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Outline of this Thesis

Thepapernumbes mentionedelowreferto thelist of publicationspp. v-vi.
Chapter 1: An introductionto anda motivation of this thesiswork.

Chapter 2: A very basicintroductionto Dopplerlasercooling mostly intendedfor
nevcomergto eld. Theopticaltransitionsnvolvedin lasercoolingof Mg* andCa*
ionsaredescribed.

Chapter 3: An introductionto the particledynamicsof a storagering. The ASTRID
storageing andthe experimentaketupfor the ASTRID lasercoolingexperimentsare
described.

Chapter 4: Resultsfrom experimentson lasercooledcoasting*Mg* ion beamsin
ASTRID. Thechapteiis basedon the contentof paperll] andpapenlil].

Chapter 5: A schemdor so-calledaperedasercoolingof coastingstoredion beams
is discussedThe contentshasbeenpublishedn paperl].

Chapter 6: The dynamicsof particlesin a linear Paul trap. The analogybetween
the transersedynamicsof a storagering andthat of a pulse-e&cited linear Paul trap
is describedandthe possibilitiesfor testingresultson the stability of crystallineion

beamsarediscussedThechaptelis basedn the contentof papefdVIl].

Chapter 7: Descriptionof new linearPaultrap setupwhich hasbeenbuild up asapart
of thisthesiswork.

Chapter 8: Resultdfrom experimentnthestability of lasercooledCoulombcrystals
in a pulse-acitedlinearPaul trap. The contentshasbeensubmittedfor publicationas

papedqVIII].

Chapter 9: Descriptionof a new frequeng doublingunit for generatiorof UV laser
light which wasconstructeasa partof this thesiswork.

Chapter 10: Results§rom experimentshaving thatanion trapcanbeloadedn acon-
trolled andisotopeselectve way by usingresonance-enhaeg laserphoto-ionization.
Thechaptelis basedn the contentsof paperlV].

Chapter 11: Applicationsof photo-ionizationloading of anion trap: (i) measure-
mentson partial isotropic crosssectionsfor resonance-enhancédo-photonioniza-
tion of 2*Mg* (paper[V]). (i) Seeding®*Mg™ ionsinto a “°Ca* Coulombcrystal
(paperV]).

Chapter 12: A summaryof this thesiswork alongwith anoutlook.
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Chapter 1

Intr oduction

The presenthesisis concernedvith lasercooling of con ned ions. It haslong been
known thatlight carriesnomentunandthatscatteringf light givesriseto alight pres-
sureforce on atomicparticles. The inventionof tunablenarrav bandwidthlaserlight
sourceshasmadeit possibleto addressatomicoptical transitionsresonantlyachies-
ing high scatteringratesandhencesubstantiaforces.In 1975it wasrealizedthatthe
resonanhatureof alaserforce alongwith the Dopplereffect mayresultin cooling of
atoms[1] andions[2]. Sincethenlasercooling/manipulatio hasevolved into a ma-
jor sub eld of atomicphysicé andhaspaved the way for suchnotableexperimental
achievementsas Bose-Einsteircondensationin atomicalkali vapors[3], generation
of a Schrédingercatlike stateat the single atomlevel [4], and quantummechanical
entanglemenof four particles[5].

In theearly 19905 lasercoolingwasadoptedby experimentson storedion beams
dueto the prospecbf high coolingrates. The high lab framekinetic enegy of a fast
beamof chagedparticlesactsasa major heatreseroir whencoupledinto the beam
restframe by intrabeamscatteringand somecooling mechanisnvitally needsto be
appliedto achieve high brilliance andlong beamlife time. For light massparticlesas
electronssucha mechanisnis fortunatelyprovided by natureitself sincean electron
beamis radiatively cooledby synchrotrorradiationemissiorwhereasveamcoolingof
heary masspatrticlesis typically obtainedby electroncoolingandstochasticooling?.
Althoughlimited to arestrictechumberions,lasercoolingprovidesanef cient tool to
obtainandstudyultra-coldchagedbeamslt hasbeenconsiderec meanf attaining
acrystallineion beamreminiscenbf thecrystallinestateof lasercooledionsin traps,

1Chu, Cohen-Bnnoudji,and Phillips were awardedthe 1997 Nobel Prizein physics‘for develop-
mentof methoddo cool andtrap atomswith laserlight” .

2Theimportanceof beamcoolingis signi ed by thefactthattheinventorof stochasticooling, van
derMeer, wasawardedpartof the 1984Nobel Prizein physics.



2 Introduction

now routinely obsered. Noneof the large scalestoragering experimentsemploying
lasercoolinghave, however, succeedeih producinga crystallineion beamsofar.

Besidesa storagering chaged particlescanbe con ned andaccumulatedn vari-
ouselectromagnetitrapsout of which the Paul trapis a prominentexample®. Traps
provide ameansof storinganensemblef particles(or evenasingleparticle!) within
a localizedregion, wherethey canbe usedfor experimentalpurposes.When laser
coolingis appliedto ionsin a Paultrap,theion meanthermalenegiesmaybecomeso
low comparedo their mutual potentialenegy from Coulombrepulsionthat crystal-
like orderingsetsin asalreadyobseredin 1987[6]. Sincetherearemary similarities
betweerthe dynamicsof a Paul trapandthatof storagering with alternatinggradient
focusing,one might ponderwhy ion crystalsare not as easily obtainedin the latter
case.

The presentwork

The presenthesiswork takesits departin experimentson lasercooledionsin alarge

scale4d0m circumferencenagneticstorageing. Here,thelimitationsof theattainable
ion beamdensitieshave beenstudied. Effectsof spacechage wereobsered, but the
experimentswere unableto producecrystallineor even spacechage limited beams.
That a crystallinebeamwas not formedis actually not surprisingas vital criterions
from theoryfor crystalattainmentare violated. One of the thesecriterionsrequires
a suitabletaperedcooling force, anda discussioron how one might achieze sucha

forceis given. Anothercriteriondealswith thefocusingpropertiesof the storagering.

To testthis criterion the focusingpropertiesof a storagering hasbeenemulatedn a

tabletop sizelinear Paul trap (a variantof the conventionalPaul trap). Here, crystal
formationis possible. andwe cantestfor which focusingconditionsa crystalbreaks
up. Along with this work a linear Paul trap setupwasbuild anda frequeng doubling
unit for generationof UV light was constructed. The frequeng doubling unit has
beenemplgredin connectiorwith thedevelopmenbof a new andcontrolledmethodof

loadinganion trap usingphoto-ionization.The photo-ionizationoadingmethodhas
mary applicationandhasfor examplebeenexploitedin connectiorwith experiments
ontwo-specieson crystals.

Tothe reader

This thesisincludestopicsfrom various elds including atomicphysics,optical and
laserphysics plasmaphysics storageing physics,jon trap physics,andnonlinearop-
tics. All thesdacetshasmademy work asaPh.D.-studerd challengingandrewarding

3Paul was awardedpart of the 1989 Nobel Prizein physics“for the developmenif the ion trap
technique”.
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Chapter 2

Doppler Laser Cooling

This chaptergivesan introductionto the interactionof a two-level atom (ion) with a

monochromatidight eld andit is derved how this cangive riseto a velocity depen-
dentmeanscatteringforce — a “lasercooling forcé— on the atomt. Furthermore,
a descriptionof the transitionsinvolved in the lasercooling processesf 2*Mg* and
40Ca* ionsis given.

2.1 Interaction of atomswith a monochromatic light eld

Considera quasione-electroratomdescribedhroughthe Schrodingeequatiorby the
HamiltonianH o andthe completesetof eigenfunctions i, normalizedsolutionsof

Ho i(r) = Ej i(r): (2.1)

If atime-dependenperturbationH qt) is addedto the atomic HamiltonianH g, the
atom is now describedby the wavefunction , solution of the time-dependent
Schrédingeequation

@

i~6 = [Ho+ HY ; (2.2)

which dueto thecompletenesef ; canbeexpandedas
X .
()= c() i(nNe &% (2.3)
i
Thecoefcients ¢ (t) satisfythe coupledsetof equations
X .
i~$ = HY (e (te'7; (2.4)

This review is closelytied to Ref.[7].



6 DopplerLaserCooling

where Z
HA(M) = hjHY)) ii= (HXY i(r)dr; (2.5)
and
|JI = (EJ Ei):~: (26)

The interactionof an atomwith a planewave of incoming monochromatidight of
angularfrequeng ! |, wave vectork, andpolarization, describedy theelectric eld
of amplitudeEg

dkr 1Y) 4 g itkr 1)
2 )

E(r;t) = Eo™cogk r I'1t) = Ep” (2.7)

is givenby the Hamiltonian[7]
HYt) =  eE(r;t) r: (2.8)

If 1) is closeto the transitionfrequeng ! 5 ! ¢g betweenthe atomicgroundstate
g andsomeexcited statee, thenH 3,(t) andH Jo(t) = H2,(t) will betheonly “non-
vanishing” matrix elementsfound from Eg. (2.5) [8] — we evoke the notion of a
two-level atom[9]. Thenumberof non-trivial coupledequationg2.4)thenreducedo
two:

. dgg(t i
|~—Cgt( ) Ce(t)Hge(t)e "2 (2.9)
i~% Cg(t)H g (t)e" 2t (2.10)
Introducingthe detuningfrom atomicresonance !, ! 5 wehave
dhity g it gllat )t 4 g i(tat )t
0 — — .
Hoy(t) = ~ 5 =~ 5 , (2.11)
where
o reirigi; (2.12)

is theso-calledRabifrequeng andthedipoleapproximatiore’® " 1 hasbeerused.
Equation(2.9)andEq.(2.10)arereadilyun-coupledseeappendixA.1.1) andsolving
themsubjectto the initial conditionscg(0) = 1 andce(0) = 0 (correspondindo a

2Thedipole approximatiorcorrespondso neglectingthe spatialvariationof thelight eld over the
sizeof anatom(8].
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situationwheretheatominitially is in thegroundstatewhenthelight eld is switched
on) oneobtainsin therotatingwave approximation

! ! p | #
7 . T o
c(t) = cos %t p__'zizsin J Jz t € %% (2.13)
I
BRI A
Ce(t) = P===sin —t e h =2 (2.14)
I

In Fig. 2.1thetime evolution of theexcitedstatepopulationjce(t)j? is shavn for differ-
entdetuningsT Pﬂ,eprobabilityof beingin the excitedstateperformsRabioscilliations
atthefrequeny | j2+ 2.

Figure 2.1: Time evolution of the excited statepopulationjce(t)j? for a two-level atominter-
actingwith amonochromatidight eld asgivenby Eq.(2.14).

2.2 Inclusion of spontaneousmission

Theclassicakreatmenbf the electromagneticeld givesriseto the purelyoscillatory
behaior describedibore. Couplingbetweertheatomandthe quantizedracuum eld
resultsin the spontaneousmissionprocess.To presere the two-level atomformal-
ism we shall make the assumptiorthat spontaneousmissionresultsin a decayfrom
etog.
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2.2.1 The optical Bloch equations

Relaxation heredueto spontaneousmissioncanbe includedin the two-level atom
problemby consideringhe densitymatrix, which for a purestateis

— ee eg

_ GG CeGy
ge g9 Cole CgCy

In absencef spontaneoudecay the time evolution of the densitymatrix entitiesare
readilyderivedfrom Eq. (A.1) andEq.(A.2), e.g.,

d gg _ dg dgy _ i it ity

(2.15)

Spontaneoudecaycauses purestateto evolve into a statisticalmixture— a mixed
state Theevolution of the densitymatrix is governedby the masterequatiorf10]

d 1
g = oMo+ HS 1+ egee eeeg ; (2.17)

Nl

Nl

wherethe rst termon theright handsideis equalto the densitymatrix evolution in
absencef decayandthe entitiescanbe foundasshavn in Eg. (2.16). Thelastterm
representshe dampingdueto spontaneoudecay andcanbe derived by considering
the coupling betweenthe atom and the quantizedvacuumradiation eld (see,e.g.,
[10]). Wethenendup with thefour coupleddifferentialequations

dgg —

i . .

at E( e '! ge é! eg) T ee (2.18)
d:e = E( gl eg € ' ge) eer (2.19)
d i -

d?e = > € t( g9 ee) > ges (2.20)
d i ;

d:g = > e ! t( ee g99) > egs (2.21)

referredto asthe optical Bloch equationdOBE). Figure2.2 shawvs the time evolution
of the excited statepopulatioft ¢(t) for anatominitially in the (pure)groundstate
with probabilityPg(t = 0) = ¢4(t = 0) = 1whenaresonantight eld is switched
on. It is evidentthat c¢(t) relaesinto steady-state.

3The spontaneoudecayof the excited statee into the groundstateg is characterizedy the natural
lifetime = 1= :

“Themeaningof the excitedstatepopulationis now a statisticalaverageover the mixed stateensem-
ble.
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30 40 50

Figure2.2: Time evolution of theexcitedstatepopulation ¢(t) for atwo-level atominteract-
ing with amonochromatidight eld detunedo atomicresonance = 0. Thedecayrateof the
excited statedueto spontaneousmissionis = 0 (grey line), = =10(---), = =2
(----),and = (——). Thecurveswereobtainedby solvingthe OBE numerically

2.2.2 Steady-statebehaviour

In the steady-statémit, the populationdifferencew g9 eeCanbeshavnto be
(seeappendixA.1.2)

1
w = : 2.22
1+ s (2.22)
where
j =2 g j°= S
S = ; (2.23)
2 2= 2= 2 2!
+ 24 1+ 4°= 1+ —
2
is the saturatiorparameteands is theon-resonancé.e., = 0) saturatiorparame-
ter
S 2 j’= % (2.24)
FromEq. (2.22)we getthe steady-statpopulationof the excited state
1 1 s 1 S
ce = _(1 W) = = _ 2; (225)
2 2(1+ s) 21+S+ -
2
5Theon-resonanceaturatior’parametecan,furthermorebe@(pressedasS = | =lp, wherel is the

intensityof theincominglight andlo = hc = 3[7].
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which cannotexceed% (saturationno matterhow strong elds areapplied. Photons
fromthelaser eld arescattereatarate
1 S
= T, ——— (2.26)
1+ S+

v\m—\|

Thedependencef ondetuningandsaturatioris shawvn in Fig. 2.3.

05 [ S o S T T
y . ‘~~\\\\S=1000

04T 85100

Sos=0
=1

y/T

01+ A e

10 -8 -6

4 6 8 10

Figure 2.3: Excitationrate versusdetuning for the on-resonanceaturationparameter
S = 0:1;1;10; 10G 1000

2.3 Velocity dependentmeanscattering force

An atomtravelling with velocityv will seethefrequeng of theincominglight Doppler
shifted(to rst order)by k v. We maytake thisinto accountin the above formu-
las by makingthe substitution y k v. Sinceeachscatterephotoninitially

carriesmomentum-k , theabsorptiorprocesgransferanomentunto theatomin the
propagatiordirectionk of thelight eld. Therecoil of theatomassociategvith asub-
sequentspontaneouslgmittedphotonis zeroon averagedueto inversionsymmetry
of this stochastigprocessHencewe have the meanscatteringorce

FZ(VZ) = ~k = _~k

5 (2.27)
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wherethe propagatiorof thelight eld withoutlossof generalityhasbeentakento be

in the directionof thez-axisk = k2. Theimportantpoint to noteis thatEq. (2.27)

describes velocity dependentorce with the sameshapgasfunction of vzK) as
() shawvnin Fig. 2.3.

2.3.1 Lasercoolingforce

F.(v;) is positve everywhere but by introducinga counteracting force a zeropoint
in the total force arises. The counteracting force could for exampleorigin from a
counterpropagatindight eld orfrom apositiondependenharmoniaestoringforce®.

01— T

0.0 4=

2z

F(v)/(W72)

z

| T I B " " " " " " " " PR IR Nt
412408 6 4 20 2 4 6 8 10 12 14

Figure 2.4: Thez-componenbf the resultingmeanscatteringorce from two equallyintense

(S = 0:1) counterpropagatindight waveswith frequenciesletunedhe sameamountbelon

atomic optical resonance.The force in units of ~k =2 is shavn for detunings = and
= 10 . In bothcasegheforcecorrectsv, of particlestowardsv, = O.

Figure 2.4 shaws the resultingmeanscatteringforce from two equally intense
(S = 0:1) counterpropagatindight waveswith frequenciesletunedhe sameamount
belov atomicresonance Weseethatthelight forcewill correctv, of anatomtowards
v, = 0. In the moregeneralcasewherethe detuning i of the co-propagatindaser

5The caseof a harmonicrestoringforcewill beaddresseéh section3.2.2.
"Whenthe saturatiorparameteis small, the two laserforcescansimply be added.We shall return
to this discussiorin chapters.
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is allowed to differ from the detuning » of the counterpropagatingaser the light
force will correctv, of anatomtowardsv, = ( 1 2)=k  vo. Fromthe abore
considerationsve concludethatit is possibleto manipulatethe velocity distribution
of anensemblef atomicparticleswith aresonantight pressurdorcewhichbecomes
velocity dependenthroughthe Dopplereffect. This constituteghe basicprinciplesof
Dopplercooling (a reductionin meankinetic enegy) of the particles- possiblyin a
referencdrametravelling with v, = vp, e.g.,afastbeamof particles.

2.3.2 Sympatheticcooling

The Dopplerlasercoolingforcesdiscussedhereonly directly affectsthe velocity dis-

tribution in the z-direction. In the caseof ions, Coulombinteractions/colli®ns can,

however, transfermomentumbetweenthe radial/transerse dimensionsand the ax-

ial/longitudinaldimensionasillustratedin Fig. 2.5. This couplingleadsto so-called
sympatheticcooling of the translationaldegreesof freedomnot directly cooled by

lasers. The term sympathetiacooling is alsousedto designatecooling of non-laser-
coolableionsby lasercooledonsvia Coulombinteractions.

Figure2.5: Coulombinteractions/collisionsantransfermomentunfrom theradial/transerse
dimensiongo the axial/longitudinaldimension.

2.3.3 Diffusion

Nearv, = 0, thelasercoolingforceFig. 2.4 varieslinearly with velocity

F, (V2) = vz + O(VD); (2.28)
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where

= 8k > —: (2.29)

1+ S+

NII—‘|

Theviscousforce Eq. (2.28) createsanexponentialdampingof the particleveloc-
ity towardsv, = 0. However, the stochastimatureof the (discrete)absorptionand
emissionprocessegjivesrise to momentumdiffusion and putsa lower limit on the
attainablewidth of the velocity distribution. Thelimit is characterizetby the Doppler
temperature
e
AppendixA.2 discusseshelimiting temperaturesetby atomicmomentundiffusion.
In adirectiontranswerseto the laserbeamdirectionthe heatingfrom momenturmdif-
fusionis not directly counteractedby the laserforce. Henceonehasto rely on sym-
patheticcooling of the transersedimensionsor some(other)longitudinal-trangerse
couplingmechanisme.g.,by externalelectromagneticelds.

To (2.30)

2.4 Lasercoolingof realatoms(ions)

2.4.1 Lasercoolingof ?*Mg *

In boththe storageing experimentsandthetrap experimentgresentedh this thesis,
lasercoolingis appliedto the?*Mg* ion. Theelectronicgroundstatecon guration of
thision consistof asingles electronoutsideaclosedshellNe noblegascon guration
andthe groundtermis 3s2S;-,. Theouter3selectroncanbe excitedto a 3p subshell
with the ion describedy eithera 3p2P;-, level or a 3p2P4-, level ( ne structurg.
In theexperimenton 2*Mg* ionsdiscussedh this thesiswe applylight resonantvith
the3s2S,-, | 3p?P3-, transition. The only allowed decayroutefrom the 3p ?P3-,
stateis directly backto the groundstate. Hencewe are dealingwith a closedopti-
cal transitionandthe 2*Mg* ion behaes effectively asthe two level atomdescribed
above. The3s2S,, $ 3p?Ps-, transitionschemds shavn in Fig. 2.6. In the exper
imentswe usuallyapply linearly polarizedlaserlight implying that excitationsoccur
througha transitionand spontaneougmissionthrougheithera transitionor a

*= transition. However, circularly polarizedlight would alsobe applicablé. The
Dopplertemperaturessociateavith the 3s2S;—, $ 3p2P3-, transitionof 2*Mg* is
Tp = 1 mK.

8We notethatthis is generallynot the caseif onehadchosenthe 3s2S,-, ! 3p?2P;-, transition:
laserlight of a (single) x ed helicity would leadto optical pumpingto oneof the magneticsublesels of
thegroundstatecon guration.
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Mz -3/2 1/21 : 1/2 3/2 3p°P,,
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Figure2.6:3s°S;-, $ 3p?P;-, transitionschemeThenumbersattachedo thelinesarethe
Clebsch-Gordanoefcients for transitionshetweerthe differentmagnetiaM ;) substatesin
the experimentsdescribedn this thesislinearly polarizedlaserlight is appliedandexcitation
occursviaa transition.Thesubsequergpontaneousmissionoccursvia eithera transition
(probability 2) ora  transition(probability 1).

The Mg * and?Mg * isotopes

In thework onisotopeselectve loadingof anion trappresenteih chapterl0, we shall
alsoapply lasercooling to the 2®Mg™* ion. The lasercooling processs completely
similar to thatof 2*Mg* , the only differencebeinganisotopeshift of 3 GHz for the
3s%S,-, $ 3p?Ps-, transition. The caseof 2°Mg* is more complicateddue a non-
zeronuclearspir? implying hyper ne splitting of bothgroundandexcited statesand
this isotopehasnot beenlasercooledeffectively in our laboratorysofar. In principle,
e.g..theFg = 3$ Fe¢ = 4 opticaltransitionis closed. In practicetheFyg = 3 $
Fe = 3transitionmay be weakly excited andsincethe Fe = 3 excited statehasan
allowed decayto the Fg = 2 groundstatethe processwill leadto optical pumping
into this state. Henceeffective lasercooling of 2°Mg* would requirean additional
(repumping)laser[11] or a strongmagneticeld to causesufcient Zeemarsplitting
[12,13]

2.4.2 Lasercoolingof4°Ca*

In someof thetrapexperimentsve shallalsoconsidetthe °Ca* ion whichis reminis-
centof the?*Mg* ion sinceit hasanelectronicgroundstatecon gurationwith asingle
selectronoutsidea closedshell Ar noblegascon guration. Likewise,thegroundterm
is 4s2S,-, andexcitationto a 4p ?P,-, stateis possibleusinglaserlight at397 nm[a
level schemeds shawn in Fig. 10.1(d)]. From this excited statethe 4°Ca* ion may
decay(back)to the groundstate,but decayto the meta-stabldower lying 3d °D4-,

9 = 5=2— seeTableB.1.
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is alsopossible(in contrastto the caseof 2*Mg* ) with abranchingratioof 5. If
only light at397nmis applied theionswill beopticallypumpedo the?D;-, stateand
lasercoolingonthe4s?S,—, $ 4p2P;-, transitionbecomesnef cient. However, by
applyingrepumpinglaserlight at 866 nm resonanto the4p2?P,—, ! 3d?Ds-, tran-
sition, ions endingup in the ?D4_, statewill be re-excitedto the 4p?P;-, statefrom
wherelasercoolingonthe4s2S;_, $ 4p?P,-, transitioncanproceed.The Doppler
temperaturdor “°Ca* whenlasercooledasdescribedhereis Tp = 0:5 mK.






Chapter 3

StorageRing Physics

This chaptergives an introductionto the dynamicsof chaged particlesin a storage
ring. The ASTRID storagering is describedalongwith the experimentalsetupfor

lasercooling stored**Mg* ions and performingdiagnosticson the lasercooledion

beam. The diagnosticsbene ts from the fact that the lasercooling transitionof the
storedions canbe utilized to illuminate the ion beam. The scattere¢photonscanbe

usedto measurehe longitudinal velocity pro le of the ion beamandto imagethe

trans\erseion beampro les.

3.1 Particle dynamicsin a storagering

In a storagering or synchrotron chaged particlesare guidedalonga closeddesign
orbit by electromagneticelds. Electric elds arelimited by breakdevn problems
andmagneticelds arealmostalwaysemplo/edin practicelhowever, atlow enegies,
wherethe velocity is low for heary ions, electrostatielementgbends,quadrupoles)
aremoreefcient thanmagneticones]. SincetheLorentzforceF = ev B froma
magneticeld B depend®nthe particlevelocity v, only chagedparticlesmoving in
acertaindirectionwith the designmomentunypg canfollow the closeddesignorbit. It
is customto describeparticletrajectoriedn a beamwith respecto the designorbit as
shavn in Fig. 3.1.

Roughly the designorbit is setup by dipole bending elds makingdesignparti-
clescirculatein aplanefthe (s; x) plane].Con nementof (non-designparticlesalong
thedesignorbit canbe achieved by meanwf quadrupoldocusing elds. Thearrayof
guadrupolenagnet@aroundthestorageing constituteshe (periodic)magnetidattice.
Figure 3.2 shaws the forcesexperienceduy particlestravelling througha quadrupole

1An electrostaticstoragering (ELISA) hasrecentlybeenbuild in Aarhus[14]. This storagering is
very suitablefor low enegy experimenton heary clustersandbio-molecules.
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Design Orbit

Figure 3.1: The positionof a particlein a storedbeamcanbe describedwith respecto the
designorbit asshovn. Usuallythedesignorbit is restrictedo aplane.

(b)

YA

Figure 3.2: Theforceexperiencedheby apositively chagedparticletravelling in direction
througha magneticqudrupole.(a) Horizontally focusingquadrupole.(b) Vertically focusing
guadrupole.

magnet.Thetwo quadrupol@rientationsshavn correspondo a horizontallyfocusing
(a) andavertically focusing(b) effect, respectiely. In thetransersedirectionorthog-
onalto thefocusingdirectionthe magneticquadrupolds defocusingtheforcesinside
amagneticquadrupolerelinearin positionfrom thequadrupoleaxis?). Analogousto
geometricopticsit is possibleto obtainnetfocusingin bothdimensiondy combining
two quadrupolesf oppositepolarityinto adoublet]i.e., emplg onequadrupolef the
typeFig. 3.2(a)andoneof thetypeFig. 3.2(b)]. This principle— so-calledalternating
gradientfocusing— is illustratedin Fig. 3.3. Alternatinggradient(AG) focusing,also
referredto asstrongfocusing wasproposedyy Courant,LivingstonandSryder[15]
in the early 19505 anddespiteits simplicity, this conceptrevolutionizedaccelerator
design[17].

Thisis derivedin section6.2.1.
3Theideahadbeensuggesteearlierby Christo los [16] but wasunpublished.
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Figure 3.3: Principle of AG focusing. A focusing-defocusingr defocusing-focusindens
pair givesrise to net focusing. For equally stronglensesthe inter-lens distanceshould be
lessthantwice the magnitudeof the lensfocal length. The combination"Focusing(F)-Drift
(O *“zero”)-Defocusing D)-Drift (O “zero”)' is commonlyreferredto asa FODOcell.

3.1.1 Transversedynamics

indextransersedynamicsin mary circumstanceshe two orthogonal transwersedi-
mensionx andy (seeFig. 3.1) canbetreatedndependentlyith equationsf motion
for aparticleof theform

u%s) + Ku(s)u(s) = 0; (3.1)
wheretheforce of the periodicmagnetidatticeis describedy
Ku(s+ L) = Ky(9); (3.2)

for somel (possiblythering circumferenceC). Equation(3.1)subjecto thecondition
(3.2)is calledHill' s equation Hill' s equationcanbe shavn to have pseudo-harmonic
solutionsof theform [18]

W)= a o@cot( ofs) ) (3.3)

wherethe betatronfunction (s) (periodicwith periodL) is thesolutionto the non-
lineardifferentialequation

1 1
SIOMOREIORINORHOREE (3.4)
andthe phasdunctionis givenby
Z 1
u(s) = dt: (3.5)

so u(t)
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The phaseadwvanceperunitcell | = y(sp+ L) u(So) is aninvariant andthe
numberof betatronoscillationsperrevolution in thering, calledthe tuneg is givenby

N u.,
2 ’

Qu= 51 u(0+C)  ulso)l = (36)
whereC = NL (i.e., N is the numberof unit cells of lengthL). In orderto have
a stablebeam,it is importantto operateat tuneswhich arenot closeto integer, half
integer, andthird integerresonancesyhereperturbationgrom eld imperfectionscan
addup coherentlyon successie revolutions.

De ning new variables

_ 1 . _ 1+ %),
(s) = > As); (s) = T (3.7)
onecanderive therelation
(s)u?(s) + 2 (s)u(s)uds) + (s)u®(s) = constart  a*: (3.8)

This is a constantof motion calledthe Courant-Sgder invariant and Eq. (3.7) de-
scribesan ellipsein phasespace(u; u9 with area a2. At a given location,say S,
a particle describedby Eq. (3.3) will always nd itself on the ellipse de ned by a,

(s0), (so),and (sg) becausof theperiodicityof the Twissparameters (s), (S)
and (s). At sp all particleswill whenpassingon subsequentevolutionsin the ring
evolve on ellipseshomotheticto this one(the only thing to changes the “amplitude”
a) asshown in Fig. 3.4. Theellipsewith area  thatsurrounds$8%° of the particles
de nesthe beamemittance . Thisalsode nesthe beamenvelope

p—
Unax () = ©  (9); (3.9)

andthe beamdivergence o.p

Unnax (S) = (s): (3.10)
for the x andy dimensionsrespectiely. From Eq. (3.7) is seento be constant
aroundthe ring. This is not strictly true when heatingor cooling mechanismsre
presenteadingto emittancegrowth or reduction respectiely.

“Thephaseadwanceperunit cell doesnotdepencbn so andcanbe calculatedrom atraceof propa-
gationmatricesasdescribedn chapter6.

5Thisde nition of emittances, of courseratherarbitraryandsomeauthorsusedifferentde nitions.
68%correspond$o in a Gaussiardistribution.
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Figure 3.4: In agivenlocationin thering so the particleswill evolve on homotheticellipses
in phasespaceon multiple revolutions.

3.1.2 Dispersion

If particleshave momenturmp which differs p from theideal designmomenturmpg,
they will performtheir betatronoscillationsarounda closeddispersionorbit offset
from thedesignorbit by

Xp (S) = D(s)p—:; (3.11)

whereD (s) isthedispersiorfunctionof themagnetidattice. Thisis mostpronounced
in thehorizontaldimensiornx becausef thebendsof closedorbits. Aswe shalldiscuss
in chapterd andchapters, dispersioneffectsturn outto be of signi cant importance
in lasercooling experimentson storedion beams.

3.2 Longitudinal dynamics

Thelasercooling experimentswith ionsin a storagering presentedn this thesishave
beencarriedout on coastingbeam$8. However, asthe physicalsituationin the exper

imentson beamemulationin anion trap (to be discussedn chapter8) resembleshat
of bunchedbeamsratherthanof coastingbeamswe shall brie y review somebasic
theoryof the longitudinaldynamicsof bunchedbeams.lon beamsareoften bunched
in storagering applicationsn orderto be ableto acceleratéheionsasdescribede-
low. In lasercooling experiments bunchedion beamshave the advantagethat only

asinglelaseris neededo cool the beambecausehe longitudinalbunchingrestoring

A continuousbeam(in contrasto a bunchedoeam).
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force actscounteractingo the light pressurdorce. Lasercooledbunchedion beams
have previously beensubjectto detailedstudiesn ASTRID [19,20].

3.2.1 Bunching of anion beam

By applyinga sinusoidalvoltageto a drift tubelocatedin thering with the frequeng

beingsomemultiple h of theions' revolution frequeng f (., thebeamwill bedivided
into h bunche$. Generally a particle passingthroughthe tube will seean average
forcein the longitudinaldirectiondueto the differencein potentialbetweerentering
andleaving. A particlenotseeingadifferencen thetime-dependerntotentialon pass-
ing throughthetubeandhencenotfeelinganaverageforceis saidto be synchronous
Particlesin a buncharriving at the tube previousto a synchronougarticlewill have

their velocitiesreducedvhereagarticlesarriving laterwill beacceleratedThe aver-

ageforceon apatrticlein abunchis of theform

F(z) = Fpsin Zc—hz ; (3.12)

whereC is the ring circumferenceand z is the position of a particlein the bunch
relative to a synchronougparticle and Fq is an amplitudedependingon the voltage
andgeometryof thetube. It is this force which givesrise to the bunchingin the rst
place. For smallexcursionsfrom the synchronougarticlethe forceis approximately
linear in z, suchthat particleswill perform harmoniclongitudinal oscillations,so-
calledsynchrotrorpscillations aroundthe synchronousenterof thebunch,andtrace
out an ellipsein longitudinal phasespace(seeFig. 3.5). For larger excursionsthe
motionwill beanharmoni@andthe phasespacdrajectoriesceasdo beelliptic.

3.2.2 Lasercooling of a bunchedion beam

A bunchedbeamof ions with a closedoptical transition (suchas ?*Mg* ) canbe
lasercooled. Introducinga laserdetuneda little red from opticalresonancef a syn-

chronougparticle(i.e., k vo < 0), we seethatparticlesperformingsynchrotron
oscillationsof largeamplitudeseventually nd themselesin resonancevith thelasef

asillustratedin Fig. 3.5. Herethey will scatterphotonsandtendto move on phase
spaceellipsesof smalleramplitudeuntil they comeso closeto the synchronoupoint

in phasespacehatthey areno longerresonanduringa phasespacerevolution. This

leadsto anincreasédn longitudinal phasespacedensityand cooling of the bunched
beam.

"The mostcommonway to achiee bunchingof a storedion beamis to usearf cavity. Acceleration
of thebunchedbeamcanbe achieved by increasinghe cavity modefrequeng.
8Thesynchrotrorfrequeny is usuallymuchlower thanthe revolution frequeny of circulatingions.
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Figure 3.5: Synchrotroroscillationsin longitudinalphasespace A particlediffering consid-
erablyfrom asynchronougarticlewill interactwith thelaseronits phasespaceevolutionand
be correctedn momentunto move on anellipseof smalleramplitude.

Whendealingwith acoastingpeamtheability to bunchthebeamis a nicefeature,
becausé offersaneasyway of tuningtheco-andcountefpropagatindasergo optical
resonancef asynchronougparticleoneatatime.

We note that elliptical phasespacetrajectoriesare a generalproperty of a har
monic con nementpotentialandthatthe above considerationsoncerningcooling of
a bunchedbeamwith a singlelaserareequallyvalid for ary suchpotential. Henceit
is alsopossibleto coolionsharmonicallycon ned in atrapusingasinglelaser

3.3 The ASTRID lasercooling experiment

The presenthesispresentsesultson experimentswith lasercooled?*Mg* coasting
ion beamsn the ASTRID storagering. This sectiondescribesASTRID andthelaser
setupusedfor coolinganddiagnostics.

3.3.1 The ASTRID storagering

The ASTRID storagering in Aarhus[21] is a small dual-purposenachinecapable
of storingbothions andelectrongfor synchrotron-radiadin production). Figure 3.6

shavs a schemati@drawing of ASTRID. Themachinehasfour 90 bend$ connecting
4 straightsectionf 2 identicalFODOcellseach.Additionally, therearel6 combined

9Eachbendconsistof two 45 dipole bendingmagnets.
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sextupoles/dipolesisedfor cromaticity:®/orbit corrections. Table3.1 summarizeshe
parametersisedin the lasercooling experimentsandFig. 3.7 shavs the resultinglat-
tice functions

Table 3.1: Standard/aluesfor ASTRID whenusedfor lasercoolingof 2*Mg* .

| Parameter | Symbol | Value |
Circumference C 40.0m
lon kinetic enegy E 99.1keV
lon revolutionfrequeny frev 22325Hz
Numberof circulatingions N 2.810°-2.810°
Equivalention current I 1nA-1 A
Typical storagdifetime 30s
Typical averagepressure p 10 * Torr
Horizontalbetatrontune Qn 2.27
Verticalbetatrorntune Qv 2.83
Horizontal at centerof straightsection h:0 12.1m
Vertical atcenterof straightsection v:0 2.61m
Horizontaldispersiorat sectioncenter Dho 2.74m

3.3.2 Laser systemand diagnostics
Cooling lasers

Becausethe cooling light from the co- and counterpropagatig lasers,in the case
of coastingbeamcooling, should have the samedetuningin the frame co-maing

with theions, the wavelengthsin the lab systemwill needto be differentfor the two

lasersjn orderto compensatéor the Dopplershiftsseenin theco-maving frame.The
experimentemplgys two identicallasersystemsonsistingof anAr* -laserpumpinga
tunabledyelaser Eachdyelasergivesout a power of about800mW at a wavelength
around560nm andthis greenlight is frequenyg doubledin a nonlinearcrystalplaced
in an external cavity to obtaina power of typically 20 40mW of the ultraviolet

light neededo drive the 3s?S,-, $ 3p?P3-, coolingtransitionin 2*Mg* . Thelaser
light beamsarevia mirrorsdirectedfrom thelaboratoryto thering hall andentersthe

ring throughAR-coatedwindows at the ring corners. The cooling lasersare meged
co-linearlywith theion beamover a straightsection— the cooling section(seeFig.

3.6).

Thefocusingstrengthof a quadrupolechangesor particleswith amomentundeviation analogous
to the chromaticabberatiorin geometricoptics. This canbe correctedor by sextupoles.
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Figure 3.6: The ASTRID storagering. Also shavn arethe pathsof coolingandprobelasers
into the coolinganddiagnosticsectionsrespectiely.
LIF Diagnostics

The essentiapart of the diagnosticsof the ion beamtakes placeinside a so-called
postacceleratiortube (PAT) locatedin the centerof straightsection(differentfrom
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Figure 3.7: Latticefunctionsof ASTRID for oneof thefour identicalsections.Thelocations
of 45 bends(B), horizontally focusingqudrupoles(QF) and horizontally defocusing(QD)

guadrupolesre shavn. The horizontally focusing (defocusing)gquadrupolesct defocusing
(focusing)in theverticaldimension

the cooling section)— the diagnosticssection(seeFig. 3.6). Figure 3.8 givesan
overviev of the experimentaketupat the PAT location.

The PAT is simply a40 cm long cylindrical drift tube(? = 10cm) which canbe
excited by a DC-voltage. As shawn in Fig. 3.9(a),thereare 4 symmetricallyplaced
quadraticviewportsin the PAT. A smallpart( 3mW) of theco-propagatingooling
laserbeamis split out andsentinto the diagnosticssectionto probetheions passing
throughthe PAT. Applying avoltageto the PAT shiftstheionslocally in velocity inside
thetube.For example,a positive voltagereduceghevelocity of anion whenentering.
Whenleaving, it will beacceleratethy the sameamount.By alteringthe PAT voltage,
onecanchoosehe velocity classof theion beam whichwill interactresonantlywith
the probelaser(i.e., will seethe laserlight Dopplershiftedthe correctamount)and
scattermphotonsinsidethe PAT. Dueto the low power of the probelaserandthe short
interactionlengthof the PAT this will not perturbthe velocity distribution of theion
beam. Longitudinal velocimetry can be achiered by simply measuringthe rate of
scatteregbhotonsinsidethe PAT with a photomultipliertube(PMT) asfunctionof the
voltageonthe PAT (seesectiord.1.1).

At the ASTRID lasercooling experimenta setuphasbeendevelopedto exploit



3.3TheASTRID lasercoolingexperiment 27

Horizontal

Camera Dimension
lon Beam
O Monitor
1 UV Filter i
P T \ Ima?e Plane f \éﬁ:f:;ion
Magpnification AY : T
calibration ———m . Le“‘*sm
stick \ \ // : Camera Comeuter | | oo
/ CcC
Beam pipe
\ a
PMT

Computer

O Monitor

Figure 3.8: Schematidrawing of thebeamdiagnosticatthe PAT location(downstreamview
in the diagnosticssectionof ASTRID). Imagesof the vertical and horizontaldimensionsof
theilluminatedbeamcanbe acquiredwith CCD cameras.The magni cation of theimaging
systemis calibratedby insertinga stick (illuminatedby laserlight) with linesruled at known
spacingsTheintegrated uorescenceof theion beamcanbe measuredisinga PMT.
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Figure 3.9: (a) Sketch of the PAT shawing the four viewports. (b) lllustration of the
galvanometetbasedptical scanningsystemsweepinghe probelaserspatially
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the laserinduced uorescencgLIF) of theion beaminsidethe PAT for extractingthe
transerseion beampro le non-destructiely [22]. In orderto probetheion beam
with a homogeneoukaserintensitya gahvanometetbasedoptical scanningsystemis

emplo/ed. The scanningsystemconsistof two Cambridgelechnology6350moving

coil opticalscannersnountedsothatthe probelasercanbe sweptspatiallyin theverti-

calandhorizontaldimensionstespectiely. Theprobelasemwith atypicalbeanradius
of afew mmis initially placedin the centerof theion beamandscannedpatiallydur

ing pro le recordingin onedimensionat thetime to probea trans\ersesectionof the
beamup to seseral cm. This is illustratedin Fig. 3.9(b). The scanningmirrors are
sweepingheprobelaseratarateof aboutl00Hz.

Usingthelaserinduced uorescenceduring spatiallaserbeamscanninghe verti-
calandhorizontaltransersedimension®f theion beamaremonitoredthroughview-
portsin the PAT by meanf two cryogenicallycooled,Jow noise, 16 bit CCD cameras
from Photometrics! [23]. TheCCD chiphas1024 1024pixels,with eachpixel hav-
ing a sizeof 24 m, andthe imaging of the ion beamonto the chip is achieved by
meansof a simpletelescopicsystemconsistingof two plano-comex sphericalenses
sitting backto back. The lenssystemis designedo give magni cation of the order
1.1. Whencamerapicturesaretaken, the probelaseris sweptspatially by the galvo
mountedmirrorsin orderto probetheion beamwith a uniform laserintensity distri-
bution, andthe PAT is offsetto make theionsin the centerof the velocity distribution
in resonancavith the probelaser To measurahe transersebeamsizeat a speci ¢
time afterinjection the camerashuttersare controlledby an externaltiming system
which alsotriggerseventslike sweepinghe PAT voltageetc. The shutterdor thetwo
camerasretriggeredalternately? over multiple injections(typically 20—-40)andthe
integratedsignalson the CCDs are read out whenthe desirednumberof injections
hasoccurred.Examplesof transersepro les extractedfrom the camerapicturesare
shawn in Fig. 3.10in thecaseof cooledanduncooledbeamsof abouté 107 particles.

1(Model CH260andCH360).
12Thegalwsareonly scanninghe probelaserin onedimensioratatime.
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Figure 3.10: The horizontal/\erticaltrans\ersepro les extractedfrom LIF imagesof a laser
cooledcoastingion beam(upperleft/right) andan uncooledion beam(lower left/right) with
5:8 10’ particles.Backgroundmagesacquiredwith noionsin thering have beensubtracted
to gettherealdistributions. ThedashedinesareGaussiants to thedistributionsandtheareas
of pro les have beennormalizedo the lineardensityof thebeam5:8  10"=40m.






Chapter 4

Density Limitations in Stored
Laser Cooledlon Beams

Dopplerlasercooling asdescribedn chapter2 only directly affectsthe longitudinal
momentundistribution of astoredion beam.However, Coulombinteractiondbetween
theionscanexchangemomenturrbetweerthe transersedimension®f thebeamand
thelongitudinaloneasmentionedn section2.3.2. This couplingleadsto sympathetic
coolingof thetransersedimensions.

Recentexperimentalwork hasbeendevotedto the studiesof the longitudinalto
transwersecouplingof alasercooledcoastingpeamandthe limits to the sympathetic
coolingprocesg24,25].

4.1 Laser cooling of a stored coastingion beam

4.1.1 Longitudinal beamtemperature

Thecoolinglaserdetuningdrom atomicresonancef ionswith designvelocity offer a
corvenientparameteto selectthewidth of thelongitudinalvelocity distribution. This
is illustratedin Fig. 4.1.

In the experimentsonsaregeneratedn a Nielsenion source[26] andelectrostat-
ically acceleratedo anenegy of 99.1keV beforethey areinjectedinto ASTRID and
storedat this enegy. At injectiontheion beamis very cold longitudinally dueto adi-
abaticdampingfrom acceleratiorandit sufces to usea x edlaserdetuningslightly
below resonancd,e.,wedonotneedo scarthelasersn frequeng towardsresonance
to collectparticlesinto the lasercooleddistribution (this procedurevould correspond
to thesequencéd! 1l in Fig. 4.1). Thelongitudinalbeamtemperatureanbede ned
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Figure 4.1: Schematidllustration of the longitudinal velocity distribution in a lasercooled
coastingon beam.Thedistribution becomesncreasinglynarrav whenthe coolinglasersare
detunedowardsresonancef a particlewith the designvelocity (at the centerof the distribu-
tion). Seealsosection2.3.1.

from themeankineticenegy as

2.
T - M 4.1)
K
For anormalizedGaussiaristribution
1 V2o
g(v) = pzrexp 57 (4.2)

we have hv?i = 2.

In the experimentthe velocimetryis performedby sweepingthe voltageon the
PAT andmeasuringhe probelaserinduced uorescencewith a PMT asdescribedn
section3.3.2.Figure4.2 shavs anexampleof alongitudinalvelocity pro le measured
thisway. Thepro le hasbeenapproximatedy a Gaussiamistributionof = 9:92V.
The positionof the peakisat 182V andnot0V sincewe areusinga (small) part
of the co-propagatingooling laserbeamto probetheion beam,andthe frequencies
of the cooling lasershave beendetunedslightly red (i.e., correspondingo 18.2V)
from resonancef particlehaving theideal velocity. TableB.4 lists someusefulcon-
versionfactors. From herewe obtaina longitudinaltemperaturef about6K for the
distribution shavn in Fig. 4.2.

4.1.2 Transversedimensions

Thetranserseion beampro les aregenerallywell describedy Gaussianlistributions
exp( x?=2 2) (asseenin Fig. 3.10)andwe use of theseasa measureof the
trans\ersebeamsizet. Theemittances relatedo thebeamenvelopethroughEg. (3.9).

IFWHM= 2" 2In(2) 235
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Figure4.2: Laserinduced uorescenceyield asfunctionof voltageonthe PAT.

As seenin Fig. 3.10 the beamervelope and hencethe emittancegets signi cantly
smallerwhenthe beamis dopplerlasercooledand we usethis to characterizehe
sympatheticooling of thetransersedimensions.

4.2 Currentscaling

Figure4.3 shavs the developmentin transersebeamsizesasfunctionof thenumber
of particlescirculatingin thering for a x edlongitudinalrelatve momentumspread

p=p 5 10 ° (thislongitudinalbeamtemperatur&anbe choserby appropriate
detuningof the cooling lasersas describedabore). We notice that the beamsizes
increasawith the numberof particles.For anon-coupledemittancedominatedpeam
thesizeis only expectedo dependnthe beamtemperatur@andnot onthe numberof
particles.

The scalingbehaior of the transwersesizeswith the numberof circulatingparti-
clesfor the lasercooledbeamis well describedby a squareroot dependenc This
suggestghat we are observingspace-chage effectsin the cold beam. It is custom-
ary to separatdhe Coulombinteractionsbetweenbeamparticlesinto space-chge
and intrabeamscatteringcomponents Space-chage forcesarethe smoothCoulomb
forceson a particlefrom the beamseemasa whole,whereasntrabeanscatterind27]
is Coulombcollisions betweenparticles. As the beamis cooledand begins to be-
comedensethe individual particlewill feel the defocusingspace-chae force from
thechagedistribution madeup by therestof thebeam.Whenthe space-chaeforces
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Figure 4.3: Lasercooledcoastingion beam:horizontal( ) andvertical ( ) trans\ersebeam
sizesasfunctionsof the numbercirculatingions. The solid curvesare ts to a squareroot
dependeng The dashedcurve is the calculatedsize of a space-chaye limited beamfor a
betatrontuneof Q = 2:5.

becomeaslarge asthe storagering focusingforces,suchthat a particle feelsno net
force,thebeamis space-chge limited andfor harmoniccon nementthe densitywill
becomeconstanin the beam(this will be derivedin section8.2.2). Figure4.3 shaws
an estimatefor the beamsize of a space-chae limited beant. It is seenthatwe do
not reachthis limiting size,alsoreferredto asa zeroemittancebeam([22] sincethe
transerseparticle momentain this caseis essentiallyzero and hencethe emittance
ellipse(Fig. 3.4)will collapsein theu®phasespacecoordinate.

Thefactthatthe zeroemittancdimit is notreachednaybedueto a space-chge
tuneshift. Whenspace-ch@e effectssetin, aparticlewill movein awealertrans\erse
con nement eld andhave alowertunethanafreeparticle. This so-calledncoherent
space-chage tune shift meansthat the original tunesfor the hot beam(in this case
Qn = 227andQ, = 2:83) will bealteredtowardsresonantunes(asQn, ! 2 and
Qv ! 2:5). Theapparentimits for the ion beamsize/densityarethenlikely to be
interpretedasan equilibrium betweenthe heatingfrom the resonanceévhich we are

2Thecalculationwereperformedby N. Madser[22].
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Figure 4.4: Lasercooledion beam:horizontal( ) andvertical ( ) trans\ersebeamsizesasa
functionof coolinglaserdetuningfrom resonancef a particlewith theidealvelocity (Fig. 4.5
shavs the correspondindongitudinalbeamtemperature)The measurementsereperformed
4 s afterinjectionfor a x edinjectedcurrentof 400nA.

notableto cross)andthe sympatheticooling of thebeam.

4.3 Envelopeplateaus

A phenomenonwhich might be closely connectedo the obsered limiting beha-
ior discussedn sectiond.2,is presentedn Fig. 4.4. Herewe seethatthe transerse
sizesfor a x edinjectedcurrentof 400nA develop plateausasthe lasersaredetuned
closertowardsatomicresonancef a designparticleandthe beamgetslongitudinally
colder Thedetuninggivenis therelative detuningof eachlaser The plateausegin
whenboth lasersare detunedabout 300MHz from resonancef a particle having
theidealvelocity (i.e.,whenthey are600MHz apart).Figure4.5 shavs thelongitudi-
nal temperatureneasuredy scanninghe PAT, andthis is seento decreasaill along
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Figure 4.5: Lasercooledion beam:longitudinalbeamtemperaturesa function of cooling
laserdetuningfrom resonancef a particlewith the ideal velocity (Fig. 4.4 shows the corre-
spondingtrans\ersebeamsizes). The measurement&ere performed4 s afterinjectionfor a
x edinjectedcurrentof 400nA.

when the cooling lasersare detunedtowards resonance.However, asthe detuning
getscloserthanabout 100MHz from resonancdor a particle of idealvelocity, the
distribution startsto develop tails of hotterparticlesanddoesnot look asnice asthe
exampleshavn in Fig. 4.2. Hencethedropin horizontal aftertheplateaun Fig. 4.4
shouldbe attributedto the lossof cold particlesto the hot tails. Thetemperaturale-
pictedin Fig. 4.5for thesesmalldetuninggcloserto resonancéhan 100MHz) has
beenextractedfrom the centralpeaksohereit cease$o expressthetotal longitudinal
velocity spreadwhich is no longercharacterizedby a single parameter During the
plateauhowever, the assignedongitudinaltemperatureseemdo describethe whole
beamwell. The longitudinaltemperaturas droppingwith detuningwhile the trans-
versesizesstay constant,and the behaior is completelydifferentthan for a beam



4.4 Realtimeimaging 37

wherethethreedimensionsarein thermalequilibrium.

The reasonfor the obseed plateauto occuris expectedto seekits explanation
in heatingfrom tuneresonanceasdiscussedn section4.2. Hencethe sympathetic
coolingmechanisnappeargo bethe bottleneck,.e., the sympatheticooling rateis
considerabljlower thanboth the longitudinalcooling rateandthe resonancéeating
rate.

4.4 Realtime imaging

In orderto monitor the evolution of the transersedimensionsof the ion beamin
realtime, we startedto emplg/ a fastdigital video camerarom Dalsa. This camera
systemis alsoemplo/edin all the ion trap experimentsdescribedn this thesis. The
camerds capableof acquiringupto 30 frames/from a1024 1024pixel 8 bit CCD
chip®. To gaina signalthatis adequatet suchhigh rates,animageintensi er from
Proxitronicis mountedin theimageplaneof the UV imaginglensesreviously used
for the single-shotJow noisePhotometricccameras.The imageintensi er consists
of a photo-cathodavherean impinging UV-photonwill detachelectronswhich are
thenacceleratethrougha doublemicro channeplate(MCP) structure Herethey tear
loosea cascadef secondarelectronsto nally hit a phosphorscreen. This screen
is kept at high voltage (up to 8000V) with respectto the photo cathode,suchthat
the secondarglectrongdo not have time to spreadut signi cantly ontheirway from
the MCPsto the screendueto space-chage repulsion. One detectedJV-photonat
the photo-cathod@ivesrise to an emissionof about1:8  10° visible photonsat the
phosphoruscreernwhichis imagedonto the CCD chip usinga standardNikon macro
lens. Althoughthe CCD hasonly 8 bit resolutionthis doesnot posea problemfor
beampro ling sincewe areperformingarow sumto getthe beampro le, butit is of
courseimportantnotto saturatehechip.

4.5 Realtime behavior of alaser cooledstoredion beam

When applying the real time imaging systemdescribedn section4.4 to recordthe
beampro les of storedasercooledbeamssequenceseretypically acquiredatabout
1-5frames/sandin thiswaywe wereableto monitorthedevelopmenbf thetranserse
sizesafterinjection over long timesat a decentrate. With the singleshotPhotomet-
rics camerasuch“time afterinjectionseries”werevery time consumingoecaus®ne
needgo integrateover about20 injectionsaroundsometime, say30 s afterinjection,

3Fora512 512resolutionthe maximumframerateis 70 frames/s.
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in orderto getasinglepoint. Usingthe fast,imageintesi ed camerathe beamsize
canbemonitored‘continuously”within asingleinjection.

In the limit of low currentbeamsan intriguing phenomenomvasobsered. Fig-
ured.6shavs thedevelopmentn trans\ersesizesversugime for alasercooledstored
ion beam(40 nA injectedcurrent)decayingdueto beamlossfrom residualgascol-
lisions etc. (theinsetof Fig. 4.6 shaws the beamdecayas measuredvith a neutral
particledetectot). Duringthe rst 100s afterinjectionwe obsere adecreasén the
horizontalaswell asthe vertical dimensionof the beam. At a time about105s after
injectionthe verticalbeamsizeis, however, obseredto blow up while the horizontal
beamsize becomesapproximatelyconstant. The vertical blow up occurswhenthe
horizontalandverticalbeamsizesareapproximatelyequal.

At the onsetof the verticalbeamblow up, a conserative estimateyieldsa circu-
lating beamcurrentlessthan1.4 nA. This is comfortablybelonv 2.4 nA which is the
upperlimit for the possibleformation of a string-of-ionsstructurein ASTRID with
the currentparameter$22]. Obsenration of 1D Coulomborderinghasbeenreported
in experimentson very low densityand extremely electroncooledheary ionsin the
ESR storagering at GSI Darmstad{{28,29] andin CRYRING at Manne Siegbahn
LaboratoryStockholm[30]. By Schottly noisemeasurementhe experimentersnd
asharpdropin thelongitudinalmomentumspreador ion beamcurrentsbelov a cer
tain limit®. Thisis attributedto strongsuppressionf intrabeamscatteringotherwise
causingheatingof the beam. In the ASTRID experimentspresentedhere,intrabeam
scatteringis, however, alsothe agentfor the sympatheticcooling of the transwerse
dimensions. Henceif some(transerse)heatingmechanisnis presentwe may not
beableto preventtranserseemittancegrowth if intrabeamscatteringceaseslndeed,
e.g.,theDopplerlasercoolingmechanisntausesranserseheatingdueto momentum
diffusionasdescribedn section2.3.3.

Theabove considerationsuggesthatthe vertical blow up maybe explainedby a
suppressiownf intrabeanscatteringvhenthe numberof circulatingionsbecomesuf-

ciently low (andbelow the point wherean orderedstring could possiblybe formed)

“Theneutralparticledetectotis locatedat thebendingmagnedownstreanof sectionlV of ASTRID
(seeFig. 3.6). lons which are neutralizedon their way throughthis sectionwill not feel the bending
eld andhencehit the detector The neutralparticle detectorcountrateis a measureof the numberof

circulatingions.

SThepro le developmentvasmeasureaneat atime for two consecutie injectionssinceonly one
fastcamerasystemwasavailable. This mayintroducea smalltime slip betweerthetwo beamsizecurves
in Fig. 4.6if theexperimentakonditionschangeslightly. Thetime wherethe horizontalblow up occurs
andthetime wheretheverticalbeamsizebecomesonstanshouldmostlik ely bethe samealthoughthis
is notthecasen Fig. 4.6. This hasalsobeenobsenedto bethecasen someothermeasurementseries.

SHistorically, similar obserationswere alreadymadein 1980at the NAP-M storagering, Novosi-
birsk [31]. Thiswasinterpretedassuppressiomf intrabeamscatteringdueto longitudinalorderingbut
the conclusionsassincethenbeendisputed29].
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Figure4.6: Lasercooledlow currention beam:horizontal( ) andvertical( ) transersebeam
sizesasa function of time afterinjection (beginningat 10 s afterinjection). Theinsetshavs
the neutralizationof theion beam( ) asmeasuredvith a neutralparticle detectolocatedat
a bendingmagnetpositionin ASTRID. Within theinterval 10—-100s the decayis exponential
with an e-folding lifetime of 30 s (line). During the initial 10 s after injection the decayis
someavhatfaster

alongwith thenatureof thelasercoolingforceactingonly in thelongitudinaldirection
of theion beam.To keepthetransersedimensiongold somelongitudinal-trangerse
couplingmechanisnis needed.In factthe orbit dispersiondueto bending(seesec-
tion 3.1.2) providessucha mechanismin the horizontalplanewhich canexplain the
factthata verticalblow upis notobsered.

It is well-known thatfor a beamparticlein the presencef orbit momentundis-
persionthe emissionor absorptionof a photon(a momentumguantum)in the beam
directioncanincreaseor decrease¢he betatronamplitudedependingon the phaseof
betatroroscillation[32]. Thisis illustratedin Fig. 4.7.If we,e.g.,considetheabsorp-
tion of a photonby a beamparticleleadingto alongitudinalmomentundecrease p,
anon-zeralispersiorD impliesthattheparticlesubsequentlwill performits betatron
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Figure4.7: Consideranion evolving onthephasespaceellipsegivenby thesolidline atsome
positionin astorageing. If atthispointtheparticlesuddenlyexperiences momentunthange

p, it will now oscillatearounda new closedorbit offsetby D p=p with respecto the
initial one. Hencethe particle subsequentlgvolveson a new phasespaceellipsehomothetic
to the dashedellipsesrepresentingpossiblefuturesof the ion. Dependingon the position
x wherethe momentumkick occursthe areaof the nal phasespaceellipse canbe larger
or smallerthanthat of the initial one. Examplesof positionsleadingto decreasind ) and
increasing ) betatronamplitudesareshawn.

oscillationsarounda new closedorbit offsetby D p=p with respecto theoriginal
one. Dependingon the positionwherethe photonwas absorbedhis will leadto a
betatronamplitudegrowth or reduction(seeFig. 4.7). Whenlasercoolinga storedion

beamthis positiondependenccanbeexploitedto obtaindispersie cooling of thehor

izontal dimensionby displacingthe cooling lasersslightly with respecto the design
orbit (outwardsfor the co-propagatindaserandinwardsfor the counterpropagatig

laser).

Dispersve cooling by laserdisplacemenhaspreviously beenreportedfrom ex-
perimentson bunched Jasercooled®Be* ion beamsin the TSR storagering at MPI,
Heidelbeg [33]. In the ASTRID experimentgpresentedh thisthesishecoolinglasers
werenot deliberatelyoffsetin positionfrom the designorbit. Rather the laserbeam
positionswereoptimizedto give the bestion beamcooling’. Laterinvestigationsem-
ploying an active laserpositioningand stabilizationsystemhave, howvever, revealed
thatthe appliedoptimizationprocedureactually leadsto laserbeampositionswhere

"Thecoolingoptimizationis donein partby maximizingtheintegratedprobelaser uorescenceyield
atthedesignvelocity andin partby minimizing the cooledion beamwidths.
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Figure 4.8: LIF imageof the vertical dimensionof the ion beamwith the evolution shavn
in Fig. 4.6 taken 8 s after injection. The centralcore of the ion beamis surroundecby a
pronouncedalo. Thecurwvein therighthandpartof the gure shavsthecorrespondingertical
beampro le

theion beamis dispersiely cooled[34].

Thedispersie cooling mechanismmight hencebe the reasonwhy the horizontal
dimensiomof thebeamstaysconstantvhile theverticaldimensiorblows up. A further
indicationof dispersie coolingis obsened duringthe rst 10 s afterinjectionwhere
the central,transerselycold part of the beamis surroundedy a pronouncedalo of
particlesin the vertical plane(seeFig. 4.8 andFig. 4.9). After about10 s the halo
disappearspartly due to loss (an enhancedoss rate is obsened during the initial
10 s afterinjectionin theinsetof Fig. 4.6) andpartly dueto absorptiorfrom the cold
core(thewidth of the coreis obseredto increaseslightly duringtheinitial 10 s after
injection).

4.6 Conclusion

In conclusionthe effectsof lasercoolingthelongitudinaldimensionof stored,coast-
ing ion beamshave beenstudied.Thetransersedimension®f theion beamis sympa-
thetically cooledvia intra beamscatteringandthe densityof the beamcanbecomeso

high thatspace-chae behaior is obsered. Thelimits to the attainabledensitiesap-

pearsto be higherthanwhatis expectedfor anultimately space-chae limited beam.
Thismightbeexplainedby heatingirom tuneresonanceapproachethy anincoherent
space-chage tuneshift.
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Figure4.9: Thedevelopmenin trans\ersehorizontal(a) andvertical (b) beampro les for the
lasercooledion beamdescribedn Fig. 4.6 duringtheinitial 10 s afterinjection. Pro les are
shawvn for every 0.9 s beginning at the back. Notice thatduringthe rst 9 s afterinjection
a pronouncecdhalo in the vertical dimensionsurroundshe narrov centraldistribution. (The
reasonfor the at top in the distributionsshavn is an artifact dueto saturationof the CCD
chip).

In the limits of low currentbeamsan intriguing anomalyoccurs. Below the lin-
eardensityfor which an orderedstring of ions could possiblybe obtained,sudden
emittancegrowth in the verticaldimensions obseredwhile the horizontalbeamsize
remainsconstant. This might be explainedby the vanishingof intra beamscatter
ing andhencesympatheticooling of thetransersedimensionsalongwith dispersie
coolingof thehorizontaldimension.

The nondestructie diagnosticamethodsusinglaserinduced uorescenceconsti-
tute a strongtool for investigatingthe propertiesof a storagering andrevealingpos-
sible device errors. Recentlythis hasbeenexploited in connectionwith the ELISA
storageaing in Aarhus[35].



Chapter 5

Tapered Laser Cooling of Stored
Coastinglon Beams

In this chaptemwe discussa schemdor taperedasercooling of coastingon beamsn
storageings. Taperectoolinghasrecentlybeenshavn to becrucialfor attainingcrys-
tallineion beamsTheschemeroposedere basednarelative displacementf aco-
andacounterpropagatig Gaussianaserbeam givesaradialvariationin theequilib-
rium velocitiesto which particlesarecooled. The variationis approximatelinearin
arelatively largerangetranserseto the laserbeams Expressiongor the spatiallyde-
pendenequilibriumvelocitiesandtherangeof thetaperedcoolingforcesarederived.
We discusghe dependencen laserbeamparameteraswell asthe limitations of this
coolingscheme.

5.1 Intr oduction

Lasercoolingof ion beamsn storagaingshasbeensubjectedo studiesfor morethan
a decaddsee,e.g.,[24,33,36] andreferencesherein). Lasercoolingis regardedas
a possibleway to obtain Coulomborderedstatesin fastion beamsas rst suggested
by Schiffer andKienle [37] andlaterobseredin moleculardynamicssimulationsby
RahmarandSchiffer [38]. Schifer andRahman39] alsoquestionedf a crystalline
beamcouldwithstandthe sheararisingin bendingmagnetsandidenti ed the needfor
gradedcooling, wherethe ions arenot cooledto exactly the samelinear velocity, but
ratherto radially varyingvelocitiesin orderto ensureparticlesto completearevolution
in phase Althoughthe situationin reality is somavhatmorecomplicatedpnecanun-
derstandhe problemof gradedcooling by thinking of the cyclotronmotionof abeam
of chagedpatrticlesn auniformmagneticeld. Theoutermosparticleswill herehave
to travel fastethantheinnermosinesif they areto move (in phasepn concentricir-
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cles(seeFig. 5.1). In traps,wherethe ions are stationary Coulombcrystallization
by lasercoolingis routinely obsered [40-42], but in contrasto storageings,graded
coolingis not neededhere. The formationof a crystallinefastion beamwould be of
greatinterestin beamphysics,becauset representshe ultimatein density yielding
hitherto unseenintensitiesin, e.g., collision experiments. Today it is, however, an
openquestionif it is possibleto implementgradedcoolingexperimentally[43].

Figure5.1: Cyclotronmotionof positively chagedparticlesin auniformB - eld of direction
. If the particlesareto follow concentriccirclestrajectoriesthe outermostparticlesmust
travel fasterthantheinnermostnes.

Recently simulationsby Wei, OkamotoandSesslef44,45] shavedthatatapered
coolingforceis of crucialimportancdn attaininga crystallinebeam.The calculations
wereperformedor a1 MeV 2*Mg* beamin aspeci c lattice of the TARN |l storage
ring. It wasshavn that even for low density1D structuredinearly varying graded
cooling, so-calledtaperedcooling, is neededalthoughthe demandserearelessre-
strictive thanfor 3D crystals. For 1D structuresshearis not a problem,but onestill
needgo coolthetransersedegreesof freedomanddueto thelow numberof ionsin
thisregime,sympatheticoolingthroughintrabeanscatteringceaseso beeffective. It
turnsoutthattaperedcoolingcanprovide dampingof thetransersemotionthrougha
singleparticlemechanisnj33]. Taperecdcoolingis describedy ataperingcoefcient
Cxs, Wherea particlecooledto theright velocity obeys (in the nonrelatvistic case)

V= Cys Ex: (5.1
m
Here v = v vy is the deviation from the designvelocity vo, X is the horizontal
distancefrom the designorbit, and n, is the averageradiusof cunaturein the bend-
ing sectionsof the storagering. In the caseof lasercooling it hasbeensuggested
that taperedcooling could be achieved by introducinga gradientin laserfrequeng
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acrossthe ion beamby sendingthe laserbeamthrougha light prism [44]. This s,
however, not easilyachievedwith corventionallaserlight sourcedecaus®f their ex-
trememonochromatisitie@in the calculatedexample[44], thewavelengthwould need
to vary 0.01%). Anothersuggestiorby Madsenet al. [46] usesthefringe eld of a
capacitoilike insertiondevice to shift theionsvelocity locally acrosshe beamwhen
enteringandleaving the cooling section but the feasibility of this schemehasnot yet
beenworkedoutin detail.

This chaptempresentshe principlesof anadditionaltaperectoolingschemebene-
ting from the Gaussianntensitypro le of alaserbeam. It is shavn thata relative
horizontaldisplacemendf a co-andcountespropagatig laserbeamleadsto atapered
coolingforcefor a coastingon beam.

5.2 Attaining ataperedlasercoolingforce

For ionswith a closedopticaltransitionof frequeng ! 5, it is well-known (seechap-
ter 2) that a single nearresonantiaserbeamof frequeng ! |, will exert a velocity
dependenmeanscatteringorceontheionsdescribedy [47]

2 3
1 S
F(v) = 5k 9 5 £ (5.2)
lV|( + (1+ S)
2
where = 1| |, isthelaserdetuningk is the wavenumbermnf a photon,and is
thespontaneoudecayratefor theupperlevel. The saturatiorparametes = 1 =lg =

2 2= 2 s the ratio betweenthe laserbeamintensity | and the saturationintensity
lo, with  beingthe Rabifrequeng!. The meanscatteringforce becomesvelocity
dependenthroughthe Doppler shift of the light seenby the moving ions, andit is
directedalongthe laserbeamdueto the momenturkicks of absorbecghotons.The
spontaneousmissionsoccurin a centersymmetricpatternand do not contritute on
average.

We now considera coastingion beamin a storagering interactingwith both a
co- anda counterpropagatig laserbeamdenotedl and2, respectiely, in a straight
section.In thefollowing, references madeto aframeco-maoving with theion beamat
someidealdesignvelocity vg, with X denotingthe horizontaldistancefrom thedesign
orbit of the ion beam. Eachlaseris taken to have a Gaussiarintensity distribution?

We notethatthe Rabifrequeny is herede nedtobe = dE=~, whered is the effective dipole-
momentmatrix elementandE is the amplitudeof the electric eld. This might differ by a factorof 2
from otherauthors.

2This is, indeed,a very good approximationfor mostreal lasers. Appendix B.2 summarizeghe
propertieof Gaussiaaserbeams
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leadingto a positiondependensaturatiorparameter

(_xi)?

Si(x) = Sgie % i=1,2; (5.3)

wherew is the spotradiusof the laserbeam,and X; is the horizontallaserbeam

displacemenfrom the designorbit. If S 1, multi-photonprocesses$ike absorp-

tion from one laserand subsequenstimulatedemissionfrom the otherlasercanbe

neglected,andthetotalforce F.oq becomegustthe sumof theforcesfrom eachlaser

beam. With the detuningof the two laserschosento be the samein the co-maving
referencdrameonegets

2 3

S1(x) S(x) L.

> ;

2
vk +1 + vk +1

Feool (X; V) = %~k 9 (5.4)

N
NI

Takingthe lasersto be equallyintenseSy; = Spp, anddisplacingthemby the same
amountin oppositedirections X2 = X, we obtainthecondition

e4XX e4XX

4 V)2+1 4( +V)’+1

=0 (5.5)

for laserforce equilibriumFqoq = 0, wherewe have introducedhereducedvariables
= =,V =v( =k), X = x=w,andX = x=w. This equationleadsto an
equilibriumvelocity wheneer

i< X _In 16 2+ 1 (5.6)
IX] max = 8 X .
In thecasewhenjXj;j Xj;jV=j 1, Eq.(5.5)givesriseto thelinearrelationfor
theequilibriumvelocity Veq asafunctionof position
4 2+1
Veq(X) = — XX d( 5 X)X, (5.7)

sothatary givenlinearvariationd( ; X) canbeobtainedby choosing and X
right. Accordingto Eq. (5.1), this is exactly the kind of relationrequiredfor tapered
cooling. We notethatat a vertical positiony, differentfrom the planeof the design
orbity = 0 thederivedtaperingstill applies.

h i
(x_ xj)2+y?
12

3Consideringa vertical positiony 6 0we have S;(x; y) :h Soi exp andthe effect
i

is only to scalethe saturatiorparametedown by afactorexp —f’;—z ascomparedo theplaney = 0.
2
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Althoughin principle ary taperingcanbe createdn this way, thereis of course
somelimitationsto thefeasibility of thislasercoolingschemeExpandingthe cooling
forcefrom Eq.(5.4)to rst orderin V aroundVeq for agivenX , onehas

Feool (X; V) = Fo(X; Veq) (X)V  Veg); (5.8)

with Fo(X; Veq(X)) = 0,and (X) = % V=veq beinga viscousfriction co-

efcient, which leadsto coolingaroundVeq(X ) for a given particle position X . At
X = 0, weget

(0)= 8-k Spe 2 X* (5.9)

which will be maximumfor adetuning = 1:(2p 3), andvanishfor 1
Althoughit is possibleto createa large taperingcoefcient by making large and
negative, ascanbe seenfrom Eq. (5.7), the friction force decreasesapidly with the
detuningwhichmaymale it impossibleo keeptheparticleatits equilibriumvelocity,
whenheatingmechanismarepresent.Thetaperingalsoincreasesvith X, butin or-
derto maintainreasonabl@verlapbetweerthetwo counterpropagatig laserbeams,
the displacemenof eachlaserbeammustbe kept lessthanhalf the spotradius,i.e.,

X = x=w 1=2. Fora xedvalueof X, we seethatthe relationEq. (5.7)
scaleswith w throughX = x=w sothatby makingthespotsizesmall,thevariationin
the equilibriumvelocitiesof the cooling force Eq. (5.7) canbecomearbitrarily large.
Decreasinghe spotsize,however, alsoputsanupperlimit to the transerserangeof
thecoolingforceasseerfrom Eq. (5.6),sothisimplementatiorof gradedcoolingmay
be limited to smallion beamsizeswhena certaincooling rateis needed.Along the
longitudinaldimensiorof theion beamthetaperingwill changedueto thedivergence
of the Gaussiarbeams If boththe Gaussiarbeamsarefocusedto a waistwg atsome
point, their spotsizeswill belargerbgeforeandafterthefocus. Thedistancdo wherea
spotradiushasincreasedy afactor 2 is givenby the Rayleighlengthzg = Wg: ,
where is thelaserwavelength.This meanghatthelengthof the cooling region will
needto be shorteror comparabldo the Rayleighlength,unlesdarge variationsin the
equilibriumvelocitiesof the coolingforce canbeaccepted.

5.3 Discussionin relation to experiments

As anexample,we shav in Fig. 5.2theappearancef theunapproximatedasercool-
ing forcefor = 1, andSy = 1=10, for bothzerodisplacement X = 0, andfor
adisplacement X = 1=2. Theeffect of taperingis evidentfor the displacecbeams
andasexpectedthe relationis linearin X for a nite region aroundX = 0 ascan
beseenmoreclearlyin Fig. 5.3(a).FromEq. (5.6) one nds X max = 0:71asalimit
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ool

Figure 5.2: Laser cooling force for (a) nondisplacedasers, and (b) co- and counter
propagatingasersboth displaced X = 1=2. The lasershave a peaksaturationparameter
of Sg = 1=10andaredetuned = 1.

of the cooling region for the displacedasers. Within this region, jXj < X max, the
friction coefcient is only slightly reducedcomparedo the caseof non-displaced
lasers.Thecalculatedriction coefcients areshavn in Fig. 5.3(b).

In Ref. [44], atypical optimumvalueof Cys is givento be 0:26 (althoughin the
bunchedbeamcase)or 2*Mg* ionsstoredat 1MeV in TARN Il. An estimateof the
laserbeamparameterthatwould give suchataperingcoefcient for ourschemeusing
theseTARN Il parameterandconsidering?*Mg* ions,canbe madeusingEq. (5.1)
andEq. (5.7). Assumingthe coolingregion to be 4 m long, we useGaussiarbeams
with Rayleighlengthzg = 2 m, correspondingo a waistwg = 422 m. Displacing
thelaserssuchthat X = 1=2 atthewaistlocation,we nd thatthe laserdetunings
needtobe = 6:85to getthedesiredtaperingcoefcient here. Furthermorethe
power of eachlaserbeamhasonly to be somefew mW to achize S 1=10. The
taperingcoefcient Cyg, will fall off to 0:13 at the endsof the cooling region. This
doesnotseento poseaproblemsinceCys (atleastif thenumberof particlesis nottoo
high), accordingto [44], is allowedto vary within arangearoundthe optimumvalue.

In the two-level ion cooling schemeappliedabore, the maximumcooling force,
andhencealsothe maximumcoolingrate,is proportionatlto the saturatiorparameter
S whichhadto bemuchsmallerthanunity to avoid unwantedmulti-photonprocesses.
By usingthe naturalmultilevel structureof real ions, one can, however, avoid such
limiting processed the co- and counterpropagatingaserbeamsinteractwith dif-
ferentinternallevels of theions. Thusvaluesof S of the orderof unity or larger
canbe appliedfor obtaininglarger cooling rates. This alsoleadsto a possibility of
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Figure 5.3: (a) ( ) The equilibrium velocity Veq for the cooling force as a function of the
horizontaldistanceX to the designorbit, whenthe co- and counterpropagatingasersboth
aredisplaced X = 1=2. Theline shavs the linear approximationfor Veq asgivenby Eq.
(7). (b) The magnitudeof the friction coefcient  for ( ) nondisplacedasers,and( ) co-
andcounterpropagatindasersboth displaced X = 1=2. Thelasershave a peaksaturation
parameteof Sy = 1=10andaredetuned = 1. At X = Othefriction for displacedasers
ise 2 0:6 of whatis achievedin thenondisplacedase.

choosingthe detuninglarge in orderto createa large taperingcoefcient, insteadof
makingthe laserspotsize small. In the caseof 2*Mg* ions, which haspreviously
beenlasercooledin the ASTRID storageing [46], onecanachie/e theabore noncou-
pling situationby, e.g.,usingthe 3s?S;_, $ 3p?P3-, transitionandapply counter
propagatingcircular polarizedlaserbeamswith oppositehelicity. Anotherrealistic
way to avoid multi-photonprocessefor 2*Mg™* ionswould beto have onelaserbeam
resonanwith the3s2S,-, $ 3p?P;-, transitionwhile theotherwould betunedto the
3s%S,-, $ 3p?P,-, transition. The latter schememakesit possibleto useonly one
frequeny stablelaserif theion beamenegy is 18.4keV. For this particularenepy,
thetwo Dopplershiftedcounterpropagatindaserbeamscanactuallybein resonance
with oneof thetwo ne-structuretransition§.

5.4 Conclusion

In conclusion,we have proposeda taperedcooling schemefor coastingion beams.
By displacinga co- anda countespropagatingaserbeamwe obtain,in a simpleway;
coolingto differentequilibriumvelocitiesacrosgheion beam.Theequilibriumveloc-
ities areshavn to vary linearly with positionto a goodapproximationn accordance
with the concepof taperedcooling. As thetaperedcoolingforceis limited to a nite

4Cooling of a coasting18.4keV ?*Mg* ion beamusinga singlelaserhasnow beenperformedat
the ELISA storagering [48].
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transerserange,this schememay turn out only to be applicableto smallion beam
sizes put this may atleastbe of interestin the questof forminga 1D crystallinestruc-
ture. However, by bene ting from the multilevel structureof ions, it may be possible
to extendthetrans\erserangefor effective taperedcooling.



Chapter 6

Crystalline BeamEmulationsin a
Pulse-ExcitedLinear Paul Trap

This chapterconsidersa pulsedvoltageexcitation of the quadrupoleeclectrodeof a
linearPaulion trap. Thetransersedynamicsof ionsin thistime-varyingelectric eld
is analogougo that of chaged particlesin the strongfocusingmagneticlattice of a
storageing. By lasercoolingionsstoredin a pulse-acitedlinearPaul traptheoretical
resultson the stability of crystallineion beamsin storagerings canbe tested. The
stability of the pseudo-harmonion motionin a pulse-&cited trap andtrapsdriven
with sinusoidaloltageis discussed.

6.1 Intr oduction

Theanalogybetweertheeffectsof magneticandelectricquadrupoleelds onchaged
particlesis a subjectof standardtextbooks on chaged particle beams(see, e.g.,
Refs.[49,50]). As it turnsout, motionin eithermagneticor electricquadrupoleelds
of periodicstrengthvariationin spaceor time, s, is governedby Hill' s type of equa-
tions,i.e., equation®of theform

d?u

=t Q=0 (6.1)

where isaconstanandQ(s) is areal,piecavise continuoudunctionof period . In
arecentpapey OkamotoandTanakd51] pointedoutthatthis parallelin the dynamics
canbe usedto study beamhalo formation (asobsered for high intensity beamsin
acceleratorsvith magneticstructuresjn an electrictrap. The ideawasemphasized
even moreby Davidson,Qin and Shwets[52] who proposediusinga Paul trapcon g-
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urationto simulateintensenon-neutrabeampropagatiorover large distanceshrough
aperiodicfocusingquadrupolanagneticeld.

In the paper[53] which is restatechere,we proposedo go onestepfurtherand
exploit the analogybetweerthetransersedynamicsof a storagering andof a pulse-
excited linear Paul trap to testtheoreticalresultson the stability of crystallineion
beams. Crystallineenepgetic ion beams[37] have not beenobsered so far in ary
storagering even at very low beamtemperaturege.g.,in lasercooling experiments
with space-chge dominatedbeams[24]). However, someorderingeffectsin cold
storedion beamshave beenreported(seeRef. [29] andreferencesherein). The lack
of crystallization,as routinely obsered in ion traps[40-42], is probablydueto the
factthatthe maintenanceonditionsfor a beamcrystalaspredictedby theoryhasnot
beenful lled sofarin storagering experimentg44]. Someof theseresultsputting
severerestrictionson, e.g.,the phaseadvanceper unit cell of the storagering lattice
canbe testedexperimentallyin a linear Paul ion trap asoutlinedin this chapter A
trap for experimentsalongthis line usinglasercooled?*Mg* hasbeenconstructed
in our laboratoryin Aarhus(seechapter7). A similar experimentwith the samegoal
hasbeeninitiatedin Munich by Schatzet al. [54]. As the Munich experimentuses
aring trap (PALLAS) in which the ions are acceleratedthe problemof sheardueto
bendingandthe needfor a suitablygradedcooling force arise(seechapters) for 3D
crystallinestructures. Investigationf this kind mightprovide informationonsimilar
effectsin arealisticstorageaing environment.However, theschemausingalinearPaul
trap bene tsfrom the factthatthe crystalinteractssolely with the focusingstructure.
Hence thestability problemsregardingfocusingcanbe addressedeparately

6.2 Strong focusingin magnetic storage rings and electric
guadrupole traps

6.2.1 Magnetic quadrupole focusing

In atypical storagering or synchrotronchaged, enegetic particlesare madeto cir-
culatein a planeby the Lorentzforce of magneticdipole elds asdescribedn chap-
ter 3. Transersecon nementalongthe ideal designorbit is obtainedby usinga pe-
riodic arrangemenof quadrupoleelds. Themagneticeld in Cartesiarcoordinates
(x;y; z) of aperfectquadrupoleof strengthg canbe derived from a scalarpotential
V(x;y) = gxy asB = r V. For aparticle of chage e andmassm with a ve-
locity v = v2 in the z-directiontaken to be alongthe ideal orbit, the Lorentzforce

Very recently the Munich groupreportedon the obseration of 1 eV crystallinebeamin a string
con guration[55].
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SO0

Figure 6.1: Electric quadrupolecon guration. A time-varying voltage  (t) is appliedas
shavn. When operatedasa linear Paul trap eachelectrodeis sectionednto threeanda dc
voltageUy is appliedto theeightendpiecesin additionto (t) or  (t).

F=e Bis
F= evwgx®+ evwyy: (6.2)

For positively chagedpatrticles(i.e.,e > 0) andg > 0, this force actsfocusingin the
x-directionanddefocusingn they-directionandgivesriseto theequation®f motions
insideamagneticquadrupole:

g+ Kyu=0 ; u=xy; (6.3)

whereK .y = evg=m. Theprincipleof alternatinggradient/AG) focusingor strong

focusingrelieson the factthatby combiningtwo quadrupolesnto a doubletwith the

seconchaving oppositepolarity of the rst (i.e.,g ! g) netfocusingin bothtrans-

versedimensiongx; y) canbe obtainedby properchoice of quadrupoleseparation
(seesection3.1).

6.2.2 Thelinear Paul trap

The linear Paul trap is an offspring of the well-known electric quadrupolemass I-
ter asproposedoy Paul and Steinwedel[56]. The latter essentiallyconsistsof four
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parallelcylindrical electrode$ arrangedn theway asshowvn in Fig. 6.1 andwith volt-

ages appliedto therodsasindicated.This con guration givesriseto the electric
potential ( x;y) = (x2 y?)=r3, whererg is the inscribedradiusof the inter

electrodespace.Chagedparticlesin theinterelectrodespaceobey exactly the same
trans\erseequationsof motion asderved for a chaged particle traveling througha
magneticquadrupoleEg. (6.3), wherewe nowv have Ky = 2em =r3. Likewise,
for positively chagedparticlesand > 0 we getafocusingeffectin the x-direction
and a defocusingeffect in the y-direction. To obtaintransersecon nementin both
directions,the ideais to usea periodic,time-dependenpotential (t). Thisis very
analogougo the spatiallyvarying quadrupolepotentialas seenby a chaged particle
traveling throughthe periodiclattice of a storagering with magneticAG con nement.
The corventionalchoiceis a sinusoidalexcitation

(t)=U Vcost: (6.4)

Introducingreducedparameters

8
= lt=2
% ax = 8eU=mrd! 2
o = 4dev=mrd'?2 ; (6.5)
3 ay = 8eU=mrd! ?
T g = dev=mrd!?

the equationf motionfor the x- andy-directionscanbetransformednto the canon-
ical form of Mathieus equation

—+(ay 29ucos2)u=0 ; u=XxYy: (6.6)

The propertiesof Mathieus equatiorhave beenrecordedn detail (see,e.g.,[57] and
referencegherein). Here,we only notethatthe (qy; ay)-planeis divided into stable
andunstablaegionsby characteristicurves(seeFig. 6.2;thecunesaresymmetricn

g). For (qu; ay) in astableregion, solutionsto Mathieus equationareboundwhereas
in an unstableregion the solutionstendto in nity with time. To have overall trans-
versestability (i.e.,in bothtransersedimensionx andy), we mustdemandhatboth

(ok; ax) and(qy; ay) belongto stableregionsof Eq. (6.6). Within a stableregion the
motion of anion in directionu canbe describechsa secularoscillationwith the fre-

queng ! =2 superimposedly micromotionat frequeng ! [58,59]. Thefrequenyg

determiningfactor is functionof the(qy; a,) parametergseeappendixA.3).

2|deally, the electrodeshouldhave hyperboliccrosssections.
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Figure 6.2: (g; a)-stability diagrams.The lines boundthe stability regionsof Eq. (6.6), i.e.,
the caseof sinusoidakxcitation. Theshadedireashaw thestability regionsof Eq. (6.9)when
= 1=2 for pulsedexcitation(i.e.,arectangulamwaveform).
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Thechoiceof asinusoidallytime-dependemnpotentialis by no meanaunique.The
arbitrarynatureof the scalampotentialwvasemphasizethy RichardsHuey, andHiller,
whoinvestigatedhe possibilitiesof usinga rectangularlytime-varying potential[60]

(t)=U VS (t); (6.7)

whereS (t) is arectangulafunctionwith duty cycle . In the currentwork, we con-
siderapulsedvoltageexcitationof thequadrupolelectrodehaving awave form cycle
periodT, andpulseduration T, onthespeci c form

(=1 VP (1)
< 1 if itj T=2
P()=_ O if T=2< jtji @ )T=2 ; (6.8)

10f (1 )T=2< jtj T=2
P(+T)=P (1):

De ning heretheangularepetitionfrequeng tobe! = 2 =T andusingthetransfor
mationskq. (6.5) the equation®f motionfor pulsedexcitationappeaias

d2u h i

gzt & 2P () u=0 , us=xy, (6.9)
whereP () (seeFig. 6.3) s the obvious transformatiorof P (t) to thereducedpa-
rameterspace

8 . .
< 1 if i %
P()=. O If 3 < ii z@ )
o1 la ) < g o (6.10)

P(+)=P()

Thetime-varyingpulsedelectric eld emulateghetransersedynamicsof chaged
particlesin the spatially varying magnetic eld of a strongfocusinglattice and we
may apply theory developedfor the latter to describethe stability of Eq. (6.9). As
thecoefcient Ky( ) a, 2q,P () is apiecavise constanfunction, a solution
to Eqg. (6.9) may be propagatedrom a vector containingthe initial conditionsusing
matrix multiplication

u( ) _ - u( o) .
W) - Mu( j o) W ) (6.11)

wherewe have adoptedhotationfrom [18]. In Eq. (6.11),u( o) andu{ o) areinitial
valuesat = gandMy( j o) isthe2 2overalltransfematrixfrom oto whichcan



6.3 Emulationof abeamcrystalin alinearPaul trap 57

X -
X R
1 N e
p p X
Ly L

Figure 6.3: The pulsedwave form P( ) givenby Eq. (6.10).

be calculatedby successie multiplicationof thetransfermatricesfor all theinternvals
of constanK ,, between g and (seesection6.5andappendixA.4).

The solutionsto Eq. (6.9) will bestableif jTrMy( j + )j < 2 andunstablef
jTrMy(j + )j> 2[18]. Thus,foragiven wemay nd correspondingaluesof a
andq leadingto stable(singleparticle)motionandplot this asa stability diagram.An
exampleof a stability diagramwhen = 1=2 (i.e., the specialcaseof a rectangular
waveform)is shawvn in Fig. 6.2. In Fig. 6.4,the developmentof the rst two stability
regionsfor pulsedvoltageexcitation is shavn whenthe pulsedurationis decreased
from = 05to0 = 0:.05

6.3 Emulation of a beamcrystal in alinear Paul trap

As describedpreviously, we may obtaincon nementin thetwo transersedirections
of apulse-&cited electricquadrupole This mimicsthetransersedynamicsof anAG

magneticlattice. To study crystallinestability in a stationaryreferencerame, such
asthe electricquadrupoleshavn in Fig. 6.1, we furthermoreneedaxial con nement.
In this respectthe physicalsituationresembleghat of a bunchedbeamof particles
ratherthana coastingpeam.Axial con nementcanbe achiezed by sectioningeachof

the quadrupolerodsinto threeasshowvn in Fig. 6.1 andapplyinga dc voltageUg to
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Figure 6.4: The rst two stability regions(shadedareas)ith = 0:5;0:1; 0:05 for a pulsed
voltageexcitation. The stability regionsfor sinusoidaloltageexcitation (lines)areshown for
comparison.

the eightendpiecesin additionto (t) or  (t). This givesriseto a staticpotential
having asaddlepointatthe centerof thetrapandwe approximatehis with aharmonic
potential[11]

o= Wl S0¢+ YL 612)

where is geometricfactor By carefulchoiceof designparametersf the trap, the
harmonicapproximatiorwill indeedbevalid. We notethatthe axially con ning force
arising from the static potentialEq. (6.12) is accompaniedy a radially defocusing
forcein accordancevith Earnsha's theorem. This harmonicdefocusingforce may
beaccountedor by includingit in thea,-parametepf Eq. (6.9). In fact,by choosing
U = 0in Eq.(6.8),thedefocusingermin Eq. (6.12)will betheonly contritution to
thea-parameter

4 el

m! 2’
andwe notethatin this casea, < O alwaysanday = ay.

Sofar, we have only dealtwith the stability of a singleparticleor rathera particle

in a plasmasufciently dilute thatthe Coulombinteractionbetweenparticlescanbe
neglected.By applyinglasercoolingto, e.g.,2*Mg* ions,which hasbeendonerou-
tinely in both storagerings [24] andtraps[42], one canincreasethe plasmadensity
andit canbe studiedexperimentallywhetheror not Coulombcrystalswill form in the
strongfocusingernvironmentof a pulse-&citedtrap. As a Coulombcrystalrepresents
the ultimatein densitywith aninterparticleinteractionenegy which is muchlarger
thantheion kinetic enegy, the regionsof stability will be modi ed for this strongly
coupledonecomponenhon-neutraplasmaA well establishedesultfrom thetheory

ay =

(6.13)
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of crystallinebeamsstateghatthering lattice periodicityshouldbe at IeastZIO 2times
ashigh asthemaximumbetatron(bare)tune. Statedn a anothemvay, we have thefol-

lowing criterionfor the phaseadwance  perunit cell (or ratherperwaveform cycle
in thetrapcase)

1 .
y = arccos ETrMu( j+ ) < p—é: (6.14)

ThecriterionEq. (6.14) hasbeendescribedasa conditionto avoid a parametriaeso-
nancebetweenthe phononmodesof the crystallinestructureandthe machinelattice
periodicity [44,61]. It shouldbe stressedhowever, that the maintenanceondition
is not limited to crystallinebeamsbut is part of a far moregeneralresult[62,63] on
theervelopestability of chagedparticlebeamgangingfrom theemittancedominated
(hot) beam,wherethe conditionis |, < =2, to the space-cha@e dominatedregime
describedby Eg. (6.14). We shall returnto the discussionof crystallinestability in
section8.2.2.

6.4 Conclusion

In conclusion,it is possibleto build a bridge betweenthe formalism of storagering
dynamicsandthatof anion trap. The closeanalogybetweerthe transersedynamics
of storagaingsanda pulse-acitedlinearPaul trap canbe exploitedto testtheoretical
resultson the stability of crystallineion beamswith respecto the maintenanceondi-
tion concerninghe maximumphaseadwanceper unit cell. This canbe donein table
top sizeexperimentsandshouldprovide valuableinformationbeforecommissioning
alarge scalespecializedstorageing for crystallineion beamsWe have outlinedhow
the stability criterionscanbe statedin the (g; a)-parameteformalismusuallyapplied
by theion trapcommunity Thiswill sene asa referencdramefor the experimental
investigationgresentedn chapter8 on crystallinebeamstability usinga linear Paul
trap.

6.5 Addendum I: Propagationof solutions

Given theinitial conditions[u( o);u( ¢)] attime ¢ for Eq. (6.9), propagationo a
latertime canbe obtainedusingmatrix multiplicationvia Eq. (6.11). Considering,
for example, ¢ = % andusingthetransformation™= o We have (leaving out

subscriptu)
M(J0)= S(™ x = )" V() (6.15)
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where
8
> T(a) if 0< ¢ )
S() = T(a+ 2q; 3 1)sqz 1) if (3 ) < 3 .
> T(a 3 )S(3) if ; < @ )y
" T(a 2g; L 1)sq@ 1) if @ ) <
(6.16)
and
e Kl +e K1 pl:(ep Kl e P KI) #
TK:D=1% p ke ep_KI) ';p_K|+ep_K| if KSO.
L1 . o
T(K;) = 0 1 if K=0
(6.17)

A derivation of thetransfemmatrix T (K ; I) is givenin appendixA.4. We notethatthe
“oor” operationy y truncatesa number to its integer part, e.9.,x3:61324 = 3.
In Fig. 6.5, examplesof singleparticletrajectoriesobtainedby usingthe propagation
matrix Eq. (6.15)areshavn. Themotionis pseudo-sinusoidalith a phaseadwance
perwaveformcycle givenby Eq. (6.14).

6.6 Addendum II: Comment on the radial oscillation fre-
guency

6.6.1 FFT of radial motion

As discussedn section6.3the phaseadvance (a;q) perwaveform cycle periodfor
the pulse-acited trap canbe calculatedrom the traceof thetransfermatrix over one
period. The correspondindparmonicradial oscillation(angular)frequeny is

H(ao) = (a0)= ; (6.18)
usingthereducedime = ! +t=2. In Sl unitswe have
! rf ! rf

I'(a;0) = 7!~r(a;q) = 5 (a;0) (6.19)

This frequeng will be usedto describethe radial particlecon nementin a pseudo-
harmonicapproximatiod for the trappedplasmasn chapter8. The validity of this
approximationis not obvious for high valuesof the q parametegseeFig. 6.5). To
addresghis questionwe considerthe FouriertransformU (&) = i u(t)e'*tdt for
motionu(t) atdifferentvaluesof g.

3The correspondingecularfrequeny whenusinga sinusoidaldrive for thetrapis ! rf=2 with
givenin appendixA.3.
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Figure 6.5: Examplesof particletrajectoriesfor q = 0:2;0:5;2:1;, whena = 10 2 and

= 0:1.



62 CrystallineBeamEmulationsn a Pulse-Excited.inearPaul Trap

S 39260 ~ T T T T T T

ol PEEI

' 1.61984) 35067
0o 1J x £

p [ oswe

Power

g=2.10]
10 | -

1.17806

2.82244
x R

Figure 6.6: Pawer spectraldensityfor radialion motion with g = 1:25and2:1 whena =
10 3.

In Fig. 6.6 we shaw the (one-sidedpower spectraldensity* Py(*~)  jU(R)j2 +
jU( R)j?forq= 1:252:1 whena = 10 2 [this is merelyexamples;the analysis
was carriedout for variouschoicesof (a;q)]. The spectraexhibits the samegeneral
features:A high intensitypeakat ~.rer andtwo low intensitypeaksat2 = .gpr
(notethat2 = 2 = is theangularfrequeng of the pulsedfunction). Althoughthe
modulationpeak2 ~.re7 growsin intensitywhenq approachethe singleparticle
stability limit (occurringwhenk;.ger = 2 b.ppr = 1) theb.gp7 peakis obsered
to bedominantevenfor quite high valuesof q.

In Fig. 6.7, ~.re7 for differentvaluesof q (witha = 10 3 x ed)is compared

“This was calculatednumerically by performinga fast Fourier transform (FFT). Information on
FouriertransformsandFFT canbefoundin [64].
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Figure6.7: ( ) Locationof thehighintensitypeakk.rer in aFFT spectrunof theradialion
motion for differentvaluesof g (with a = 10 2 x ed). The resultscomply well with the
radialfrequeng ~; obtainedrom Eq.(6.18)via theoneperiodtransfematrix (line). Theline
doesnotintersectbrigo duethe non-zerovalueof a.

to ~ obtainedfrom Eq. (6.18)via the oneperiodtransfermatrix. The radial oscilla-
tion frequeny is seento be consistentvith the strongesfrequeng componentn the
motionspectrum.

6.6.2 Decomposingthe total radial con nement

As mentionedin section6.3 the static axial harmoniccon nementpotentialin the
linearPaul trap givesriseto a (harmonic)radial defocusingorce. This wasdescribed
by the samenggative a parametein x andy directions.Denotingthe axial oscillation
frequenyg by ! , we maywrite thefollowing relation

Fad = 12@ ! H@); (6.20)
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q__
where! 2(g) ! ?(a;g)ja=o and! (a) = al 2=2. It turnsout thatthe bare(in

absencef axialcon nement)radialoscillationfrequeng !  is theimportantquantity
for thediscussiorof crystallinestability in thetrap.



Chapter 7

Construction of a Linear Paul Trap

As a partof this thesiswork a new linear Paul trap setupwasconstructed Following
theideasoutlinedin chapters, the setupwasemplg/edin the experimentsto be de-
scribedin chapter8 onthebehaior of lasercooledion crystalswhena pulsedvoltage
excitation is usedto drive the quadrupolerods of the linear Paul trap. This chapter
describeghe new trapandthetrapvoltagesupplyalongwith the variouscomponents
whichwereinstalledin thetrapvacuumchamber

7.1 Trap geometry

The new trapis 3rd generatiorof linear Paul trapsbuild in our laboratory all of the
typeshavn in Fig. 6.1. Table7.1lists the geometricdimensionsf this trap (TrapIl)
alongwith the correspondinglatafor the previous generation®f traps(Trap | and
Trapll, respectiely). As comparedo theprecedingraps theelectrodeadiusandthe
inter electrodespaceof Traplll arescaledup by a factorof two sothatnon-neutral
ion plasmaof largervolumescanbe contained.The centerelectroddengthhasbeen
calculatedo ensurea goodapproximatiorto harmonicaxial potentialwhenavoltage
is appliedto the endpieceelectrodeswvith respecto the centerelectrodeg65]. This
is alsothe casefor Trapll (seesectionl10.5)whereadsTrapl was“designed™o have a
boxlike axial potential.

Figure7.1(a)shavs aclose-upphotoof Traplll. Theelectrodesremadeof gold-
coatedstainlessteelandsectionedn threepartsseparatethy macorspacerg@sshovn
in theFig. 7.1(b).
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Figure 7.1: (color) (a) Close-upphotoof the linear Paul trap installedin the UHV chamber
(b) Constructiorof aquadrupoleod (crosssection).
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Table 7.1: Parameterdor thetrapsof thetype shavn in Fig. 6.1 which hasbeenbuild
in ourlaboratory Thisthesispresentsesultfrom experimentsisingTraplll (chapterB)
andTrapll (chapterlO andchapterll).

Trapl®  Trapll®  Traplll©

ElectroderadiusR (mm) 2:00 2:00 4:00
Inter electrodenscribedradiusr o (mm) 1.75 1.75 3:50
CenterelectroddengthZ (mm) 25.00 4:00 5:40
Endpieceelectroddength(mm) 15.00 25.00 20.00
RFresonancérequenyg ! R (MHZ) 2 42 2 51 2 3:88
2 Ref.[66].

b Ref.[67]. Thistrapis emplg/edin the experimentsdescribedn chapterlO andchapterl 1.
¢ Thiswork. Thistrapis emplo/edin the experimentsdescribedn chapter8.

7.2 UHV chamber

Thetrapisinstalledin anUHV chamberwheretheultrahighvacuumis maintainecoy
atitaniumsublimationpumpandanion getterpump'. Figure7.2 shavs anovervien
of thechambeindicatingthepurposeso whichthevarious angesarededicatedThe
following partshave beinstalled:

Thetrap. Electrodevoltagessuppliedby copperwires via a feedthroughin a
ange.

Two ovenseachconsistingof a hollow graphitecylinder heatedby a tungsten
(resistie) wire woundas coil aroundthe cylinder. They containMg and Ca,

respectrely, and when heated(the temperaturesre monitoredwith thermo-
sensors}hey provide atomicbeamseffusingin directionof thetrapfrom small

holesin the ovens. The ovensare mountedin hollow ceramicscylinders(pro-

viding electricandthermalisolation)insidestainlesssteelhousings.

Ovenshutterfor blockingtheatomicbeams.Theshutterconsistof ametalplate
on an axle and by turning an externalknob the atomicbeamscan be blocked
individually or simultaneously

Skimmersfor collimatingthe atomicbeams.The skimmersaremadeof a thin
stainlesssteelplatewith smallholes.

!Leybold1Z 270triode pump.
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Figure 7.2: Overview of the Traplll UHV chamber

Fiber for calibration of cameramagni cation. The ber (? = 125 m) is
mountedon a stainlesssteelarm and can be insertedto trap centerby means
of (xyz) translationstages.

Laserports(AR coatedwindows). Thetrap setuphasbi-directionallaserbeam
accesso thetrapcenteralongthetrapaxis, perpendiculato thetrapaxis(radial
direction),andata45 deyreeangleto thetrapaxis.

Electrongun. A beamof electronsfrom an electrongun canbe sentto thetrap
centerto causeelectronimpactionizationof the atomicbeams.Electronbeam
steeringis achieved by a setof vertical and horizontalde ection plates. The
electronbeamposition can be monitoredon the surface of the skimmers(to-
wardsthetrap) which hasbeencoatedwith phosphol(i.e.,impinging electrons
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Figure 7.3: (color) Photoof the UHV chambemith thelinear Paul trap installedandthe top
ange dismounted.

giveriseto phosphorescence)

Lenssystem.A lenssystemof 240 mm total (UV) focal lengti hasbeenin-
stalledinsidethe chamberl00 mm from the trap centerto collectlight for ex-
perimentsapplyinga PMT.

Restgasanalyzer(RGA)3.

Pressurgaugé.

Most of the partslistedabore areidenti ed in Fig. 7.1(a)andFig. 7.3.

2Two ? =40mm plano-comex lensesof 100mmand140mm (UV) focal lengths respeciiely.
3PCcontrolledLEDA-MASS massspectrometeiRange:1-200a.m.u.
4AML UHV Bayard-Alpertgauge.
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7.3 Trap Voltagesupply

7.3.1 Sinemodeoperation

Thequadrupolaodsof thetrap canbe drivenwith a sinusoidallyvarying RF voltage
from anampli ed® functiongeneratdt. Thiscorrespondso thecorventionalchoiceof
(t) = V cos! t insection6.2.2(seekEq.(6.4)). Whenoperatingn sinemode thetrap
is thecapacitie partof aLCR resonanceircuit whichis inductively coupledtio theRF
powersupply . Eachelectrodds shuntedby avariablecapacitoffor adjustment/tuning
of thecapacitve loadandthetotalresonancérequeny of thesystems2  3:88MHz
(seeTable 7.1). The resultingvoltage on the quadrupolerods can be read out via
monitoringout-connectionéscalefactor 1 : 100 onthetrapinterface(seeFig. C.1).

7.3.2 DC Offsets

DC offsetscanbe addedto thetrap electrodewia the interfaceshavn in appendixC.
Figure 7.4 shaws the part of the interfacecircuit connectingto a single electrode(in
totalthereare12 of these— onefor eachtrapelectrode).

22 nF
RF |N@—{

DC OFFSETIN ‘

Figure 7.4: . Circuit diagramshaving how a DC offsetvoltage(DC OFFSETIN) is addedo
atrapelectrodeconnectedo OUT.

In principle,DC offsetscanbeaddedndividually to theelectrodewia thetrapin-
terface.In practice the DC offsetcontrolunit® feedingthe DC inputson theinterface
(intentionally)couplethe electrodeoffsetsin theway summarizedn Fig. 7.5. For ex-
ample thecontrolunit offset#1 addsa voltageto all theendpieceelectrodesreating
axial con nementandnegatve a, = ay parametergi.e., thisis Ug in Eq. (6.12)and
Eq. (6.13)], whereasffset#4 addsa voltageto diagonallyoppositequadrupolerods
creatingdifferenta, anday parametergi.e., thisis U=2 in Eq. (6.4) andEq. (6.5)].
The remainingcontrol unit offsetsmale it possibleto position capturedionsin the

SeIN Model 3100L RF power ampli er.

SHewlett Packard33120A15MHz function/arbitrarywaveformgeneratar

"AppendixC shaws thecircuit diagramfor theinterfaceto thetrap.

8This voltagesupplywasconstructedttheinstituteby E. Sgndegaardalongwith thetrapinterface.
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trap (usuallyat the trap center)andto compensatéor bias elds (#2 and#3in radial
directionsand#5 and#6 in axial direction).

Control unit offset # Electrode #
1 1,4,7,10,3,6,9,12
1,2,3
45,6
45,6,7,8,9
3,6,9,12
1,4,7,10

OO WN

Figure 7.5: The DC offset control unit has6 adjustableoffset voltagesdenoted#1...6. The
voltagesare addedto the electrodesas given by the table (the enumeratiorof electrodess
designatedn the drawing of the trap— the orientationof thetrapin the drawing is the same
asin Fig. 7.3).

7.3.3 Pulsedmodeoperation

By disconnectinghe resonanceircuit toroid (seeFig. C.1) from the trap interface,
pulsedvoltagesmay be applied (hon-resonantlyjo the quadrupolerods of the trap
asdiscussedn chapter6. In the experimentspresentedn chapter8, the pulsesare
producedby a dual-channepulseampli er® with inputsfrom two pulsegenerator¥
triggeredatthedesiredepetitionfrequeny by afunctiongeneratot®. Eachchannebf
thepulseampli er is ratedto apulseamplitudeof 200V at! rr = 2 1 MHz witha
minimumpulseduration< 100ns. Voltagepulsesareappliedalternately > /% )
to thetwo pairsof diagonallyoppositequadrupoleods. Figure7.6 shavs examplesof
theresultingvoltagedifferencebetweeradjacenguadrupoleods.

®The pulseampli er wasconstructedttheinstituteby E. Sgndegaard.
OPHILIPSPM57151 Hz-50MHz pulsegeneratar
MHewlett Packard33120A15 MHz function/arbitrarywaveformgeneratar
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Figure 7.6: Examplesof measuredtime varying voltage differencesbetweenadjacent
guadrupolerods whenthe dual channelpulseampli er appliesvoltage pulsesalternatelyto
thetwo pairsof diagonallyoppositequadrupoleodsof Traplll. (a)! gg = 2 700kHz and
pulseduration200ns (i.e., = 0:14). (b)! rg = 2 1 MHz andpulseduration100ns(i.e.,

= 0:1).



Chapter 8

Stability of Coulomb Crystals in a
Pulse-ExcitedLinear Paul trap

We reportexperimentson the stability of Coulombcrystalsin a pulse-e&cited linear
Paultrap. The dynamicsof chagedparticlesin atrap of thistypeis analogougo that
of afastbeamtravelling througha channelwith periodic,magneticAG con nement.
The stability conditionsfor stationarycrystalsin our experimentscomplywith current
theoryof crystallineplasmasandbeams.We obsere, however, thatthe plasmamay
be crystallinebeyond the expectedstability region in a hithertounseercon guration
consistenwith a stringof rotatingdiscs.

8.1 Intr oduction

Today Coulombcrystalsareroutinely obseredin experimentswith lasercooledions
in linear Paul traps (see,e.g., [68] and referencegherein). So far, radial con ne-
menthasbeenachieved by applyinga sinusoidallytime-dependenitf voltageto the
guadrupolerodsof the trap. The choiceof waveform for the time-varying rf voltage
is, however, quite arbitrary As pointedout in chapter6, a pulsedwaveform would
give rise to the sametransersedynamicsfor a chaged particle as whentravelling
throughthe AG magneticquadrupoldattice of a storagering or a transportine [18].
Hence|t is possibleio emulatehedynamicsof anion beamin apulse-&citedtrap. In
chapter6, we discussedhe possibility of testingthe stability of lasercooledCoulomb
crystalsin an AG strongfocusingervironment. This would resemblea crystallineion
beamin its restframe.

During the pastdecade gxtensve theoreticalwork hasbeendoneto determine
underwhich conditionsCoulomborderedstatesn storedion beamscanbe attained.
Sincea crystallinebeamrepresentghe ultimate phasespacedensity it is of great
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interestin beamphysicsandmay nd applicationasa high-luminositysourcefor, e.g.,
high-resolutiomucleamphysicsexperimentscolliders,andinertialcon nementfusion
[33]. Realbeamexperimentson lasercooledionsin storageingshave not succeeded
in attaininga crystallineion beamso far [24,33]. Theory of crystallineion l&egms
stateghe essentiatriterionthatthe ring lattice periodicity shouldbe atleast2’ 2 as
high asthe maximumbetatron(bare)tune [44,61] - a criterion which hasnot been
ful lled in ary storagering experimenton lasercooledion beamssofar. Thelack of
obsenration of crystallineion beamss thereforen agreementvith thetunecondition,
but whetherthecriterionis strictly corrector notremainsuntestedinformationonthis
issuefrom beamemulationexperimentsin a tabletop sizeion trapwould, hence be
valuablebeforecommissioninga large scale,specializedstoragering for crystalline
beams.

In thischapterwe presentesultsfrom experimentsonnon-neutrabne-component
plasmagOCP)in a pulse-&cited linear Paul trap. The OCP consistsof 2*Mg* ions
which canbe lasercooledto suchlow temperaturegtypically a few mK) that struc-
tural orderingof the plasmacanbe obsered. We nd thattheseso-calledCoulomb
crystalsbecomeresonantlyunstablewhenthe plasmafrequeng exceedshalf the rf
drive frequeng in agreementvith currenttheory of crystalline plasmasand beams.
The plasmacan,however, be crystallinebeyond the obsered stability limit in a con-
guration whichwe shaw is consistentvith a stringof rotatingdiscs.

8.2 The pulse-excitedliinear Paul trap

8.2.1 Achieving con nement

ThelinearPaultrapemplo/edin theexperimentsonsistof four cylindrical electrodes
asshavn in Fig. 8.1(a).To operatehetrapin pulsedmode,a periodicRF voltage

(t) — VR|: if jtj T=2 .
0 if T=2< jtj @ =2)T ° (8.1)
(t+T)= (1)

shavn in Fig. 8.1(b)is appliedto therodsvia thetrapinterfacedescribedn chapter7.

The pulsedwaveformis characterizedby an amplitudeV,s, a period T, anda pulse
duration T. Asindicatedin Fig.8.1(a),thephaseof theappliedrf waveform  (t) is
delayedby T=2 for adjacentods. The resultingvoltagedifferencebetweeradjacent
rodsthenvariesasshavn in Fig. 7.6. As statedin Table 7.1, the electrodeshave a
radiusof R = 4:0 mm andthe radiusof the inscribedinter electrodespaceis ro =

3:5 mm. Hence,theratio R=ry approximated.147,for which the electric potential
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Figure8.1: (a) ThelinearPaultrap. Time-varyingvoltages (t) and (t T=2)areapplied
to adjacentodsasshavn. To obtainaxial con nementof ions,eachelectrodds sectionednto
threeand an additionaldc voltage Uy is appliedto the eight end-piecesith respecto the
centerpieces.(b) Thepulsed time-varyingwaveform  (t) givenby Eq. (8.1).

neartheaxiswill becloseto thatof a perfectquadrupold69]

(1) t T=2)x%2 y?,
2 I

(X y;t) = (8.2)
This time dependenpotentialgivesrise to pseudo-harmonicadial con nement. In
Eq. (8.2),thetime elapsedetweersubsequerfbcusinganddefocusingpulsess T=2
andall pulseshave the samedurationand amplitude. For an enegetic ion beamin
a magneticAG storagering, this corresponddo propagationthrougha regular so-
calledFODO-lattice,andherewe focuson this situationsolely The parametergan,
however, be varied quite arbitrarily with respectto durationanddelay andstill give
rise to radial con nement. Typical repetitionfrequenciedor the waveform usedin
the currentexperimentaketuparein therange! =2 = 1=T = 100kHz—4MHz.
An axial con nementforceis achisred by sectioningeachof the quadrupoleods
into threeasshawvn in Fig. 1(a)andapplyinganadditionaldc voltageUq. to the eight

!Indeed,the delay can be chosento be very shortbetweenpairs of focusing-defocusingulsesto
achieve long “drift” time onthemicrosecondcaleto the subsequerpair.
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end-piecesThis givesriseto a static,approximatelyharmonicpotential s(Xx; y;z) =

Zo2Uge[z2 (X2 + y?)=2], where is a geometricfactor By careful choice of
the length zg of the electrodecenterpiecesthe harmonicapproximationwill indeed
be valid up to a few millimeters from the trap center In the currentexperiments
Zzo = 54 mm correspondindo = 0:248 We notethatthe axial, con ning force
arising from the static potential s is accompaniedy a radially defocusingforce.
As in chapter6 we introducereducedparametera = 4 eUdC:mzcz,! rzf andq =
2eVis=mrd! 2, wheree is the chage and m is the massof particleg. The (a;q)
parameteispacewill be divided into stableand unstableregions of single particle
radialmotion.

8.2.2 Cold plasmain a harmonic trap
Plasmashapes

ThelinearPaultrap canbe describedasa harmonictrapwith aneffective potentialof
theform (usingcylindrical coordinates)

2

(n="TE@ Y, 83)
q___
where! , = al r2f=2 is the single particle axial oscillatoryfrequeng, is radial
distanceo thetrapaxis,and
12 g1z 12
= # (8.4)

Here,! is the single particle pseudo-harmonicadial oscillatory frequeng?® (in ab-
senceof axial con nementandangulatmomentunalongthe z-axis)and!  is thean-
gularrotationfrequeny of thetrappedplasmaaboutthe z-axis, which usuallyequals
zerofor alinearPaultrap. We notethatthemeaningof  is nothingbut the (resulting)
radialto axial con nementforceratio.

Neglectingvariationson an inter-particle scale,the densityof a low temperature
plasma(cold uid ) in aharmonictrapis constanandgiven by

__02_20m!§ }_Zom
No=2r" =—a ( *3)= =2

2A differenceof 2 in the de nition of q enterssincetwo antifasedwaveformswere appliedto the
rodsin chapter6 giving riseto a voltagedifferenceof twice the waveform amplitudeV,s . Thisis in fact
thecasewhenthetrapis operatedn sinemode.

3Seesection6.6.

(12 12y, (8.5)
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independenbf ! ,. Furthermorethe shapeof the cold plasmacanbe shavn to be
a spheroid[70] andis henceuniquely describedhroughthe length of the envelope
semi-axsZ (alongthetrapaxis)andR (in radialdirection). The -parametein Eq.
(8.4)is relatedto thespheroidaspectatio = Z=R through[70]

1 1 2 11+
S 2 2 1 2 2 71

1 ; (8.6)
where 2= 1

Plasmamodes

Bulk I@Iasma oscillations in the cold uid occur at the plasma frequeng
o= €’np= om which alsoequalsthe maximumbulk modefrequeny in the case
of acrystal[71]. FromEq. (8.5)weget! 3= 2( + 1)! 2=2(2 1?). Toavoida
1.2 (parametriacesonancerelationshipbetweernfrequeng of a bulk modeandthe rf
driving we have thecriterion2! , < ! (+. Thisis equivalentto theaforementionetuine
conditionfor a crystallineion beam.

8.3 Experimental setup

Figure 8.2 shaws a schematicdraving of the experimentalsetup. The trap is in-
stalledin a UHV-chamberas describedn chapter7 wherea pressurearoundP =
2.5 10 10 torris maintained.At thetrap centey an atomicMg beamis crossecr-
thogonallyby alight beamfrom a narrav bandwidthlasersourceand®*Mg™* ionsare
loadedinto the trap by resonantlyphoto-ionizing?*Mg via the 38 1S; $ 3s3p'P;
optical transitionat 285 nm (seechapterl0). The >*Mg™ ions capturedby the trap-
ping elds arelasercooledaxially by two countefpropagatindaserbeamddriving the
35S, $ 3p?P;-, closedopticaltransitionat280nmwith light from atunablelaser
system.f thecoolingrateis sufciently highandthetrapparametergq; a) arewithin
the single particle stability region, this may leadto formation of Coulombcrystals.
The light spontaneouslgmittedby the trappedions during the lasercooling cycle
is recordedby the imageintensi ed digital camerasystemdescribedn section4.4.
The camerais readout at a rate of 5 frarBe_s/sand the direction of the optical axis
throughthetrapcenteris® = (% + $)= 2 [seeFig. 8.1(a)]. Figure8.3(a)shawvs
an exampleof a single frameimageof a Coulombcrystalin the pulse-&cited trap
(tyg=2 700kHz, = 0:14) containingabout3702*Mg* ions.
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Figure 8.2: The experimentalsetup. The cooling laserlight ( = 280 nm) andthe photo-
ionizing laserlight ( = 285nm)arederivedfrom Ar* -laserpumpeddyelasershy frequengy

doublingtheoutputsin nonlinearcrystals( KDP andBBO, respectiely) placedin externalcav-

ities. The photo-ionizinglaserintersectaneffusive, collimatedMg atomicbeamorthogonally
atthetrapcenter Thecoolinglaserbeamis splitinto two beamdy a polarizationbeamsplitter
(PBS)andentersin counterpropagatinglirectionsalongthetrap axis. The coolingforcesare
balancedhroughrotationof a half-wave plate( = 2).

8.4 Regionof crystalline stability

In a seriesof experimentswe have determineathe sub-rgion of the single particle
(a; q) stability region whereCoulombcrystalscanexist. Figure8.4 shawvs the points
atwhichcrystalsat! 1 = 2 1MHzand = 0:1wereobseredto becomeunstable
andmelt (the plasmaransformgo a cloud state)whenthe magnitudeof eithera (low

g border)or q (high q border)wasincreasedrom conditionsof crystallinestability.

Notably the crystalsbecomeunstablewhenthe plasmadensityis increasedhrough
gsothat2! , exceedd  (seeFig. 8.4). In this respectpur obserationsarein good
agreementvith theoreticakexpectationsSimilar resultswereobtainedn experiments
with 2 [0:07; 0:14]and! =2 rangingfrom 700kHz to 2MHz. Moreover, the
resultwas independenbf plasmasize (humberof ions. 1000 althoughcrystals
containingonly afew ionsmighttraversethe stability limit. In thelow qlimit crystals
wereobsenred to melt beforereachingthe single particle stability limit. This maybe

attributedto thevery weakradialcon nementherewhich leadsto very oblatecrystals
with limited sympatheticcooling (via Coulombinteractions)of radial motion. For

example,collisionswith residualgasparticlescanmoreeasilyheatup the plasma.
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Figure 8.3: Structuratransitionfor a Coulombcrystalscontainingabout37024Mg* ions. (a)

ProlateCoulombcrystalin the pulse-acitedtrap just at the high q crystalstability limit. (b)

Increasingg slightly inducesa dynamicalinstability, but the plasmamight staycrystallineby

undepgoingastructurakransitionto astateappearin@sastringof approximatelyequidistantly
spacedliscs.(c) Theintegratedaxial intensitydistribution of (b) with disclocations.
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Figure 8.4: The grey areashavsthe = 0:1 singleparticle(q; a) stability diagram(calcu-
lated). For experimentswith ! ; = 2 1 MHz Coulombcrystalswere obsenedto exist
inside the hatchedarea. The trap parameterdor which Coulombcrystalswere obsered to
becomeunstablg ) complieswell with thecondition2! , = ! ¢+ (line) in thehigh g limit.

8.5 Structural transition

A surprisingobserationwasmadeby increasingj slightly above the obsered crystal
stabilityborderatthehighqlimit. Asseenn Fig.8.3,theplasmamightstaycrystalline
by undegoinga structuralphaseransitionfrom theinitial radially orderedstate(a)to
the nal, axially orderedstate(b). Thelatterstateappearssa stringof approximately
equidistantlyspacediscswith a spheroidakrvelope. Sincethe plasmadensityand
hence! , decreaseduring the transitionthe parametriocesonance! , = !  is not
excitedin the nal state.

The envelopeanddensityof orderedclosedshell structuresof the type shavn in
Fig. 8.3(a)haspreviously [68] beenshavn to be describedrery well by thecold uid
theoryoutlinedabore with the plasmain a non-rotating(stationary)state! = 0. If
cold uid theoryis applicableto the nal stateshavn in Fig. 8.3(b)thenEq. (8.4)
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Figure8.5: for astring-of-discsstateCoulombcrystalcalculatedrom experimentabaram-
etersusingEq. (8.4)in thecaseof! = 0( )and! = 0:308 ! ( ) versusheobsened
crystalaspectratio . Theexpected ( ) for acold uid Eq.(8.6) (solidline) andfor a hot,
gaseouplasma(dashedine) areshavn.

impliesthatthe plasmais now in arotatingstate,i.e.,! > 0 (duringtransition! ,
is constantand! approximatelyconstant).A mechanismeadingto rotationis not
completelyclearatpresentbut it is probablythecombinedactionof aresonanexcita-
tion of a plasmamodeandsomerf multipole mode(e.g.,the fundamentafjuadrupole
mode)driving therotation.In ary casethestring-of-discgypeof statemustbeclosely
linkedto therf driving forceasthedissipatve lasercoolingforceotherwisewouldlead
to relaxationinto a stationaryclosedshell structure.We notethat the string-of-discs
type of structureis not restrictedto a pulse-&cited trap but wasalsoobsered when
operatinghetrapin sinemodé.

To investigatethe assumptiorthat the string-of-discsstateis rotating, we per

“We recentlylearnedaboutsomeearly (1989) work by Blimel et al. [72] wheresimilar “layered
structures’wereobseredin connectionwith moleculardynamicssimulationsof up to 500lasercooled
ionsin a corventionalPaul trap. Why thesesimulationsgive riseto layeredstructuresnsteadof ending
up in a closedshell structureasfound in equivalentwork (see,e.g.,[73] andreferencegherein)is not
clearatpresentThepossibleandlikely connectiorto ourwork will a subjectof future studies.
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Figure 8.6: String-of-discsstructureshaving radial ordering. The imagewas obtainedby
averagingover5 frames(=1s).

formed a seriesof measurementaherea (or equivalently ! ;) wasvaried (! y =
2  700kHzand = 0:07were x ed). Theplasmaremainedn the axially ordered
state(only the numberof discschangedandin this way we obtainedcorresponding
valuesof and! ,, while! wasconstant.In Fig. 8.5,weshav ( ) ascalculated
from trap parameteraising Eq. (8.4) with I = 0. The resultsdo not exhibit ary
agreementeitherwith () derived from cold uid theroryEq. (8.6) nor with the
expectedshapedependencef a non-rotatinggaseouplasmafor which . How-
ever, by assuminghe plasmato be rotatingwith frequeng ! = 0:308 ! (the
valuewasestimatedrom a t) we obtainvery goodagreementith cold uid theory
asseenin Fig. 8.5.

We have obsered the string-of-discsstatein plasmasof varioussizesand, fur-
thermore by averagingover more framesseena clearindicationof orderingwithin
theindividual discs(seeFig. 8.6) albeit this correlationis not asevidentasthe axial
ordering(in the single frame crystalimageFig. 8.3(b), orderingwithin discsis not
visible). This mightbe dueto intradiscdiffusion of particlessimilar to theintra shell
diffusionknown to be presenin closedshell structureg74]. Alternatively, it canbe
explainedby thefactthattheradialtemperaturés somevhathigherthantheaxialtem-
peraturesincethelasersonly coolthe axialmotiondirectly, whereagheradialmotion
is cooledsympatheticallghroughCoulombinteractions Thevariousstructuralphases
of rotatingcrystallizedion plasmasarmonicallycon nedin a Penningraphave been
reported[75,76], but in noneof theseexperimentsthe string-of-discstype structure
shavn in Fig. 3(b) was obsered to appearfor prolatecrystals. Hence,it seemgo
constitutea whole new typecrystalspeci c to rf traps.
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8.6 Conclusion

In conclusionwe have investigatedhestability of Coulombcrystalsin a pulse-&cited
linear Paul trap having the sametransersedynamicsasstoragerings with AG mag-
neticcon nement. Theobserationsagreewell with currenttheoryon crystallineplas-
masandbeams.Notably it seemghatthe criterion2! , < ! ;1 shouldbe takenvery
seriously However, at the stability limit we obsered crystalsto survive by rearrang-
ing in anaxially orderedstructure.The obsenationwasshawvn to be consistentvith a
stringof rotatingdiscs.Whetheror notthesenew typesof crystalscanappeain areal
storageing with bendingremaingo betested.






Chapter 9

Generation of UV Light

In all theexperimentonlasercoolingof 2*Mg* ionspresentedh thisthesis UV laser
lightaround = 280nmis neededo drivetheopticalcoolingtransition.Furthermore,
asdescribedn chapterl0, narrav bandwidthUV light canbe exploitedto loadiso-
topically puresampleof Mg*™ (= 285nm)andCa* ( = 272nm)ionsinto atrap
throughresonanphoto-ionizatiorof the corresponding@toms.Generatiorof tunable
CW laserlight at suchwavelengthsis a quite delicatematter In our laboratorythis
is achieved by frequeng doublingthe outputof singlemodedye lasers pumpedby
Ar™ ion lasers. At the beginning of this thesiswork the frequeng corversionwas
achieved in a nonlinearKDP crystalinsidea threemirror cavity [77]. Althoughthis
frequenyg doublingunit is stablein operationandis capableof generatingsufcient
power, it suffersfrom somedravbacks.Dueto the low nonlinearcoefcient of KDP,
the crystalsusedneedto bevery long (6:3cm), andit is thereforequite expensie to
replacethem. This hasto bedoneregularly becaus®f the hygroscopimatureof KDP
(the crystalsdeterioratewithin a few yearseventhoughprecautionswith dry air fed
into the cavities have beentaken). Fromthe experimentalpoint of view along crystal
impliesa (nonGaussianpoorly de ned laserbeampro le with hotspotswhichis not
desirable.We thereforedecidedto constructa new type of frequeng doubling unit
with a BetaBarium Borate(BBO) crystal. BBO [78,79] hasbecomequite popular
in nonlinearopticsapplicationthroughthe last decadeasthe optical quality hasim-
proved. As we shall see,with BBO the crystallength(andprice) canbe cut down to
lessthan1/10of thatof KDP.

!CoherentCR699-21runningthe dye Pyrromethen&56.
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9.1 Theory of secondharmonic generation

This sectionreviews somebasictheoryof nonlinearoptics. We shallonly dealwith the
procesf “Type| angularphasematchedsecondharmonicgenerationn a negative
uniaxialcrystal”.

9.1.1 Intr oduction to nonlinear optics

Whenanelectric eld E(t) is appliedto a nonlinearcrystalmaterialit will inducea
polarizationwith aresponseivenby

Pt)= WEW®M) + @PE2t)+ :: (9.1)

Takingthe applied eld to have a harmonicvariationof theform E(t) = Ee L
E €' !itisseenthatEq.(9.1)introducesa polarizationterm

P(Z)(t) =2 (Z)EE + (2)(Eze i2!t+ E ZeiZ!t); (92)

which containsa contritution to the polarizationvarying with frequeng 2! . This
is the basisof secondharmonicgenerationSHG). Treatingthe vectornatureof the
elds andtherebytheextensionof Eq. (9.1),the susceptibilities () aregeneralizedo
tensorgf ranki+ 1. Thisimpliesthattheinducedpolarizatioris in generahotparallel
to theappliedelectric eld. Fora x edgeometry(i.e., consideringhe polarizationin
a givendirectionfrom a eld with x ed directionof propagationjt is customaryto
contractthis tensomatureinto an effective nonlinearcoefcient de [80,81] to obtain
thescalarrelationbetweertheamplitudes

P(2!) = 2de E2(!): (9.3)

Theimportantpointis thatthe higherorderpolarizationtermsP N- which areinduced
whenanelectric eld of fundamentafrequeng ! is appliedto a nonlinearmedium
throughMaxwell's equationsctassourcedor new frequeng componenti theelec-
tromagneticeld. Thisgivesriseto thedrivenwave equation82]

4

1 @
2 —
r En"’?(!n)@En— 2

%PNL; (9.4)

for the variousfrequeng componentd ,, where (! ) is a real tensorfor a non-
dissipatve medium.
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Figure 9.1: Thevariationof thefunctionsinc?.

Phasematching

Whenanincomingbeamof frequenyg ! propagatethroughthe nonlinearmedium,it
generateanelectromagneticeld of frequenyg 2! . Dueto thefrequeng dependence
of the fundamentaland SHG beamswill in generalnot propagatewith the same
velocity? andthe SHG eld generatedt differentlocationswill notbein exactphase.
Takingthedirectionof propagatiorio bealongthez-axisit canbeshavn [80], thatthe
SHGpower grows as(in theapproximatiorof no depletionof thefundamentapower)
!
, sin(3 kz)
1 kz ’
|—{z—}

sinc(3  k2)

I (z)/ d2 13(z=0)z (9.5)

where k = 2k; ko is the wave vector mismatchof the fundamentaland SHG
beamsandl ?(z = 0) is theintensityof the fundamentabeamat the boundaryto the
nonlinearmaterial. In Fig. 9.1 the dependencef the SHG power on kz is shavn

andit is evidentthat phasematching k = 0 is desirable. Phasematchingcanbe
obtainedby letting the fundamentabeampropagateat the phasematchingangle

to the optic axis of the crystal as describedin appendixB.3. Suchangularphase
matchingintroduceswalk-off for the SHG beam,which in this case(Type | angular
phasematching)is generatedvith a polarizationorthogonato thatof thefundamental
(seeappendixB.3).

2The frequeng dependencef implies a differencein the refractive indicesn; andn, of the
fundamentabeamandthe SHG beam respectiely.
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Figure 9.2: B-parametefor BBO at = 560nm. For tractablecrystallengththis is seento
belargerthan2.

9.1.2 Secondharmonic generationof focusedgaussianbeams

A reallaserbeamis notwell describedy anin nite planewave but ratherby a Gaus-
sianbeant. The SHGlight of afocusedGaussiataserbeamof Rayleighlengthzg in
anegative uniaxialcrystalof lengthl andwalk-off hasbeencalculatedoy Boyd and
Kleinman[81]. By dividing the crystalinto small volume elementghe contritution
to the SHG eld from eachvolumeelementis propagatedo thefar eld outsidethe
crystaltakinginto accountphaseandwalk-off. Herethey areaddedto obtainthetotal
secondharmonic eld. It turnsout that the optimizationof the total SHG pwﬁer is
describedhrougha focusingparameter = |1=2zg andtheparameteB = 5 ° lky,
assumingll otherparametersuchasphasematchingandlocationof focusto be op-
timized. Thetotal SHG power is thenof theform

P,= KPAkie h(B; ); (9.6)

whereK = (128 2! 2=cn2n,)d2 (in CGS-units)P; is thefundamentapower and

0= 1+ % 2 describesbsorptiorwith ; and » beingtheabsorptiorcoefcients
atthe fundamentabndsecondharmonicrespectiely. Boyd andKleinmanshav that
whenB > 2

h(B) = 0:714

and = 1:392 (9.7)

In Fig. 9.2the B-parameteis plottedfor BBO at ; = 560nm andit is seenthat

3AppendixB.2 lists theimportantparameterfor alowestorderGaussiarbeam.
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for all tractablecrystallengthsB > 2 andEq.(9.7) canbeusedin Eqg. (9.6)to get

00714

P, = K P2lke 5

(9.8)

9.1.3 Designconsiderations

For the corversionprocesss60nm !  280nm the phasematchingcondition given
in appendixB.3 (so-calledType | angularphasematching)yields a phasematching
angle , = 443 for BBO. Whenusing this x ed geometrywe have a walk-off
angle = 846mrad for the SHG beamanda nonlinearcoefcient* de = 3:75
10 %esu As canbe seenfrom Eq. (9.8), the SHG power grows quadraticallywith
the fundamentapower andit is thereforeimportantto make this ashigh aspossible
for efcient corversion. This canbe doneby couplingthe fundamentalight into a
resonatoffor powver enhancemerdand placingthe crystalinsidethis cavity. To geta
high power build up inside the resonatoiit is crucial to minimize the suriacelosses
onthe cavity mirrorsandcrystal. As for the latterthis canbe achiezed by having the
crystalfacesBrewstercut®. This howeverintroducesastigmatisrin the cavity, which
will have to be compensatetbr someha in the cavity design.Anothersolutionis to
have the crystalcutnormal(i.e., cuttingthe crystalso thatthe propagatiorvectorand
the optic axismalke up the phasematchinganglefor normallyincidentlight) andhave
the surfacesanti-re ection coated(AR-coated).To keepthingsassimpleaspossible
thelattersolutionwaschosertogethemwith a bow tie resonator

9.2 Bow tie resonatorfor power enhancement

Thedesignphilosophyfor the new cavity hasbeento minimize the numberof knobs
to turn andhencethe numberof optimizableparametersThis makesthe cavity cheap
(no translationstagesetc.), easyto align, andeasyto understand.Figure 9.3 shaws

thecavity layout. Thecavity consistof two at andtwo sphericaimirrorsarrangedn

suchaway, thatthey supportatraveling wave tracingoutthe gure of abow tie.

9.2.1 Impedancematching

If the cavity lengthis suchthatthe phaseof the fundamentalvave changesy some
multiple of 2 aftercompletinga roundtrip, the cavity is resonantTo keepthe cavity
on resonanceneof the at mirrorsis piezo-mountedndcontrolledby a seno loop
usingapolarizationockingtechniqugHansh-Couillaudgchemepnsdescribedn [83].

“Datasuppliedby EksmaCo.
5This solutionwaschoserin the“old” three-mirrorcavities with KDP crystals[77].
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Figure 9.3: Thebow tie cavity layout. Theinsertin theupperright cornershovsthe specially
designednirror holders.

There ected electromagneticeld attheincouplingmirror is a superpositiorof the
directlyre ectedincomingbeamandof the partof thebeamtraveling insidethe cavity
whichis transmittedhroughthemirror. For aresonantavity thetwo componentsvill
beout of phasé. Soby choosingthe transmissiorof theincouplingmirror correctly
thesetwo elds will cancelout (by superpositionandthe total re ected power be-
comeszero. It canbe shavn [84], thatthetotal re ected power for a resonantavity
is

(" Ry, " Rm)?

T "RiRm2 (3:9)

whereP; istheincidentpower, R, isthere ection coefcient of theincouplingmirror,
andRy, is a re ectanceparametemhich canbe calculatedasthe fraction of power
surviing onecavity roundtrip. FromEq. (9.9)we seethatby choosingheincoupling
mirror suchthatR1 = Ry, no poweris re ectedfrom the cavity andall incidentlight
is disposednsidethe cavity (preferablyin SHG). This is calledimpedancematching

®Re ection givesa phaseshifts  for the eld.
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andwith this conditionful lled we gettheintra cavity power’

Pi= 1P (9.10)

Including an AR-coatedcrystalwith absorption 1, there ectanceparametefor the
bow tie cavity becomes

Rm = R2R3R4(1 Rs1)(1 Rs2)(1 1)@ P2=Py)
Ro(1 1)@ P2=Py); (9.11)

wherethefactor(1 P,=P;) describeslepletionof thefundamentatiueto SHGand
Ro R2R3R4(1 Rs1)(1 Rs2) summarizeshesurfacelossesonthemirrorsand
crystalendfaces(seeFig. 9.3). By insertingEg. (9.10)and(9.11)into Eg. (9.8) and
solving for P, SHG power for differentchoicesof crystallengthscanbe estimated.
Fig. 9.4 shaws the solutionsfor differentvaluesof there ectanceparameteR g with

1= 5 10 3=cmandP; = 800mW . We noticethatit is very importantto keepR o
ascloseto unity aspossible,sothatthe choiceof cavity mirrors andcrystalcoating
is very critical. The mirrors were deliveredby VLOC and have beenmeasuredo
have a transmissiorof only T = 0:014% andthe BBO crystalwas purchasedrom
CASIX with Rg; = 0:0452%andRs, = 0:1367% ThesedatagivesRg = 0:994
but it is expectedto becomesomavhatlowerin usebecaus®f dustcontaminatioron
surfacesand substrateoughnes®f the mirror substratesmplying, that someof the
light is re ected diffusel\®. Becausave aretrying to suppressong crystaleffectsin
orderto getanice SHGbeampro le, acrystallengthof only | = 5 mm waschosen.
Recognizinghatit is hardto estimatethe exactintra cavity loss(it alsoneedsto be
said,thatthevalueof ; isratheruncertain)t becomedglif cult justto choosdheright
transmissiorof the incouplingmirror. Furthermorethe manufcturingtolerancesn
re ectivitiesof mirrorswithR ~ 99%is 0:5% sotwo incouplingmirrorsof R; = 99%
andR; = 98% wasorderedto determineexperimentallywhich oneis the betterfor
optimumimpedancenatching.

"Perfecimpedancenatchings notachievedfor this cavity andit is actuallythere ectedlight which
is usedin the polarizationlocking schemeo keepthe cavity onresonance.

8This doesnot dependbn how goodthe dielectriccoatingis but on how well polishedthe substrates
are.Thepointis thatit is notperfectlytruetouseR = 1 T whenoneneedgo calculatequantitiedike
Rm, but T is whatthe manufcturersupplieswith the mirrors.

°In the beginningthe R; = 99% mirror was emplg/ed and seemedo be the bestchoice, but at
somepointit wassubstitutedn favor of theR1 = 98% mirror - probablyto compensatéor increased
absorptiorin theBBO crystal.
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Figure 9.4: The estimatedSHG power asfunction of the crystallengthfor differentvalues
of there ectanceparameteRy. The calculationswveredonefor anincouplingpower at the
fundamentabf 800mwW

Cavity Environment

BBO is characterize@s"mildly hygroscopic"put in orderto be safe,the crystalhas
beenmountedin a Peltierheatedtemperaturecontrolledcoppermountwith a little
plexi-glasshousingaroundit into which dry air is fed. Thetemperaturef the crystal
is keptatabout35 C. Thecavity unitis protectedoy a plexi-glassdustcover.

9.2.2 Calculations of the cavity parameters

Having x edthe crystallengthto | = 5mm, the considerationsn section9.1.2tell
usthatthe optimumfocusingof a Gaussiarbeaminsidethe crystalcorrespondso a
Rayleighlengthof

z5=1=2; (9.12)
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Figure 9.5: (color) Photosof the SHG cavity with the dustcover removed.
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with = 1:392 This Rayleighlengthyieldsawaistof the Gaussiarbeam
r

ZC
we= <RI (9.13)

which we assumeo be locatedin the centerof the crystal. With the chosencrystal
lengthwe getw, = 23 m. The Gaussiarbeamcanbe propagatedhroughthe cavity
using AB CD matricesfrom ray optics[85]. Here,eachoptical element(e.g., drift
spacecurved mirror etc.) is assigneca2 2 matrix 2 ¢ , whichtransformsa
vector o containingthe distanceandslopeof a ray with respecto the optic axis.

For a Gaussiarbeamit turnsoutthatthe g-parametetransformsaccordingto

_ A4+ B,

%= Cq+D’

(9.14)
wherethe reducedg-parametety = g =n; takesinto accountthe index of refraction
n; of the currentmedium. Fig. 9.6 de nestherelevantdistancedor generalbow tie
cavity of two fold symmetrywith two planeandtwo sphericalmirrors.

d
BBO
)
<>
a
\
\ %b—l

Figure 9.6: De nitions of the distancesisedin the calculationgfor a stablecavity con gura-
tion giving the correctfocusedwaistin the centerof the BBO crystal.

Startingatthecenterof thecrystalwe propagatéhe Gaussiatbeamhalf way round
the cavity by thematrixt®

A B B 1 x 1 0 1d I=2 1 I1=2n
C D a 0 1 2=R 1 0 1 0 1
1 x=f d° d%&f + x
1=f d:f + 1 (9.15)

wheref = R=2 is the focal IengthFS)f the curved mirror of radiusof cunatureR,
d® d+ (I1=n 1)I=2, andx a2+ (d+ b2 + b. At this point we require

Pneglectinga nonzercangleof incidenceon the mirrors.
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anotherfocusof waistw,, i.e.,gy = i w2= . Thetwo-fold symmetryof the cavity
thenensureghat this waistwill be carriedbackinto w. on propagatiorthroughthe
remainsof the cavity andbackto centerof the crystal. The condition

AG.+ B
4 = 7c$+ = (9.16)
givesriseto therelations
do f
— 2 .
x=f+f (@ T2+ (wi= )2 (9.17)
2
w2 = We (9.18)

@ d=)2+ (wz=f )2’

It is desirableo keeptheangle smalltoreduceheeffectsof astigmatismHencethe
distancea is keptassmallastheradiusof themirrorsallows for (a = 1:4cm) andthis
parametewill beconsidereds x ed. For a givenradiusof curvatureof the spherical
mirrors (f x ed) the propertiesof the cavity arefully determinedby the distanced.
For example , o
bd) = = (;I)[X(d()a+ J:j]d ).

In this design,to keepthe layout simple andthe anglessmall, the legs in the cavity
were chosento be of equallengthb = d. The radiusof cunatureof the spherical
mirrorswerechoserto beR = 100mm, whichmeansthatbandd haveto be6:73cm
for the cavity to satisfytheabove roundtrip condition.

(9.19)

9.2.3 Mode matching

The cavity parameterghosenin the previous sectiongive the auxiliary waistw, =

70 m. Fig. 9.7shavsthecalculatedaserspotsizeradiusfor aroundtrip in thecavity.

By focusingthe externaldye laserbeam,which is coupledinto the cavity, down to a
waistof wy atthecavity auxiliarywaistlocation,so-callednodematchingof thecavity

is obtained.Goodmodematchingis importantin orderto have stableoperatiornof the
cavity andpreferablyexcite the TEMggo mode. The matchingof the dyelaserinto the
cavity is doneby meansof two sphericalensesf focal lengthf jens = 100mm. If the
divergenceof thedyelaseris known it is quite easyto calculatg(using,e.g.,the matrix
formalismintroducedin the previous section)the positionsof theselensesin order
to obtaina givenwaistat a given point. Usingan omega-metet! from THORLABS,

1A device capableof extractingthe laserbeamdiameterfrom the signalmeasuredn photo-diode,
whenaknife edgecutsthroughthe beam.
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Figure 9.7: Calculatedspotsize(radius)(line) for aroundtrip in thecavity. ( ) Measurement
of the modematchedspotsize (radius)aroundthe position of the auxiliary waist wherethe
externaldye laserbeamis focused.

the spotsizeradiusof the laserbeamcanbe measuredo ne tunethelenspositions
andensuremodematching.Figure9.7 shaws the spotsizeradiusmeasuredhsidethe
cavity afterthelenseshave beenputin thecorrectpositions.

9.3 Conclusion

The frequeng doubling unit has beentestedin connectionwith a beamtime on

ASTRID. Herethe unit proved to be ableto provide a UV laserbeamwith anim-

proved beampro le ascomparedo the previously appliedfrequeng doublingunits
andprovidedup to 60 mW UV power for a pumppower of 800 mW. The cavity was
quite stablein operationand stayedlocked on resonancealthoughits line width ap-
pearedo be critically narrav comparedo that of the pumpingdyelaser( 2 MHz).

A drawvbackturnedoutto beabuild upre ectedlight from the BBO crystalin the di-

rectionof the pumpingdye laserduringa periodof 30-50minuteseventuallymaking
thedyelaserunstable Thisis likely to be causedy damagemposedo the crystalor

the AR coatingof thecrystal. To remedythis problemandprolongthe periodof stable
operationanopticalisolatorhasnow beenpurchasedThis hasextendedthe periodof

stableoperationto severalhours.



Chapter 10

Isotope Selectve Loading of an lon
Trap by Resonance-Enhanced
Two-Photonlonization

We suggesto usephoto-ionizatiorasa controlledmethodof loadinganion trap. In

experimentsemplging the frequeng doublingunit describedn chapter9 to gener

atenarrav-bandwidhtUV light, we have demonstratethatresonance-enhancéso-

photonionizationof atomicheamgrovidesaneffective tool for isotopeselectve load-
ing of ionsinto alinearPaultrap. We have succeedeth producingMg™ andCa* ions
atratescontrolledby theatomicbeam ux, thelaserintensity andthelaserfrequenyg

detuningfrom resonancef the ionizing transition. We have obsered that with a
properchoiceof controlparameterst is rathereasyto loada speci ¢ numberof ions
into a string. This obseration hasdirectapplicationsn quantumopticsandquantum
computationexperiments.Furthermoreresonanphoto-ionizatiorloadingfacilitates
theformationof largeisotope-pureéCoulombcrystals.

10.1 Intr oduction

The eld of lasercooling of ionsin electromagneti¢rapsrangesfrom the study of
large Coulombcrystals[40-42,75] to stringscontainingonly a few ions[11,86-88].
A commonmethodto createtheions of interesthassofar beento bombarda neutral
atomicbeamwith electronslf isotope-pursamplesareneededthis methodcancause
problemssincethe enepetic electronscanionize atomsfrom the residualgasin the
vacuumchamberaswell asunwantedisotopesn theatomicbeam.Moreover, several
chage statesof ions canoften be formed. Altogether this leadsto impure Coulomb
crystalswhich have to be subjectedto puri cation by altering the trap parameters.
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Sincepuri cation typically leadsto a substantialossof the desiredions,a directand
controlledtechniqueof producinglarge andisotope-purecrystalsis of considerable
interest.In quantumopticsexperimentge.g.,quantumcomputatiorexperiments)the
creationof a string containinga speci ¢ numberof ions is often of specialinterest
[11,86-90]. For suchexperimentsaloadingtechniquebasedon controllableparame-
terswould be superiorto the puri cation methodwith its trial anderrorprinciple.

In [91], which is restatedn this chapterwe proposedo useresonance-enhartte
two-photonionizationinsteadof electronbombardmenin orderto overcometheprob-
lemsstatedabore. Resonanmulti-stepphoto-ionization(REMPI) hasalreadybeen
exploitedwith succesdn ion trap massspectrometry92-95]. Here,pulsedlasersare
appliedto obtaina high selectvity of analyteions, but dueto the large laserband-
widthsandpowerbroadeningf theatomicenegy levelsisotopicselectvity is usually
not achiered. Detectionof hydrogenisotopeatomswas, however, recentlyreported
[95]. In theexperimentgpresentedbelov, we usea narrav bandwidthlow powver CW-
lasersystemto resonantlyionize Mg atomsvia the 32 1Sy $ 3s3p!P; transitionat
285nmandCaatomsvia the4s° 1Sy $ 4s5p'P; transitionat 272 nm. During trap-
ping in alinear Paul trap [96], the ions arelasercooledandform Coulombcrystals.
Using the uorescencefrom the ions inducedby the cooling laserfor imaging the
crystals we demonstrat¢hatthis methodof loadingthetrap canfacilitateisotopicse-
lectivity, aswell asproviding an easyway of loadinga speci ¢ numberof ionsinto a
string.

10.2 Laser systemsand experimental setup

For the ionization of both Ca and Mg atomsa lasersystemconsistingof a single-
mode,tunable,ring CW dye laseroptically pumpedby an Ar * -laseris applied. The
dye usedwasPyrromethen®&56 with a peakpower operatingwavelengthof 553 nm;
thelaseroutputwasfrequenyg doubledusingthefrequeng doublingunit describedn
chapterd. Althoughthis frequeng doublingunit wasdesignedo operateat 560 nm,
it is sufciently versatileto function at the wavelengthsneededor the ionization of
bothMg andCaatoms,.e.,570nm and544nm, respectiely.
Figure10.1shovstheschematidevel schemesf **Mg, **Mg* , 4°Ca, and*°Ca’*
togetherwith the transitionsusedin the photo-ionizatiorandlasercooling processes
in the experiments.In the caseof Mg, the two-photonionizationproceeddrom the
groundstatevia the 3s3p*P; state. Fromthe 3s3p'P; statethe atomscan be ion-
ized eitherby a secondphotonat 285 nm or by one of the cooling laserphotonsat
280 nm [seeFig. 10.1(a,b)]. The cooling transition3s2S,-, $ 3p2P3-, of 2*Mg*
is driven by a lasersystemalmostidenticalto the one usedfor the ionization. Sim-
ilarly, 49Ca canbe resonantlyionizedthroughexcitation to the 4s5p!P state. The
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Figure 10.1: Schematidevel schemedor (a) Mg, (b) 2*Mg*, (c) “°Ca, and(d) “°Ca*
identifying thetransitionsinvolvedfor laserionizationandcooling.

atomscanbeionizedby anotherphotonat 272 nm eitherdirectly from the 4s5p'Py
state,or from the metastablels3d'D, statewhich is populatedthroughspontaneous
decayof the 4s5p'P; state. As in the caseof Mg, the cooling laserlight driving
the 4s?S,, $ 4p?P,-, transitionat 397 nm for cooling the “°Ca* ions, canalso
leadto enhancegbhoto-ionizationput only from the 4s5p*P; statein “°Ca. To cool
the4°Ca* ions,the4s?S,_, $ 4p?P,-, transitionat 397 nmis driven by frequenyg
doubledCW-light from a Ti:Sapphirelasett pumpedby anAr* laser The doubling
processs achiewdin anexternalbow tie cavity by passagef thefundamentalave-
lengthlaserbeamthrougha 12 mmlong LBO crystal[97]. To avoid optical pumping
into the 3d?D3-, stateof “°Ca* duringlasercooling, a repumpingdiodelaserreso-
nantwith the4p?P,-, | 3d?D, transitionat866nmis applied(seesection2.4.2).

The experimentalarrangementsisedin the caseof Mg and Ca are shavn in
Fig. 10.2 and Fig. 10.3, respectiely. In both casesthe ionizing laserbeamis di-
rectedalongtheaxisof alinearPaultrap?’ to interactwith theatomicbeamsatthetrap
center The atomicbeamseffusefrom ovensandare collimatedto a full divergence
angleof 30 mrad. Thebeamsemepe at anangleof 45 to thetrap axiswhich hence
alsois thecrossingangleto the photo-ionizingaser Dueto Dopplerbroadeningf the
ionizing transitionsalongthe atomicbeamdirectionthis is not an optimal geometry
in anexperimentwherewe wantto usethelaserfrequenyg asaselectvity parameter
In the otherexperimentausingphoto-ionizatiorloadingdescribedn this thesis,a 90
crossingangleis emplo/ed.

Thecoolinglaserbeamsnterco-linearlywith theionizationlaser(countefpropa-

'CoherentCR899
2Trapll of Table7.1. Thetrapsetupis very similar to thatof TrapllI.
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Figure 10.2: Schematiceexperimentalsetupfor photo-ionizationof Mg andlasercooling of
24Mg+ .

gatingfor Mg andco-propagatindor Ca). Thelinear Paul trap usedconsistsof four
parallelcylindrical electrodesvith anappliedRF- eld asin the quadrupolemassl|-
ter. To obtainaxial con nement,eachelectrodes longitudinally sectionednto three
piecessuchthata positive DC voltagecanbeaddedo the eightend-piece$98]. The
middle sectionis 4 mm long andthe outer parts25 mm each. The diameterof the
electrodess 4 mm, andthe minimum distanceto the trap centeraxis is choserno be
1.75mm to obtainthe bestapproximatiorto a perfectquadrupoleeld [69]. For the
RF voltage,afrequeny = 2 5:1 MHz andanamplitudeUrg =30-80V aretyp-
ically used. Laserinduced uorescenceof the trapped,cooledions canbe recorded
by animageintensi ed digital video systemmonitoringthe trappedonsin adirection
perpendiculato thetrapaxis.

10.3 Resultsand discussion

Figure10.4(a)shaws picturesof 2*Mg* Coulombcrystalsloadedinto thetrap at dif-
ferentrelatve detuningsof the ionizationlaser The ionizationlaserhaving a total
powver of about2 mW wasfocusedto a diameterof about0.3 mm andwas present
for 20 s. During loading, the cooling laserwas presentand detuneda few atomic
line widths belowv resonancef the coolingtransition,ensuringgood capturingof the
24Mg* isotope.Moreover, theUV coolinglaserlight senesto enhanceherateof the
nal stepin theionizationprocesgseerig. 10.1). After loading,thelaserinduced uo-
rescencdrom thecoolinglaserwasusedto imagethetrapped®*Mg* ions. We notice
amaximumin productionof 2*Mg* ions( 3500ions) attheionizationlaserdetun-
ing denotedby 0 GHz in Fig. 10.4(a). The numberof 2*Mg* ions decreasesvhen
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Figure 10.3: Schematicexperimentalsetupfor photo-ionizationof Ca andlasercooling of
40Ca+ .

theionizationlaseris detunedaway from resonancekor positive detuningsthereis,
however, anonsetin thetrappingproductionof theisotopes®®Mg* and?®Mg* . This
is seento introducea sharp,linearboundaryat the top andbottomof the imagepro-
jectionsof the crystalsoriginatingfrom heavier elementdying in shellsoutsidethe
24Mg* crystalsdueto the massdependentadialtrap potential. We shallreturnto the
discussiorof the structureof two-componen€Coulombcrystalsin sectionl11.2.

As statedin TableB.1, theisotopes®®Mg and?®Mg have naturalisotopicakun-
dance®f 10%and11%,respeciiely, andtheisotopeshift for thetransition3s? 1S, $
3s3p!P; usedfor ionizationof thesetwo isotopess 0.73GHz and1.41GHz, respec-
tively. The velocity spreadof the atomsin the direction of the ionizing laserbeam
givesriseto a Dopplerbroadeningf theresonancesf about800 MHz FWHM. This
is muchlargerthanthe 80 MHz naturalline width of the 3s3p*P; stateaswell asthe
hyper ne splitting in the caseof 2°Mg [99]. Figure10.4shaws theresultof aloading
with arelative ionizationlaserdetuningof +1.4 GHz andaloadingtime of 50 s. The
shapeof thecrystalindicateghatmary heavier ionsaretrappedalongwith 2“Mg* . By
applyingthe coolinglaserat thewavelengthof the coolingtransitionof 2Mg* during
loadingwhile theionizationlaserdetuningis keptat +1.4 GHz, we see[Fig. 10.4(c)]
that?®®Mg™* ionsprimarily accounfor theseheavier ions,andthatanalmostpurecrys-
tal of this isotopeis formed. We note a minor fraction of lighter isotopesat the left
end. Thereasorfor this asymmetnyis thelasercoolingforce pushingthe 2Mg* ions
towardsthe right in the trap potential. The asymmetryin Fig. 10.4(b)is dueto the
sameeffect, but this time actingonthe 2*Mg* ions.

Using the setupfor Cadepictedin Fig. 10.3,we prove that the photo-ionization
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Figure 10.4: (a) Productionof 2*Mg* for differentrelative ionization laserdetuningswith
atraploadingtime of 20 's. (b) Productionof 2*Mg* for a relative ionizationlaserdetuning
of +1.4 GHz with a trap loadingtime of 50 s. (c) Loadingwith the cooling lasercloseto
resonancef 2°Mg™* for arelative ionizationlaserdetuningof +1.4GHz resultingin analmost
pure?®Mg* -crystal.

methodoutlined hereis not restrictedto Mg. In Fig. 10.5, a large, pure 4°Ca*
Coulombcrystalhasbeenproducedusingthe schemedescribedn section10.1. The
crystal consistsof about5000ions. Due to its atomic level structure,*°Ca* is of
particularinterestin quantumopticsandquantumcomputatiorexperimentyseee.g.,
[88]). Here,a speci ¢ numberof a few ions hasto be loadedinto the trapandhence
control of this regime is of considerablémportance. This type of loadingis read-
ily accomplishedith photo-ionizatiorby usingthelaserdetuning thelaserintensity
andatomicbeam ux ascontrol parameterso keepthe productionratelow: When
a speci ed numberof trappedionsis obsered by the camerathe ionizationlaseris
simply blocked. For cavity quantumelectrodynamic§QED) experimentsinvolving
ions, the photo-ionizationtechniquewill also facilitate loading of ions betweenthe
closelyspacednirrors without chaging up the nearbysurroundingsasit is likely to
bethecaseor electronbombardmentFigure10.6(a)shovs astringof 21 4°Ca* ions
producedin thisway. As a further proof of principle, we supply picturesof strings
consistingof 1-122*Mg* ionsin Fig. 10.6(b).

The ultimate situationfor isotopeselectve loadingof anion trap by two-photon
resonantionizationis achiewed whenthe Doppler broadenings lessthanthe natu-
ral line width of the resonantievel. In this case,which canbe obtainedin a setup
with awell collimated,atomicbeamcrossecata 90 anglewith theresonantonizing
laserbeam,the impurity levels canoftenbe. 1%, e.g.,in the caseof Mg. Hence,
it shouldbe feasibleto preferablyload the isotope?°Mg* , which is of specialinter-
estin quantumopticsexperimentsdueto its hyper ne-splittedgroundstate. Atomic
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Figure 10.5: Large, pure 4°Ca* -crystal containingapproximately5000 ions producedby
resonanphoto-ionization.

elementssuchas Sr, Ba, andIn, which often are usedin ion trap experiments,can
similarly to Mg and Ca be ionized by a resonantwo-photonprocesswith nearUVv

photons. For thesethreeelementsyery pure loading of at leastsomeof the natu-
rally occurringisotopesshouldbe possible. In the caseof Sr, this canbe achieved

by applyinglight resonantith, e.g.,the 5s°1Sy $ 5s6p'P; transitionat 293 nm.

For Ba,the6s 1Sy $ 5d6piPy; 6s7pP4 transitionsat 350 nm and307 nm, respec-
tively, canbe used. Finally, for In, resonanionization canbe obtainedthroughthe

5p?P,—, $ 6s2S,-, transitionat 410 nm. With anisotopeshift of this transitionof

-258 MHz [100] for 123In* with respecto 11°In* andaline width of 22 MHz [101],

it shouldbe possibleto reducethe relative occurrenceof 113In* to belowv 10 3. In

connectiorwith recentlyproposedon quantumcomputerdbasedn 2°Mg* ionssym-
patheticallycooledby °In* ions[102], resonance-enhagd two-photonionization
seemdo beavery attractve tool.

10.4 Conclusion

We have demonstratedhat resonanihoto-ionizationof an atomicbeamprovidesa
controlledmethodof loadinganion trap. The advantagesiscomparedo theelectron
bombardmeninethodareseveral-fold. Usingthelaserfrequeng detuningasacontrol
parameterspeci c isotopesanbeselectvely loaded.Besideseinga methodfor ob-
tainingverylarge,isotope-puréoulombcrystals Joadingof isotopeswith low natural
alundanceshouldalsobe possible. By usingthe laserfrequeng detuning,the laser
intensity andthe atomicbeam ux ascontrol parametersiesonanphoto-ionization
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Figure 10.6: (a) Lasercooled*®Ca* -stringconsistingof 21 ions producedy resonanphoto-
ionization. (b) Lasercooled**Mg* ions producedby resonanphoto-ionizationstringswith

1-12ionsareshavn. Notethatthis partof the gure consistof 12 individualimagesoriented
suchthatthetrapaxisis " (contraryto all the otherimagesof trappedions occurringin this
thesiswherethetrapaxisdirectionis! ). In section10.5,it is shovn thattheion spacingsare
consistentvith a harmonic,axial potential,

canfacilitateloadingof a speci ¢ numberof ionsinto a string, which canhave direct
applicationsin quantumcomputationand cavity QED experiments. The presentex-
perimentshave shavn thefeasibility of resonanphoto-ionizationoadingin the cases
of Mg andCa, but the methodcaneasilybe extendedo otherelements.
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Figure 10.7: ( ) The positionsof theionsin the stringsFig. 10.6(b). (?) The scalingdepen-
denceof equilibriumpositionsasgivenby [103].

10.5 Addendum: lon string spacings

The potentialenegy of N ions,with massm andchage e, harmonicallycon ned in
astringalongthez-axisis givenby

X 1 X 2 1

V= m 2Xm +
i=1 i =1
i6]

—_ 10.1
8 olXi X (104

where! ; is the axial oscillation frequeng of a single ion the harmonicpotential.
Minimizing V with respecto x;:::xN givesthe equilibriumcon guration for alaser
cooledstring. Figure10.7 shaws the positionsof the lasercooled?*Mg* ionsin the
stringsFig. 10.6(b)alongwith theinterparticledistancescalingbehaior derivedfrom

theenegy minimizationof Eq. (10.1)[103]. The correspondencis good,con rming

the harmonicityof the axial potentialof thetrap®.

3Trapll of Table7.1.






Chapter 11

Photo-lonization Loading of an lon
Trap: Applications

This chapterdescribesgwo experimentsapplying the techniqueof photo-ionization
loadingpresentedn chapterl0. Sectionll.1presentsesultsfrom theinvestigations
of the effectsof usinglight of linear or circular polarizationin the ionization[104].

In this way partialisotropiccrosssectionsratiosputting currenttheoryto the testare
determined.Section11.2reviews experimentson two-componentCoulombcrystals
formedby injecting®*Mg* into alasercooled*°Ca* Coulombcrystalthroughphoto-
ionization[68].

11.1 Polarization studies: Measurementsof partial isotropic
crosssections

11.1.1 Intr oduction

The absorptiorof light by neutralmagnesiunhasbeenstudiedextensiely dueto the
astrophysicalmportanceof this element(seeRef. [105] andreferencesherein)but
alsodueto its interestingatomic properties. Neutral magnesiunrepresentsa two-
electronsystent where electroncorrelationsplay an importantrole in, e.g., photo-
ionizationprocessefrom excited statesandit poseschallengingoroblemsto theoreti-
calatomicphysicist§107-111]. In theexperimentgpresentedhere we have measured
the crosssectionratio betweerionizationinto S andD continuumstatesfor resonant
two-photonionizationviathe3s? 1Sy ! 3s3p!P; transition.

!Ref. [106] givesareview of thetwo-electronproblem.
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11.1.2 Theory of measuement

Magnesiumhasthreestableisotopes?*Mg (79%),2°Mg (10%)and?®*Mg (11%)(see
TableB.1). Our experimentsfocusedon the 2*Mg isotopedueto its high alundance
andabsencef hyper ne structuré, simplifying thetheoryof measurementherele-

vanttermsfor our photo-ionizatiorstudiesof 2*Mg arepresentedh Fig. 11.1.

a) b)
D, S
A SN YA N
s s s Y3
s p s’ p
&T ~l— 7ZBSC~’>p1P1 — ~L ——3s3p'P,
Y3 Y3 Y3 Y3 Y3 Y3
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3¢'s, 3¢'s,
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Figure 11.1: Possiblechannelsfrom the 38> 1 Sy-level to a continuumstateof (a) 'D, and
(b) 1Sy charactewhenlight of purecircular( ) or linear( ) polarizationis applied. The
numbersattachedo arrows arethe squareof the Wigner 3-j symbolsfor thetransitions.

In the experimentsonly onelaserpolarizationis presentat the time, so possible
ionizationpathsreduceto the onesindicatedby the arrovs whenthelaserwavelength
is tunedto resonancef the3s? 1Sy $ 3s3p'P; transitionat 285nm. Theionization
stepfrom the 3s3p!P; level is off-resonant(far from ary auto-ionizationstate)and
populateseitherD or S continuumstates. Due to the low power of the CW lasers
involvedin theexperimentsthe photo-ionizatiorprocessaneffectively beconsidered
asatwo-stepprocessthe rst stepbeingthe populationof anintermediate3s3pP,
sublevel (for which the squarediVigner 34 symbolsareequal)andthe secondbeing
theionizationvia anelectricdipole process.Theionizationprobabilityis assumedo
be muchsmallerthanthe excitation probability so only the secondstepneedsto be
consideredn orderto obtainrelative crosssections.

Letting J denotethe total angularmomentumM the projectionof J alongthe
z-axisand additionalguantummumbersthecrosssectionof the photo-ionizingtran-
sitionj JMi ! j UMY isin generalgivenby [112-114]

* + 2
2 2 0 0X
gomo g = 4 2aj~l A 7 M ri JM
i

: (11.1)

2\We notethat?® Mg hasnuclearspin % (seeTableB.1) which givesriseto hyper ne splitting [99].



11.1Polarizationstudies:Measurementsf partialisotropiccrosssections 109

where! is the laserangularfrequeng, ” the laserpolarization, the ne structure
constantag the Bohr radiusandr; the positionof the j th electron, Equation(11.1)
canbe rewritten in termsof rst rank sphericaltensors,* rj = q arﬁ}), where
0, 1 and ; referto linear, left- andright-handcircular polarizationcomponents,

respectrely. Applying the WignerEckarttheorem
* + * +

X 0 X
AMO" ryg IM = PTMT 90 " M

1
M° g M i ’
j j
(11.2)
andsummingover all possiblenal state§ 2J9M 9, thetotal crosssectionfor photo-
ionizationfrom a speci c initial statej JM i reads

Ca@e1) 13y (11.3)
JM — 0 Jo% J .
%,J%M Oq MZa M !
where .
X + 2
4 23 2~
= 0 90 @ g (11.4)

030 3 — 73(2‘] + 1) j j )
is the partialisotropiccrosssectionj.e., thecrosssectionfor transitionto aspeci ¢ J &
statewhenall initial, magneticsubstateM areequallypopulated Only thetransitions
sketchedn Fig. 11.1arepossible In theexperimentave measureountratesfor linear
andright-handcircularpolarization N, andN ; , thatrelateto the correspondingross
sectionss

Nk=A 30N+ = A 13 (11.5)

wherethe countrate dependencen atomdensity light intensity detectionef ciency
and other experimentalparameterss includedin A. We assumethat A in the two
expressionsare equal. Using Eqg. (11.3) relationsbetweenthe partial isotropiccross
sectiongfor J°= 0andJ®= 2, representetty s and p, andthe measureatount
ratesareobtained.Linearpolarization(M = 0andq= 0) leadsto

" #
2 2
_ 011 211 _ 6 .
Ne=A9 900 s*9 gpoo o =A3stgo
(11.6)
whereaghe caseof right-handcircularpolarization(M = 1 andq= 1) gives
m 2 #
_ 2 11 9
Ne=A 9 ° ] b =Agz D; (11.7)
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Figure 11.2: Schematicsetupfor the experimentsusinga linear Paul trap for capturingthe
ions producedy photo-ionization.

FromequationEq.(11.6)andEq. (11.7)theratioof gsto p isexpressedn termsof
theratio betweerthetwo measuredon yieldsas

s 3Ngx 2

Theratio —= canbecomparedo theoreticamodelcalculations.

11.1.3 Experimental setup

Figurel1.2shavs a schematidrawing of the Paul trap experimentaketup(the setup
is almostidenticalto the onedescribedn chapterl0). The laserlight usedfor ion-
izationof Mg is producedoy frequeng doublingthe outputof a cw tunabledye laser
systermusingthefrequeng doublingunit describedn chapte9. First, thislight is lin-

early polarizedby a polarizationbeamsplitter (PBS).Subsequentjyary polarization
statecanbe preparecby meansof a half-wave plate ( = 2) anda quarterwave plate
(=4). Theionizing laserintersectdhe Mg atomicbeamorthogonallyin the centerof

thelinear Paul trap’. Hencewe avoid rst orderDopplerbroadeningf the involved
transitions.Dueto isotopeshifts, the variousisotopesn the atomicbeamcanbe se-
lectively ionizedasdiscussedn chapterlO. In the experimentthe laserfrequeng is

tunedto beresonantvith the3s° 1Sy $ 3s3p!P; transitionof 2*Mg. Theionization
proceedssdescribedn sectionll.1.2andtheionsproducedarecapturedn thelinear

*Trapll of Table7.1.
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Figure11.3: A typical?*Mg* Coulombcrystalproducedy photo-ionization Thecrystalhas
anellipsoidalshapeandavolumegivenby thelengthof the minor andmajoraxis,2aand2b,
respectiely. For thecrystalshavn here,2b=507 m.

Paultrap. After passagéhroughthetrap,the power of theionizing laseris monitored
usinga photodiode (PD). During trapping, the ions arelasercooledby driving the

closed280 nm transition3s?S,—, $ 3p2P4-, of 2*Mg* with a lasersystemalmost
identicalto the one usedfor ionization. To avoid ary contrikution from the cooling

laserin the nal ionizationstep(3s3p!P; state! continuum),the two laserbeams
arenever presentaitthesametime. Thisis achiered by meansof amechanicathopper
alternatelyblockingonebeamandletting the otherthroughat a frequeng of 600Hz.

In theexperimentdiscussedhereionsarecapturedn thetrapduringa periodof 20s.

Due to lasercooling the trappedions form uorescing Coulombcrystalswhich are
imagedand recordedwith the imageintensi ed digital camerasystem. After each
imageacquisitionthe trapis emptiedby brie y switchingoff thetrap potential. The

polarizationof theionizationlaserlight is alteredandtheexperimentalproceduras re-

peated.To improve statisticsan extendedseriesof measuremenlternatingbetween
two differentpolarizationds performed.

11.1.4 Resultsand discussion

Theraw datafrom the Paul trap experimentsconsistof CCD imagesof ion crystals.
Figure11.3shavs the imageof a typical Coulombcrystalfor the parametersisedin
the experiment. The Coulombcrystalsformedin the linear Paul trap have an ellip-
soidal shapewith a uniform densitydistribution [115]. Hence,N,=N. in equation
Eq. (11.8)canbedeterminedy measuringhe volumesof the crystalsformedfor lin-
earandfor right-handcircular polarizationsof theionizing laserlight. In a seriesof
measurementsyherethe polarizationis alternatedetweerinearandright-handcir-
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Figure 11.4: The numberof ions capturedn thetrap duringa periodsof 20 s usingionizing
laserlight of linear (black bars)and cicular (grey bars)polarization,respectrely. Theion
productionyield is shovn for successie runsf 0; 1; 2:::g.

cular, we obtaintheion yieldspresentedn Fig. 11.4. Fromthis, we derive thevalues
for N =N, and s= p statedn Table11.1.

Thefrequengy shift of the3s* 1Sy $ 3s3p!P; transitiondueto the Zeemareffect
relatedto non-compensateB- elds doesnot exceed1l MHz andis neagligible com-
paredto the naturalline width of ( 'P1) = 80 MHz. As a consisteng checkthe
effectsof alternatingbetweerhorizontallyandvertically polarizedlight andbetween
circularly polarizedlight of oppositehelicitieshave beeninvestigated.The ratios of
ionyieldswerefoundtobeN, =N, = 1:01 0:11andN.=N = 0:99 0:06, respec-
tively [116]. As expecteddueto symmetryno effectis detectedThe mainuncertainty
in the measuremendf N, =N is dueto uctuationsin laserpower (4 %) andthe
atomicbeam ux aswell asthe uncertaintyin the crystal size determination.As a
consequencef therelatively smallcontritution from the 1Sy channelthe deduceda-
tio s= p in equationEq. (11.8)is very sensitve to uncertaintyin the measuredatio
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Table 11.1: Useful corversionfactorsfor the velocity distribu-
tion measurements99:1keV 2*Mg* ions with a Gaussiarve-
locity distribution have beenassumed.

Trapexperiment Beamexperiment Theory

'§1—+k 1:21 003 1:196 0:007
-5 0:09 0012 0:102 0:003 0:15°0:1%

& CollaboratingCopenhagebeamexperiment104].
® Ref.[108].
¢ Thevalueis obtainedoy inspectionof Fig. 1 in Ref. [109].

N+ =Ny. The experimentcould be improved by actively stabilizing the laserpower
andby increasingheloadingtime.

11.1.5 Conclusion

In Tablel11.1additionalexperimentafesultsobtainedn abeamexperimentn Copen-
hagerarepresentedlongwith resultsfrom currenttheoreticakalculationg108,109].

The two experimentalvaluesagreevery well. The theoreticalpredictionsarein rea-
sonableagreementvith measured/alues. However, we notice no agreementvithin

the experimentalerror bars. Both theoriesusea nite L2 basissetconstructedrom a
setof one-particlérozencoreHartree-lBck orbitals.In thetheoreticawork [109] the
authorsextendthecon guration-interactin (Cl) modelto includetheresonantaseby
usinga Cl methodfor the continuumspectrun{CIC). Thevalueobtaineds somevhat
lower comparedo the value calculatedby [108]. In a recentpaper[110], thetheory
in [108] is re ned beyondthe frozencoreapproximation.The results,however, were
foundto besimilarto thoseobtainedn [108]. Furtherinvestigationof thein uence of

CIC andthebasisseton the photo-ionizatiorresultsmight provide usefulinformation
onthediscrepang betweertheoryandexperiment.
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11.2 Seeding®*Mg * ionsinto a*°Ca* Coulomb crystal

11.2.1 Intr oduction

From the atomic physicists point of view, one of the most promising prospectsof
trappedasercoolednon-neutraplasmasnightbethe possibilityof chilling atomicof
molecularions not directly accessibléo lasercoolingmethod$é throughsympathetic
cooling. This, e.g.,opensup the possibility of studyingchemicalreactionf trapped,
cold atomicor molecularions[117] or performinghigh resolutionspectroscopon a
cold atomicor molecularion samplg118,119]. Furthermorea two-speciesCoulomb
crystalin a stringcon guration hasbeenproposedasa building block for anion trap
guantumcomputer{102,120], wherelasercooledions sympatheticallycool ionsrep-
resentingso-calledqu-bits

In a seriesof experimentsve have investigatedsomestructuralpropertieof two-
specieCoulombCrystals— alsoreferrecto asbi-crystals— consistingof 2*Mg* and
40ca* ionsin alinear Paul trap [68]. As describedn chapterl0 both thesespecies
canbelasercooledandimaged.

11.2.2 Experimental setup

The setupfor the bi-crystal experiments(seeFig. 11.5) is closely tied to the ones
describedn chapterl0. Initially, the trapis loadedby electronimpactionizationof
an atomic Ca beam?. The#°Ca* ions arelasercooledas describedoreviously and
the plasmaforms a multi componentCoulombcrystalconsistingof the differentCa
isotopesin single and double chage statesand ionized residualgas particles. By
alteringthe (a;q) trap parametersowardsthe 4°Ca* bordersof stability (high and
low g limit, in turns), we obtaina puri ed “°Ca* Coulombecrystal, i.e., we apply
the ion trap asa mass Iter. Subsequent|ywe isotopeselectvely seed?*Mg* into
the4°Ca* crystalusingresonanphoto-ionization.Thetrapped?*Mg* ions arelaser
cooledandbecomea part of the 2*Mg* -4°Ca* bi-crystalnow formed. The cooling
laserbeamsaresplitinto two beamgqusinga PBS)which enterin counterpropagating
directionsalongthetrapaxis®. Therelative power of thetwo partsof asplit beamcan
be adjustedby rotatinga half wave plate. In this way asymmetryeffectsfrom laser
pressurdorcesasseenin Fig. 10.4(b,c)canbecircumented.

Dueto LIF fromthelasercooledionsthestructureof thebi-crystalcanberecorded
with theimagedintensi ed digital camerasystemdescribedn section4.4. LIF from

4A simplelasercoolingschemesdescribedn chapter2 depend®naclosedopticaltransition.Due
to themanifold of vibrationalandrotationalstatesn molecularionsthisis in generahotfeasible.

SUnfortunately we have only onelasersystemavailable for resonanphoto-ionizationloadingand
we wantto applythis techniqueto 2*Mg* subsequently

5The = 866 nm repumpingoeamis notsplitandentersonly in asingledirection.
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Figure 11.5: Schematidrawing of the experimentaketup.

4

24Mg* (280nm)and“*°Ca* (397 nm) canbeimagedseparatelyy insertingcolor I-
ters in front of theimageintensi er. Chromaticityof theimaginglenssystemmplies
adifferencein focuspositionandmagni catiorf for 2*Mg* and*°Ca* sothatfocus-
ing shouldbedoneindividually for thetwo speciesAfter correctingfor thedifference
in magni cation,theacquiredmagesof the?*Mg* and*°Ca* partscanbeaddednto
asingleframeshaving the entirebi-crystalstructure.

It is importantto notethatthe formationof a purebi-crystalwould be a very dif -
cult task(if possibleatall) by usingelectronionizationonly. The bi-crystalcannotbe
puri ed from 25-39massonsby alteringthe(a; q) parametersi-urthermoreit would
beverydif cult to producea bi-crystalwith a controlledratio of thetwo components.
Loadingthetrapby photo-ionizatiorelegantly circumwentstheseproblems.

11.2.3 Results

In Fig. 11.6we shav a picture of bi-crystalproducedn the way describedabore. It
consistsof approximatelyl 300%°Ca* ions surroundinga centralstring of 47 2*Mg*

ionslocatedatthetrapaxisdueto themassdependencef theradial seculampotential.
The?*Mg* ionsareequidistantlyspacedvith aninterionic distanceof 155 m  5%.

The equidistantspacingsmplies that the ions in the bi-crystal 2*Mg* string be-
have asif they were part of anin nitely long chain. In contrastto this, the ionsin
a harmonicallycon ned, purestring which is not part of a bi-crystalhave a varying
spacing— tightestfor the centralions andincreasingowardsthe outermosionsand
increasingowardsthe outermosions (seesection10.5).

"SchottUG11for 2*Mg* andSchottBG39for “°Ca* .

8The magni cation is about15 x andthereis a differenceof 3:5% betweerthe two specied121].
Theabsolutesizecalibrationswereobtainedrom focusedmagesof an? = 125 m optical ber which
wasinsertedo thetrap centerandilluminatedwith light atthetwo wavelengthsn question.
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Figure 11.6: (color) Bi-crystal consistingof 47 2*Mg* ions (red) and approximately1300
40Ca* ions(blue). The?*Mg* ionsarelocatedat thetrap axiswith anequidistanspacingof
15 m.

Theresemblancwith anin nite axial geometryextendsto 2*Mg* -*°Ca* bi-cry-
stalswith a3D 2*Mg* core: Thecorebehaesasif it is partof anin nitely longsingle
componentrystalstructurewith constantradialcon nement. For coulombcrystalof
this type moleculardynamicg(MD) simulationspredictstructuretransitionsvhenthe
lineardensity(i.e., numberof ions perunit lengthalongthe symmetryaxis)increases
[122]. The structuresrangefrom a string of equidistantlyspacedions to multiple
coaxialcylindrical shells.Figure11.8shaws the structuraltransitionobsered for the
24Mg* coreof the?*Mg* -4°Ca* bi-crystalshavn in Fig. 11.7. Thelinear densityof

[—

Figure 11.7: (color) 2*Mg* -4°Ca" bi-crystal consistingof approximately300 2*Mg* ions
(red)and30004°Ca* ions (blue). The sequencéa)! (c) shaws the effect of increasing ,.
Theresultingstructuraltransitionsof the coreareshavn in Fig. 11.8
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Figure 11.8: () Obsenred cylindrically symmetric >Mg* core structureof a ?*Mg* -
40Ca* bi-crystalversusthe dimensionles$irﬁear particledensity = aws =€ where is
thelinear?*Mg* chagedensityandaws = ° 4 n=3istheWignerSeitzradius.Thedashed
line shavsthestructurefor anin nitely long cylindrically symmetricsinglecomponentrystal
aspredictedby MD simulationg122].

the*Mg* corewasvariedby altering! ,. Note thatthis doesnot affect the plasma
densityn (seeEq. (8.5)). Closeto the 2*Mg* core,the *°Ca* partof the bi-crystals
was obsered to be arrangedin cylindrical shellswhile at the outer boundary the
ionsarelocatedin spheroidakhellssimilar to a singlespeciescrystal. For giventrap
parametersthe shapeof the spheroidal*®Ca* ervelopeis highly insensitve to the
presencef 2*Mg* ions(thevolume,of coursejncreasesvhen®*Mg* ionsareseeded
into 4°Ca* crystal). A moreelaboratediscussiorof the structuralpropertiesof two-
andmulti-componenCoulombcrystalsis givenin thePh.D.thesisof Hornekeef121].

11.2.4 Conclusion

In conclusionthe resonanphoto-ionizatiormethodhasmadeit possibleto produce
andstudypurebi-crystals.Althoughin the theseexperimentsoth speciesverelaser
cooled,the methodis potentiallyusefulin connectionwith ion storageexperiments
where one non-lasercoolable speciesis sympatheticallycooled by a laser cooled
speciegproduceddy resonanphoto-ionization.






Chapter 12

Summary

Thepresenthesisdescribegxperimentonlasercooledionscon nedin storageings
andlinear Paul traps. Although thereare obvious differencesbetweena large scale
storageing andatabletop sizetrap,theclaim hasbeenmadethattheanalogybetween
the particledynamicsof a trap andthatof a storedion beamin its restframecanbe
exploitedto emulateion beampropagatiorin the stationaryframeof atrap.

Experimentsoncernedvith lasercooled?*Mg* ionsin the ASTRID storageing
have beencarriedout. Using non-destructie laserinduced uorescencediagnostics
for velocimetryand beampro le measurementthe behaior of ultra-cold coasting
beamshasbeenstudied. Effectsof spacechage wereobsered giving riseto limita-
tionsto theattainabledensitieslt appearshowever, thatanultimatespacechagelim-
ited zeroemittancédbeamcouldnotbereachedForion beamcurrentscorrespondingo
aparticlenumberbelow thelimit wherealinearly orderedchainof ionscouldpossibly
beformed,ananomaloudehaior in thetranserseion beamsizeswasobsered: the
horizontaldimensionstaysconstantindthe vertical dimensiornblows up althoughthe
circulatingbeamcurrentdecays.Theeffecthasbeenattributedto thehorizontalclosed
orbit dispersiorof the storagering alongwith thelasercoolingmechanismWhether
or nottheion beambecomedinearly orderedn connectiorwith theanomalyremains
unclear

An ultimategoal of experimentson lasercooledions beamsn storagerings has
beento attaina crystallineion beam. Besidesepresentinghe ultimate spacechage
limited beamwith thehighestpossiblebrilliancethecrystallinestateis connectedvith
a vanishingof heatingof intra beamscatteringmakingit quite robust. Linear order
ing in a string of ionshave now beenreportedirom storagering experimentson both
electroncooledandlasercooledions. Althoughthis is, indeed,very interestingfrom
afundamentapoint of view, in the opinion of this authora 3D crystallinebeamis ex-
ceedinglyimportantin connectiorwith prospectipplications A stored3D crystalline
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beamis, unfortunatelyalsoexceedinglydif cult to attainsinceit is sensitve to both
the shearfrom bendingandthe excitation of bulk modesby the periodictranserse
focusing. The effect of shearcalls upona suitablytaperedcooling force andthis the-
sis hasgiven a discussioron how this might be achieved by displacingtwo counter
propagatingcooling lasers. To addresghe problemof focusing,we have evoked a
parallelin thetransersedynamicsof amagneticAG storagering andthatof a pulse-
excitedlinearPaul trap. A pulse-&cited Paul trap experimenthasbeenbuild up, and
by emulatinga regular FODO latticein this trap we have shavn that phaseadwance
perunit cell mustnotexceed = 2. Thisis in excellentagreementvith theory

Along with thework on lasercooledionsin trapsandstoragerings, a frequeng-
doublingunit wasconstructedor generatiorof UV laserlight andthe designconsid-
erationshave beendescribedn the presenthesis. The frequeng-doubling unit has
beenusedto implementa new methodof loadinganion trapusingresonant-enhande
photo-ionizatiorof a collimatedatomicbeam.This methodhasprovento besuperior
toloadingby usingelectronmpactionizationandwe have succeedeih producingso-
topically puresamplesof Mg* andCa* ionsat ratescontrolledby the atomicbheam
ux, thelaserlight intensity andthe laserdetuningfrom resonance.The resonant
two-photonionizationof Mg via the3s°1Sy !  3s3p!P; transitionhasbeenstudied
in detail to determinethe ratio of the crosssectionsinto S and D continuumstates.
The obtainedvalue differs from currenttheory but agreesvery well with measure-
mentsperformedn Copenhagen.

Besidesbeingusedin connectionwith the experimentson crystallinebeamem-
ulation the photo-ionizationloading methodplayeda crucial role in experimentson
24Mg* -4°Ca* bi-crystals. Thesestudieshave revealedthat the lighter 2*Mg* ions
form aninner cylindrical crystalstructuresimilar to that of anin nitely long single
componentrystalwhile the surrounding*®Ca* partof thebi-crystalhasa spheroidal
ervelopehighly insensitve to the presencef 2*Mg* ions.

Outlook

Thelasercooling experimentson storedion beamsn ASTRID have now cometo an
endandthe similar TSR experimentsare alsoaboutto closedown. Much hasbeen
learnedthrougha decadeof experimentsput it alsoseemstlearthatin orderto make
furtherprogresson theissueof lasercooledions beamsradicalstepswill needto be
taken. It shouldbe stressedhowever, thatthe diagnosticanethodsn connectiorwith
thesdasercoolingexperimentgemainavery strongtool to testpropertieof astorage
ring andreveal errors[35]. If oneconsidersto build a new, dedicated)arge scale
storageing for crystallineion beamstabletop sizeexperimentsasthe onedescribed
in thisthesisusinga pulse-&cited linearPaul trapand/orminiaturestorageringssuch
asPALLAS [55] might provide valuableinformationon designparameters.
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The experimentsusinga pulse-&cited trap presentedn this thesiswere (almost)
restrictedto a regular FODO lattice, but it is, indeed,possibleto testvariouskinds
of lattices. Futureexperimentsmight focuson the caseof pairsof closelyspacedin
time) focusingand defocusingpulseswith long, eld free drift periodsin between.
This could be of considerablénterestin connectiorwith atomicphysicsexperiments
studyingionization,detachmentor recombinationallowing for electrongto enteror
exit thetrap. For moreinvolved experimentson crystallinebeamemulationonecould
look into the possibilitiesof implementingshearfrom bendingby perturbingthecrys-
talssidevayswith a suitable periodic,transerseelectricforce.

Isotopeselectve loadingof anion trap by resonance-enharphoto-ionizatioris
averyusefultool. Futureapplicationsncludetheloadingof afew 4°Ca* intotheclose
electrodespacingf a stronglycon ning trap for quantumopticsexperimentg123]
andthe loading of controlledratios of “°Ca* and#*Ca* ionsinto a trap within an
opticalcavity to implementa storagemediumfor quantuminformationof light [124].
This latter proposalfurthermore emplo/s sympatheticooling of onetrappedspecies
by alasercooledspecies.Onecanthink of long rangeof similar future experiments
emplog/ing suchbi-crystals.






Appendix A

Derivations

A.1 Evolution of atwo-level atomin alaser eld

A.1.1 Rabi oscillations

UsingEg.(2.11)in Eq.(2.9)andEg. (2.10)we obtain

h i
_dg(t) _ ~ it (21 2+ )t
~~ = 3 ce(t) € '+ e
—ce(t)e' (A1)
i dee(t)

h i
— %cg(t) e ity d@lat )

— CGl(t)e ' (A.2)

where rapidly oscillating terms have beenneglected[rotating wave approximation
(RWA)]. DifferentiatingEq. (A.1) onceandinsertingEq. (A.2)

o) | - de(t);_do(t)
dt2 2 dt dt
I _dey(t) |
= |Tcg(t) prat (A.3)
theequationsareuncouplecandwe nally get
d?cy(t) . deg(t) | j j?
g‘i’z() i Cgt( y () = 0; (A.4)
2 P2
d7ce(t) + i dee(t) L) Ce(t) = O (A.5)

dt? dt 4
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A.1.2 Steady-statepopulation difference
Subtractingeg. (2.19)from Eq. (2.18)andusingw 99 gg We obtain

dw . i i
= i(e ' ge €leg) W+ (A.6)
In the steady-statémit ‘fj—"t" = 0and ¢g! %e I't (thisis readily seenby solving

Eq.(2.21)andneglectingatransienterm). Insertingtheseconditionsalongwith  ge =
eg INto Eq. (A.6) we nally get

. -2 .s -2
i Pw o jPw
O=1T =+ W
. .2

o “*4 3
_ g 2 j? Z .
= §1v 2L Tw 1 arow 3 (A7)

| —z—}

from whereEg. (2.22)emenges.

A.2 Atomic momentum diffusion

Consideringan atom at rest subjectedo the cooling force from two countefpropa-
gatinglaserbeamsasdescribedn section2.3.1andshavn in Fig. 2.4, the changen
momentumaftersomelongtime T is

N+><'N
pz= (N+ N )~k (~Ki)z; (A.8)
i=1

whereN. isthenumberof photonsabsorbedrom onelaserbeamN is thenumber
of photonsabsorbedrom the otherlaserbeam,and~k; is the momentumof theith
spontaneouslgmittedphoton.Sincetheatomon averagewill have absorbedhesame
numberof photonfrom eachlaserbeamhN . i = hN i andthespontaneouslgmitted
photonsoccurswith thesameprobabilityin two oppositedirectionswehaveh p,i =
0 andthereis no netforce. The momentuntdiffusioncoefcient D de ned by

* 2 3
Ny N 2+

2DT = h p%i = N+ N )%i(~k)?2+ 4 (~ki),2 (A.9)
i=1
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is, however, non-zero.

The rst term of the right handside of Eq. (A.9) representa randomwalk in
momentumspacealongthe z-axis due to absorptions.Consideringfor examplean
atom(ion) with aJ = 1=2! J = 3=2 transitionsuchas?*Mg* (seeFig. 2.6) we
noticethatin * = * lasercon gurationsuccessie absorptionsreuncorrelatedvith
a’50-50chanceto occurfrom eitherbeam.Henceh(N. N )?%i = N, + N asin
traditionalrandomwalk [125]. In "= lasercon gurationthesituationis somavhat
more complicatedsince the successie absorptionsare correlated. If the atom just
absorbeda photonfrom the * -laserbeamthe probability of absorbingyet another

* -photonis 3 timesashigh asabsorbinga  -photon. Whenthe atomeventually
absorbsa photonfrom the  -laserbeamthe situationis reversed. Using methods
givenin [126],(N+ N )2 = (N, + N ) canbefoundall probabilistically

Thelasttermof theright handsideof Eq. (A.9) stemmingfrom the z-component
of themomentunrecoilsin connectiorwith spontaneousmissioneventswill depend
on the decayof the steady-statpopulationsof the excited statesub-levels alongwith
theradiationpatternfor eachdecaychanne[127,128]. For examplein theabove case
ofalJ = 1=2$ J = 3=2systemina *= * lasercon gurationall absorptiorand
spontaneousmissionoccurontheM; = +1 $ M; = +3 transitionwe obtain
(takingthe quantizatioraxisto bein the z-direction)

2
* N N 3o+ Z

4 (~ki);° (~k)?(N+ + N ) §(1+ cos )F_qg_} sin d
. 0

{z } Projec
Intensity tion
distribution

= §(~k)2(N+ +N ): (A.10)

Hencefora *= * lasercon gurationthediffusioncoefcient is

2 oN+ + N
= + —)(~ -

D = (1+ 2)(~k)* =5
where given by Eq. (2.26) is the scatteringrate for a single laser Equatingthe
cooling ratedueto friction with the heatingrate dueto momentumdiffusion we get

therelation

=1+ %)(~k)2 : (A.11)

dE dE h p2i D
2. _ cool _ heat _ Pzl _ =.
i = dd ~  dt  2mT  m’ (A.12)
where s the friction coefcient asde ned by Eq. (2.28)andm is the massof an

atom(ion). UsingEq. (A.12) atemperaturd canbeassigned

ke T = mhv?i = B; (A.13)
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andin thecaseofa "= * lasercon gurationtheminimumdiffusionlimited temper
ature(for alow light intensity S 1 andadetuning = =2 for which theratio
= isminimized)is |

Tmin =

e 5 ; (A.14)

which canbecomparedo Tp asde ned by Eq. (2.30).

A.3 Floguet'stheorem

Accordingto Floquets theorem Eq. (6.1) (Hill' s equation)hastwo linearly indepen-
dentsolutiong[129]

ui(s) = € Spy(s); ux(s) = e ' *py(s); (A.15)

wherep;i(s) andpy(s) areperiodicfunctionswith period [i.e., the sameasthe co-
efcient Q(s)]. We canthenapply Fourier seriesrepresentationsf p1(s) and
p2(s) andif Q(s) is anevenfunctionwe may furthermoretake po(s) = pi( s). The
generalsolutionof Eqg. (6.1) canthenbe putinto the form [linear combinationof the
to independensolutionsEq. (A.15)]

- R . . .
u(s) = Aé S cxe?ks+ Be 'S coke 12k (A.16)
k=1 k= 1

whereA andB arearbitraryconstantgiven by theinitial conditions.The character
istic exponent is realfor solutionsbelongingto a stableregion anddetermineghe
secularoscillationfrequeng. In the specialcaseof Mathieus equationEq. (6.6)] the
characteristiexponentdependsonly on the Mathieu(q; a) parameterandhasbeen
tatulated[57]. Figure A.1 shaws a rst stability region iso- chartfor the Mathieu
equation. In the caseof Eq. (6.9), the characteristie@xponentis givenby = = |
where is the phaseadwanceper waveform cycle which is easily calculatedas de-
scribedin section6.5.

A.4 Obtaining the transfer matrix

Consideithehomogeneoubnearsecondrderdifferentialequation

P

2 K=0 (A.17)
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FigureA.1: Iso- chartfor theMathieuequatiorcalculatedusingthe Mathematicat software.
Thepartof the rst stability region whichis relevantfor our trappingexperimentds shavn.

whereK 6 0is arealconstant.Giveninitial conditionsu(0) andu40) ats = 0the
solutionatary subsequertime is uniquelydeterminecandwe maywrite

w9 = 3 € Crel FUO+pI—e < e o)
uds) = %hp —K(ep Ks o pTS)u(O) + (ep Ksie pT<S)u°(0)| *(A.18)
which, usingmatrix notationreads
u(s) :1. p_ep_ES_.,.e p—gs_ pl_T(i_Ks pei_KS) u(0)
uqs) F Ke *° e KSZ e "s+e s ) uqo0)
T(K:s)

(A.19)
T(K;s) is calledthe transfermatrix. Rewriting Eqg. (A.19) andincluding the trivial
caseK = Owesha(e

P PNy
cosi Kys) p=csinh(" Kys) K <0
- Ksinh(C  Ks) cosh( Ks)
T(K;s)= é i if K=0
" p_ . P
coy Ks) 973|n( Ks) K >0

Ksin( Ks) cog Ks)
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Supplementary Material

B.1 Atomic data

Table B.1: Takular datafor the 24,25, and26 massisotopef neutralMg.

24Mg 25Mg 26Mg
Abundanc@ 7899% 10:00% 11:01%
Nuclearspir? 0 5=2 0
Atomic mass(a.m.u.y 23985042 24:985837 25982594

a5 as3prp, (MY 28521261 — —

(e 3s3pip, (NMY 28529642 — —
3215, $ 3s3plP, isotopeshift (GHz) — 0:73 1:41
3s3p'P; stateradiative life time (nsf 2.0 — —

3215 $ 3s3p!P; line width (MHz)® 2 80 — —

& Ref.[130].

b Ref.[131]. (Lam:u = 1:66054 10 % kg).

¢ NIST Atomic SpectraDatabasehttp://www.nist.gov
4 Ref.[132].

f Ref.[133]

Derivedfrom 3s3p'P; stateradiative life time.
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Table B.2: Takular datafor the?*Mg™ ion.
Parameter Value
lon mass(kg) 3:9828 10 %6
25,5 3p2p,, (M 279.5528
(e spzp,, (MY 279.6352
3p?2P4-, stateradiative life time (nsy 3.810
3s%S,., $ 3p?P;, transitionline width (MHz)¢ 2 41773
2 NIST Atomic SpectraDatabasehttp://www.nist.gov
b Ref.[134].
¢ Derivedfrom 3p2P5-, stateradiative life time.
Table B.3: Takular datafor the4°Ca* ion.
Parameter Value
lon mass(kg) 6:6359 10 26
s,,s apzp,_, (MM 396.8469
Sorey apzp,, (MY 396.9591
e, s 3020, (MM 866.214
Sospms 3g2p,, (MY 866.252
4p?P,-, stateradiative life time (nsy 7.07
4s°S,_, $ 4p2P,-, transitionline width (MHz)® 2 225
3d2D3-, stateradiatie life time (s)? 0.77

2 NIST Atomic SpectraDatabasehttp://www.nist.gov
b Ref.[135].
¢ Derivedfrom 3p?P;-, stateradiative life time.
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B.2 Gaussianlaserbeams

Herethe main propertiesandimportantparameter®f a Gaussiarbeamare summa-
rized. Hermite-Gaussiaar Laguerre-Gaussianoderovide avery goodapproxima-
tion to thetransersemodesof astabldaserresonatofsee £.9.,[85]). Thenormalized
eld distribution of the lowestorderGaussiarbeam(TEM oo mode)with wavelength
andwavenumbelk propagatingalongthe z-axisis givenhby
r__

o~ 2 O : L X2+ y2
u(x;y;z) = ~Wod®) exp ikz ik 29(2)
2exp[ ikz+i (2)] x2+y2 X2+ y?
w(2) &P g ®me GV

This describesa beamhaving awaistwg atz = 0 (focuspoint), wherethe radiusof
cunatureR(z) is R(0) = 1 , i.e., planar Theradiusof cunatureR(z) andthe spot
sizew(z) is de nedthroughthe complex g-parameter

1 1 .
i X B.2
@ R@ W@ ®2)
whereqin free spacechangess
q(z2) = @+ z=izr + Z; (B.3)
with 5
Q= i—0 = jzg: (B.4)
Zr istheso-calledRayleighlength of the Gaussiarbeam.
Finally, thephase is givenby
z
(z) = arctan — : (B.5)
ZR

B.3 Phasematching and Walk-off in negatve uniaxial cryst-
als

All transparentrystalswith noncubidatticestructurearebirefrigentwhich meanghat
therefractive index will changewith thedirectionof polarizationof a eld propagating
in themedium.Uniaxial crystalsarecharacterizetty a single,specialdirectioncalled
theoptic axisalongwhich therefractive index is independentf polarization(this will
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FigureB.1: The Gaussiabeamdescribedyy Eq. (B.1).

be takento be the Z -axis). The optic axis andthe propagatiorvectork of the light
spanthe principal plane A light beamwhosepolarizationis normalto the principal
planeis termedan ordinarybeam(o-beam) whereasa beamwith polarizationin the
principal planeis extraordinary(e-beam). The refractive index of the o-beam,n?,
is independenbf propagationdirectionwhile the refractive index of the e-beamn®
varieswith the angle to the optic axis as shavn on Fig. B.2(a). n®( ) de nesan
ellipsoid of rotationaboutthe optic axis andif this lies insidethe spherede ned by
the o-beamason Fig. B.2(a) the crystalis negative uniaxial BBO aswell asKDP
arengyative uniaxialcrystals.Takingthefrequeng dependencef therefractive index
into accountwe seethat by choosing correctlyit is (sometimes)ossibleto have
n, = ny bylettingthebeamof frequeng ! playtherole of ano-beamandthebeam
of frequeng 2! thatof ane-beam:Thisis shavn in Fig. B.2 (b) wherethecrystalhas
assumedo be normally dispersie, i.e.,nf( ) < n§ ( ) andnp < n9, . Theangle

m for whichthisis trueis calledthe phasanatchingangle This meanghatsending
light at the fundamentalwavelengththroughthe crystalat the angle ., to the optic
axisandkeepingthe polarizationin the o-direction,will give SHGIlight for whichthe
componentn the e-directionwill satisfythe phasematchingcondition

| |
k= 2k  ky = 2.M 2N
C C

=0 (B.6)
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Figure B.2: (a) Thevariationof theindex of refractionwith theangle betweerthepropaga-
tion vectorandtheoptic axisfor anegative uniaxialcrystal. (b) Directionwhereangulamphase
matchingis achieved.

For a given wave vectork andhencea givenvalueof , the Poynting vectorS will
have a directionnormalto thetangentof the index ellipsoid. In the caseof ane-beam
S andk arein generalnot parallel but make up a walk-off angle . The situation
for a negative uniaxialcrystalis shavn in Fig. B.3. SinceS is the directionof enegy
transportane-beamandano-beamwith parallelpropagatiorvectorswill divergefrom
oneanother

Figure B.3: Direction of the Poynting vector S for an o-beam(left) and an e-beam(right)
propagatiorin anegative uniaxialcrystal. For thee-beanthisis not parallelto thewave vector
k.
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B.4 Longitudinal beamtemperature

Table B.4: Useful corversionfactorsfor the velocity distribution measurements99:1 keV
24Mg* ionswith a Gaussiarvelocity distribution have beenassumed.

Parameter Value
Voltageto laserfrequenyg 16.1MHz/Volt
Voltageto Velocity 4.50m/s/\blt
FWHM Voltageto temperature 10.6mK (Upwhm TV])?

Velocity spreadrms)to temperature 2.88mK ( ,[m/s])?
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Acronymsand Abbreviations

AG Alternatinggradient

AR Anti re ex

BBO Betabariumborate

CCD Chage coupleddevice
CGS Centimetergram-second

Cl Con gurationinteraction
Cw Continuousvave

DC Directcurrent

FFT FastFouriertransform

FWHM Full width at half maximum
KDP Potassiundihydrogerphosphate
LBO Lithium triborate

LIF Laserinduced uorescens
MCP Micro channeblate
MD Moleculardynamics

OBE Optical Bloch equations
OCP Onecomponenplasma

PAT Postacceleratioriube
PBS Polarizatiorbeamsplitter
PC Personatomputer

PD Photodiode/detector

PMT Photomultipliertube

QED Quantumelectrodynamics

REMPI Resonanmulti-stepphoto-ionization
RGA Restgasanalyzer

RF Radiofrequeng

RWA Rotatingwave approximation

SHG Seconcharmonicgeneration

Sl Systemdnternationad'Unites

UHV Ultrahighvaccuum

uv Ultraviolet
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