein thefollowing sectionsthisis notthe

casefor beamcooling at a storagering. The correctthermodynamiaescription
would requirea Fokker-PlanckapproacHRisken,1989]. This equationdelivers
correctresultsfor electron-cooledbeams. However in caseof lasercooling the
assumptiorof a constandiffusioncoeficientis nolongervalid dueto the signif-

icantinfluenceof intra beamscatteringon the cooling procesgsection2.2.2).
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All known techniquesusedfor beamcooling at storagerings shav a strongly
differentcoolingdynamicdor thetrans\erseandthelongitudinaldegreesof free-
dom. This leadsto a stronganisotroly of the 3D ensemble.Sincethe number
densityof the ion beamis low enoughto neglect all thermalcouplingsin first
orderapproximationone cantreatthe threedegreesof freedomasdistinctther
modynamicensemblesnteractingwith eachother (figure 2.2). In caseof laser
cooling,eventhelongitudinalphase-spaciself doesnot reachan equilibriumin
athermodynamisensebut a steadystateonly. The reasorfor thatis the strong
non-linearityof the coolingforce (section2.3).

For the longitudinal degree of freedomit is corvenientfor the description
to usea frame moving with the main velocity of the circulatingions. In this
picturethe descriptiononly includesthe position As andthe velocity Av of the
ions with respectto the moving frame. The longitudinal enegy is the sum of
potentialan kinetic enegy E(As, Av) = E,o(As) + Eyin(Av). Sincethere
areno additionalmechanismseadingto an enegy termwhich dependsn both
velocity andposition,the phase-spaceanbe separateéh a spatialanda velocity
distribution.

Although the longitudinal ion ensembleas not in thermal equilibrium, one
canascribea measurdor the velocity spreadof the distribution which hasthe
dimensionof atemperature

sz — <Ek1r}€(bAU)> ’ (23)
where(Ey;, (Av)) is the meankinetic enegy of the ion beamin the comoving
frame. It can be calculatedfrom the variancecs? of the velocity distribution
((Exin) = mo?). Thereforeonegets

T = kbo-v 7 (2.4)
(m: ion mass).Onehasto bearin mind thatthe velocity spreads, is not bound
to a certainshapeof the velocity distribution but follows the generalrelation
Oy = \/(Av) — ((Av)?). For a thermally equilibratedensembleonewould ex-
pecta GaussiarshapeaccordingBoltzmanns distribution . In this casetheabove
relationcorrespondgxactly to thethermodynamiaefinition of atemperature.
In orderto geta temperaturef the trans\ersedegreeof freedomwe canex-
pressheenegy F(z, z') by the particlemomentumandthelattice functionsc, 3
[Wille, 1996]. Again, the trans\ersebeamenegy is the sumof potentialandki-
netic enegy. Without any cooling mechanismsthe trans\ersebeamenepy is
a constantof motion. The potentialenegy resultsfrom the focusingstructure
(quadrupolemagnetspf the storagering. Sincethefocusingstrengthis not con-
stantalongthe ring position, also the trans\ersekinetic enegy dependson the
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storagering position. In conclusiononewould endup with a position-dependent
trans\ersebeamtemperaturaisingthe above temperaturelefinition which does
not make muchsense.Thereforein storagering physicsonecalculateghe mean
beamemittance:,,; which correspond$o thetrans\ersephase-spaceolumeen-
closedby theion beamensemble.

Béerms = {T?) . (2.5)

where(z?) = [*2 22 - n(z)dz denoteghe secondstatisticalmomentof theion
distribution[Mudrich, 1999. Theemittancas alsoa constanbf motionanddoes
notdependonthering position.

A solutionfor the temperaturalefinitionis the calculationof a meantemper
atureby averagingthe position-dependeriemperatur@alongoneround-trip

]- pgerms
T = = 7{ T — 27TQ . 2.
+ C & (S)dS kBmC ( 6)

(C: ring circumference): betatrontune).

It is worth noting that the temperaturedefinitions are still valid for ion
beamsexperiencing additional forces that only dependeither on the veloc-
ity or the position. In particularfor very densebeamsone hasto take into
accountthe mutual Coulomb interactionof the ions and space-chaye effects
[Ellison etal., 1993 Nagaitse etal., 1994]. Theseeffectscould be describedus-
ing aDebye-Hickel approacHEisenbarth,1999§.

2.2.2 Intra beamscattering

For a storedion beam, one obseres a heat-upif no cooling mechanisms
are present. The reasonfor this behaior is the so called envelope heating
[Hochadel 1994b]. This effect relies on the changingfocusingof the horizon-
tal andverticaldegreeof freedom(alternategradientfocusing,see2.1). Sincethe
trans\ersebeamtemperatureat a certainring position dependson the focusing
strengthof the quadrupoldield, a focusingin onedirectionanda defocusingn
the otheroneleadsto a strongtemperaturenisotroyy. Without any couplingof
both degreesof freedomthis effect would be completelyreversible. Intra beam
Coulomb scattering(IBS) however leadsto a heattransferwhich reducesthis
anisotropy [Sgrensen]987. Theresultis anincreaseof the entrofy andthusthe
meanbeamtemperatureTheenepy for this heat-upcomedrom thekineticbeam
enepy actingasahugeheatbath.
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Figure2.2: Enegytransferin a storedion beam.Thermalenegy fromthelongi-
tudinal beammotionis transfeedthroughervelopeoscillationsin connectionto
intra beamCoulombscatteringto the threedegreesof freedom.

2.2.3 Coolingrate

As aresultof theintroducedemperaturelefinitions,cooling of storedion beams
meansthe reductionof the longitudinalmomentumspreadandthe the damping
of the trans\ersebetatronoscillation respectiely. In orderto characterizehe
efficiengy of a particularcoolingmechanisnonedefineshecoolingrate A as

OF

ANE=-T
ot

(2.7)
FE denoteghetotal enegy spreacdof the storedions moving aroundthe meanen-
emgy E. Hence the coolingratecorrespondso thetime constanf the decreas-
ing relatve enegy spreadduring the cooling process.The total enegy consists
of a potentialanda kinetic part E = Ey(Av) + Eoet(As), wherebyvelocity-
dependentoolingforcesonly reducethe kinetic enegy spread:

am B - aFC 9

5 mAvAv = Fo(Av)Av ~ Au Av® | (2.8)
assumingFc(Av) to belinearnearAv = 0. For thelongitudinaldegreeof free-
domof acoastingoeantheparticleshave no potentialenegy leadingto By, = E
andthus

2 O0Fc(v 2
_2 9kl _ 2 (2.9)
m  ov | _, m
In the last expressionx is the so-calledfriction coeficient In caseof ionsin a

harmonicpotential(asit is approximatelythe casefor the trans\ersedegree of

A=
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freedom)theviral theorenrequiresthat (Eyin) = (E,.). Hencethecoolingrate
would be half the valueof Equation.2.9.

2.2.4 Beamcrystallization

During beamcooling the phase-spacdensityof the ensemblebecomessteadily
higherandhigher In this casethe mutualCoulombinteractionof theionscanno
longerbeneglected.Thewholedynamicsof sucha cold beambecomesnoreand
moredominatedhetheintra-beamnteractions.

A faststoredion beamof high phases-spacdensitycanbe treatedasa one-
componentnon-neutraland space-chaye dominatedplasma. Sucha plasmais
characterizedby the plasmaparameter

r— Ecowomb _ 1 7

Etherm 477-60 akBT

(2.10)

which representshe ratio of the Coulombenepgy dueto the repulsive electro-
staticforcesbetweemeighboringions andthe temperaturef the ensemble For
anisotropicplasmathecharacteristidistance:s becomesheWignerSeitzradius

a = {/3/(4mn) wheren is the spatialnumberdensity[HabsandGrimm, 1993.
With this definition a thermalweakly coupledplasmais expressedy I' <« 1. A
short-rang@®nedimensionaliquid-lik e statewould beexpectedor I' ~ 1. In this
casethethermalenepgy is in the sameorderof the Coulombenegy. This means
thattwo storedion moving with slightly differentvelocitiescannotovertale each
otherdueto their Coulombrepulsion.In this case theion beamshouldshav up
orderingeffects. A long-rangeorderis expectedfor I' > 170 [Hasse 1999. The
shapeof this orderedstructuredepend®n theion density At largeion distances
thelowestorderstructurewould be alinear chain. With decreasinglistanceghe
ions startevadingfrom eachotherforming a zig-zagline or helix-like structures
[HasseandSchiffer, 1990. For anion beamstoredin the TSRt is expectedthat
only thelinear chainandpossiblythe vertical zig-zagstructureto be stablystor
agable.Higherorder3D structuresvould experiencestrongshearforcesduring
beamdeflectionat the bendingmagnets.

For the treatmenbf lasercooledion beamsonehasto take into accounthat
the 3D ensembleof the cooledbeamis far avay from thermalequilibrium. Due
to the extremetemperaturenisotroy (1) ~ 1K, T > 200K) a morerealistic
pictureof anorderedbeamis shavn in figure 2.3. While alasercooledion beam
hasa very smallvelocity spreadthe trans\ersedegreeof freedomis comparably
weakly cooled. An orderedbeamwould thereforeleadto a spatialdistribution,
whereionshave awell-definedongitudinalintermediatedistanceérom eachother
but their betatroramplitudesarestill large. Theion beamcanthereforebeseenas
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Figure 2.3: Disk modelof a crystallizedion beam.Whileions havewell-defined
longitudinaldistanceghey still oscillatewith large betation amplitudes.

asetof chagediskswith adistancel andatrans\ersesizeof o assumingradial
Gaussiarchage distribution. Obviously, in this casethe above definition of the
plasmaparametedoesnot make senseary longer However, a one-dimensional
plasmaparametercan be definedrepresentinghe ratio of the Coulombenepgy
of two chagedisksandthethermalenegy of thelongitudinaldegreeof freedom
(I} = Eiong(d, )/ Etperm (1)) TheCoulombenegy of two chagediskswith the
radialchage distributionsp (Z) p2(7') is calculatedas

d

Fiong(d, ) = / F(l,0)dl (2.11)
with )
/pl !
mo/d?’ /d3 ‘w_x (s—5) . (2.12)

Throughthe intermediatedistanced this definition also take the linear number
densityinto accountby 1/d = dN/ds. Note,thatthis definition givesno quanti-
tative measuren casel’| < 1 for phase-spackut aqualitative deviation from an
orderedstate.

For very low beamdensities,the intermediateparticle distanced is small
comparedo the amplitudez of the betatronoscillation. In this case,the one-
dimensionabefinition of the plasmaparametegivesway to the 3D definition. In
the comaving frame, the trans\ersally oscillatingions approacheachotheruntil
they arereflecteddueto the repulsive Coulombinteraction(figure 2.4. In this
picture,it is possibleto estimateatrans\ersebeamtemperaturemeededo obsene
Coulombordering: The minimumdistancebetweerto approachingonsis

2

1 q
d= . . 2.13
dmey kBT ( )
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Figure 2.4: Beamcrystallizationcan betreatedas a one-dimensiongbroblemif
theintermediatedistanced is small compaged to the betation amplitudez. lons
approad ead otherandare reflecteddueto therepulsiveCoulombinteraction.

Thebetatronamplitudecanbe estimatedas

[2ksT, 1
N 1T , (2.14)
m 2myg

with the betatronfrequeny v,eta. The combinationof both equationswith the
assumptiorr < d leadsto anestimatiorof thetrans\ersetemperaturdor agiven
longitudinaltemperature

9 \ 2
m Vg q
kgT — == . 2.15
<y (2 M) 2.15)

At theexperimentaktonditions(’Be" at TSR),alongitudinaltemperaturef 7}, ~
1Kleadsto T, < 1K. ForTj ~ 100 mK atrans\ersetemperaturef 7', < 100K
would benecessary

2.3 Lasercooling

As shavn aborve,beamcoolingmeansareductionof thevelocity spreadf theion

ensembleAccordingto Liouville’ stheorem phase-spacdensityis a constanof

motion if one usesonly consenrative forces. Hence,one way to achieve beam
coolingis theuseof velocity-dependertftiction forces.This forcemustbeableto

acceleratégonsmoving too slow aswell asdeceleratéonsmoving toofast. At the
storageing, two methodsareusedto compresphase-spaceslectroncoolingand
lasercooling. For electroncoolingthehotion beamis memgedwith acold electron
beam.ThroughCoulombcollisionsbetweerionsandelectronstheelectronbeam
actsasaheatsinkfor theion beam.lonsmovingto slow areacceleratetyy theion

beamandvice versa.The meanvelocity wheretherevolving ionsaredravn to is

determinedy thevelocity of the electronbeam.In our experimentsthe electron
cooleris usedto precoolthehotion beamright afterinjectionbeforestartinglaser
cooling. A moredetaileddescriptionof electroncoolingis givenin AppendixA.

On the otherhand,laserbeamsbeing resonantwith an atomictransitionof the
storedion specieffersanelegantway to applyfriction forcesto thebeam.
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2.3.1 Longitudinal cooling

Lasercooling exploits the resonantight pressurdorce actingon ions or neutral
atomswhile interactingwith photons[Metcalf andvander Straten1994. Dur-
ing repeatedibsorptiorandemissionprocessethe atomexperiencesnomentum
exchangewith the photons.While the momentuntransferduringanabsorption
processalwaystakesplacein directionof thelaserbeam,a spontaneousmission
emitsthe photonstatisticallyin any direction. Therefore,the meanmomentum
transferover mary emissiomyclesvanishes((hﬁ) = 0). For theabsorptiornpro-
cesshowever, the meantransferrednomenturrbecomes5) = fik. Theresulting
force actingon theion is the productof the momentumtransferandthe scatter

ing rater(wp) for agivenlaserfrequeny wp which correspondso a Lorentzian
function: r s

rwp) = 3 - . (2.16)

1+ 8 + (Hepw)

(T: naturalline width of thetransitionwy: atomictransitionfrequeny atrest,S:
saturatiorparameter)Foranion moving with avelocity &’ theDopplereffectleads
to a shift of thetransitionfrequeng in thelaboratoryframe:wp = v(wq + ko - 7).
Hence onegetsavelocity-dependeriasercoolingforce

. . T S
Fias = <Aﬁ> - r(wD) = hk’L - = (217)

2'1+S+(Mrﬂ)2 ’

with A(v) = wy, — y(wo + ko - 7). For lasercoolingat a storagering the laseris
superimposewvith theion beamonly over a fraction? of thewholering circum-
ference.Thus,thering-averagectcoolingforce becomes,,, = 7 - Fias. A plot of
theforce profile for °Bet ionsis shovn in figure2.5.
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Figure 2.5: Calculatedlaserforce profile in velocityspacefor the caseof ?Be+
ionsin thestoragering TSR.Thevelocityrangein which thelaserforceis notably
presents roughly150m/s.
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In caseof a copropagatingpeam,oneattainsan acceleratingorce. As men-
tionedabove, beamcoolingrequiresthe existenceof bothacceleratinganddecel-
eratingforces. Hence,an additionalcounterforcehasto be applied. First cool-
ing experimentsat TSR were performedwith aninductionaccelerato{INDAC)
[Ellert etal., 1993. This device exploits the transformerprinciple to generatea
counterforce: According Faradays law, a linear currentrampin a coil covering
the beampipe leadsto an inductionvoltagein the secondcoil which is in our
casetheion beamitself. Thisinductionvoltageleadsto a constantaccelerating
or deceleratingorce acting on the ions whosestrengthdependson the slope of
the currentramp. Togetherwith the laserinteraction,the resultingcooling force
profileis shavn in figure 2.6 Sincethe maximumcurrentin the primary coil must

capture range

Figure 2.6: Lasercooling with a constantcounterforce as providedby the in-
ductionacceleator. Thevelocityv* denoteghe stablepoint of the coolingforce
wheee the ions are drawnto. Thesecondzelo crossingv; is an unstablepoint.
lonsare pushedapartfromit.

not exceeda given limit, the counterforcecanonly be generatedor a limited

amountof time. Onethereforehasto find a compromisebetweenthe strength
of the counterforcevhich determineghe cooling rateandthe time this force can
be generated A comparablyweekcounterforceof F,,. ~ 1 meV/mwould lead
to a maximumcooling time of 10 secondsvhile a force of ~ 18 meV/mlowers
this limit to lessthan60ms. Hence,a detailedinvestigationof long-termbeam
dynamicsduring coolingis not possible.

In this work, two more elegant methodsare presentedo realizea counter
force. Ontheonehandwe make useof anexternallongitudinalconfiningpotential
achiezedby beambunchingaspresentedn chapter3. A counterforcecanalsobe
realizedby applying a secondcounterpropagatingaserwhich leadsto a force
profile depictedin figure 2.7. Experimentsusing this schemeare presentedn
chapterd.

Both force profile have a stablepoint v* in velocity spacewherethe cooling
forcevanishesDueto thenegative derivative (0F /0v < 0), ionsaredrawn to this
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Figure 2.7: Calculatedcooling force of an optical molassesonsistingof a co-
anda counterpopagatinglaserwith respecto theion beam.

pointin velocity space.The slopeat this point determineghe cooling rate (see
section2.2).

While the maximumlaserforce can becomevery strong(the maximumac-
celerationbeing achieved correspondgo roughly 10°¢g!) the velocity rangeof
~ 150 m/sin whichthe coolingforceis apparents comparablysmall. This width
alsodefinesthe capture range of the cooling force. Sincevelocity changegdue
to hardintra beamCoulombcollisionscanbe on the orderof 1000m/sthis prop-
erty of the coolingforce hasa majorinfluenceon the cooling dynamicswhich is
discussedhn the next chapter

However, it is possibleto extend the capturespanninga broadervelocity
rangeby exploiting the rapid adiabatic passa&e techniquedescribedn detailin
[Wanneretal.,1998. For this purpose,ons arerepeatedlyacceleratecnd de-
celeratedby passinga setof high-wltagedrift tubesasshown in figure 2.8. In
the comoving frameof the ions, thesevelocity changesorrespondo frequeny
chirpsof the coolinglaserwhich leadto an excitation of ionsin a broadvelocity
range.This effectleadsto a modifiedlaserforce asdepictedn figure 2.9.

Anotherpossibility is the direct modificationof the frequeng profile of the
laserusingacombof frequencieproducediy anacousto-opticanodulator This
coolingschemehasalsobeendemonstratedt TSR [Atutov etal., 1999.

2.3.2 Transversecooling

Sofar, alasersuperimposeith theion beamdirectly coolsonly thelongitudinal
degree of freedom(figure 2.10). A direct cooling of the trans\ersedegreesof
freedomusing additionallaserbeamsinstalledperpendiculato the direction of
motionis practicallyimpossible:On the one hand,the interactiontime of some
picosecondsvould be far too shortto achieve efficient beamcooling. On the
other hand,the use of perpendiculataserbeamswould be extremely sensitve
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Figure2.8: Calculatedpotentialprofile of thedrift tubesectionfor therealization
of arapidadiabaticpassa@e. Therepeated/elocitychangesof passingonsleads
to a broadbandexcitationwhich is exploitedasa capture range of thelaserforce

to small angledeviations. Even an angle misadjustmentn the orderof §¢ ~
0.01 yradwould leadto a Doppler shift of roughly one atomicresonancevidth
(6v ~ 60 MHz), sothattheion would nolongerexperiencethelaserforce.

However, cooling of the trans\erse degree of freedom can be indirectly
achieved exploiting coupling mechanismsetweenthe longitudinal and trans-
versedirections. As describedn section2.2.2IBS permanentlyeadsto a ther
mal relaxationbetweenall degreesof freedom. In this system,the longitudinal
very efficiently cooleddegreeof freedomactsasa heatsink for the trans\erse
direction. Therefore the relaxationprocessalsoleadsto a reductionof thetrans-
versetemperaturgMiesneretal., 19961. The couplingandthusthe trans\erse
cooling rate strongly dependson the collision rate of the ions. This rateitself
dependson the ion density Hence,this cooling mechanisms a multi-particle
effect and becomegnefficient for very dilute beams. In addition, for a beam
crystallizationone expectsa completedisappearancef IBS which also stops
trans\ersecooling. Therefore,the obsenation of Coulomborderingrequiresa
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Figure 2.9: Calculatedaserforceprofile usingthecaptue range extension Even
ions far awayfromthe laser resonancen velocity spacestill experiencea light
pressue force

single-particlecooling mechanismSucha cooling mechanisnhasbeenrealized
in[Laueretal., 1998 Lauer 1999 Grimm etal., 1998]. Thismethodemploysthe
couplingthroughthe storagering dispersion(seesection2.1) in connectionwith
the horizontalgradientof the longitudinallasercoolingforce. Figure2.11shavs
in two extremecasegheinfluenceof thedispersioron anion performingbetatron
oscillationsaroundits closedorbit while changinghelongitudinalmomentunby
photonabsorptionIn thefirst casga), theion changests momentunattheouter
turningpoint of the oscillation. The shift of the closedorbit leadsto a dampingof
the betatronamplitude.In picture(b) theion absorbsa photonbeingontheoppo-
siteturningpointof theoscillation. Theion is accelerateavhichleadsto thesame
orbit shift asin thefirst case.This leadsto a driving of the oscillation. Thefirst
processorrespondso horizontalcoolingandcanbe preferredagainsthe second
procesdy a horizontalshift of the Gaussianntensitylaserprofile outwardswith
respecto the positionof maximumintensityof theion beam.A shift of thelaser
inwardstherefordeadsto a heatingof thebeam.Themaximumcoolingor eating
ratecanbeachiezedwith ahorizontallasershift correspondingo a half Gaussian
beamwaist(wy/2). Sincea storagering hasonly a notabledispersionn the hor-
izontaldegreeof freedom the presenteadoolingmethodwould be limited to this
direction. However, it is possibleto coupleboth trans\ersedegreesof freedom
throughlinear betation coupling[Bryant, 1994. In this casethe horizontaland
thetrans\ersetunesareequaldueto anadjustmenbf the magnetiaing lattice. In
thefollowing, this 3D coolingmethodis calleddispessivecooling
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Figure 2.10: Heattransferof a cooledion beam. For transvese beamcooling,
thering dispessioncanbeexploitedprovidinga couplingbetweerthelongitudinal
and the transvese degree of freedom. Full 3D coolingis realizedusing linear
betation coupling

2.4 Experimental techniques

The experimentsare performedat the Heidelbeg TestStorageRing (TSR) with
singly chaged ’Bet ions at an enegy of 7.3MeV which correspondgo 4.1%
of the speedof light. A ring circumferenceof 55.4m leadsto an ion revo-
lution frequengy of 225kHz. A typical ion currentafter multi-turn injection
[Bisoffi etal.,199q of 1uA correspondso 107 ionsin total. The lifetime of the

(a) cooling (b) heating

outward outward

orbit

inward S inward S

Figure 2.11: Dispersivecooling principle. A longitudinal change of momentum
leadsto a shift of the closedorbit which canbe exploitedto damp(a) or drive (b)
thetransvesebetation oscillation.
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storedbeamlimited dueto collisionswith restgasatomsis about30secondsata
vacuumof 5 - 10~ mbar

2.4.1 Laser systemat 300nm

For lasercooling, oneusesthe 25, —? Py transitionwith a wavelengthof
A = 313.13nm atrest. The correspondindevel diagramis shavn in figure2.12.
Thelifetime of 7 = 8.3 - 10~ sleadsto aresonancevidth of I' = 19.4 MHz. The

(s} (2p) 2|:é/z F=0..3 Av <4 MHz
+
9Be A=313.13nm
F=1
@asf (2] *s, 3 __, AveizscH:

Figure 2.12: Term schemeof *Beryllium*. For laser cooling the transition
?S1/2 =° Py)y isused.

beamenegy of 7.3MeV correspondingo a velocity of 1.24 - 10" m/s(~ 4.1%c)
leadsto a Dopplershift of 12.83nm. Due to a groundstatehyperfinesplitting
of 1.3GHz (in laboratoryframe) a secondaccordinglydetunedlaser systemis
neededo avoid optical pumpingbetweerboth states.Note, thatthe 2 P; , level
is also hyperfinesplit in 4 levels. However the splitting of theselevelsis less
than4 MHz which is smallerthanthe naturalline width of the coolingtransition,
so that theselines cannotbe resohed. The wavelengthsare generatedy two
Argon-ionlasers(CoherenfNNOVA 200and400)with anoutputlight power of
about90mW each(figure 2.13).In orderto achiese stablecooling conditionsthe
masterlaseris frequeng locked againstan ultra-stableHelium-Neonlaserby a
Fabry-PerotresonatofBecker, 1992 Gruber 1993. The detuningbetweenthe
masterand the slavelaseris stabilizedby a direct measuremenof the beating
signalof both superimposedaserbeamswith a fastavalanchephotodiode.The
measuredrequeng is comparedvith alocal quartzoscillatorin orderto produce
anerrorsignalwhichis usedo changehefrequeng of theslavelaseraccordingly
[Schinemanretal., 1999]. The megedlaserbeamsgo throughatelescopesuch
thatthefocusis exactly in themiddle of the coolingsectionin the storageing. A
changeof thelensconfigurationmakesit possibleto adjustthe laserbeamwaist
in the experimentsection. The overall distancebetweenthe laser systemand
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Figure 2.13: Basiclaser setup. Two argonion lasers at 300nm with a relative
detuningof 1.3GHzare superimposeth orderto avoidoptical pumpingbetween
the hyperfine-spligroundstates.

thering sectionis about23m. Dueto mechanicaVlibrationsandchangesn the
refractive index of the air the laserbeamshaows positionfluctuationsthat cannot
beneglected.To suppresshesdiuctuationsandto preciselypositionthebeamwe
usean active regulationsystemconsistingof a setof piezomirrorsandposition-
sensitve photodiodegWernge 1993. The achievable positioningaccurag is
about100xm. With this techniqueit is possibleto attain an overlap with the
ion beamof morethen5m.

2.4.2 Beambunching

For lasercooling, an additional conterforcehasto be provided. One method
to realizethis counterforcas beambunchingwherethe ions are longitudinally
confinedin a pseudopotential. Beam bunchingis a well-establishedmethod
for the generationof ion beamsmoving in separateparticle paclets (buncheg

[Wille, 19969. For beambunchingin a storagering, ions passa longitudinal
electricalradio frequeng field tunedat a harmonich of the ion revolution fre-

queny vy (Vs = hiey). Usually the RFfield is appliedby adedicatedesonant
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bunchingdevice [Blum, 1989]whichis limited to the useof sinusoidapotentials.
For our purposesnon-sinusoidalvaveformshave beenappliedto a non-resonant
kicker device. This device consistsof a pair of parallel plateswith a length of
L =~ 20 cmasshavnin figure2.14. Eachkicker plateis setto the samepotential,

0

Q_‘[&: ion bean

e
Y

Figure 2.14: Experimentalsetupfor beambundiing using non-resonantkicker
plates.

rf signal

sothationsonly experiencdorcesalongthe beamaxisexploiting the strayfields.
Due to thesestrayfields ions effectively seea longersetof platesexpressedy
the effective length L.gz. This lengthcanbe indirectly measuredising Schottky
analysisasexplainedin AppendixA.

lonsenterthepair of platesatthevoltageU (t) andleaveatU (t + At), where
At is thetime neededor passageThereforetheionsrunthroughanetpotential
differenceAU (t) = U(t)—U(t+At) ~ U(t)At assuming\t to beshort. Thisre-
sultsin a phase-dependening-averagedorce Fy(t) = eAU(t)/C in thelongi-
tudinaldirection(C' ring circumference)With therelationt(s) = v?nhs/(v¢C)
betweertime andthelongitudinalpositions in the comaoving frame(y =~ 1: rel-
ativistic parameterh harmonicnumber n machineparameterpnecalculateghe
position-dependeriorce

Fy(s) = gAU (t(s)) - (2.18)

Furthermorepnecanascribea longitudinalpseudopotentiab this force:

V= eéleﬂl/rf

Y MVion
Note that the pseudopotentialcorrespondgo a simple linear transformationof
the appliedRF-wltage,andthe shapeof the potentialreflectsthe RF-waveform.
The bunchingfrequeng definesthe syndironousvelocity vsyne, = vsC/h of the
pseudopotentiahoving in thering. Theharmonicnumberdetermineshenumber
of bunchegerround-tripandthereforethe bunchlengthlyynen, = C/A.

U(t(s)) (2.19)
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In chapter3 we investigatethe influenceof differentpotentialshapeson the
efficiengy of lasercooling. Besideghe sinusoidalpotentialwe madeuseof ded-
icated barrier budkets that are of particularinterestto study the dynamicsof
the cooling procesgEisenbarthetal.,2000a]. The barrier potential consistsof
a square-wellpotentialwhich longitudinally confinesthe ions, and a bottom of
constantslopein orderto counteracthe laserforce. A plot a typical potential
andthe correspondindorceis shovn in figure 2.15. In contrasto sinusoidalpo-

Vhr

—u

Figure 2.15: Scematicpicture of the barrier budcket potential consistingof a
squae-wellpotentialan a bottomof constantslope Thecorrespondingesulting
force profileis plottedbelow

tentials,the barrierbucket providesa constantposition-independerounterforce
for the confinedions. Therefore,|it is possibleto producea lasercooledion en-
semblewith analmostconstanfongitudinalion density This would correspond
to a coastingchoppedon beam. This waveformis of particularinterestfor the
obsenation of Coulombordering. The longitudinalion distancebeing a criti-
cal parametefor the crystallization(seesection2.2.4)is alsoconstaninsidethe
bunch. The combinationof the laserforce andthe counterforce producedoy the
potentialslopeform an unstableequilibrium: even slight changesn the cooling
conditionhave astronginfluenceonthelongitudinalion distributionwhichmakes
this methodto a sensitve tool to investigatehe coolingdynamics.

While cooling in barrier buckets only compresseshe ensemblan velocity
spaceasinusoidalpotentialalsocompressethe longitudinalspatialdistribution.
However, anincreasdn the numberdensityleadsto an unavoidableincreaseof
intra beamscatteringvhich further contributesto the heatingratein this system.

lons confinedin barrier buckets performan an-harmoniaoscillatory motion
in the comoving frame. Thelongitudinal phase-spacdiagramfor particleswith
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Figure 2.16: phase-spactajectoriesof a bunchedion

differentkinetic enegiesis depictedin figure 2.16. lons confinedin the bucket
arereflectedat the bucket walls. Without ary cooling, the potentialslopeleads
to a biasingof the motiontowardstheright wall. lonswith velocitieslargerthen
the bucket acceptanceare not trappedin the potentialand performan unbound
motion. Thetrajectorybetweerbothtypesof motionis the sepaatrix.

Figure 2.15 and 2.16 take into accountthat the potentialwalls have finite
slopesin reality. This comesfrom the factthatfor fastvoltagestepsasit is the
casefor barrier buckets the approximationAU = U(t)At is no longer valid.
Theionsaretherefore*smoothly” reflectedat the walls which resultsin the arc-
shapedrajectoriesat the potentialborders. For sinusoidalpotentials,ions with
smallamplitudesoscillatein a nearlyharmonicpotentialwhich resultsin asingle
velocity-independergyndirotron frequency

leffh2€U

Vsyne = 2?08 (2.20)

For the rectangulamwaveform, the oscillationfrequeny dependn the dif-
ferenceAv = wvion — vsynen Of the ion velocity and the synchroneouseloc-
ity: vese = hAw/(2Cd) with the duty cycle d correspondindo the on-off ratio
of the square-wellwaveform. The maximumfrequeng limited by the bucket
acceptances about 100Hz assuminga typical potentialdepthof U = 30V.
This leadsto a maximumvelocity deviation from the synchronousrelocity of
Avnax = 1500 m/s. The synchrotronfrequeny is several ordersof magnitude
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@ photomultiplier
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Figure 2.17: High voltage drift tubesare installed at the positionof the photo-
multipliersin orderto locally acceleate or deceleatetheions.

smallerthanthe betatronfrequeng vyer, = Qure/n ~ 600 kHz (Q ~ 2.7).

2.4.3 Diagnostictools

The variousdiagnostictools presentedn the following allow the obsenation of
the completethreedimensionalphasespace.The dataacquisitionsystemto ac-
tually recordand storethe signalsfor further dataanalysisis describedn Ap-
pendixB.

Fluorescenceneasuement

The fluorescencdight producedby the ionsin resonanceavith the cooling laser
is measuredvith two photomultipliertubesinstalledperpendiculamith respect
to the beampipe and 2.3m apartfrom eachother The countrate corresponds
directly to the numberof ionsin resonancevith thelaser Thistool canbe used
to optimize the overlap betweenthe laserandthe ion beamby maximizingthe
fluorescenceountrate. Furthermorethe useof two photomultipliersallows to
minimizedtheanglebetweerbothbeams.Thismethodeadsto anangleaccurag
of betterthen100urad. In addition,a setof cylindrical high-wltagedrift tubes
installedaroundeachphotomultiplierareusedto locally accelerater decelerate
thenions throughelectricfields (figure 2.17). The velocity changeof the ions
Av = eUupe /o leadsto achangingdopplershift of theabsorptiorfrequeng. In
the comoving frametheions experiencea shift of the laserfrequeng. A voltage
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rampappliedto thedrift tubesthereforecorrespondso a continuoussweepof the
laserfrequeng. Duringthis sweepeveryvelocity classof thelongitudinalthermal
ion distribution becomedocally resonantwvith the laser The numberof ions for
a given velocity is measuredhroughthe particularfluorescenceate. With this
so-calledHV-scanthe whole longitudinal velocity distribution canbe measured.
For onemeasuredycle a typical voltagerampgoesfrom -1.5kV to +1.5kV in
100mscorrespondingo a scanrangeof 1300m/sin velocity space.

For theresultingvelocity profilesonehasto considerthe useof a bichromatic
light field driving two atomictransitions Figure2.18showvs the physicalsituation
in the comaving frame of theion. The atomicresonancdrequenciesare dravn

laser

t

Figure 2.18: Theuseof a bichromaticlight field and two atomictransitionfre-
quenciesleadsto a characteristic three-peakstructuie during a HV-scan (see
text).

asdashecdhorizontallines. Both laserfrequenciedbeingscannedshav up asdi-
agonalsolid lines. Eachintersectionof both lines correspondso a fluorescence
peakin the spectrum.Theresultingplot is shovn belov andconsistof amiddle
peakandtwo crosseer side peaks.The distancebetweerthe peakscorresponds
exactly to the hyperfinesplitting andis usedto calibratethe spectrum Thelongi-
tudinaltemperatureannow be calculatedrom the o-width of the middle peak.
Mathematicallyspolen, the obsered profile represents convolution of the ac-
tual velocity distribution with the the Lorentzian-shapedbsorptionprobability
of the atomictransition. For a Gaussiarvelocity distribution, the resultingcurve
would be a Voigt profile. It turnedout thatdueto the small naturalline width in
comparisorwith the Dopplerbroadeninghe cornvolution effectsonly play arole
for very low temperature¢< 50 mK) andhave beenngglectedin thetemperature
measurementsresentedn this work.
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Pickup measurements

For a coasting(unbunched)beamit doesnot make senseo measurehe longitu-
dinal spatialion distribution which would be a constant.However, for a bunched
beamseparataon paclets (bundeg revolve in the storagering confinedby an
externalpotential(seenext chapter). At agivenlocationof thering, oneobsenes
afluctuatingion currentdueto the separatdunchegassingoy. Thelongitudinal
ion distribution inside a bunch giving valuableinformation on the cooling pro-
cesscanbe measuredvith an electiostaticpickup device [Albrecht, 1993. The
pickup consistsof a shortmetaltube (length L = 8 cm) enclosingthe ion beam
(figure2.19). A changingion currentinfluenceamirror chage fluctuationswhich

L
M
ion beam
storage
R . g
oszilloscope

PC

Figure 2.19: Experimentabetupof the electiostaticpickupsystento measue the
longitudinalion distribution.

canbe measuredsa voltagesignalover a very large resistor(R > 2 M(2). The
chagefluctuationsin themetalring arecalculatedas

Q = Lipn(t) — Lion(t — At) = Loy ()AL (2.21)

For shorttimesof flight At throughthe metalring (in our caseAt =~ 6ns)an

integrationdelivers
U(t) = RL. Lion (2) (2.22)
- UC 0on ) .
with C' = 120 pF asthe capacitancef thewhole system.Thespatialion distribu-
tion thereforecorrespond$o the measuredoltagesignalin thetime domain.The
voltageis amplifiedandfed to a digitizing scopewhich canbereadoutby a PC.

Sincethis methodis non-destructie theion distribution canbe monitoredonline
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duringthe cooling process.The pickup device hasa electronichigh-passcharac-
teristicwith acutoff frequeny of 1/RC ~ 50 kHz (3dB point). For dataanalysis,
this behaior hasto be correctedoy performinga Fouriertransformandapplying
aninverseresponsdunctionto compensatéhe dampingof high frequengy com-
ponentsA subsequertacktransformdeliverstheactualion distribution. A more
detaileddescriptionof the correctionis givenin [Mudrich, 1999].

Beam profile monitor

Thetrans\ersedegreeof freedomcanbe obseredwith the beamprofile monitor
(BPM) [Hochadel,1994a]. At a given location of the storagering it is possi-
ble to measurehe horizontaland vertical densitydistribution of the ion beam.
Fromthesedataone candeterminethe emittancer trans\ersetemperaturese-
spectvely usingthe known 3(s) functionat this position. For the measurement,
onemakesuseof the restgasatomsin the vacuumpipe thatareionizedthrough
collisionswith theion beam.Theratefor this processdiepend®n the beamden-
sity at a given position. The ionized atomsare acceleratedy an electricfield
(|E = 60 kV/m) towardsa micro-channeplate detectorwherethey canbe spa-
tially resolved. Themeasuredlistribution of restgasonscorrespondso theshape
of thebeam.At this point, onehasto considerthatthe BPM hasa limited spatial
resolutiondueto its function principle. Even for an infinitely narrov ion beam
onemeasures Gaussiarprofile with alimited resolutionwidth o,.s, whichrelies
on the fact that the recordedrestgasons have a thermalenegy of aboutroom
temperatureDuring thedrift from the positionof ionizationto the micro-channel
plate,the thermalmotionleadsto a smearout of the initial trans\ersepositions.
Hencethemeasuredlistributionis acornvolutionof theactualtrans\erseion beam
profile andthe resolutionwidth of the BPM. Sincethe beamprofile of a cooled
ion beamalso hasan almostGaussiarshape the actualwidth o;,, canis deter
mined by quadraticsubtractionof the measuredvidth o,..s andthe resolution
(02, = 02eas — 02 Theresolutionwidth canbe determinedy extrapolatingthe
BPM measurementsf long-termelectroncooling measurementgd.auer, 1999.
A typical valuefor theresolutionwidth is 0. &~ 0.3 mm. The uncertaintyof the
trans\ersetemperatureesultingfrom the measurementself andthe subtraction
of theresolutionwidth canbe estimatedvith 150Kelvin.

Due to the good vacuumof 5 x 10! mbar the BPM countrate becomes
very smallespeciallyfor low densitybeams.The countratecouldbeincreaseby
locally heatingthebeampipearoundhepositionof theBPM to about6(® Celsius.
Thisleadsto adesorptiorof particlesfrom theinnersurfaceincreasinghenumber
of restgastoms.Oneachievesthisway anincreaseof thecountrateby afactorof
ten. Ontheotherhand,thelifetime of theion beamis reducedoy afactorof two
dueto theworsethe vacuum.However, this reductionis practicallyno limitation
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for the coolingexperiments.

vertical detector

— horizontal detector

Figure 2.20: Sthematiicture of thebeamprofile monitor(BPM).Restgasatoms
ionized by the ion beamare acceleated in an electric field towards a multi-
channelplate detectorto be spatially resolved.

Recently a new magneto-opticatrap was install at the storagering which
turnedout to be an extremely sensitve target for the ion beam[Luger, 1999,
Eike, 1999 Eikeetal.,200q. This device will make it possibleto measurdow-
densitybeamswith muchbetterstatisticsandanimprovedspatialresolution.

Schottky noiseanalysis

A coastingbeamoffers an additionalpossibility for a non-destructie measure-
mentof the longitudinal velocity distribution relying in Schottk/ noiseanalysis
[Boussard]1999.

For asingleparticlecirculatingin the storageaing (chage g, revolution period
T = 1/f) the beamcurrent,at a given locationin the ring, is composedf an
infinite train of deltapulsesseparatedn time by 7" asshawn in figure 2.21. In
frequeny domain,this periodicwaveformis representety a line spectrumthe
distancebetweeninesbeing f = w/2r.

+0o0
Alty=qf Y ™ (2.23)

n—=—oo
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Figure 2.21: Principle of Sthottky analysis.Onerevolvingionsproducesa series
of deltaspikesin an electostaticpickupdevicereflectingits revolutionfrequency
Anensembl®fionsproducesa noisesignal. A Fourier transformleadsto thedis-
tribution of revolutionfrequenciesandtherefore the velocityspreadof the beam.

Looking at positive frequencie®nly:

A(t) =qf +2¢f Jio cos nwt (2.24)

n=-—oo

For N particlesrandomlydistributed alongthe ring circumferenceand moving
with differentrevolution frequenciesgachline at frequeng n f will bereplaced
by afrequeng band(Sdottky band) whosewidth is simply

Afznfo-n% . (2.25)

fo is the averagerevolution frequeng andr the so-calledslip factor, amachine-
specificparamete(nrsg = 0.985) [HofmannandKalisch,1996]. Hence thefre-
queng width is proportionatto therelative longitudinalmomenturmspreadAp/p
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of theion beam.Fromthe momentunspreacnecandirectly calculatethelongi-
tudinal beamtemperature Whenaveragingequation2.24 over N particles,only
theDC termsremain(Apc = Ngqfp), theothercomponentganceldueto theran-
dom phasefactor However, ther.m.scurrentper frequeng bandwhich is given
by thesum

(A?) = [2qfs(cos B + cos By + - - - + cos Oy )]? (2.26)

doesnotvanishbecaus®f the cos 62 terms.Oneobtains:

Arms = 1/ (A?) = 2qfo\/N{cos0;)? = 2qf0\/§ (2.27)

Thus, the spectralpower density (A?) perfrequeng bandis proportionalto the
numberof ionsin theensemble.

Due to technicalreasongbandwidthlimitations of the usedamplifier, fre-
gueng propertiesof the pickup device) all experimentsusedthe 15th harmonic
of therevolution frequeng (w5 ~ 3.1 MHZz). Note, that Schottky noiseanal-
ysis canonly be usedfor a coastingbeam. In a bunchedbeam,the revolution
frequeny of theion pacletsleadto a hugepeakin thefrequeng spectrumwhich
makesit almostimpossibleio derive informationsonthelongitudinalvelocity dis-
tribution. However, with this methodit is possibleto measurghefrequeng of the
ions oscillatingin a harmonicbunchpotential(synchrotronoscillation) which is
describedn AppendixA.

2.4.4 Time schemeof the cooling procedure

Thetime for onecoolingexperimentis typically about2 to 4 beamlifetimes (50—
200s). Duringlasercoolingthesteadystatefor thelongitudinaldegreeof freedom
(directlasercooling) is reachedafter roughly 1 ms. Sincemuchlower cooling
ratesfor the trans\ersecooling procesgindirect cooling throughcollisionsand
ring dispersionjareachieved, thetime for relaxationof thesedegreesof freedom
is in the orderof seconds.The longercooling timesare usedto obsere thein-
fluencesof the decreasingarticlenumberon the cooling process.Marny of the
presentedliagnosticmethodsare performedin parallel. Hence,it is possibleto
getafull pictureof the 3D phase-spacdevelopmentduringthe coolingprocess.
A typical schemeof the experimentaltiming is shavn in figure 2.22. Right af-
ter beaminjection, the ions are precooledfor 6—12s by the electroncoolerfrom
initial temperaturesf roughly 20,000K down to room temperature During the
subsequerdctuallasercooling phasethe fluorescenceountrateis permanently
recorded HV-scanspheamprofile andpickup measurementsreperiodicallyper
formedat well-definedtimes. The repetitionratefor the Schottky noiseanalysis
is limited by the time neededor transferringthe datato the computer During
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Figure 2.22: Experimentatiming during a typical coolingexperiment.

bunchedcooling (chapter3) the radio frequeny field was on for the complete
measuremertycle. The statisticalerrorsare minimizedby averagingover 3—10
injectioncycles. Note,thatthis averagings notpossiblefor the obsenationof the
anomalouseambehaior aspresentedn section3.3. In this case the beambe-
havior stronglydiffersfrom injectionto injectionsothataveragingdoesnot make
ary sense.
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Chapter 3

Anomalousbehavior of lasercooled
bunchedbeams

This chapterinvestigatesasercooling of bunchedbeamswheretheionsarelon-
gitudinally confinedby a pseudopotentiadnd its correspondingorce counter
actsthelaser First experimentsof bunchedasercooling usingsinusoidalbunch
potentialswere performedat the ASTRID storagering [Hangstetal., 19954.
This coolingschemeavasfurtherinvestigatecat TSR[Madert, 1995 Luger, 1996
Miesneretal., 19964 and extendedto efficient three-dimensionatooling using
thedispersve coolingmethod[Laueretal., 1999.

Here,new systematianeasurementsn the cooling processn non-sinusoidal
bunchpotentialsare presentedThe useof a sinusoidalkconfiningbunchpotential
leadsto aninhomogeneousongitudinalion densitydistribution. As described
in section2.2.4the obsenation of Coulomborderinghowever strongly depends
on theion distancewhich is not constantin a sinusoidalbunchedbeam. There-
fore, lasercooling was investigatedn novel dedicatedbunch potentialscalled
barrier buckets(section2.4.2). Experimentsvereperformedn orderto examine
andcomparethe cooling dynamicsof threedifferentbunchpotentials:sinusoidal
potential, barrier potentialand a pure square-wellpotential. In addition, newly
developedsimulationsncludingtheeffect of hardCoulombcollisionsgive avery
clearpictureonthephysicsof lasercoolingof fastion beams At very highphase-
spacedensitiesoneobsenesa sudderchangeof thebeambehaior which clearly
shaws anabruptdisappearancef intra beamcollisions.

3.1 Laser cooling of bunchedbeams

Figure 3.1a) shaws the calculatedphase-spac&rajectoryof anion in a barrier
bucketexperiencinghelaserforcein aframemoving with thesynchronouseloc-

35
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ity. Theion experiences position-dependeriibrceresultingfrom beambunching
which plot above the graph. The velocity-dependenaserforceis depictedverti-
cally ontheright side.During anoscillationcycle, theion is dravn over thelaser
resonanceln the caseshown, the lasercounteracthe ion motion. This leadsto
a dampingof the oscillation. The laserthereforeactsasa friction force. Note,
thatduringthefirst oscillationcyclestheion interactswith thelaserfor very short
time. Hence the dampingof the oscillationis small. After severalcyclesthein-
teractiontime becomegraduallylongerandlongeruntil theion is dravn to the
synchronouselocity (Av = 0m/s)in an overdampedmotion. The oscillation
can also be driven by the laserforce if the ion comesin resonancet positive
deviation from the synchronouselocity asshavn in figure 3.1b).
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E 20 g 20
% [ > [
:'Ei _28 }J \H é _28 }J \ﬁ
L 400 T T T T T T w T T T T T
. = 400 8
200 200 r//k_T |
- - 2 o= 1
> > L
2 200f 1 %‘ a 200
-400 [
_400 Il Il Il Il Il Il Il Il Il Il
-4 -2 0 2 4 0 20 40 -4 -2 0 2 4 0 20 40
As (m) F. (meV/m) As (m) Fe (meVv/m)

Figure 3.1: Phase-spacelots of a bundhedion cooled(a) as well asheated(b)
by thelaserforce

Dependingon thelaserpositionin velocity spacewith respecto theion mo-
tion it is possibleto eitherheator cool the beamlongitudinally. Becausehe ex-
perimentaketupusedixed-frequeng lasersthe positionof thelaserwith respect
to the bucket can be adjustedby changingthe synchronousrelocity, which de-
pendson the bunchingfrequeng. A shift of the bunchingfrequeny corresponds
to ashift of thevelocity zeroline in the shovn phase-spaceiagrams.

In this systemtwo velocitiesaredefined:the synchronouselocity vgynen de-
finedby thebunchingfrequeny andthe“stablevelocity” vg;.,1.e determinedy the
equilibriumof thelaserforceandthe counterforcey,qpe Whichis producedoy the
slopeof thebarrierbucket (figure 3.2). A mismatchbetweerbothvelocitiesleads
to anadditionalconstanforce F,;s actingontheion. During the coolingprocess
theion in this casepushedowardsthe front or the rearbucket borderdepending
onthesignof theforce. In anothempicture,anion is cooledto the stablevelocity.
Thebunchpotentialhowever moveswith the synchronouselocity. Hencein the
comowing frametheion is pushedowardsoneof thebucket boundaries.

For asetof ionsdistributedarounda velocity onehasto usethe meanvalues.
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Figure 3.2: A mismatt betweerthe stablevelocity vg.n. andthe syndcironous
velocitywvsynen l€adsto anadditional constantorce Fi,,;s actingontheion.

Thereforethe meanmismatchforce actingon theion ensemblas calculatedas

<Fmis> =a- <Ustable> — Usynch > (31)

with the friction coeficient a. In the experimentsthe mismatchforce leading
to inhomogeneoukngitudinalion distributionscanbe avoidedby adjustingthe
bunchingfrequeng, sothatthe synchronouwselocity exactly matcheghe stable
velocity.

3.2 Systematic measurements & comparison with
simulations

3.2.1 Longitudinal dynamics: obsewations

To introducethe conceptf lasercoolingin bunchedbeamsye first shav some
typical results. The experimentspresentedherewere donewith barrierbuckets.
The experimentsvereperformedat alaserpower of P ~ 90 mW atalaserbeam
waist of wy ~ 1.7mm. For optimum dispersve cooling of the trans\ersede-
greesof freedoma relative ion-laserbeamoffsetof Az = 600 yum waschosen.
Beambunchingwas doneat the third harmonicof the ion revolution frequeng
(vt = 676 kHz). Thedetuningof thebunchingfrequeng with respecto thelaser
velocity wasérv = 4 Hz which turnedout to be the optimum valuesto achiese
efficientlongitudinalcooling.

As describedn chapter2 the longitudinal velocity distribution is measured
with theHV-scanmethod.A typical pictureis shovn in figure 3.3 (veryleft plot).
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Thevelocity distribution shavs the typical three-pealstructuredueto the hyper
fine splittingasexplainedin 2.4. Theoreticallythis structurecouldbedecowolved
in two steps.In thefirst stepthespectrunis correctecconsideringhebichromatic
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Figure 3.3: ThemeasuedHV-scanis decotvolvedin two steps.Sincethis process
is numerically unstablethe data has beenfit by a et Gaussianfunctions. The
actualvelocitydistribution derivedthis wayis shownin theveryright plot.

laserfield with the valuesof the laserfrequeng widths andtheir relative detun-
ing. This leadsto a two-peakstructure(secondolot) reflectingthe two hyperfine
groundstatesof Beryllium. A seconddecowolution with the atomicthree-level
schemethen leadsto the actuallongitudinal velocity distribution of the ion en-
semble(third plot). Howeverit turnedoutthatthetwo stepdecowolution process
carriedout with experimentahoisydatasetsis numericallyratherunstable Even
slight differenceshetweenthe experimentaland the assumedaserdetuningfor
exampleleadsto anoscillationin theresultingprofile. This canalsobe obsened
in the presentedalculation.Thedeterminatioraswell asananalysisof thedistri-
bution shapds thereforealmostimpossible.To avoid theseproblemsthe original
datawasfit with a sumof six Gaussiardistributions. For thefit procedurecertain
parametersuchasthe positionof the peaksarekeptfixed. In addition,thewidth
of eachpeakshouldgive the samevelocity spread.Theserestrictionamprove the
numericalstability of the fit. Fromthe resultthe actualvelocity distribution can
bederived(figure 3.3, very right plot)

Figure3.4 shavsthelongitudinalvelocity distribution measuredavith the HV-
Scanmethodaswell asthe correspondingpatialion distributionin the bunching
potentialobseredwith the electrostatigickup. The dataon theright sidecorre-
sponddo the samecooling conditionsason but with the useof the capturerange
extension(seesection2.3). The plot shavs the ion distribution 5 secondsafter
startinglasercooling. Fromthis plot oneextractsa characteristidwo-component
distribution: Thevelocity ensembleonsistof anarrav andpeakwith awidth on
theorderof 10m/saswell asa broadpedestatoveringa velocity rangeof about
1000m/s. In addition, one noticesan asymmetryof the peak. The peakshowns
a sharpedgeon the left and a smootherdecreasen the right side. The useof
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Figure 3.4: Lasercooledvelocityand spatial distributionswithout (a) and with
(b) the capture range extension.

the capturerangeextensionsignificantlychangeshe shapeof the velocity distri-
bution (right plot). As describedn section2.3 the capturerangeextensionalso
leadsto an excitation of ions not being at the resonancevelocity of the cooling
laser Thereforemainly the shapeof the broadpedestabf ionsnotin resonance
with thelaseris modified. The useof the capturerangeextensionleadsto acom-
pressiorof theion backgroundlonsapartfrom the stablepointin velocity point
aremoreefficiently dravn to thelaserresonanceThe velocity width of the peak
is almostunchanged.The temperaturaderived from the velocity spreadof the
peakis 7)) ~ 1 K withoutand7j, ~ 1.5 K with the capturerangeextension.

The lower row of figure 3.4 shows the spatiallongitudinalion distribution in
thebarrierbunchpotential,whichis sketchedbelow the plot. Withoutthe capture
rangeextensiononeobseresanincreaseof theion densityat the left sideof the
bunchingpotential. For the ions sitting at the left bucket borderthe laserforce
is obviously not strongenoughto compensatéhe counterforceproducedby the
potentialslope.Thisis the casefor ionsbeingpartof the pedestabf the velocity
distribution sincethesdonsarenotin resonancavith thelaser In theright picture
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measuredvith the capturerangeextensionone obsenesan almostconstantion
distribution. The extendedaserforcein velocity spacdeadsto the situationthat
alsoions apartfrom the stablepoint experiencea notablelaserforce. Theion
ensemblestandsin equilibriumwith the counterforcegproducedby the bunching
potential. Therefore theresultingion distribution is balanced.

3.2.2 Longitudinal dynamics: model

In orderto geta furtherinsightinto the ion dynamicsandto modelthe obsened
effects,a computersimulationprogramwaswritten which calculateghe ion tra-
jectoriesin longitudinalphasespacelt numericallysolvesthe equationof motion
for arbitrary pseudopotentialand velocity-dependentorces. The repeatectal-
culation of the single-particlemotion beginning with a setof differentstarting
conditionsallows the simulationof the phase-spacevolution of anion ensemble.
Theinfluenceof the trans\erse-longitudinatouplingis takeninto accountusing
aMonte-Carloapproach.

Consideringonly the longitudinal motion of the ions one hasto solve New-
tons’s equationof motion

ms = Frf(S) + Eas(é) (32)

(m: ionmasss: longitudinalcoordinatealongthe bunchpotential). Theforce Fi¢
producedoy beambunchingandthe laserforce Fi,; aredefinedin equation2.18
and2.17respectrely. The above equationrepresents second-ordenon-linear
ordinarydifferentialequation(ODE) whichhasno analyticalsolutionfor arbitrary
bunchingpotentials.Thecomputercodeuseghe Runge-Kuttamethodwith adap-
tive stepwidth [Pressetal., 1993. The computationaccurag canbe controlled
by aparametet definingtheaveragestepwidth. Thevalueof ¢ wasoptimized,so
thattherelative deviation of thetotal enegy afteronesecondof integrationtime
wasbelow 1%. This valuesturnedout to be a goodtrade-of betweenaccurayg
andcalculationtime.

The effect of intra beamscattering(seesection2.2.2) hasbeenincludedby
a Monte-Carlomodel. In particular the influenceof hard Coulomb collisions
with large velocity changesduring the scatteringprocesshasto be considered
dueto the small capturerangeof the lasercooling force (see2.3). During the
calculationof a single-particletrajectorythe time for the occurrenceof a scat-
tering processs randomlydeterminedassuminga given constantscatteringrate
r which is a free parametein the simulation. A scatteringprocesschangeshe
longitudinalvelocity of the particleby dv. dv is againrandomlydeterminedac-
cordingto a given probability function W (dv). For the probability function we
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set[Miesner 1995 Lauer 1999]

2
v

v3

|0v] > dveut

) (3.3)
0 : otherwise

W (dv) = {

with the cutoff velocity dv.,; whichis neededo normalizethe distribution func-
tion. It is the secondfree parameterof this model. This relation resultsfrom
the theory of binary collisions basedon Rutherford$ scatteringformula. In
[Miesner 1995] the probability for a collision outsidethe capturerangewv. was
calculatedasW o 1/v2. A differentiationdelivers W (dv) o« 1/6v3. A plot
of the probability function 3.3 is showvn in figure 3.5. This modelnegglectscolli-
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Figure 3.5: Plot of the probability function (§v) usedfor determiningthe lon-
gitudinal velocitychange after a simulatedcollision.

sionswith smallenegy transferswvhich would correspondo a diffusionprocess.
This assumptions valid dueto thefactthatonly the hardCoulombcollisionsno-
tably contribute to the heatingrate becausef the small capturerange.lonsthat
have undegonevelocity changesmallerthanthe capturerangeareimmediately
cooledback. The cutoff velocityin this simulationis setto dv.,; = 10 m/swhich
is smallerthanthe velocity spreacdf thelaserforce.

Typical phase-spaceajectoriesof a singlelasercooledion areshown in fig-
ure 3.6. The plots showv the cooling dynamicsfor a barrier potential. The left
plot shavsthe particlemotionwithout collisions. Theright plot demonstratethe
influenceof collisionsusingthe modeldescribedabore. Without ary collisions,
theion is drawvn to the synchronouwelocity sitting at theright bucket wall. The
presencef scatteringorocesseteadsto a permanenthangeof theion velocity
either within or outsidethe capturerange. In the first casethe is immediately
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Figure 3.6: Simulatedrajectorieswithout(a) andwith (b) collisions.

dravn backto the stablepoint in an overdampedmotion. In the latter casethe
ion startsoscillationagainandit takesseveralcyclesto reachthe stablevelocity.

Thesewo typesof motion(oscillatingandover-dampedparethereasorfor the
experimentallyobsened two-componentlistribution in velocity space:the cold
peakcorrespondso the particleswithin the capturerangeof the cooling force.
The hot pedestatonsistsof ions that have undegonea hard Coulombcollision
outof thecapturerangeandarenow oscillatingagain.Theproces®f coolingback
theseions takes several oscillation cyclesso that one alwayshasa subensemble
of hotionsunderlyingthe cold ensemblébeingat the stablepoint of the cooling
force. Furthermorepnecansaythatthe presencef a hot backgrounds a clear
signaturefor the existenceof hardCoulombcollisionsin theion beam.In steady
state,the ratio of the numberof ionsin the hot andthe cold fractionis thereby
determinedy the scatteringrateandthe cooling rateof thelaser The scattering
ratetherebydependson the 3D ion density The cooling rateis determinedby
several experimentalparameterspotentialshapeanddepth,bunchingfrequeny
andthe laserintensity Sinceall theseparametergandirectly be measuredhe
two remainingparameter®f the simulation(cutoff frequeny dv.,; & scattering
rater) have beenfitted to matchthe experimentaldata.

The computermodelalsosimulatesthe influenceof the capturerangeexten-
sion. For this purposethelaserforceprofileis modifiedaccordinglyto figure2.9.
This modifiedcoolingforcealsoactsonionsnotbeingat the stablepoint. There-
fore, scatteredonsthatoscillatein thebucket canbefastercooledback.n steady
state this leadsto acompressiorandareductionof the hot pedestal.
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3.2.3 Longitudinal dynamics: comparisonof bunch forms

Furthermore we investigatedhe influenceof different potentialshapeson the
coolingdynamics Figure3.7 shownsion distributionsin longitudinalvelocity and
realspacehatarecooledin thebunchingpotentialsschematicallydepictedabove

thedata.
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Figure 3.7: Experimentalon distributionin differentbund potentials.

For the sinusoidalpotentialthe cold peaksare narraver thanfor the barrier
bucket which indicatesa bettercooling in the sinusoidalpotential. In caseof
the pure square-wellbucket the peaksare hard to distinguishfrom the broad
pedestal. The spatialion distribution in the barrier bucket is homogeneousut
slightly shiftedto theleft potentialwall. Thisis theresultfrom a misadjustment
of the potentialslopewith respecto thelaserforce. For the square-welpotential
theionsarepushedagainstthe potentialwall. In additiononemeasures second
setof ionsalmosthomogeneousldistributedalongthe bunch. The maximumion



44 Chapter3. Anomalousbehaior of lasercooledbunchedbeams

distributionin the sinusoidalpotentialis markedly shiftedto theleft. In addition,
the ion distribution shawvs a characteristic'shoulder” locatednearthe centerof
thepotential.

Although the longitudinalvelocity distribution of a lasercooledion beamis
not in thermalequilibrium it turnedout that the spatialdistribution n(s) of an
ion ensemblglongitudinaltemperaturd’j) in anexternalpotentialVe (s) is de-
scribedby Boltzmannslaw

_ Vext (s)

n(s) =ng-e B . (3.4)

Sinceatemperaturén athermodynamicasensas only definedfor anion ensem-
ble beingin thermalequilibriumonehasto putin thetemperaturelefinitiongiven
in section2.2.

A potentialslope Ve, (s) = Fuopes given by the barrier potentialtherefore
leadsto anexponentialdistribution

_ Fsiopes

n(s) =ng-e "B . (3.5)

As mentionedabore, for anexactequilibriumbetweenty,,. andFi g, ionsinside
the bunchingpotentialexperienceno netforces. The effective external potential
becomesconstant(V.,.(s) = V5). Theions are thereforehomogeneouslylis-
tributedin the bunch. "
__Y0

n(s) =ng-e "B . (3.6)
A sinusoidalpotentialwhich canbe approximatedy a parabolaV,,;(s) = Ds?
for smalloscillationamplitudeghusgivesa Gaussiardistribution

Ds2

n(s) =ng-e 7 . (3.7)

One hasto bearin mind that this descriptioncan only be an approximation
due to the obviously invalid assumptionof having an ion ensemblebeing in
thermal equilibrium. In particularthe effect of a two componentdistribution
leadsto notabledeviationsfrom the theoreticallyexpecteddensitydistributions.
It is possibleto extend the descriptionassumingthat the measureddistribu-
tion is a superpositiorof two ensemblega hot and a cold one) with different
force conditions. While the backgroundensembleonly experienceshe forces
producedby the bunching potentialthe cold ensemblealso interactswith the
laser force. In addition the effect of space-chaye is neglected. An exten-
sion of this modelwould also be possibleleadingto a Debye-Hickel approach
[Fowler andGuggenheim1956,Eisenbarth]1998].

A full understandingf the experimentalbbsenationsis possiblewith theuse
of the computermodel. Responsibldor the differentcooling dynamicsis the
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Figure 3.8: Simulatedcooling trajectoriesin differentbund potentials: barrier
budket (left), sinusoidalbudket (middle) and squae-well potential (right). The
plotsshowthetrajectoriesfor equalsimulationtimes.

characteristianotion of a particlein the bunchingpotentialsassimulatedin fig-

ure 3.8. The simulationtime for the threepseudopotentialaswell asthe laser
positionin velocity spacewerethe same.Also the startingvelocitiesof theions
wereequal. The middle plot shaws the situationfor a sinusoidal-binchedoeam.
Undertheseconditions,the ion is dravn to the stablepoint after lessthanone
synchrotrorcycle. Thestablepointin realspacas slightly shiftedwith respecto

the potentialminimum. At this point, the counterforcas in equilibriumwith the
laserforce. For thepuresquare-welpotential theion performsseveraloscillation
cyclesuntil the stablepointis reached Sincethereis no counterforcepresenin-

sidethebucket, theion is pushedagainstheleft bucketborder The motionof the
barrierbucketliesin betweerthedescribedasesThefinal spatialpositionof the
ion depend®nthe startparametergvelocity andposition). Sincethereis nolon-

gitudinal positionpreferred,anion ensemblewill be homogeneouslgistributed
in the potential. Experimentallyoneobsenesa biasingof the spatialdistribution
towardsthe left bucket border The comesfrom a misadjustmenbf the bunch-
ing frequeny which definesthe synchronouwelocity of the ions andthe stable
velocity determinedy thelaserforceandthe potentialslope.

The cooling dynamicsin the three potentialshapeghereforemainly differs
in the time neededo cool anion to the stablepoint. Thetime for cooling back
anion is determinedoy the averagetime anion beingresonanwith the cooling
laserwhile oscillatingin the bucket. The sinusoidalpotentialsteadilychangeshe
ion velocity. In contrast,the ideal square-wellpotentialwould only changethe
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directionof motionwhile beingreflectedat the bucket wall. The very shorttime
whentheion becomegesonantvith thelaserleadsto aweakdamping.
Thedifferenttimesneededo coolionsto the stablepoint explain theratio of
hot andcold ionsin the two-componentistribution. The regycling of ions that
have undegonea Coulombcollision in a square-welpotentialthereforetakesa
long time. In steadystate,the hot fraction is comparablylarge. With respect
to the shortertime neededo recoolscatteredons in the sinusoidalbucket, the
hot fractionis in this casemuchsmaller The numberof hotionsin the barrier
bucket lies in between.A simulationof a particleensemblencluding collisions
asdescribedaboreis shavnin figure 3.9. The usedparametersorrespondo the
experimentakonditionsleadingto thedistributionsshowvn in figure 3.7.
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Figure 3.9: Simulateddistributions of lasercooledions in different bunch po-
tentials. Thesimulationparametes correspondo the experimentalkconditionsin
figure 3.7.

The simulationresultsagreequalitatively with the experimentaldata. Since
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thesimulationconsidersanopticaltwo-level systemandonly onelaserfrequeng,
the calculatedorofilesreflectthe actualvelocity distribution anddo not shav the
three-pealstructureresultingfrom the HV-scan. One clearly obsenesthe two-
componenstructure. Also the asymmetryof the cold peakis visible. The spa-
tial distribution matcheghe main featuresof the experimentaldatabut thereare
somedifferencesThesimulationalsoshavs atwo-componentlistributionin real
space.Thiscomedrom thefactthatthe hotandthe cold subensemblexperience
differentforces. The hotions arenot in resonanceavith the laser Hence,these
ions only experiencethe forcesproducedby the bunch potential. This leadsto
a constantistribution in caseof the square-welpotentialanda Gaussiarshape
for the sinusoidalbucket, which is visible in the plots. The cold distribution be-
ing in resonancavith the laseralsoexperienceghe light pressurdorce. Hence,
theseions arepushedo the bucket wall in the rectangulamwaveformandpushed
slightly out of the potentialminimum of the sinusoidalbucket. The sumof both
distributionsleadto the describedlensityprofiles.

The barrierbucket andthe square-welpotentialshowv distributionswith very
sharppeaksin the longitudinalion density The experimentaldistributionsare
muchbroader This mayrely onthecompletengglectof inter-particleeffectssuch
as spacechage. The repulsve mutual Coulombinteractionof the ions would
smearoutthesehighion densities.

The evolution of longitudinalphasespacewvasmeasureaver four beamlife-
timesto studythelong-termdynamicsof alasercooledion beam.In figure.3.10
onecancomparethe temperaturesf the cold fraction aswell astheratio of the
cold fractionandthetotal ion numberwith respecto the coolingtime. This has
againbeenmeasuredor the threebunchpotentialswith andwithout the capture
rangeextension.While thetemperaturefor eachdatasetshav almostno change
during the cooling processthe fraction of ions in the cold sectionwith respect
to the total ion numbersteadilyincreasesThe decreasingon numberleadsto a
decreasindBS ratewhich s responsibldor the existenceof the hot background
ensembleHence thesizeof the hotfractionsteadilyshrinks.It turnsout, thatthe
largestcold fractionis achiezed usingthe sinusoidabunchpotentialwhich leads
to the bestregycling rateasshonvn above. The sinusoidalbunchalsoleadsto the
lowesttemperaturesf aboutoneKelvin. Thetemperaturefor thebarrierbuckets
areslightly above. For the rectangulamaveform, the temperatureneasurement
hasa hugeuncertaintysinceit is hardto distinguishbetweerthecoldfractionand
thebackgroundseefigure 3.7).

3.2.4 Transversedynamics

Thetrans\ersebeamtemperaturesveredeterminedisingthe beamprofile moni-
tor. A Gaussiarfit on the horizontalbeamprofilestogetherwith the storagering
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Figure 3.10: Timeevolutionof lasercooledion beamundervariouscoolingcon-
ditions: Thefirstrow showshefractionof hotionsfromthetotal ion numberThe
secondow depictsthelongitudinaltempeaturesof the cold fraction.

function g at the position of the BPM allows the calculationof the beamemit-
tanceor thetemperature@espectrely. Figure3.11shows thetime evolution of the
horizontalbeamtemperature$or the sameexperimentalconditionsasdiscussed
above. The verticaltemperaturesire exactly equaldue a well-adjustedbetatron
coupling. Therefore,we will only considerthe horizontaldegree of freedom.
Eachdatapoint wastaken at the sametime wherea measurementf the longitu-
dinal temperaturevasmadein figure 3.10. Dueto the low ion beamcurrent,the
countratesof the BPM arevery small. This leadsto a comparablylarge scatter
ing of the trans\ersetemperaturaata. Without the capturerangeextension(left
diagram)thetemperaturesf the sinusoidalandthe barrierbucket arealmostthe
same. Startingat 7, ~ 600K the trans\ersetemperaturesteadilydecreasdo
T, =~ 200K after four beamlifetimes. This againresultsfrom the decreasing
heatingrate dueto IBS with a decreasindpbeamcurrent. The pure square-well
potentialshavs significantlyhighertemperaturesf moretheT’;, ~ 700 K dueto
a muchlower longitudinal cooling rate. The useof the capturerangerangeex-
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Figure 3.11: Timeevolutionof the horizontalbeamtempeaturesduring thelaser
cooling processn differentbunch potentialswith and withoutthe capture range
extension.

tension(right diagram)hasonly little influenceon the sinusoidalandthe barrier
bucket data. However, the temperature$or square-wellpotentialare noticeably
lower. As alreadyseenfor the longitudinal degreeof freedom,dueto the poor
regycling of hot backgroundons in the square-wellpotentialthe capturerange
extensionhasa stronginfluenceon the overall longitudinal velocity spread. A
smallerlongitudinal velocity spreadactsasa betterheatsink for the trans\erse
degreeof freedomwhile coolingthroughcollisions.

As aresultof the systematicneasurementene can say that the sinusoidal
andthebarrierbunchpotentialggive thebestresultsfor efficientlasercoolingof a
bunchedoeam.In view of theobsenationof Coulomborderingthebarrierbucket
generatingonstantongitudinaldensitydistributionswould be preferred.

3.3 Anomalous beam behavior at extreme phase-
spacedensities

During lasercooling in a barrierbunchedbeamand carefully optimizedcooling
conditionswe obsened a dramaticchangein the beamdynamics. For a dilute
ion beam,we measured suddendisappearancef hot backgroundons accom-
paniedbe a dropin the longitudinaltemperaturgEisenbarthetal.,20004. This
effect hasbeenfirst obsened during a beamtime in November98 andcould be
reproducedn severalsucceedingneasuremergessions.
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Forthemeasurementse injecteda smallbeamcurrentof I;,, ~ 30 nA which
correspondso 10° storedionsin total. For beambunchingwe usedour “standard”
conditions: The bunchingfrequeny v,y = 676 kHz correspondingo the third
harmonicof therevolution frequeng. Theappliedrf voltagewas32V,,,, corre-
spondingto abucketacceptancef 1300m/s. Thevoltageslopeof 12V alongthe
bucket lengthleadsto a counterforce of Fy,pe = meV/m. Thewaistof the laser
beamwaswy, = 1.8 mmwith thefocusexactlyin themiddleof thecoolingsection
of the storagering. A relative horizontaldisplacemenof 400.m ring outwards
with respecto theion beamleadsto weakdispersve cooling. The capturerange
extensionwas permanentlyin use. The detuningof the bunchingfrequeny év
hasbeenvariedwithin +=1Hz arounddr = 0. This variationis in the sameorder
asfluctuationsof the revolution frequeny producedby drifts of the storagering
itself. The occurrenceof the abruptchangein the beambehaior wasextremely
sensitveto changesn thebunchingfrequeng. A negative detuningdirectly leads
to alongitudinalheatingof the beamanda positive detuningapartfrom the opti-
mumesignificantlylowersthecoolingrate.So,theeffectpresentedhereis afragile
phenomenolibut areproducibleone.

3.3.1 Longitudinal dynamics

A very dramaticexamplefor the suddenanomalousehaior is depictedin fig-
ure 3.12 monitoringthe temporalevolution of the fluorescenceountratesover
morethanfive beamlifetimes. The fluorescenceateis measuredvith two pho-
tomultiplierslocatedat separatalrift tube sets(seefigure 2.17). The first pho-
tomultiplier F; measureshe fluorescencdight arounda groundeddrift tubeset.
Therefore the countratecorresponds$o the numberof ionsbeingdirectly in res-
onancewith the coolinglaser(upperplot). This alsocorresponds$o the number
of ionsin the cold fraction of the longitudinaltwo-componentistribution. The
secondphotomultiplier F; is locatedat the drift tube setwhich realizesthe cap-
turerangeextensionby repeatedlyacceleratinganddeceleratingheions (middle
plot). This leadsto the broadbandexcitation of ions outsidethe laserresonance.
Thecountratemeasuredvith this photomultiplierthuscorrespondso thenumber
of ionsbeingpartof the hot fractionin longitudinalvelocity space.

During the first 90s the fluorescenceatesexponentiallydecreaseavhich re-
lies onthe decreasingon currentdueto collisionswith restgasatoms.After 90s
oneobsenesa suddenincreaseof the fluorescencaignalin F; accompaniedby
adrop of the countratein F, down to straylight level. Subsequendropsin the
F; signalssynchronouslyo with anincreasen F;, which pointsto atime corre-
lation betweerboth signals.Theweightedsumof bothsignalsFy,, = Fi + aFs
is depictedn thelower plot. Theweightingresultsfrom the differentscalingbe-
tweenfluorescenceountrate andthe correspondingiumberof ions. The sum
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Figure 3.12: Timeevolutionof thefluorescencaignalsmeasuedwith photomul-
tiplier 1 (uppergraph)and?2 (middlegraph). Thelower plot showsthe weighted
sumof both.

signalclearly shavs, thatthe fluctuationsseenin onephotomultiplierare exactly
compensatetly the otherone. Theresultingcurve shavs analmostperfectexpo-
nentialdecreaseThetime constantof 7 = 45 s matcheghe beamlife time that
hasbeenverified measuringhe integral countrate of the BPM. The remaining
slightincreasén the noiseof the sumdataafter 100s relieson the measurement
process.The fluorescenceountsare measuredn discretetime bins. The noise
comesfrom the statisticalrate fluctuationswithin one bin dueto the low total
countrate.

The exponentialdecaywith a time constantof the beamlifetime obviously
excludesa loss of ions with the occurrenceof the phenomenon.One canalso
rule outlossesdueto anextremedispersve trans\erseheatingwhich would lead
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to a strongdecreas®f bothfluorescencesignals.Hence thetransitionafter 90s
leadsto an abrupttransferof ionsformerly in the hot subensembl&to the cold
fraction. This effect mustbe explainedwith a moreefficientlongitudinalcooling.
This caneitherbe causedby an increasecdcooling rate or a greatly diminished
heatingrate.Both effectsindicatea sudderdisappearancef intrabeamCoulomb
scattering.In particular the absenceof hard Coulombcollisions suppressethe
transferof cold ionsinto the hot background.In addition, the velocity spreadof
the remainingcold ensemblébecomeghat narrov thatall ion becomeresonant
with the coolinglaserfor a bunchfrequeng detuningnearér = 0. Thisleadsto
themaximumcoolingrateachievablein this system.

Thedrawn conclusionsareconfirmedby the measuremenif thelongitudinal
velocity distribution using HV-scansdepictedin figure 3.13. The experimental
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Figure 3.13: Longitudinal velocity distribution measued before and after the
transition. Oneobserves disappeaanceof the hot badkgroundafter 27s anda

reductionof the velocityspreadin the cold fraction.

conditionswerethe sameexceptthe numberof ions duringinjection. This leads
to the obsenationof the effect alreadyaftert ~ 27 s. However, the estimatedo-

tal ion numberof roughly 10° atthetime of thetransitioncorrespondso thefirst

obsenation. Onenoticesa suddendisappearancef the hot backgroundaccom-
paniedby anobviousshrinkingof the cold velocity width reachinghe apparatie

resolutionlimit.

For a further analysis,the HV-Scandatahasbeenfitted usinga sum func-
tion of six Gaussiardistributions. For eachpeakoneassumes superpositionsf
a narrov Gaussiarpeakanda broadoneto modelthe two-componentistribu-
tion. Sincethe intermediatedistanceof the peakscorrespondso the known hy-
perfinesplitting, the positionsare kept constanduring the fitting processwhich
reduceshe setof variation parameters.From the fitted dataone calculateshe
ratio of hot ions with respectto the total ion number(figure 3.14). The width
of the cold subensemblevas usedto determinethe longitudinal temperatures.
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The relatively poor counting statisticsand the comple fitting procedurecon-
tributesto an estimatedstatisticaland systematicalincertaintyof AT ~ 0.2K
andA (M, /Ntotal) ~ 0.1. However, after23soneclearlyobseresasharpdrop
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Figure 3.14: Thetransitionobservedn the fluorescencesignals(upperplot) is
accompaniedby a drop in thelongitudinalbeamtempeature.

in the longitudinaltemperaturdrom 7;, = 1.2K to 200mK. During thesemea-
surementdoth photomultipliersignalswere online monitoredwith a digitizing
oscilloscopgTektronix TDS 210). A screenshois alsopresentedn figure 3.14.
The temperaturedrop and the disappearancef hot ions is coincidentwith the
suddenchangeof the fluorescencaignals. The periodicaldips andspikesin the
fluorescenceaignalsresultfrom the HV-scanswhich disturbthe ion distribution
dueto the acceleratiorat the the drift tube section. During the scan,the signal
of photomultiplierl (cold fraction) producesa dip while the seconddetector(hot
fraction) shaws a spike. This might indicatea transferof cold ionsinto the hot
backgroundiueto thedisturbancef the system After thescanhasbeerfinished,
thehotionsarecooledbackto thecold subensemble.

The repeatedransferof ions betweenthe hot andthe cold subensemblean
alreadybe seenin the first presentedluorescencaneasurementfigure .3.12).
Although the systemwas not disturbedby velocity measurementsyne notices
repeatecchangesf the fluorescenceate betweentwo levels. The hot fraction
fluorescencductuatesbetweerstraylightlevel anda signalratethatcorresponds
to theusualexponentialdecreasef theion current. The similar casefor the cold
distribution: Theincreasedluorescenceateafterthetransitionfrom timeto time
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dropsto the rate expectedfor a regular beambehaior. The fluctuationsin the
fluorescencaignalsbetweentwo stateswithout changingthe cooling conditions
demonstratéhe fragility of the effect. The fluctuationsmight be causedoy the
limited stability of the storagering componentsThe relative currentstability of
the dipole magnetss on the orderof 10~°. Thesesmall drifts in the magnetic
field leadto shifts of the closedorbit andthusto changesn the ion revolution
frequeng. The estimatedluctuationwould be Av,s ~ +0.5Hz, which strongly
influenceghecoolingrate.

For theobsenationof thelongitudinalspatialdistributionin thebarrierbucket,
aseriesof pickupmeasurementsasbeentakenduringthe coolingprocessvhich
is depictedn figure 3.15.
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Figure 3.15: Longitudinalion distribution before and after the transition mea-
sured with the electiostatic pickup. The bund potentialis sketched below the
plot. After the transition,the ion ensembles pushedagainstthe potentialslope
towardstheleft potentialwall.

Each pickup diagram shavs the longitudinal density distribution of three
bunchescirculatingin thering. The bunchpotentialis sketchedbelow the plots.
The datahasbeencarefully smoothedusing a Gaussiarfilter to get rid off a
large noisebackground. In the first two pictures,the ions are homogeneously
distributedalongthe bucket. After 15s oneobsenesa significantincreaseof the
ion densityat the left bucket border This effect occursat thetime of thedropin
the fluorescencesignalfor the hotions. This behaior stronglydiffers from the
longitudinalion dynamicsof a trans\ersetemperaturencreasedueto dispersve
heatingasdemonstratedth [Mudrich, 1999. In this case the beamtrans\ersally
blows up, so that its diameterbecomedarger thanthe laserbeamwaist. lons
experiencea reducedaveragelaserforce becausef their worsespatialoverlap.
Hence,ions are no longerin equilibrium with the counterforce of the barrier
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bucket, which leadsto adensityincreaseatthelower edgeof the bucket (theright
sidein figure 3.15). The obsenation presentechereshons an oppositebeha-
ior. lonsarepushedagainstthe counterforce towardsthe left bucket wall. Since
the strengthof the counterforce doesnot changeduring the cooling processit
follows thatthe ions mustexperiencea muchstrongeiaserforce afterthe occur
renceof the transition. This resultagreeswith the increaseof the fluorescence
signalcorrespondingdo the cold subensemble.

The onsetof the anomalousbeambehaior clearly dependson the number
of ions stored. Experimentswith higher beamcurrentsat injection time leads
to a disappearancef hotions at latertimesrespectiely. The estimatedparticle
numberfor the transitionis 10°. Additional experimentswere performedunder
thesameconditionsbut with sinusoidabunchpotentials.Thefluorescencsignals
shaw a similar behaior asalreadydescribed.However, the pickup distributions
shovedabehaior which clearlyindicatea trans\erseheat-up.

3.3.2 Transversedynamics

For the examinationof the trans\ersebeamdynamics,the beamprofile monitor
(BPM) wasused.Dueto thelow beamcurrentthecountratewasextremelysmall.
It is not possibleto measurea completetime seriesof profile picturesduringthe
coolingprocessaspresentedor theothermeasurementsience we accumulated
a histogramof the trans\ersedistribution over ten secondsduring the time of
regularbeambehaior. A secondneasurememwasmaderight afterthetransition
for anotherten seconds.Afterwards, the still very noisy datasetswerefiltered
usingthe Savitzky-Golay methodwhich widely conseresthe zerothandhigher
order statisticalmomentsof the distribution [Pressetal., 1993. The resulting
beamprofiles before and after the transition are depictedin figure 3.16. One
obseresanincreaseof the beamdiametemwith the describecchangeof thebeam
behaior. Therefore the transitionseemso be connectedo anincreaseof the
trans\ersebeamtemperatureGaussiarfits consideringhe apparatre resolution
limit of the BPM leadto atemperatur@®f 7' eguar =~ 1200 K for theregularand
T\ anom = 5000 K for theanomaloubeambehaior. Thedashedturvesrepresent
the Gaussiarintensityprofile of the coolinglaser Theseprofileshave beenscaled
to take into accounthatthefocusingstrengthof theBPM positiondiffersfrom the
averagestrengthalongthelasercoolingsectionwhichis expressedy theratio of
the betafunctions(Biaser/Bepm = 1.3). The measuredeamdynamicsobviously
indicatea trans\erseheatingeffect. However, this heat-updiffers significantly
from the blow-up behaior throughdispersve heating,which would lead to a
temperaturancreaseof T, > 20000 K. In our case,we obsered a limited
heat-upwherethe ion beamstaysinside the laserintensity profile. The beam
diameterdoesnot broaderoverall limits but stabilizesata highervalue.
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Figure 3.16: transvesebeamprofilesbefole and after thetransition

3.4 Conclusion

The obsenation of theanomaloudeambehaior canbe summarizedsfollows:
For alasercooled barrierbunchedoeamwith weakdispersve cooling,anabrupt
changeof the cooling dynamicsis obsened at a given particle number The
anomaloudeambehaior is measuredy characteristichangesn the measure-
mentdata:

e Fluorescencscan:Increaseof countratein PM 1 accompaniedby a drop
of PM2 countratedown to straylight level.

e HV-scan:suddendisappearancef hot backgroundons, longitudinaltem-
peraturedropof the cold distribution.

e Pickup:sharppeakattheleft bucketborder

e BPM: limited broadeningf thetrans\ersebeamprofile.

The measuredaserbeamblow-up could indicate a trans\erseheatingprocess.
This blow-up alsoleadsto a decreasén the phase-spacdensityandthusa re-
ductionof the intra beamcollision rate. Hence,a trans\erseheatingwould also
explain the disappearancef hot backgroundons dueto a completevanish(or
strongsuppressiondf IBS heating. However, oneobseresonly a limited heat-
ing. Althoughthe BPM statisticss quite poor, thewidth of theion beamdoesnot
becomewider thanthelaserwidth. Thisfactis alsoconfirmedby the obsenation
that the ion ensemblgumps repeatedlybetweenthe regular and the anomalous
statebackandforth. An unlimited blow-up with a beamdiametermuch bigger
thanthe spatiallaserwidth would beirreversible[Mudrich, 1999. Thereforethe
ion beamrevealsa bistablelongitudinal-transersalcoupleddynamics.
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A possibleinterpretatiorof the presente@ffectswould be a one-dimensional
beamcrystallization.Theoreticallya condensatiomvould be connectedo acom-
pletedisappearancef IBS. Thisinterpretatiorwould alsobecarriedby molecular
dynamicssimulationsdonefor the TSR latticethatpredicta 1D beamcrystalliza-
tion for inter-particledistancef 30 m which correspondo the experimentally
achieved total ion numberof 10°. The measuredncreaseof the beam-diameter
howeverwould stayin contradictiornto theassumptiorof Coulombordering.Due
to the strongshearforcesanion crystalwould experiencewhile passinga dipole
magneit is notexpectedo obsere Coulomborderingfor beamswith trans\erse
diameterdarger than the meanlongitudinal particle distance. In addition, the
typical 1D longitudinalplasmaparametefasdefinedin section2.2.4)right after
the obsened effect derived from the experimentaldata (longitudinal/transerse
temperatureanddensities)is I'ip ~ 0.1. This valueis oneorderof magnitude
smallerthanthevalue(I'yp ~ 1) for the expectedonsetof Coulombordering.

For the beamprofile measurementnehasto considerthe very poor statis-
tics which leadto a large uncertaintyin the determinatiorof the beamwidth. In
addition,the BPM measuremerttasbeenintegratedover ten seconds.The per
manenftfluctuationsduringthis time seenin thefluorescencsignalscould not be
resohed. Furthermorethe broadeningof the BPM signal doesnot necessarily
needto be causedvy a heat-upof the beam. One could possiblythink of a co-
herenthorizontaloscillationof the whole buncharoundthe closedorbit. Sucha
phenomenorasactuallybeenobsened for crystallinebeamsn smallion traps
(PALLAS,[Schatzetal.,2001]).

An alternatve interpretationfor the describedeffect relieson a weakdisper
sive heating: One assumeshe the positionshift of the laserwidth with respect
to theion beamleadsto avery weaktrans\erseheating.For a high beamcurrent
however, the indirect cooling mechanisndueto IBS still overcomeghis heating
which avoidsa beamblow-up. With thedecreasingon currentduringthecooling
process)BS coolingbecomesnoreandmoreinefficient until dispersve heating
overcomegheindirectcooling. Theresultingblow-up furtherreducedBS which
leadsto a strongsuppressionf scatteredackgroundonsin the longitudinalde-
greeof freedom. The longitudinalvelocity distribution collapsesand almostall
ionsbecomeesonantvith thelaser Theresultingsignificantlyenhanceaooling
rate then might possiblystabilizethe trans\ersebeamdynamics. However, the
stabilizationof thetrans\ersedegreeof freedomcontradictsheassumptiorof ex-
tremelyweakcouplingthroughIBS. In addition,for thepresente@xperimentsve
adjustedandrepeatedlyerified the horizontallaserpositionto ensuredispersve
cooling.

Furtherpossibilitiesfor theinterpretatiorof the effectsassumingveakdisper
sive coolingwouldincludeadditionalmechanismghatdependnthephase-space
densityor the beamwidth. It is known thatspacechage could producea shift of
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the betatrontune. Sucha shift could alsoleadto beaminstabilities(ring reso-
nances).An instability would reducethe space-chae effect and thereforethe
tuneshift which leadsto a stabilization.Higherordercouplingeffectssuchasthe
storagering chromaticitycould alsobe possiblecandidategor a heatingmecha-
nism. The couplingthroughchromaticitywould dependon the beamwidth or its

shapeespectiely. In this casethe decreasindpeamdiameterduringthe cooling

processvould causeanadditionalheatingeffect. Thebeamblow-upwould again
leadto stabilization. However, this mechanisnwould not suddenlyoccurin an

abruptstepasexperimentallyobsered.

In conclusionthe experimentallyobsened effectscannot fully be explained
in aconsistenpicture. In particular thetrans\ersedynamicshasto be examined
in much more detail with the help of improved diagnostictools. In the future,
therecentlyinstalledmagneto-opticairap possiblyallows a furtherinsightto this
phenomenonOntheotherhandthepresente@xperimentgepresenthephysical
andtechnicallimit for thecoolingratethatcanbeachiezedusingbunchedoeams.
In particular the adjustmenbf thebunchingfrequeng turnedout to bevery crit-
ical. At very smalldetuningsiv ~ 0 neededo achieve high longitudinalcooling
ratesonecomescloseto theregime of stronglongitudinalheatingfor 6 slightly
below zero. Thistricky adjustmentnalkesit hardto achieve the presentedxtreme
phase-spacdensitiesnever reachedeforeat a storagering. Therefore the fol-
lowing experimentsemploy a completelydifferentmethodto achieve a counter
forceusinga secondcounterpropagatingser



Chapter 4

Coastingbeamcoolingin an optical
molasses

The following chapterdescribedirst experimentson laser cooling of coasting
(unbunched)on beamasusingaso-calledopticalmolassesFor bunchedbeamghe
coolingforcesconsistedf the copropagatingugonion laseracceleratingheion
andthebunchingpotentialproducingthe neededounterforceo deceleratehem.
The cooling schemepresentechere makes use of a secondcounterpropagating
laserto realizethe counterforce This methodovercomeseverallimitationsof the
bunchedcoolingscheme Sincelaserforcesaremuchstrongeithantheforcesthat
technicallybereachedhroughbeambunchingit isin principlepossibleto achiee
much higherfriction coeficients usingtwo laserbeamsasshavn in figure 4.1.
Higher friction coeficientsleadto highercooling ratesandthusto lower beam

Fa F a

50meV/m —| 50meV/m—|

Figure4.1: Shematicforce profilesin caseof bundhedcoolingin barrier buckets
(left) and molassesooling (right). It is possibleto achieve higher friction co-
eflicients(representedy the slopesin the plots) in an optical molasseshan for
bunchedbeamcooling

59



60 Chapter4d. Coastingpeamcoolingin anopticalmolasses

temperatureésection2.2.3).

Furthermorea coastingoeamis muchbettersuitedin view of the obsenation
of Coulombordering.Sincethereareno forcesconfiningtheionslongitudinally;
the numberdensityalongthe closedorbit andthereforethe intermediatdon dis-
tanceis homogeneousn particulay the longitudinalspatialdistribution remains
constanindependentlyrom the cooling conditions.

Anothercritical point of bunchedcoolingis extremesensitvity of the cooling
procesnthebunchingfrequeny especiallyduringthe obsenationof thedisap-
pearancef hotbackgroundons. Thecoolingconditionsduringmolassegooling
arealmostindependenfrom drifts of the storagering. They areonly definedby
the propertiesof thelasersystem(frequenciesintensities).

The useof a secondfrequeng-tunablelasersystemoffers the possibility of
an additionallongitudinal velocity measuremen{Doppler thermometry). Fur
thermore,for a coastingbeam,Schottky analysisbecomesa valuabletool for a
non-destructie investigationof longitudinalphasespace.Thereforethe cooling
dynamicscanbe examinedin evenmoredetailthanin caseof bunchedcooling.

The transitionwavelengthof Beryllium ions at restis A = 313.13nm. The
velocity of 4.1%of thespeedf light leadsto a Dopplershift of 13nm, sothatthe
300.13mline of theargonion laseris usedfor the copropagatinglirection. For
the counterpropagatindirectionthe signof the Dopplershift is reversed.Hence,
thenew coolingmethodrequiresa secondunablelasersystemwith awavelength
of A = 326 nm. Sincethereis no lasersystemcommerciallyavailable which
directly deliversthiswavelengthwe built up afrequeng-doublingsystento con-
vertlaserlight at A = 652 nm deliveredby a dyelaserto the neededvavelength.

4.1 Lasersystemat 326nm

Theuseof afixed-frequeng argonion lasersystermat A = 300 nmfor thecoprop-
agatingdirectionmakesit necessaryo build up afrequeng-tunablelasersystem
at A\ = 326 nmfor the copropagatinglirection. ThereareHelium-Cadmiunlaser
systemsavailable providing light with A = 326 nm at an cw output power of
P ~ 100 mW. Unfortunately theselasersare fixed-frequeng systemsand can
only befrequeng-tunedin narrov rangeof lessthan500MHz. For bunchedcool-
ing, the optimumecooling conditionsare adjustedoy a variationof the bunching
frequeny which shiftstheionsin longitudinalvelocity spaceo becomeresonant
with the cooling laser For coastingbeamcooling, the ions have to be resonant
with bothlaserswhich canpracticallyonly be realizedby a lasersystemwith an
adjustabldight frequeng. For lasercooling,the neededrequeng rangeshould
beatleast25GHz aroundthe optimumadjustmentFor our purposesthe needed
wavelengthis producedy frequeng doublingacommerciallyavailabledyelaser
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system. The dye laser(CohereniNNOVA CR-699,laserdye: DCM) produces
light with a wavelengthof 652nm with a typical cw outputpower of 700mW.
This systems pumpedoy afrequeng-doubledNd: YAG laser(CoherenVERDI-
10) at 532nm anda power of typically 6 Watts. The wavelengthof the dye laser
systemcanbe mechanicalljtunedover 70nm. At agivenwavelength thelaseris
ableto performacontinuoudrequeng scanover 30GHzin 5 seconds.

For the frequeng doubling processone makesuseof a specialcrystal with
non-linearoptical properties For anefficientlight corversionprocesshigh input
light power is neededwhich canbe achiered by the useof an optical resonatar
Someyearsago, sucha lasersystemhasalreadybeenbuilt up [Horvath,1994]
for longitudinalbeamdiagnostic§Stoessel1997. However, the outputpower of
aboutonemilliw att wastoo smallto usethis systemto counteracthe argonion
laser Thereasorfor thatwasthe resonatogeometrywhich madeit necessaryo
usecrystalswith ananti-reflectve coating. It turnedout thatthe low destruction
limit of the coatinggreatlylimited the achiezableoutputpower. To overcomethis
limitation, a new resonatolgeometrywas chosenwherethe non-linearcrystalis
cut in a Brewsterangleto avoid reflectionlosses. A detaileddescriptionof the
new experimentaketupis givenin [Friedmann2001].

4.1.1 Frequencydoubling

In the linear optical regime, oneassumeshe conseration of frequeng for light
passingmatterandthe validity of the superpositiorprinciple. Two differentelec-
tromagneticwaves can overlay without influencingeachother However, both
assumptionsre only correctfor small light intensitiesas producedby corven-
tional light sourcesThereforethelinearrelationbetweerthe polarizationl5 of a
mediumandthe electricfield E is avalid approximatiorfor smallfield strengths
only:

P =e¢xE (4.1)
(eo: electricfield constant,y: electricsusceptibility). This linearity relieson the
harmonicatomicbindingpotentialfor electronscillatingwith smallamplitudes.
For larger amplitudesdueto a strongerelectricdriving field, electronamoreand
moreexperiencedeviation from the parabolashapeof the potential. The oscilla-
tion becomesn-harmonicln thiscasethesusceptibilityy is nolongeraconstant
but alsodepend®n theelectricfield strength

P =ex(E)E . (4.2
Thisrelationcanbe expandedn a Taylor series

ﬁ = 60(X1E + XQE_"Q + X3E3 =+ - ) . (43)



62 Chapter4d. Coastingpeamcoolingin anopticalmolasses

For anelectromagnetivave E = E, sin(wt + kz) oneattainsbesideghe linear
termof the polarizationfor the quadraticpart

—

P, = eyxoE2sin®(wt + kz) (4.4)
1 - -
= 560X2Eg + eox2Eg cos(2wt + kz) . (4.5)

Hence,the polarizationoscillateswith the doublefrequeng of the the driving

field. Thisis the basicprinciple of opticalfrequeng doubling(secondcharmonic
generation SHG). The following third and higherorder correctionsleadto fre-

gueng tripling andso forth respectrely. A further detaileddescriptioncanbe

foundin [Frankenetal., 1961]. Fromthe above equation,onecanderive another
importantpropertyof frequeng doubling: Sincethelight intensityis proportional
to the squareof theelectricfield (I ~ E’g), onegetstherelation

I(2w) ~ P(w) . (4.6)

Therefore, the intensity of the fundamentallight wave fed to the non-linear
mediumstronglyinfluencegheefficiency of thecorversionprocess.

4.1.2 Experimental realization

Typical valuesfor the coeficientsyy, xo, . . . arein theorderof

2
cim
0—18

- (4.7)

x1~1l , xe=10" X3~ 1

V )
Dueto the smallvaluesof x, andys, high intensitiesareneededo have notable
non-lineareffectsfor light goingthroughmatter In orderto achieze UV light with
a power of somemilliw atts,the needednput intensityfed into the crystalmust
be in the rangeof somemegawatts/cn?. To achieve theseextremeintensities
one can focus the beamto very small beamwaists. However, a focus areaof
3-107° cm? (beamwaist 28 um) still leadsto a needednput power of someten
watts, which is not achiezable with todaysavailable cw dye lasersystems.The
needednput power canbe producedoy enhancinghe dyelaserlight throughan
opticalresonatarThelight continuouslyfed into anopticalresonatois storedin
it whichleadsto asumm-upof thelight powerinsidethisresonatofLange,1994.

The non-linear crystal

An importantfactorfor optimumfrequeng corversionis the choiceof theright
crystaltype. For thegivenconversionproces§652nm— 326nm) Lithium iodate
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(LilO3) hasthe highestcorversionefficiengy m, = 2.65 - 10-4/W of all crys-
talscommerciallyavailable. Furthermorepptimumcorversionstronglydepends
on the focusing of the fundamentalight wave. At this point, one hasto find
the optimum trade-of betweendifferent effects: On the one hand, a small fo-
cusproduceshigh intensitiesimportantfor the corversionprocess.On the other
hand,an extremelyfocussedeamhasa large divergence. The extremelight in-
tensityis thuslimited to a comparablysmall range(Rayleighrange)aroundthe
focuson the optical axis. Consideringseveral further parametersuchascrystal
length,absorptionphase-matchingonditions[Frankenetal., 1961 etc,anopti-
mization procedurdBoyd andKleinmann,1968 leadsto an optimum Gaussian
beamwaistof w,p, = 28 pum for agivencrystallengthof I =6 mm. The optimum
beamwaist inside the crystalis alsothe startingpoint for the calculationof the
opticalresonatar

Optical resonator

For the setupof opticalresonatorslifferentarrangementsf mirrorsarepossible.
The easiessetupis the well-known Fabry-Perotresonatorconsistingof two mir-
rorsfacingeachother This type cannot be usedsinceUV light generatiorof a
crystalplacedinsidewould go in both directionsalongthe optical axis. A com-
parisonof differentpossibleesonatodesignawith their particularadvantagesnd
disadwantagess presentedn [Horvath,1994.

For our doublingsystemwe chosea resonatodesignconsistingof two con-
cave andtwo plain mirrorsarrangedn “bow-tie” (double-Z)geometryasdepicted
in figure4.2. Thenon-linearcrystalis placedn betweertheconcae mirrors. The
crystalsurfacesarearrangedn a Brewsteranglewith respecto theopticalaxisin
orderto avoid lossesdueto reflections.As mentionedthis designdoesnot need
ary anti-reflectve coatingson the crystalsurfaceswhich limited the input power
in formerSHG systemsThedimension®f theresonatohave beencalculatedus-
ing Gaussiamatrix optics[K ogelnik,1964 with thegoalto producegheoptimum
focusw,,, insidethe crystalasderivedabove. Furthermorethe mirror distances
haveto becalculatedn view of anmaximumopticalstability [Lange,1994. This
meanghattheresonators mostinsensitve to smallgeometrydeviationsfrom the
calculatedoptimum.Thisis comparableo the situationof the storageing where
onehasto ensurestableion trajectories. The bow-tie designhasthe adwantage,
that optical aberrationsuchasbeamastigmatisnproducedby the concae mir-
rorscanbe exactly compensatetly the Brewstergeometryof the crystal.

For an enhancemenof the input power, one additionalcondition hasto be
fulfilled: Theopticallengthof theresonatomustexactly matchanintegernumber
of \/2, sothatthe systemactuallybecomesesonantin this caseall light power
fed into the systemis coherentlysummedup. From the experimentalpoint of
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outside: AR 652nm
inside: HR= 97,5% 652nm

mirror 1: \yedge angle: 0% mirror 2:
assembled on slow piezo inside: HR>99,8% 652n
dye laser input
326 nm 280.1mm

Butput light for

Haensch-Couillai 17.3
regulation
61.1mm
UV output
<
326nm - LilO crystal
mirror 4: Brewstercut " mirror 3:
inside: HR>99,8% 652nm temperature-stabilized inside: HR>99,8% 652nm
concave: f==50mm concave: f==50mm
transparent for 326nm = 112.3mm———= assembled on fast piezo

Figure 4.2: Sdematic picture of the frequencydoubling system(AR: anti-
reflectivecoating HR: high-reflectivecoating). Thenon-linearcrystalis centeed
betweerboth concavemirrors that producethe optimumbeamwaist for the sec-
ondharmonicgeneation (SHG).

view, this meansthat the optical length must be kept constanton a nanometer
scaleto achieve stableconditionsof operation. For this purpose the resonator
lengthis actively stabilizedby mountingtwo of the resonatomirrors on piezo
actuators. Thesepiezo elementscan compensateaina/oidable fluctuationsdue
to acousticand other mechanicalisturbancedrom the ervironmentaswell as
temperaturdarifts.

Resonatorstabilization

For the regulation, one makes use of a locking schemefirst demonstratedy
HanschandCouillaud[HanschandCouillaud,1980. This methodderivesaner-
ror signalby measuringherelative phasebetweerthelight reflectedat theinput
couplingmirror andthe wave thathaspassedanintegernumberof round-tripsof
theresonatarln caseof resonancehephaseas exactly zero.For apositive length
deviation, the phaseshift is alsopositive andvice versa.Hence the error signal
derivedfrom the phaseshift canbe usedto producea control voltagethatis ap-
pliedto the piezomirrors. Theresonanc@ropertiesaswell asthe corresponding
regulationsignalis shavn in figure4.3. The upperpictureshows the light power
directly measuredehinda resonatomirror (mirror 2 in figure 4.2) by a photo-
diode. The measurecpower of light passingthe mirror due to the non-perfect
reflectvity is proportionalto thelight powerin theresonatarTo demonstrat¢he
resonancédehaior, the length of the systemis continuouslysweptby applying
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Figure 4.3: Modespectrumand error signalfor the resonatorstabilizationusing
the methodof Hansd and Couillaud. Theleft sideshowsthe theoetical signals
while the correspondingneasueddatais depictedn theright column.

alinearvoltagerampto onepiezo. During the scan for well-definedlengthsthe
resonanceonditionis fulfilled andthelight poweris stronglyenhancedavhichre-
sultsin the seriesof peaks.The lower plot shawvs the correspondinggrror signal.
At theresonancenaximumthe signalcrosseghe zeroline. For lengthstabiliza-
tion theelectroniaregulationsystem(three-poin®ID regulator)changeshepiezo
voltage(andthusthe resonatoiength),so thatthis signalis kept zero. The dis-
tancebetweertwo resonanc@eakscorrespondto thefreespectal range vpsg oOf
theresonatarThis valuecorrespond$o the frequeng the laserhasto bedetuned
to hopfrom oneresonancéo thenext one. It canbecalculatedasvrsg = ¢/ L with
c: speedof light and L: opticalresonatotength. The frequeng width (FWHM)
Av of the resonanceeakdetermineghe quality of the resonatomainly influ-
encedoby thereflectvity of themirrorsandlosseslueto crystalabsorptioraswell
asthe wantedcorversionprocesstself. Theratio of thefrequeng width andthe
free spectralrangeis the so-calledfinessel” = Av/vpgg. This valuecanbein-
terpretedasthe averagenumberof round-tripsa photonperformsin theresonator
until it is lost or corvertedrespectrely. An characteristivalueis thelight ampli-
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ficationfactor A whichis theratio of thelight powerinsidetheresonator”,.; and
thepowerfedinto P,,. It canbecalculatedrom thefinesseF’ andthereflectvity

R; of theinput couplingmirror: A = P/ P = F?(1 — R;)/n?. Typical values
of thewhole setuparegivenin table4.1.

Basicdata
basicwavelength| )\, = 652nm
UV wavelength| A\, = 326 nm
crystaltype | LilO,, Brewstercut
crystallength| L. = 6 mm
refractive index | ng(w) = 1.879
crystalphasematching| angle-tunedf,pase = 59.8°
crystalfocus | wy = 29 um
Resonatordata
opticalresonatotength | L, = 803.2mm
freespectrarange| Av ~ 373 MHz
resonancevidth | jv ~ 2 MHz
finesse| F' ~ 183
typ. inputpower | P, ~ 600 mW
powerenhancement A ~ 86
input couplingefficiengy | € ~ 75%
light powerin resonator] P, ~ 45W
typ. outputpower | P,y =~ 35 mW

Table 4.1: Importanttechnical specification®f the frequency-doublingystem.

As mentionedjwo of the four mirrorsareequippedwith piezoactuatorsThe
first piezoelemenproducesnaximumelongation®f 8 um andcanbedrivenwith
frequenciesip to 8kHz. Thefrequeng limit of the secondpiezois about10Hz
but with a biggerelongationof 35um. While the first actuatorcompensatefast
acousticandothermechanicavibrations,the slow piezocompensate®ng-term
fluctuationssuchas temperaturedrifts. Furthermore the slow piezois needed
to keepthe systemin resonancevhile performinga frequeny scanwith the dye
laser

Picture4.4 shavs the achieved UV light power with respecto the input dye
laserpower. Oneclearlyobseresthe quadraticdependengasdescribedn equa-
tion 4.6. The solid line is a fit throughthe experimentaldata. From this curwve,
onecalculatesa corversionefficiengy of ;. = 7.9- 1072 /W. Thequadraticdepen-
deng overthewholeinput power rangeshows thatthis systemis notlimited due
to thermallensesor crystaldegenerationwhich shouldresultin deviationsfrom
thefit curve for higherinputintensities.
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Figure 4.4: Corvertedultravioletoutputpower (Ayy = 326 nm) plottedagainst
the dye laser input power (A\qye = 652nm). One observesthe characteris-
tic quadmatic dependencyor a frequencydoubling system. The solid line is a
guadmatic fit throughthe experimentaldata.

Beamshaping

Likeall technicallyusednon-linearopticalcrystals theusedithium iodatecrystal
is birefringent. The crystalhastwo optical axeswith differentrefractive indices.
An incomingbeamnot alignedalongoneof theseaxesis split up in two beams
(ordinary and extraordinarybeam)with a walk-of angle. For frequeng dou-

bling, the refractve index of the fundamentalight frequeng mustbe equalto

the index of the doubledfrequeng (n(w) = n(2w)). Thisis the so-calledphase
matding condition. This conditionis in our casebe fulfilled by shiningin the

fundamentafrequeng with a well-definedangle(f = 59.8°) with respecto the

ordinary optical crystalaxis. This leadsto the describedoeamwalk-off for the

frequeng-doubledlight coming out of the crystal. Due to the modified output
angle,the frequeng-doubledlight hits the outputcrystal surfaceaswell asthe

outputcouplingmirror of theresonatosuchthattheintensityprofile is nolonger
radial-symmetricThe outcominglight hasanelliptic crosssection.This effectis

known asbeamastigmatism.In orderto producea symmetricGaussiarbeam,a

telescopef cylindric lensesvassetup, which modifiesonly the horizontalbeam
waist. In our case a telescopeconsistingof a corvex (f=300mm) anda concae

(f=-300mm) lens with an intermediatedistanceof 610mm positioned375mm

apartfrom theresonatoresultsin analmostperfectGaussiarbeamprofile.
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Beamguidance

The setupfor beamguidanceis similar to the argonion lasersystemasshowvn in
figure4.5. A secondaserbeampositioningandstabilizationsystemwasinstalled

dye laser+Verdi

argon ion laser system /resonator

i |

300nm 326nm
L // \\4
position position
stabilization / stabilization
ions i i

beam section

Figure 4.5: Experimentaketupfor molassegooling Similarto the copropagat-
ing argonion laserbeam thefrequency-doubleliyht is guidedby a setof mirrors
to the cooling sectionof the storage ring.

to alsoensurea perfectoverlapwith the ion beamaswell asthe copropagating
lasersystemover morethanfive meters A perfectalignmentof bothlasersystems
however would leadto a reflectionof the 300nm light from the copropagating
argon ion laserbackto the frequeny doubling systemleadingto disturbances.
To avoid this, one of the dielectric mirrors was chosento be high reflectve for
awavelengthof A = 326 nm andhasan anti-reflectve coatingfor 300nm light,
thus blocking the argon ion laserlight. Due to the lower output power of the
frequeng-doubledight thebeamwasfocussedo acomparablysmallbeamwaist
of w3g¢ &~ 1 mmatthestorageaing in orderto increaseheintensity Furthermore,
the small diameterreduceghe influencesof the non-perfectGaussiarintensity
profile onthe coolingprocess.

A frequeng scanof thedyelasersystems performedoy applyinganexternal
controlvoltage(betweent10 V) to the controlsystemof thelaser In our experi-
ments this voltagewassuppliedby anarbitraryfunctiongenerato(HP 33120A).
A scanwasdoneby sendinga trigger signalto this device which feedsa pre-
programmed/oltagerampto the lasersystem. This setupgivesus an extreme
flexibility for diagnosticsscansaswell asa very precisecontrol of the cooling
conditions.
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Generation of the secondfrequency

Similar to the argon ion lasersystemone hasto provide two laserfrequencies
to avoid optical pumping betweenboth hyperfine-splitground states(seefig-
ure2.12). Thatwasthe reasonwhy two separateargonion laserswith arelatve
detuningof 1.3GHz (dueto the Dopplershiftedsplitting of 1.25GHz atrest)were
used. For efficient cooling of a coastingbeam,onealsohasto provide a second
laserfrequeng for the counterpropagatindirection. which mustbe detunedby
1.2GHz dueto the negative Dopplershift. This secondaserbeamwasproduced
by frequeng shifting a partof thegeneratedJV light throughanacousto-optical
modulator(AOM). An AOM consistsof a crystalor glassmaterial. An acoustic
wave (vaowm) is fedinto thismediumwhichleadsto thegeneratiorof aphononat-
ticeinside.Laserlight (1,5) goingthroughcando Braggscatteringon this lattice
which resultsin a secondbeamdiffractedby a definiteangle. Scattereghotons
pick up the phononmomentumwhich leadsto a frequeng shift of the deflected
beamugcaier = Mas + Vaom. Sincethe diffraction efficiengy of AOM systems
with anacoustidrequeng of 1.2GHzis extremelylow (< 2%) we madeuseof
adouble-passechniqueschematicallydepictedn figure 4.6. For this method,an

to

laser cooling
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U3 =326nm+ 1,2GHz

Figure 4.6: Thesecondaserfrequencydetunedoy 1200MHz is genematedusing
an acoustooptical modulatorsystemnin double-passednique

AOM with vpom = 600 MHz (BrimroseUV seriesjnput power 2 Watts)is used
andthe laserfrequeng is shiftedin two steps.The original laserfrequeng (v;)
deliveredby the SHG systemfirst passes polarizingbeamsplitter cube(PBS)
with maximumtransmissiordueto a well-adjustedpolarizationangle(half-wave
plate). The focussedbeamgoesthroughthe AOM producinga secondiffracted
beamv, = v; + 600 MHz. A secondensandamirror arearrangedn a“cat’s eye
configuration”,which leadsto a perfectbackreflectionof laserrayscomingfrom
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the AOM regardlesof their particularanglesto the optical axis. The diffracted
beamv, passeshe AOM for a secondime whereagaina partof it is diffracted
backto theoriginal directionwith afrequeng v3 = v; + 2 - 600 MHz. Thisbeam
is exactly collinearwith thelaserlight at v, thathaspassedhe setupwithout ary
deflections.A quarterwaveplatein front of the mirror leadsto a rotation of the
beampolarizationaxisby 90 degreeswhile passingt two times(forth andback).
Dueto thechangedolarizationof thebeams/, & v5 they arereflectedoutatthe
beamsplitter cube. The superpositiorof thesetwo beamss thenguidedthrough
atelescopéo thelasercoolingsectionof the storagering.

The measurediffraction efficiengy of the AOM is ¢ ~ 50% accordingits
specificationsHence ,onewould theoreticallyexpectanoutputefficiency of 25%
(2(50%)?) for eachbeam(v; & v3). The remaining50% of the original input
power is lost at the secondAOM passconsistingof deflectedlight v4, andthe
undisturbedoart of v, going straightlythrough. Experimentally oneachievesa
usableoutputpower of typically P, ;,, ~ 15 mW with P,, ~ 4mW andP,, ~
11 mW.

4.2 Measurements

4.2.1 Doppler thermometry

Experimentausing this new systemwere performedin December2000. A first
proof-of-principle experimentwas done by measuringthe longitudinal velocity
distribution of anelectron-cooledon beam.For this purposepnly thenew coun-
terpropagatindaser systemwas used, which actedas a diagnostictool. The
AOM systemwas switchedoff sothatonly onelaserfrequeny wasused. Af-
ter beaminjection, the ions were electron-cooledor ten secondsuntil the beam
reachegemperaturesquilibrium. After that a frequeng scanover a UV range
of 15GHz (correspondingo a dyelaserscanof 7.5MHz) wasstarted.The scan
time wasfive seconds.The fluorescencdight of ions beingexcited by the laser
wasrecordedwith thephotomultipliers.During thelaserscan,eachvelocity class
of the electron-cooledon ensemblewith its particularDopplershiftedtransition
frequeny becomegesonantwvith thelaser Thetime profile of the fluorescence
countratethuscorrespondso thelongitudinalvelocity distribution of theion en-
semble.Suchatypical diagnosticscanis depictedn figure4.7 wherethehorizon-
tal time axisis translatednto afrequeny axisof thescannedaser Themeasured
profile matchesa Gaussiardistribution. A fit to the dataleadsto a sigmawidth
of 0, = 1.8 GHz. This frequeng width canbe translatedo a velocity width of
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Figure 4.7: \elocity profile of an election-cooledbeammeasued throughthe
fluorescenceountrate during a frequencyscanof the counterpopagatinglaser

o, = 550 m/susingthe Dopplerformula

Oy =0y - i , (4.8)

with thetransitionwavelength);,, atrestandtherelatvistic factory. The mea-
suredvelocity spreadcorrespondso a longitudinaltemperatureof 7j, = 340K

which is atypical valueof anelectron-cooledon distribution. This scanmethod
correspond$o measurementssingHV-scanghatleadto similar velocity widths.
Insteadof changingthe ion velocity usingdrift tubes,onenow changeghe laser
frequeng.

Although the laserscandoesnot deliver complementarynformationon the
coolingprocesswith respecto theHV-scan this methoddoesnot notablydisturb
thevelocity distributionfor smalllaserintensities.Thisis of particularinterestfor
the obsenationof orderedon beams.

Doppler-freespectroscopyof the A-resonance

The new lasersystemcanalsobe usedto perform Dopplerfree spectroscop of
the “ A-shaped’evel schemeof Beryllium. For this purpose pneusesonefixed
argonion laserfrequeng beingresonanwith the transitionfrom the upperhy-
perfinegroundstateto the excited stateasshawn in figure 4.8 (left). Dueto the
Dopplereffect, this is only the casefor a certainvelocity classof theion beam.
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Figure 4.8: Measuementof the A-resonanceThefixedargonion laseris reso-
nantwith the upperhyperfinestate The excitation schemeis optically closedif

the scannedaser systems resonantwith the lower hyperfinetransitionleading
to anincreaseof thefluorescenceate (right plot).

The useof only onelaserleadsto an immediateoptical pumpingto the lower
groundstatein few absorption/emissiogycles. Sincethelowergroundstateis not
resonantvith theargonion laser ion cannolongerbeexcited. Onedoesnot mea-
surefluorescencdight with the photomultipliers.For spectroscop oneshinesin

thetunablecounterpropagatintaser A frequeng scanover the Dopplershifted
level schemdeadsto a strongenhancemerih thefluorescenceateexactly if the
counterpropagatiniight is resonantvith thelower hyperfinegroundstate.In this
case,optical pumpingis suppressethecausaons beingtransferedo the lower
groundstateby the copropagatindgaserarenow pumpedback. Oneendsup with

a closedoptical transitionschemeresultingin a high fluorescenceate. Due to

the oppositeDopplershift of the co- andthe counterpropagatintaserfields, the
conditionfor aclosedopticaltransitioncanonly beachievedfor a certainvelocity
classdefinedby the argonion laserfrequeng. Therefore,onedoesnot obsene
Dopplerbroadeningout measureshe actualLorentzianexcitation probability of

theatomictransition.

The measuredluorescenceate during a 4 GHz scanis shavn in figure 4.8
(right). Surprisingly insteadof the expected_orentzianpeakoneobsenesa two-
peakstructurewith a frequeng splitting of 200MHz. Eachpeakcanbe very
well fit by a Lorentzianfunctionwith aline line width of ~ 45 MHz. The sofar
unexplainedsplitting hasbeenreproducedn threebeamtimes. Detailedmeasure
mentsdid not shav a dependeng of the splitting on the the laserintensities the
scandirectionor the scantime. Therefore furtherinvestigationdhave to bedone
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to explainthis effect.

This methodrepresents&n eleggantway of Dopplerfree spectroscoyp of fast
moving ions. Similar experimentsare currently performedin a meta-stabld.i ™
systemto exactly measurehe relativistic Dopplershift of particlesmoving with
somepercentof the speedof light. The goal of theseexperimentsis a high-
precisiontestof specialrelatiity [Grieseretal.,1994. The smallline widths of
the Beryllium systemwould suffice the requirementgor a precisiontest,so that
thision speciess alsoa possiblecandidatdor arelavitity experiment.

4.2.2 Longitudinal cooling

For thefirst coolingexperimentdothlasersystemsvereused. The AOM system
wasswitchedon, sothatfour laserfrequenciegtwo copropagatingndtwo coun-
terpropagatingjvereactingon theion beam.Right afterinjection,the beamwas
precooledby the electroncoolerfor 12 seconds.After that, repeatedrequengy

scansof the counterpropagatini@serwith a spanof 3.4GHz forth andbackover
theionresonancérequeny have beenperformed.Thetime evolution of themea-
suredfluorescencdight duringthesescangs depictedin figure 4.9. The scanof
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Figure 4.9: First observationof molassescooling during repeatedfrequency
scansof the counterpopagating laser over the ion resonance One observes
asymmetrigpeaksin the fluorescencesignal that appearonly during an upwad
frequencyamp.

the laserfrequeny is schematicallyshovn below the plot. During thesescans,
oneobsenestwo narrov asymmetrigpeaks: The signalincreasesmoothly(left
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sideof the peak)but suddenlydropsdown producinga sharpedge.Furthermore,
the peaksonly occurif thefrequeng rampgoesupwards(from “red-detuned’to
“blue-detuned”).This is thefirst clearsignatureof longitudinalbeamcooling as
explainedin thefollowing.

Figure4.10shownstheforce profilesof bothlasersin velocity spaceaswell as
azoomof thefluorescencelataof the previousfigure. The copropagatingirgon
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Figure4.10: Theion ensemblés eithercompessedn velocityspacgleft picture)
or pushedapart (right picture) dependingpn the scandirection.

ion laseraccelerateshe ions (positive force) while the counterpropagatintaser
systemdeceleratethem(negative force). For afixedlight frequeng, ionssitting
aroundthe resonancef the counterpropagatintaserin velocity spacewould be
shifted to lower velocities. Becauseof the changingDoppler shift, theseions
immediatelyrun out of resonancendno longerexperiencethe laserforce. Due
to thefrequeng scanhowever, thedeceleratingorce profile is shiftedin velocity
space.

In the left picture the frequeny scangoesupwardswhich leadsto a shift
towardslower velocities. The above particlesdeceleratedy the laserbecome
resonantigainandarethusfurtherdeceleratedThe scannindaserthereforecol-
lectstheionsin velocity spaceandpushegshemaheadik e a waterwave in front
of aship’sbow. This is the basicprinciple of the chirped laser cooling scheme
[Ertmeretal., 1989. Thewholeensemblés shiftedtowardslowervelocitiesuntil
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thedistributionbecomesesonantvith thecopropagatindéaser Bothforceprofiles
leadsto a velocity confinemenof the ions sitting in between.While therelative
detuningof the lasersbecomessmallerand smallerthe force profiles approach
eachother Theion distributionis graduallyfurthercompresseh velocity space.
More andmoreionsbecomeaesonantvith thelaserswhich leadsto a continuous
increaseof the fluorescenceate. This works until the relative detuningof both
lasersbecomesero. For equallaserintensitiesthe cooling force would exactly
vanish.In our experimentwith a deceleratingaserof lower intensityoneendsup
with aweakacceleratingorce pushingtheion ensembldo highervelocitiesout
of thelaserresonanceHence anabruptdropin thefluorescenceateoccursasex-
perimentallyobsened. A furthernegative detuningof the coolinglasersdoesnot
changehesituation:ionssitting aroundthe argonion laserforce areaccelerated,
andionsbeingresonantvith thefrequeng-doubledlaserarefurtherdecelerated.

The oppositesituationis depictedin the right picture. lons sitting around
the counterpropagatin@serforce profile arestill deceleratedsin thefirst case.
However, the frequeng scanto lower frequenciedeadsto a shift of the force
profile towardshighervelocities. Therefore,ions that have beendeceleratedby
the lasernever becomeresonantwith the laseragainduring the scan. Hence,a
reversedirequeng scandoesnotleadto a collectionof ionsin velocity space.ln
addition,the neggative detuningleadsto anunstablegoointin thecoolingforce pro-
file. Sincethereis no velocity compressiorf the particleensemblendionsare
permanentlypushedout of the laserresonanc®ne doesnot obsere anincrease
of thefluorescenceate.

Note,thattheion ensemblés notheatedor negativedetuningsasit is thecase
for thebunchedcoolingschemavherethelaserdrivesthesynchrotroroscillation.
Theionsareonly pushedaway from bothlasers.Outsidethe laserresonancethe
particlesexperiencealmostno laserforces. This is the reasonfor the obsened
behaior thatevenafterafrequeng scanin the“wrong” direction,theionscanbe
cooledbackin asucceedingcanin directionof increasingrequencies.

The experimentwascarriedout with atotal light power of the counterpropa-
gatinglaser(two frequenciespf 10mW. For areducedaserpower of < 1 mW
as it was the casein former experiments(with almostthe samebeamwaist)
[Horvath,1994 Stoessel1997 oneobseresalmostno cooling effect. In this
case,the scannedaseracts as a diagnostictool not effecting the longitudinal
velocity distribution, which leadsto symmetricpeaksthat appealindependently
from the scandirection.

The presentedbsenationsclearly demonstratéhe compressiorof the ion
ensemblen velocity space.The new counterpropagatinsersystemin connec-
tion with the secondfrequenyg of the AOM systemobviously producesa coun-
terforcewell suitedfor coastingbeamcooling. Sincetheion ensemblds in the
above experimentonly cooledfor a very shorttime while the two force profiles
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approachinggachotherthe next measuremenhvestigatesoastingpeamcooling
for longertimes.

Long-term cooling

An ion ensemblecanbe cooledfor longertimesby stoppingthe laserscanat a
givenrelative detuning.As in the previous experimentthe ion ensemblas com-
pressedluringthelaserscan.However the frequeng scanis stoppedust before
the maximaof bothlaserforce profilesareat the samepositionin velocity space
(zerodetuning). The developmentof the fluorescenceignalduring suchan ex-
perimentis shavnin figure4.11. Theion beamis againprecooledoy theelectron
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Figure 4.11: Fluorescenceignal during long-termmolassegooling Thecoun-
terpropagatinglaserscanstoppedat a givenrelativedetuning(schematicpicture
belowthe plot). Thealmostconstantluorescenceateindicatesthattheionscan
behold at the stablepointin velocityspace

coolerfor 12secondsThefrequeng scanover 1.4GHz startsl5s afterinjection.
At arelatve detuningof ~ 100 MHz thescanis stopped Oneobseresanincrease
of thefluorescenceateduringthe scanover atime rangeof secondsDuring the
laserfrequeng scanions are collectedand compressedh velocity spacewhich
leadsto theincreaseof thefluorescencsignalatt = 2 s. After stoppingthescan,
the count rate remainsalmostconstantfor several seconds. The constantrate
shavsthattheion ensemblestaysresonantvith thelasers.The particlesarecon-
fined betweenthe co- andthe counterpropagatintaserforcesin velocity space.



4.2. Measurements 77

Therefore,oneobsereslongitudinallong-termcooling of a fastion beamby an
opticalmolasses.

Fluorescenceneasurementsver longertimes shav a slow exponentialde-
creasavhosetime constanbf &~ 18 secondss only slightly shortetthanthebeam
lifetime (7 = 20 s). Theshortertime constanis causedy thelossof ionsout of
the capturerangeof the cooling force profile dueto intra beamscattering.lons
scatteredout of the capturerangein velocity spaceexperiencealmostno laser
forcesthat could cool thembackto the stablepoint. Therefore,jons arelost for
the coolingprocessin the bunchedcooling schemetheseionswould startoscil-
lating againin the bunchpotentialwhile they arecooledbackto the stablepoint.
However, the slightreductionof thetime constanshaovs thatunderthe presented
conditionsJosseghroughIBS arealmostnegligible.

One possiblereasonfor this small influence of cooling processon hard
Coulombcollisions might be the ion beamwas still possiblytrans\ersally hot.
As shavn in chapter3 a trans\ersehot beamleadsto a large beamdiameterre-
sultingin alow ion density The low densitystronglyreduceghe collision rate
andthereforethelossedor the coolingprocessA trans\ersallycold beamwould
leadto a higher collision rate. Thesecollision would thenresultin higherion
lossedor thecoolingprocessHowever, thelossesouldbe suppressely theuse
of a capturerangeextensionsuchasa rapid adiabaticpassagéseesection2.3).
This pointwill beexaminedin moredetailduringthe next beamtime (chapters).

Capturing ionsin an optical molasses

A cooling effect canalsobe obseredusingfixedlaserfrequenciesithout scan-
ning. This is demonstratedn figure 4.12 shaving the fluorescencecountrate
during this cooling process.The lasersystemwas adjustedwith a fixed relative
detuningof 160MHz. The injectedion beamwas electron-cooledor ten sec-
onds.Thestablepoint of theelectroncoolingforcein velocity spacevasadjusted
to beseveral100m/saway from thestablepoint producedy theopticalmolasses.
The capturingprocesss schematicallydepictedabove the fluorescencelot. The
first sketchshowsthesituationduringelectroncooling. Theelectroncoolingforce
drawvstheionsto its stablepointresultingin a Gaussiamistributionwhichis apart
from thelaserforces.Thereforetheion beamis notresonantvith thelasers.One
obsenesalmostno fluorescencdight. After the electroncooleris switchedoff,
theion ensemblanovesapartdueto diffusionandintra beamscattering.The ve-
locity distributionbroadengsecondsketch). A partof thisdistributionapproaches
the molassegorce profile andis drawn to its stablepoint. lonsare continuously
capturedn themolassesTheseionsarenow resonantvith thelasers.Therefore,
thefluorescenceountrateincreasesswell whichis shavnin the plot. Thetime
axisstartsright after switchingof theelectroncooler Theion ensembléroaden-
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Figure 4.12: Increasingfluorescencesignal during the collection of election-

cooledions into the molasseausing fixed laser frequencies. The measuement
startsright after switching off theelection cooler Thecapturingprocessn veloc-
ity spaceis sketchedfor threetimesabovetheplot.

ing in velocity spaceeachesheopticalmolassesifterapproximatelyonesecond.
Thefluorescenceateincreasesteadilyupto ¢ = 10 swereit decreaseagaindue
to thelimited beamlifetime.

Although one obsenes cooling, this methodis not very efficient sinceonly
a small fraction of the electron-cooledlistribution is capturedby the molasses.
A frequeng scanof the counterpropagatintaserhowever cancollectalmostall
ions of the electron-cooleeamif the broadprecooledensemblds initially in
betweerbothfardetunedasers.Ontheotherhand,this experimentdemonstrates
the captureof ionsin themolassesluringthe coolingprocess.
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Longitudinal temperatures

During the presentedong-termmolassegooling experiments,the longitudinal
velocity distribution was measuredisingan HV-scan. A typical scanis shown
in figure 4.13. The measuredrofile shavs somecharacteristiaifferencesto
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Figure4.13: Longitudinalvelocitydistributionduring molassegoolingusingthe
HV-scanmethod.

the scangtaken during bunchedlasercooling. Oneobseresa narrov peakwith
almostno pedestal.The significantsuppressiomnf a broadbackgrouncensemble
reflectsthefactthationsundepgoinga collision processarenot cooledback. This
againshavstheeffect of the smallcapturerangeof the opticalmolasses.

Furthermoren contrastto bunchedcooling, the narrav peakis now almost
symmetric. Thereasonfor thatis the differentmotionin phasespace:Sincethe
coolingforcein in opticalmolassess symmetricjonsmoving with aslightveloc-
ity deviation aredravn backto the stablepoint with the sameforce independent
from thesignof thedeviation. Thisis notthecasen thebunchedcoolingscheme.
lons with a slightly lower velocity experiencea strongacceleratingorce from
the copropagatin@rgonion laser lonsmoving too fasthowever only experience
themuchsmallercounterforceproducedy the bunchpotential. This leadsto the
characteristicsharpedgeof the cold peaksasshown in figure 3.4. Theremaining
slight asymmetryin figure 4.13 might rely on the factthatthe co- andthe coun-
terpropagatindaserbeamshave differentlaserintensities.Very first resultsfrom
thecomputersimulationthathasbeenmodifiedfor molassegoolingvalidatethis
interpretation.

Thecoolingexperimentsverealsodonewith differentrelative laserdetunings
afterthe frequeny scan.For eachexperimentthe velocity distribution wasmea-
suredthreesecondsfterthelaserscanstoppedisingHV-scans.Thelongitudinal
temperaturesswell astheion numbersof the cold subensembleiith respecto
the relative detuningis depictedin figure 4.14. With decreasindaserdetuning,
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Figure 4.14: Longitudinaltempeatures(left) and particle numbes (right) of the
cold ion ensemblecaptured out of the ECOOL distribution with respectto the
relativedetuningof the coolinglasers measuedwith the HV-scanmethod.

theresultinglongitudinaltemperaturelsobecomedower andlower. Thisis the
effect of theincreasingslopeat the stablepoint of thelaserforce profile with de-
creasingdetuningas depictedin figure 4.15. This slopedetermineghe friction

FA FA

\/J \/_,_,/

capture range capture range

Figure 4.15: Schematicpicturesof the coolingforce profilesfor differentrelative
detunings.Thedistanceof the acceleating and the deceleating laser forcesin
velocityspacestronglyinfluenceghefriction coeficientrepresentedy theslopes
at the stablepoint.

coeficientandthereforethe coolingrate(section2.2.3).

Theoretically thetemperaturdimit of lasermolassegoolingis the so-called
Doppler limit [Metcalf andvanderStraten,1999: As shown in section2.3 the
momentumtransferaveragedover mary spontaneougmissionprocesse®f an
excitedion vanisheq(p) = 0). The squareof the momentumhowever doesnot
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disappeal(p?) = 0). A lasercooledion performsa randomwalk which corre-
spondsto a heatingprocess. The diffusion constantof this motion therebyde-
terminesthe heatingrate. The resultingtemperatures determinedoy the ratio
of the coolingandthe heatingratewhich leadsto the expressiorfor the Doppler
temperaturé Exin) poppl = k8T Doppr = 7I'/2 (I': naturalline width of the atomic
transition).In ourcasetheDopplerlimit for Beryllium ionsis 325 uK. Thissmall
valueindicatesthatthe coolingmethodis in our casenot limited by photonscat-
tering and thusthe lasercooling processdtself. The main reasonfor the much
highertemperature®f someKelvin is the existenceof the very strongheating
processlueto intrabeamscattering.

Theright pictureshovsthenumberof particlesbeingin thenarrov peakof the
velocity distribution. With smallerdetuningsthe numberof ions alsodecreases.
The reasonfor thatis the capturerangeof the cooling force. The capturerange
for molassesoolingis givenby the velocity interval definedby bothlaserforce
profiles(roughly depictedasbracesn figure 4.15. lons beingoutsidethis inter-
val arenot cooledandarepart of the broadbackgroundensemble.The velocity
interval andthusthe captureis proportionalto the relatve detuningof the lasers.
For anarrav capturerange gvenionsthathave undegoneacollisionwith asmall
velocity changeare pushedoutsidethe molasses.Hence,the numberof ionsin
the cooledpeakdecreasewith smallergettingdetuning.

Both experimentalesultsdemonstratéhe significantrole of intra beamscat-
tering for cooling of faststoredion beams.On the onehandthe heatingprocess
inducedby IBS is the mainlimiting factorfor the beamtemperaturethatcanbe
experimentallyachiared. In connectiorto the capturerangeof the coolingforce,
intra beamscatteringalsosignificantlyinfluenceshe numberof ionsin the cold
peak.

The time evolution of the molassesooling processvasexaminedby taking
a seriesof HV-scansat differenttimesafterthe laserfrequeng scan.The corre-
spondingtemperaturesf the cold subensemblareshown in figure 4.16. From
the beamlifetime onecancalculatethe total numberof ions storedin thering at
thetime of the particularmeasuremensincethe numberof ionsright afterinjec-
tion aswell asthefractionof particlesbeingin the cold ensemblés currentlynot
known, the particlenumberis givenin arbitraryunits.

Oneobsenesadecreasef thelongitudinaltemperaturewith preceding-ool-
ing time. This behaior canon the onehandbe explainedby thetime neededor
relaxationof the longitudinalion ensemblesxperiencingthe laserforce. Right
afterthefrequeng scanit takessometime to drav theion ensembléo the stable
point. Onthe otherhand,the decreasingpeamcurrentleadsto a reductionof in-
tra beamscatteringandthusa decreasindneatingrate. Furthermoreasdescribed
above, ions scatteredrar away from the capturerangeare lost for the cooling
processand no longer notably contribute to the cooling dynamics. Hence,this
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Figure 4.16: Longitudinalbeamtempeaturesduring molassegooling at a fixed
relativelaserdetuningwith respecto the particle number

measuremerdirectly demonstratethe influenceof intra beamscatteringon the
lasercoolingprocess.

Schottky noiseanalysis

Asdescribedn section2.4.3for coastingoeamst is possibleo measure¢hedistri-
bution of theion revolution frequenciesdy Schottky noiseanalysis.This method
allows anon-destructie measuremerdf thelongitudinalvelocity distribution. In
addition,this methodhasthe advantagehatthatdistribution is not hiddenbehind
the three-pealstructureasin HV-scans. Figure 4.17 shows longitudinal veloc-
ity distributionsusing Schottlky noiseanalysisfor differentlaserdetunings.The
first plot (left) is measuredor alarge detuningof 600MHz. Oneendsup with a
ratherbroadvelocity distribution. In this caseit is not possibleto fit anexpected
Gaussiardistribution to the data. A smallerdetuning(middle plot) of 110MHz
however shavs analmostGaussiarpeakwith a sigmawidth of 45m/s. Thethird
pictureshavs alaserdetuningvery closeto zero. Oneobsenesa significantloss
of ionswhosetotal numbercorrespond$o theareaunderthe peakof the Schotthky
spectrum.Most of the ion ensembldas alreadypushedaway by the laserforce.
The velocity spreadof the remainingions of 28m/s is somavhat smallercom-
paredto the middle plot. The measuredongitudinaltemperaturefit very well to
thevaluesdeterminedy HV-scanmeasurements.

With this method,it is alsopossibleto monitor the longitudinal cooling dy-
namicsduring the frequeny scanand thereforethe processof collecting and
compressingheion ensembleFor this purposewe performeda very slow laser
frequeny scanover 15secondsovering a frequeny rangeof 2GHz. The fre-
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Figure 4.17: Longitudinaltempeatureswith respecto the relative detuningof
the copropagating laser measued by Sdottky noiseanalysis. Thethick linesin
themiddleandtheright plot are fit curvesassuminga Gaussiardistribution.

gueny scanwasstartedfive secondsfterfinishingatensecondlectroncooling
phase. Schottly picturesweretaken every secondduring the laserscan. Since
the maximumadataacquisitionrate was one Schottky analysisin threeseconds,
severalinjectioncycleshave beenusedwith shiftedmeasuremeritmes: Thefirst
injectionwasperformedakingSchottly picturesaftert = 0s,t = 3s,t = 6 setc.
For the secondnjectionthe measuremeritmesweret = 1s,t = 4s,t = 7setc.
andfor third onet = 2s,t = 55s,t = 8 setc. Thereforewith threeinjectionsthe
longitudinalvelocity distribution could be obsenedwith atime resolutionof one
second.A seriesof selectedSchottly picturesis shown in figure 4.18. Thefirst
plot wasrecordedduringthe electroncooling phase.Oneobseresa comparably
broadvelocity distribution which correspondso the equilibrium temperatureof
anelectron-cooledon beam.The next plot shavs ionsthatarepushedoy thear
gonion laseroutsideits resonanceangetowardshighervelocities. At this point,
theforce profile of the counterpropagatini@seris outsidethe drawving area.The
frequeny scanstartsright afterthethird picture.In thefollowing for picturesone
obsenesthe compressiorof the velocity distribution. Oneclearly seesthe con-
tinuousshift of theright borderof thedistribution towardsthe velocity positionof
thecopropagatingmonion laser Thesignalheightsteadilyincreasesincemore
andmoreions are concentrate@n a narroving velocity interval. In thelasttwo
picturestherelative detuningbecomegpositive, sothatthereis nolongerastable
pointin velocity space.This correspondso the sharpdrop of in thefluorescence
signalin figure 4.9. The Schottk/ plots shav an abruptdisappearancef almost
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Figure 4.18: Longitudinaldynamicsluring a slowdyerampmonitoredby Stot-
tky analysis.Thedashedine denoteghe positionof theargonion laset

the completeion ensemble.Thereare only a coupleof ions left being pushed
away by theargonion laserasit wasthe caseright afterelectroncooling (second
picture).

Theshapeof the Schottly signalsduringlasercoolinghasalsobeendiscussed
in [Hangstetal., 19953 Lebede® etal., 1995. It turnedoutthatadditionaleffects
suchas Landaudampingand the occurrenceof plasmawavesalongthe closed
orbit influencethe measurementrheseeffectscanalsobe obsenedin our mea-
surementasa two peakstructureemenging e.gatt = 7s. Theseobsenations
have to be further investigated. Neverthelessthe presentednethodallows the
realtimeobsenation of the longitudinalvelocity distribution duringthe scanning
andcooling process.This tool will alsobecomeof particularinterestfor the ob-
senationof Coulombordering.
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4.2.3 Transversecooling

The trans\ersedynamicsduring coastingbeamcooling is monitoredwith the
beamprofile monitor (BPM) asfor the caseof bunchedbeams.During the en-
tire measuremertycle, a setof beamprofileswasrecordedoy accumulatinghe
signalcountsfor threesecondgerprofile. Thereforethetotal measuremertme
of of 39 secondsleliversa setof 13 beamprofile pictures,which shavsthetime
developmentf thetrans\ersephase-spacén addition,themeasurememnwasav-

eragedoverthreeinjectionsto improve signal/noiseatio dueto thelow ion beam
current. Theresultingprofileswerefit accordinga Gaussiaristributionfunction.
The sigmawidthsdeterminedrom thefit areusedto calculatethe horizontaland
verticalbeamemittance®f thering-averagedemperaturegespectrely usingthe
known valuesof the betafunctionat the positionof the BPM asdescribedn sec-
tion 2.2. Furthermorethedatahasbeencorrected:onsideringhefinite resolution
temperaturef the BPM (section2.4.3).

The ion beamwaselectron-cooledor ten secondgight afterinjection. The
counterpropagatintaserbeamwas adjustedin maximumoverlap positionwith
respecto thebeam.The optimumoverlapwasdeterminedvith anuncertaintyof
~ 150 um by maximizingthe fluorescencaignalswhile scanninghe laserover
the electron-cooledrelocity distribution. The beamwaist of this systemsitting
in the centerof the cooling sectionof the storagering waswssg ~ 1.5 mm. The
overlappositionof thecopropagatingrgonion laserwith abeamwaistof wsgg &
2.5 mm wasalsooptimizedby maximizingthe fluorescenceateduring repeated
HV-scans.

Right afterelectroncooling, the frequeng-doublediasersystenwasscanned
over2.5GHzin 1.5secondso collecttheionsin velocity spaceasalreadydemon-
stratedin section4.2.2. The scanstoppedat arelative detuningof 200MHz. The
storagering was oparatedn betatroncouplingmode(section2.3.2)to ensurea
couplingof bothtrans\ersedegreesof freedom. In this case the dispersve cou-
pling, normally only presentbetweenthe longitudinal and the horizontalbeam
direction, leadsto a heatingor cooling of the completetrans\ersephase-space.
Dispersve heatingand cooling of a coastingbeamis demonstratedby separate
measurementat different horizontal positionsof the copropagatingargon ion
laserinwardsandoutwardswith respecto theion beam.The counterpropagating
lasersystemwaskeptin the optimum overlap positionwith the ion beam. The
measuredime developmentof trans\ersephase-spacat four differentcopropa-
gatinglaserpositionsis shavnin figure4.19.

The very left columnschematicallydepictsthe horizontalpositionsof the co-
propagating300nm) andthe counterpropagatin@326nm) laserbeamswith re-
spectto the ions. The middle and the right columnsshov the horizontaland
verticalring-averagedbeamtemperaturesvith respecto thetime afterinjection.
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Figure 4.19: Developmenbf thetransvesetempeaturesfor differenthorizontal
laserpositions.Oneobserve®itherdispesiveheating(firstrow)or cooling(third
row).

Thefirst two datapointsin eachplot correspondo the equilibriumtemperaturef
theelectron-cooledbeam.Theveryfirst datapointatt = 3 shasbeenexcludedin
all the plots becausat this time the extremelyhot ion beamright after injection
is notyet cooleddown leadingto temperatureligherthan20,000K elvin.

In thefirst row, theargonion laserwasdisplaced.5mm inwardscorrespond-
ing to 1/4 of its beamwaist. After switchingoff electroncooling (¢ = 10s) one
clearly obsenes a steadyheat-upof the horizontaltemperature.This measure-
mentimpressvely shovstheeffect of dispersve heating.Dueto a partlydamaged
multi-channebplateof the vertical BPM the countratesarereducedoy afactorof
two with respectto the horizontaldirection. This leadsto a comparablylarger
scatteringof the datapoint. Neverthelesone also obseresan increaseof the
vertical temperaturavhich clearly shows the effect of betatroncoupling. With-
out this coupling the heat-upwould have only beenmeasuredn the horizontal
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degreeof freedom. The obsened dispersve heatingalsoovercomeghe indirect
coolingthroughintra beamscattering:Without dispersve cooling, the ion beam
would be trans\ersally cooleddue to a heatexchangewith the very efficiently

cooledlongitudinaldegreeof freedom(seesection2.3.2). The measuredheat-up
is thereforean unambigoussignatureof the dispersve coupling. The dispersve

heatingincreaseshe beamdiameterandlowersthecollision rate. Thereforendi-

rectcoolingis reducedwvhich leadsto afurtherheat-upof thebeam.

For the next measuremensecondow in figure 4.19). the argonion laseris
placedin the optimumoverlappositionwith theion beam.The lasershouldnow
neitherdispersvely heatnor cool the beam. This horizontalpositionrepresents
an unstableequilibrium. Even slight horizontalshifts from this overlap position
would leadto dispersve cooling or heating.The beamprofile measurementstill
indicateanincreaseof thetrans\ersetemperatureuringmolassegooling. How-
ever, theheatingrateis noticeablysmallerthenin thefirst experiment.Obviously
the overlappositionasdeterminedasdescribedabove is still slightly shiftedring
inwardscorrespondingo weakdispersve heating.

In the third casethe copropagatindaserwas shifted 0.5mm ring outwards,
a symmetricalhorizontalshift in the oppositedirectionwith respectto the first
experiment. After the electroncooling phasethe beamdoesnot blow up but the
trans\ersetemperaturesemainalmostconstantln this casepneclearlyobsenes
dispersve cooling. The cooling of both degreesof freedomagaindemonstrates
the effect of betatroncoupling. Both trans\ersecooling mechanismsgispersve
coolingandindirectcoolingthroughcollisionsworksin the samedirection. Dis-
persve cooling reducesthe beamdiameterresultingin a higher collision rate.
Thisincreaseshetrans\ersal/longitudinalBS couplingwhich leadsto a stronger
indirectcoolingaswell. This experimentrepresentshefirst 3D lasercoolingof a
fastcoastingon beam.

A furtherlaserbeamdisplacementf 0.9mm outwardsfrom the overlapposi-
tionis shavnin thelastrow of figure4.19. Thedisplacementoughlycorresponds
to onesigmawidth of the laserbeam. The plot againshaws a slight increaseof
theemittanceslthoughthebeamis still dispersvely cooled. Thisbehaior canbe
explainedwith a significantlyreducedongitudinalcooling ratedueto the rather
worseoverlapwith the ion beam. This worselongitudinal cooling alsoreduces
theindirecttrans\ersecoolingleadingto somevhathighertemperatures.

The presentedexperimentclearly shows that the dispersve cooling mecha-
nism alsoworks very well for the coastingbeamcooling scheme.The achiered
trans\ersetemperaturesf about?’, ~ 250 K for thecaseof dispersvecoolingare
comparabldo the valuesmeasuredvith the bunchedcoolingtechnique.During
dataanalysigherelative detuningof ~ 200 MHz turnedout notto betheoptimum
valuefor longitudinalcooling(seefigure4.14). Therefore highercoolingratefor
thelongitudinalandthusthetrans\ersedegreesof freedomaresurelyachiesable.
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A furtherimprovementof trans\ersecoolingwould possiblybethehorizontaldis-
placemenbf thecounterpropagatinigserbeamto alsoachieve dispersve cooling
with this lasersystem.In this case,onehasto considerthatthe sign of the hor-

izontal displacement{inwardsor outwards)in orderto attain cooling or heating
arereversedwith respecto theargonion laser Sincethecounterpropagatinigser
deceleratetheions,thebetatronoscillationis dampedf thelaseris displacedn-

wardswith respecto theion beam(comparehiswith figure2.11)andvice versa.
However, the smallbeamwaistonly allows rathertiny displacementsf lessthan
300um sincelargerdisplacemente/ould stronglyreducethelongitudinalcooling
rate.

4.3 Conclusion

Thepresentedxperimentslemonstratérst coolingof acoastingBeryllium beam
by a one-dimensionabptical molassesUp to now the phase-spacdensitiesare
comparablego the densitiesachieved with the bunchedcooling method. In ad-
dition we presentedirst true 3D cooling of a coastingpeamemploying the dis-
persve coupling. While the longtudinal cooling parametersvere the optimum
values,trans\ersecooling will be further optimizedin the next beamtime. Fur-
thermorethe computemrmodelmodifiedfor coastingopeamcoolingwill give more
insightinto thedynamicsof coastingpeamcooling.

All coastingbeamcooling experimentshave beencarriedout with total ion
numbersof 107. Accordingthe moleculardynamicssimulationsCoulomborder
ing is expectedfor particle numberslower than10®. Thereforeorderingeffects
arenot expected. However, next beamtime we will reducethe particlenumber
andtry to reproducethe obsenation of a suddendissappearancef intra beam
scattering.



Chapter 5

Outlook

Thegoalof all presentediasercoolingexperimentss still to answerthe question
whetherit is possibleto achiare a beamcrystallizationandto find out the ulti-
matelimits of the phase-spacdensity The suddendisappearancef Coulomb
collisionsduringlasercooling of bunchedbeamgsection3.3) alreadyshows the
signatureof an orderingprocess. However dueto the ambiguity of the results
requirefurtherexperimentdo getaclearproofof acrystallization.In orderto im-
prove the coolingratesandto investigatehatthe obsenationsarenot connected
to the bunchedcooling schemadtself, a new seriesof coastingbeamcooling ex-
perimentshave beencarriedout (chapterd4). Theseexperimentshave beendone
with ion numbersf about107 in orderto examinethenew coolingdynamicswith
signalrateseasyto handle.Thetransitionin bunchedoeamshowever took place
at10° ionsin agreementvith thetheoreticapredictionsfor theformationof alin-
earchain. The next stepto reproducahe anomaloudbehaior in a coastingpeam
would thereforebe cooling of muchmoredilute beamswith ion numbersbelov
108.

In particularfor coastingpeamcooling du to the limited capturerangeof the
cooling force andthe fact that scatteredons cannotbe cooledback, the use of
a capturerangeextensioncould be very interesting. As shawn in figure 2.9 a
rapid adiabaticpassagean extendthe force profile to a velocity rangeto about
1000m/s. This is sufficient to completelysuppressary lossesfor the cooling
procesgdueto IBS. Unfortunatelya rapid adiabaticpassageealizedby a setof
drift tubesin the cooling sectionof the storagering (section2.3.1)would modify
theforce profilesof the co- andthe counterpropagatintaserin the samemanner
asschematicallydepictedin figure 5.1a. Both profileswould be extendedin the
samedirectionin velocity space.Onepossiblesolutionto this problemcould be
a furtherrelative laserdetuningof roughly 2 GHz (figure 5.1b). In this casethe
stablepoint would be producedby the main peakof onelaserandthe “wing” of
the capturerangeextensionof the otherlaser This experimentwill be donenext
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a) b)

v R

Figure 5.1: Thecapture range extensionthroughrapid adiabatic passae leads
to an extensionof both co- and counterpopagating molassedasers towards the
samedirectionin velocityspace(a). A solutioncould be a further relativelaser
detuning(b).

beamtime.

Anotherpossibleextensionof the experimentwould possiblybe sympathetic
coolingof 2 O%** by thelasercooledBeryllium beam.Besidediny isotopicshifts,
the oxygenbeamhasthe samemagneticrigidity as®Be*. It could thereforein
principlebestoredsimultaneouslyvith theBeryllium beamin thering atthesame
velocity. While the Beryllium beamis efficiently lasercooled,collisionsbetween
bothion speciedeadto a heatexchangesothatthe oxygenbeamcouldbecooled
aswell. Thisis similar to the situationof electroncoolingwherea cold electron
beamis memgedwith anion beam. This experimentwould give someimportant
insighton the cooling procesghroughcollisionswhich is alsointerestingfor the
furtherunderstandin@f electroncooling.

A completelydifferentregime would be lasercooling of very densebeams
with particle numbersof morethan10°. In the nearfuture, the productionof
thesedensebeamswill be possiblewith therecentlyinstalledhigh currentinjec-
tor (HCI). The investigationof lasercoolingin a strongIBS regime could lead
to a furthelgoing understandin@f the influenceof collisionsto the cooling pro-
cess.Furthermorehigh currentbeamsof extremephase-spaceéensitiegepresent
auniquetool to obsenre effectssuchastune-shifts self bunchingandstorageing
instabilities.



Appendix A

Electron coolingforce
measurementsusing barrier buckets

A.1 Intr oduction

Over the years,electroncooling hasbecomea standardcooling techniqueused
in storagerings[Poth,1990. In contrastto othertechniquesuchaslasercool-
ing [Petrichetal., 1993, electroncoolingis a universalmethodwith no limita-
tion to a certainion species. However, it is surprisingthat only a few system-
atic measurementexist which quantitatvely determinethe influenceof various
coolerparametergelectrondensity guidingfields, expansionfactorsetc.) on the
cooling process.In particular oneis interestedn the cooling ratesthat canbe
achieved, sincethis determineghe cooling times and equilibrium temperatures
of theion beams.The majorreasorfor this situationis the lack of simplemeth-
odsto measurehe cooling force profile. Up to now, thereare only two known
technigued2o measurehe force profile: One can performa controlledheat-up
of the ions by applying a white-noisesourceof definedpower to the ion beam
[Winkler etal., 1997, Beutelspache200(d. Thevelocity dependengof thecool-
ing force canthen be calculatedby solving a Fokker-Planckequationwith the
measuredhermodynamidon distribution and the appliedheatingpower asin-
put values. On the otherhand,the cooling force canbe measuredy applyinga
counterforce to theionsusinganinductionacceleratofEllert etal., 1993. The
measuremertdf therevolutionfrequeng of theelectron-cooledbnsin forceequi-
librium with respecto the strengthof the counterforcedirectly deliverstheforce
profile. While the heatingmethodallows the measuremenof the force profile
over a large velocity rangeincluding the non-linearpart of it, the accurag of
this techniquestronglydepend®n the underlyingmodelbeingused.The second
methodmeasureshe cooling force directly but requiresaninductionaccelerator
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asadedicatedlevice only presenin afew storageings.

We presentanovel methodto measurghelinearpartof thelongitudinalforce
profile of anelectroncoolerusingradiofrequeny beambunching.The confining
bunchpotentialgeneratesa counterforceactingagainstheelectroncooler Since
thismethodhasonly very smallexperimentalequirement& canbeeasilyapplied
to all existing storagerings without the needof major technicalmodifications.
Thisway it shouldbe possibleto performsystematicoolingforce measurements
which allow afurtherinsightinto the physicsof electroncoolingin storagerings.

A.2 Description of the method

For electroncooling,acold electronbeamis memgedwith thehotion beamovera
distanceof typically somemeters.Coulombcollisionsallow atransferof thermal
enegy betweenion andelectronbeam. Hence,thermalequilibrationleadsto a
temperatureeductionof theion beam[Poth,199(Q. The cooling procesanbe
describedn termsof a velocity-dependentooling force shavn in Fig. A.1. At
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FigureA.1l: Longitudinalelectioncoolingforceprofilein velocityspace Theplot
showsthetypical valuesfor Be* ionsat v/c=4%. A mismatt betweerthe stable
velocity v of the ECOOL and the velocity of a confiningbunching potentialv,¢
leadsto an additionalforce Fi,;,s actingontheions.

thevelocity vy of the electronbeamthe coolingforcevanishegorming the stable
pointin velocity spacevheretheionsaredravn to. Within abroadvelocityrange
of typically 10* m/s aroundthe stablepoint the cooling force is proportionalto
theion velocity. Outsidethe linear regime, the cooling force goesdown to zero
dueto thedecreasingross-sectioonf electron-iorcollisionswith growing relative
velocities. The cooling force nearthe stablepoint canbewrittenas F'(v) = —av
with thefriction coeficient «. In this casethecoolingrate,which determineshe
time neededo reachtemperatureequilibrium, is writtenasA = 2a/m (m: ion
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mass).The beambunchingmethodcanbe usedto measurehis linearpartof the
force profile andthereforethe coolingrate.

The measuremertdf the velocity dependengcanbedoneby applyingawell-
known velocity-independerrobeforceactingontheion beamwhich counteracts
the coolingforceto be measuredThen,onehasto determinethe velocity of the
ions beingin force equilibriumwith the cooling force andthe probeforce. This
way, by changingthe probeforce, the force profile of the coolerin velocity space
canbemeasured.

Oneway to producea constanforcefor alimited time is the useof aninduc-
tion acceleratofEllert etal., 1992]. Theinductionacceleratoappliesaforce on
the coastingion beamexploiting the transformerprinciple. A currentrampin a
coil enclosingthe beampipe inducesa voltagein the ion beamrepresentinghe
secondcoil. Thisway, alongitudinalforce canbe appliedfor alimited time. For
ameasuremertf the electroncoolingforce oneuseddifferentcurrentrampsand
measureshe correspondinghangeof velocity by monitoringtheion revolution
frequeng via Schottky analysis.

Beambunchingoffers a way to generatea counterforce without ary time
limitations. In this case,a pseudopotential confinesthe ions in the longitudi-
nal direction. The potentialshapecan be adjustedto generatea counterforce.
For radio frequeny beambunching,the ion beampasses radio frequeng field
tunedat a harmonicof therevolution frequeng. While passinghrough,theions
areacceleratedr deceleratedlependingon their particularphasewith respecto
the electricalfield. Theions arethereforeconfinedin the longitudinaldegreeof
freedom.

The confinementan be describedn termsof a pseudopotential (“bucket”)
moving with the ions. The velocity of this bucket is determinedby the bunch-
ing frequeny v: vy = Luyye/h with thering circumferencel. andthe harmonic
numberh. In the comoving frame,the ions performan oscillatory motion (syn-
chrotronoscillation) in this potential. A detaileddescriptionof beambunching
with non-sinusoidapotentialshapescan be found in [Eisenbartretal., 2000a].
The presente@xperimentaneasuringhe coolingforce make useof a specialpo-
tential shapecalledbarrier bucketssketchedin Fig. A.2. This potentialconsists
of a square-wellpotentialwith a bottomof constantslope. The ions oscillating
in the bucket arereflectedat the steeppotentialwalls resultingin a well-defined
bunchlengthwhich is independenfrom the relative kinetic enegy of the ions.
Insidethe bucket, ionsexperiencea constanforce dueto the potentialslope.The
spatialtime-averagedlistribution of the thermalion ensemblen the longitudinal
degreeof freedomis givenby Boltzmanns distribution:

n(s) = noe~(H(N/GT)

s: longitudinalposition,T": longitudinalion temperature};;: pseudopotential,
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Figure A.2: The barrier-budket potential usedfor beambunding consistsof
a squae-well potential with a bottomof constantslope The slopedefinesthe
strengthof the probeforce Fyqpe.

kg: Boltzmanns constant.

A constantpotentialbottom (pure square-wellpotential)leadsto a constant
densitydistribution. Theshapeof thedistributionis independenof thebeamtem-
perature.A potentialslopepusheghe ions eithertowardsthe rearor front wall
dependentnthesignof theslope.In this casetheion ensemblés exponentially
distributedalongthe longitudinal axis within the bucket. In addition,the distri-
butionis stronglydependenbn the beamtemperatureFor measuringhe cooling
force, the derivative of this potentialslope providesthe force counteractinghe
electroncooler

For a bunchedelectron-cooledeamtwo velocitiesare defined: On the one
handthe velocity of the electronbeamuv,; andon the otherhandtheion velocity
determinedoy the bunchfrequeny v.¢. If v is not equalto v, ions still expe-
riencea velocity-dependentooling force. However, the cooling force now has
an offset describedby Fi.s = a(ve — vi¢) (SeeFig. A.1). Hence,ions expe-
riencean acceleratingor deceleratingorce inside the bunch respectiely. The
calculatedmotion of oneparticlein a pure square-wellpotentialin longitudinal
phase-spactor both mismatcheccasesvs < e, v > vg @andin caseof per
fectmatchuv,s = v is shavn in Fig. A.3 (left column). Oneobsenesa damped
an-harmonimscillationwhich is dravn to onesideof the bunchpotentialin both
mismatchedasesln the matchedcasetheion movementendssomevherein the
potentialdependingn the startingpoint of the simulation.

In abarrierbunchedoeam the offset Fi;,; canbeexactly compensatety ad-
justingthe potentialslopecounteractinghe offset. In this case jonsoscillatingin
thebucketdo nolongerexperienceary netforceinsideof it, leadingto a constant
longitudinalion densitydistribution. Sincethe potentialslopeof the bucket and
thereforethe counterforceas preciselyknown, onecanmeasurehe coolingforce
for acertainion velocity by adjustingthe slopeuntil theion distribution becomes
constant.Theion velocity is thendeterminedy the bunchingfrequeng.
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Figure A.3: Calculatedphase-spaceliagramsof an election-cooledbunced
beamfor two bunding frequenciesiower (a), higher (b) and equal(c) with re-
spectto the correspondingelection beamvelocity Theright columnshowsthe
longitudinal ion distribution measued with an electiostatic pickup. The fitted
theoeetical Boltzmanrdistributionsare shownassolid lines.

A.3 Experimental Realization

The experimentsare performedat the Heidelbeg TestStorageRing (TSR) with
9Be* ionsat7.3MeV correspondingo 4% of thespeedf light. Thetypicalbeam
currentis 3 uA correspondingo 5 - 10° storedionsin total. A restgaspressuref
3 - 107! mbarleadsto a 1/e lifetime of 35s.

The electroncooler superimposes cold electronbeamover a distanceof
1.2m with theion beam.Theelectronbeamcurrentof typically 12mA is guided
throughatoroid field of 400Gausgesultingin abeamof 3cmin diameteranda
numberdensityof 8.7 - 106 cm~3. The acceleratiorvoltageof 480V in combina-
tion with anadiabaticexpansion(factor9.8) of thetrans\ersedegreeof freedom
leadsto an electronbeamtemperatureof about2 K. The resultingequilibrium
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temperatureof the Bet-beamatfter typically ten secondscooling time is about
300K.

Beambunchingis performedusinga pair of non-resonanhorizontalkicker
platesseton the samepotential. Theradiofrequeng wasproducedwith anarbi-
trary function generato(Hewlett Packard33120A).This device givesus a great
flexibility in modelingour potentialshapesA 10W broadbandf amplifierfeeds
the signalto the metalplatesterminatedoy 500hmdummyloads. An important
pointis the preciseknowledgeof the bunchingpotentialasseenby theion beam.
Sincetwo kicker plateswith the samepotentialare used,bunchingforcesacton
theionsonly while enteringor leaving the plates.The effective bunchpotentialis
thereforecalculatedas:

leﬁ‘eh
Vie = 727]LU
(Vi¢: potentialamplitudeseenby the ions, l.¢: effective length of the kicker
plates,h: harmonicnumber ~: relatvistic factor n: machine-specifislip fac-
tor [HofmannandKalisch,1999 (nrsg=0.895),L:ring circumferencel/:voltage
amplitudeappliedto thekicker plates)

Theeffectivelengthof thekicker platestakesstrayfieldsinto account.Theac-
tualshapeof thebunchingdevice doesnotplayary role for themeasuremersince
this lengthcanbe exactly determinedoy measuringheion oscillationfrequeng
in a harmonicbunchingpotential(syndirotron frequencyn,.) via Schottky anal-
ysis. For this purposea sinusoidalwaveformis appliedto the kicker plates.The
oscillatingionsproducemotionalsidebandspartfrom thecarrierfrequeng in the
Schottky spectrumThedifferenceof sidebandandcarrierfrequeng directly cor
responddgo theion oscillationfrequeng. This frequengy depend®n the strength
of thebunchingpotentialseerby theions. For agivenbunchingamplitudeapplied
to thekicker plates the effective lengthl.g is calculatedas

2rmy2L3
leﬁ' = — 5V
thU sync

With the slopeof the barrierbucket, the counterforce actingagainstthe electron
cooleris calculatedas

_ leffeh2 Uslope

T epl2 d ’

whereUgpe IS thevoltageslopeof thebucket (seeFig. A.2) andd theon-off ratio
(duty cycle) of thesquare-welpotential.

The longitudinal ion distribution inside a bunch is obsered with an elec-
trostatic pickup device [Albrecht,1993. The changingcurrentof the bunched
ion beaminducesmirror chage fluctuationson a metalring enclosingthe beam.
Thesechagefluctuationscanbemeasuredveralargeresistorasavoltagesignal.

rf
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Theamplifiedsignalis displayedwith anoscilloscopeayiving usarealtimepicture
of thelongitudinalion distribution.

A.4 Forcemeasurement

We first measuredhe synchrotronfrequeny with our setupto determinethe ef-
fective lengthof our kicker plates. A sinusoidalrf voltagewith an amplitudeof
30Volts at the 15th harmonicgave a synchrotronfrequeng of 200Hz. Hence,
the effective lengthof our kicker platesis 60cm. For theforce measuremenwith
barrier buckets we useda bunchingfrequeng of 676kHz correspondingo the
third harmonicof therevolution frequeng. Theduty cycle was50% (d=0.5). The
rf amplitudeof 30V, allows a maximumion velocity spreadthatcanbeholdin
the bucket (bucket acceptancedf 1500m/s.

FortheECOOLforcemeasurementheinjectedion beamis cooleduntil equi-
librium temperatures reached. Then,the barrier bucket potentialwith a given
slopeUsiope IS switchedon. Theresultingion distributioninsidethebunchis mon-
itoredonlinewith thepickupdevice. Thebunchingfrequeng is adjusteduntil the
ions are evenly distributed. Even a slight frequeng mismatchis clearly visible
in the pickup signalasanion distribution pushedo onesideof the bucket walls
(seeFig. A.3,right) sincetheinterplay of electroncoolerandbunchingpotential
formsanunstablesquilibrium. If thebunchingfrequeng v, for thebalancedlis-
tribution is found,theion velocity is calculatedasvi,, = v+ L/h. At this pointin
velocity spacethe coolingforceis exactly equalto the counterforce beingcalcu-
latedfrom Ug,pe asdescribedabove. The force profile is measuredy applying
different potential slopesand adjustingthe bunch frequeny until one attainsa
homogeneou®n distribution. The measuredlatapointsaredepictedin fig. A.4
(filled circles). The plot shavs the linear part of the cooling force profile around
the stablepoint of the electroncooler

A changeof the bunchingfrequeng by one Hertz correspondgo velocity
changeof 1.8m/s. A frequeng mismatchof 10Hz (18 m/s) is clearly observ-
able asanion ensemblepushedto one of the potentialwalls. This value also
definesthe uncertaintyof the velocity measuremenivhich is negligibly small.
The uncertaintyof the appliedcounterforce mainly dependon the uncertainty
of the effective kicker length. From the measuremenive estimatethe accurag
to AF/F=15%. The slopeof the linear part determineghe cooling rate of the
electroncooler For our casethisrateamountgo A, = 16 + 2 s~ . Thisstanddn
perfectagreemento theresultsusingtheinductionacceleratomethod(Fig. A.4,
opencircles)performedright after In addition,the resultsagreesvery well with
previous measuremenf$astuszkaetal., 1996].
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Figure A.4: Measuementbf the ECOOLforce profilesin velocityspaceemploy-
ing barrier budkets (filled circles) and the induction acceleator method(open
circles).

A.5 Conclusion

We presentec new versatilemethodto measurehe longitudinalforce profile of
anelectroncoolerusingbeambunching. Theresultsarein very goodagreement
with the measurementssingthe inductionacceleratarThe methodis extremely
simple to apply and can be donein very shorttime. In addition, this method
is not limited to a specificion specieslt becomesvenmoreeffective for higher
chagedionsbecauséhepickupsignalin orderto determingheequilibriumpoint
of the longitudinalion distribution is much stronger In contrastto the use of
aninductionacceleratqrthe requirementgor our measurementarecomparably
small. Oneonly needsa pair of metal platesor a drift tubefor beambunching
presentn all storageings. For monitoringthelongitudinaldistribution oneneeds
anelectrostatigpickupwhich canalsobea simpledrift tubesincewe do notneed
ary positioninformation. Our presenteanethodshouldbe directly applicableto
all presentheary ion storageringsin orderto performsystematianeasurements
of the cooling processwith respectto changesf the variousparameterof an
electroncooler



Appendix B

Measurementsystem

The variousdiagnostictools presentedn chapter2 arelocatedat differentposi-
tionsalongthe storagering. For dataacquisitionwe setup a decentralizedrchi-
tectureasdepictedin figure B.1. Eachdiagnosticdevice hasits own computer
systemthat recordsthe signalsand performsa little datapre-analysis. All mea-
suremensystemsareconnectedo a ethernenetwork baseconthe TCP/IPproto-
col. Themeasurediatais transmittedover this network. In addition,the network
is usedto controlall themeasuremergystemdgrom a Linux-PC(denotedasUser
PCin thepicture).

The pickup device is readout by a digitizing scope(Model Hewlett Packard
54510A)which also averageghe tiny voltagesover several scans. The datais
readoutby a Linux PC usinga GPIB (IEEE 488) interface. The readoutcanbe
performedlocally by a programmor is transmittedvia network to the UserPC,
which also controlsthe acquisitionparametersuchasthe numberof averages,
thetime resolutionetc.

For the readoutof the photomultipliersand the control of the high voltage
tubesoneusesa CAMAC systemwhich is controlledby a computerbasedon a
VME-busarchitectureThis computemworkswith arealtimeUnix derivatecalled
LynxOS.The photomultiplierpulsesareamplified,shapedandcorvertedto logi-
cal signalsusingcorventionalNIM devices. Theselogic pulsesarefed to a mul-
tiscaler CAMAC module. This module containsan internal histogrammemory
wherethe photomultiplierpulsesare summedup. The multiscalermodulealso
allows the measurementf atime seriesby countingthe pulsesinto a channelof
thehistogrammemoryfor agiventime andthansteppingo thenext channel.The
moduleproducessynchroneouslya control voltagereflectingthe currentchannel
number A time seriesmeasuremerns thereforebe connectedo a voltageramp
which can be amplified with an high voltage amplifier and appliedto the drift
tubesof the storagering. This way the HV-scanis realized. After a HV-scanor
fluorescencacanis finishedthe wholetime seriesis readoutfrom the histogram
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Figure B.1: Thedataacquisitionsystenfor each measuringnstrumentconsists
of sepaate computes connectedia a network.
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memoryby theVME computemwhich furthertransmitsthe datato the network.

For Schottky analysisthe noisesignaltakenfrom anelectrostatigickupwas
fed into a spectrumanalyzer(Hewlett Packard). The fast Fourier transformis
internally performedusingdedicatedligital signalprocessor$DSPs).Underour
conditions, this systemproducesup to 10 frequeng spectraper second. This
allows arealtimeobsenationof thelongitudinalcoolingdynamics.However, the
readoutvia GPIBto the PC(whichis alsothecontrolPCin thesetup)significantly
limits the acquisitionrateto one Schottly picturein threeseconds.The multi-
channelplatesof the beamprofile monitorarealsoreadoutoy a VME computer
which transmitsthe datato the network.

The usedsetupensureghe realtime capabilitiesof the particulardiagnostic
tools beingreadout by separatalataacquisitionsubsystemsThe decentralized
structurealso makes this systemrelatively robust againsthardware failures. In
addition,furthermeasuremerdevicescanbe addedwithout mucheffort.
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