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Maflgŕeflabonneatmosph̀ereauflabo,fiflestparffofissafind’ensortfiretj’afipucompter

pourceflasurdenombreuxautresapprentfischercheursduLCF.Unfimmensemercfi

donc̀aMartfin,ceturbuflentvofisfindeflabo,qufiafinstfitutfionnaflfiśeflespausescofinches
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Chapter1
Introductfion

Waflkfingaroundmodernflaboratorfies,theffoundersoffquantumphysficscoufldobserve

thereaflfizatfionoffthefirnumerousgedankenexperfimentsthattheydevfisedtoassessthe

quaflfityoffthefirffascfinatfingquantummechanficafltheoryoffthemficroscopficworfld.Among

thefimportantmfiflestonesthatmarkedtheflastdecades,physficfistsbufiflteflectro-magnetfic

trapswhereasfingflechargedpartficfle(aneflectronoranfion)canbemafintafinedffor

days[Dehmeflt,1990;Paufl,1990],engfineeredaphotonboxwhereamficrowavephoton

bouncesbackandfforthfformorethan40.000kmfinasuperconductfingcavfity[Haroche,

2013],orreachedanexqufisfiteflevefloffcontrofloverneutraflatomscoofledandtrapped

byflasers[Phfiflflfips,1998;Ashkfinetafl.,1986].

Thesequantumobjectshavethecurfiouscapacfitytoentangfle,affundamentaflconcept

ffromquantumphysficswfithnocflassficaflcounterpart,refferrfingtotheffactthatthe

measurementonaquantumpartficflefisstrongflycorreflatedtotheonemadebyanother

observeronasecondpartficfleentangfledwfiththefirstone.Entangflementhasfintrfigufing

consequences,suchasthenon-flocaflfityoffquantumphysfics,whfichwasundenfiabfly

demonstrated,afftermorethan50yearsofftheoretficaflcontroversfies,finexperfiments

wfithtwophotons[Aspect,Grangfier,andRoger,1982;Aspect,2015].Entangflement

fisbeflfievedtobearesourcefforthespeed-upoffquantumcomputers, —basedon

qubfits(eflementarytwo-fleveflsystems)andentangflfinggates —,andfinanycasearfises

naturaflflyfincorreflatedmany-bodysystems.

Quantumsfimuflatfion,fi.e,thecapacfitytouseartfificfiaflquantumsystemstostudy

many-bodyprobflems,aconceptfintroducedbyFeynman,fisanotherexcfitfingprospect

thatrecentflybecamepossfibflewfithstate-off-the-artexperfimentaflapparatuses[Georgescu,

Ashhab,andNorfi,2014].Aphysficaflsystemreaflfizedfinaflaboratoryfisusedtomfimfic

andexpfloreprobflemswherequantumeffectspflayakeyrofle,asfinhfigh-energyphysfics,

reaflworfldmaterfiaflsoreventotaflflyartfificfiaflmodeflsoffmathematficaflphysfics.Forthe

studyoffcondensed-mattersystems,ausuaflapproachfistofidentfiffythereflevantdegrees

offffreedomandaneffectfiveHamfifltonfiandescrfibfingthefirevoflutfion.Forfinsuflatfing

magnetficmaterfiafls,thfisgfivesspfinHamfifltonfiansastheremafinfingdegreeoffffreedomfis

themagnetficmomentoffeflectronsflocaflfizedatthesfitesoffacrystaflflfinefionficstructure.



Chapter1:Introductfion

Spfinmodeflsandquantummagnetfism

Inquantumphysfics,thedfifferentcomponentsoffaspfinS=(Ŝx,̂Sy,̂Sz)areobservabfles

thatdonotcommute,suchthattheycannotaflflbemeasuredsfimufltaneousflyand

verfiffyuncertafintyreflatfions.Inthesfimpflestcaseoffaspfin-1/2partficfle,theobservabfles

takethefformoffPauflfimatrfices(̂σx,̂σy,̂σz)andthequantumstateoffasfingflespfin

expressessfimpflyas|S⟩=α|↑⟩z+β|↓⟩z,wfithα(β)theprobabfiflfityampflfitudeto

observethespfin(antfi-)aflfignedwfiththemeasurementaxfis(herethez-axfis).Itfis

commonflyrepresentedontheBflochsphere,asshownfinFfig.1.1(a).Sfinceaspfin

possessesamagnetficmoment,fitcoupflestoanexternaflmagnetficfiefldBthroughthe

Hamfifltonfian−µB 2̂σ·B(wfithµBtheBohrmagneton).Thetorqueappflfiedbythe

magnetficfiefldonthespfinmakesfitprecess,whfichflfiesattheheartoffnucflearmagnetfic

resonance(NMR)physfics[Purceflfl,1953;Bfloch,1953].Inmaterfiafls,wherereflaxatfion

processesarepresent,thespfinstendtoaflfignaflongB,thusfformfingaparamagnet[see

Ffig.1.1(b)].Athfightemperatures,thermaflfluctuatfionsdestroythemagnetfizatfionas

soonasthemagnetficfiefldfisremoved,butnotatflowertemperature,wheremagnetfic

orderfisstabfiflfizedbythefinteractfionbetweenspfins.

Thereexfistmanyphysficaflprocesses,e.g.,eflectronexchange(combfinfingCouflomb

repuflsfionandPauflfiexcflusfionprfincfipfle),thatgfiverfisetoeffectfivespfin-spfincoupflfings.

ThemoststudfiedonesaretheffuflflyfisotropficHefisenbergHamfifltonfianH=
∑
⟨fi,j⟩Jfij⃗σfi·

σ⃗j,thepflanarXYcoupflfingJ(σ
x
fiσ
x
j+σ

y
fiσ
y
j)ortheunfi-axfiaflJσ

z
fiσ
z
jonefintroducedby

ErnstIsfing[1925].DespfitetheapparentsfimpflficfityofftheseHamfifltonfians,theyfleadtoa

ffascfinatfingvarfietyoffcoflflectfivephenomenarefferredtoasquantummagnetfism[Bflundeflfl,

2001].Forfinstance,wfithanegatfivecoupflfingconstantfintheIsfingmodefl,theenergy

offthesystemfismfinfimfizedwhenthespfinsareaflflaflfignedfinaspontaneousflychosen

dfirectfion(efitheraflfluporaflfldown),whfichexpflafinsthephasetransfitfionattheCurfie

temperaturebetweenaparamagnetandafferromagnet,fidentfifiedbytheemergence

offaspontaneousmagnetfizatfion.Conversefly,fforJ>0twocoupfledspfinstendto

pofintfinopposfitedfirectfions,gfivfingrfisetoantfifferromagnetficmaterfiafls:fforsfimpfle

crystaflflfinegeometrfies,suchasasquareorcubficflattfice,LoufisŃeefl[1936]postuflateda

phasetransfitfiontowardsanorderedstateofftwofintertwfinedsub-flattficeswfithopposfite

orfientatfionsoffthespfins,shownfinFfig.1.1(c),expflafinfingwhynonetmagnetfizatfion

coufldbeobserveddespfiteexperfimentaflfindficatfionsoffmagnetficorderfing(e.g.,vfia

magnetficsusceptfibfiflfitymeasurements).TheexfistenceoffthfisŃeeflstatewasflater

confirmedbyneutrondfiffractfionexperfiments[Shuflfl,Strauser,and Woflflan,1951].

Interestfingfly,suchorderedstatescannotaflwaysbeconstructed,asfinthetrfianguflar
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Ffigure1.1:Spfin-1/2modefls.(a)Bflochsphererepresentatfionoffaspfin-1/2(redarrow)

precessfingaroundamagnetficfiefldB(orangearrow).(b)Anensembfleoffspfinsaflfignfing

aflongBfformfingaparamagnet(PM).(c)Antfi-fferromagnetficŃeeflground-state(AFM)off

anIsfingHamfifltonfianwfithJ>0.(d)PhasedfiagramoffthequantumIsfingmodeflatzero

temperatureshowfingaquantumphasetransfitfion(QPT)betweenaPMandAFMphase.

B∥andB⊥arethemagnetficfiefldcomponentsparaflfleflandtransversetotheIsfing-ffavored

z-axfis.(e)Atrfianguflarflattficeffrustratestheantfi-fferromagnetconstrafintsandanexotfic

phasefisexpectedwhenfinteractfiondomfinates.

orpyrochflore-flfikestructuresthatpreventtheantfifferromagnetficconstrafinttobe

sfimufltaneousflysatfisfiedonaflflflfinks,aneffectknownasgeometrficaflffrustratfion.More

exotficmagnetficphases,flfikespfinflfiqufids,areexpectedtoarfisefinthesegeometrficaflfly

ffrustratedmaterfiafls.

SpfinHamfifltonfianswfitharraysoffRydbergatoms

Inreaflmaterfiafls,fitfisofftenhardtostudyout-off-equfiflfibrfiumphysficsortoobtafin

tfime-andspatfiaflfly-resoflvedobservabflethatwoufldheflpfidentfiffyfingstrongcorreflatfions

betweenthespfins.Quantumsfimuflatfionfisthusapromfisfingapproachtocondensed-

matterprobflemsaseffectfivespfinmaterfiaflscanbeextremeflyweflflengfineeredand

fisoflatedffromthefirthermaflenvfironmentwfithaneasyaccesstoanyflocaflobservabfle.

Excfitfingstudfiesoffspfinmodefls,—suchasthepropagatfionoffcorreflatfions[Cheneau

etafl.,2014;Rfichermeetafl.,2014;Jurcevficetafl.,2014],effectfivethermaflfizatfion

offzero-temperaturefinteractfingensembfles[Kauffmanetafl.,2016],ormany-body

flocaflfizatfionphenomena[Smfithetafl.,2016;Chofietafl.,2016]—,havebeenreported

usfingchafinsofffions[BflattandRoos,2012]ufltracofldgasesfinoptficaflflattfices[Gross

andBfloch,2017],andmorerecentflywfitharraysoffsuperconductfingqubfits[Roushan

etafl.,2017;Kfing,A.etafl.,2018].
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Chapter1:Introductfion

Ourgrouphasshown,sfince2014,thepoweroffaRydberg-atomquantumsfimuflator

fforthefimpflementatfionoffflargescaflespfinHamfifltonfians.Thesub-nanoscaflecrystaflflfine

structureoffspfin-1/2partficflesoffmagnetficmaterfiaflsfismfimfickedbyneutraflaflkaflfi

atomstrappedfinhoflographficarraysoffmficroscopficoptficafltweezersthatcanreaflfize

anytwo-dfimensfionaflgeometry[Nogretteetafl.,2014].Thesetweezerscanbefloaded

wfithonflyasfingfleatom,andnotmore,becauseofftheso-caflfledcoflflfisfionaflbflockade

regfimecausedbystrong,fineflastfic,flfight-assfistedcoflflfisfionsbetweentwoatomsfin

thetrap,dfiscoveredattheInstfitutd’OptfiquebySchflosseretafl.[2001].Despfitea

typficaflfinter-atomficseparatfionRoffaffewmficrometers,effectfivespfin-spfincoupflfings

betweentheatomsaremadepossfibflebyexcfitfingthemtoRydbergstatesoffhfigh

prfincfipaflquantumnumbern≥50.Inacflassficaflpficture,thevaflenceeflectronorbfits

ffarawayffromtheposfitfivefly-chargednucfleustofformaflargeeflectrficdfipofled.The

dfipofle-dfipoflefinteractfionĤdd∼d1·d2/(4πϵ0R
3)betweentwoRydbergatomsfisthen

strongflyenhancedcomparedtoatomsfinthefireflectronficgroundstate,andcanbe

usedfforquantumcomputfingorthefimpflementatfionoffspfinHamfifltonfians(seethe

revfiewsoffSaffman[2016]andBrowaeys,Barredo,andLahaye[2016]).

Hfistorficaflfly,Jakschetafl.[2000]andLukfinetafl.[2001]proposedtousethestrong

finteractfionbetweenRydbergatomsfforthefimpflementatfionoffquantumgatesthrough

the‘Rydbergbflockadeeffect’.Ffigure1.2fiflflustratesthfisfforaneflementarysetupoff

twoatomsflaser-drfivenffromthefireflectronficground-state|g⟩toaRydbergflevefl|r⟩

wfithaRabfiffrequencyΩ.Thedfipofle-dfipoflefinteractfionbetweentwoatomsfinthe

sameRydbergstate|rr⟩fleadstoavander WaaflsshfifftV=C6/R
6offthefirenergy.In

thebflockaderegfime,definedbyΩ≪V,thedoubfly-excfitedstate|rr⟩fissuficfientfly

shfifftedawayffromtheresonancetoprecfludethesfimufltaneousexcfitatfionoffthetwo

atomsbyaflaserresonantonthe|g⟩↔|r⟩transfitfion.Thereffore,|gg⟩fisonflycoupfledto

theentangfledstate1√
2
(|gr⟩+|rg⟩),whereasfingfleRydbergexcfitatfionfissymmetrficaflfly

deflocaflfizedonthetwoatoms,wfithanenhancedcoupflfing
√
2Ω.Theseeffectshavebeen

observedfinexperfimentswfithexactflytwoatomsbyGäetanetafl.[2009]attheInstfitut

d’OptfiqueandbyUrbanetafl.[2009]finthegroupoffProff.MarkSaffman,andsoon

fledtothegeneratfionoffentangfledstates[Wfiflk etafl.,2010]andthefimpflementatfionoff

quantumgates[Isenhoweretafl.,2010].

TheRydbergbflockadeeffectcanbereadfiflyextendedtoflargesystemsoffNatoms:

Whenthebflockadecondfitfionfisverfifiedfforanypafiroffatoms,theexcfitatfionflaser

onflycoupfles|G⟩=|gg...g⟩totheentangfledstate|W⟩= 1√
N

∑
fi|g...rfi...g⟩wfith

adrfivfingstrength
√
NΩ.ThfiscoflflectfiveenhancementwasmeasuredfforN=3by

Barredoetafl.[2014]anduptoN=15byLabuhnetafl.[2016]usfingoptficafltweezers
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Ffigure1.2:FromRydbergphysficstoIsfingmodefls(a)Two-atombflockadeeffect.

Wfithdecreasfingfinter-atomficdfistanceR,thedoubfly-excfitedstate|rr⟩fisshfifftedawaydue

tothevanderWaaflsenergycorrectfionV=C6/R
6.WhenthedrfivfingstrengthΩoffthe

atomfic|g⟩↔|r⟩transfitfionfismuchweakerthanthefinteractfionshfifftV,thetwoatoms

cannotbeexcfitedsfimufltaneousfly.The|gg⟩↔1√
2
(|rg⟩+|gr⟩)transfitfionfisdrfivenwfitha

coflflectfiveRabficoupflfing
√
2Ω.(b)TheorderfingoffRydbergexcfitatfionsfinanatomficarray

mfimficsanIsfingantfi-fferromagnet.(c)Theflaserdrfivenground-Rydbergtwo-fleveflsystem

fimpflementsaspfin-1/2partficflefinanexternaflmagnetficfiefldB.

arraysfinourgroup,andwfithffewhundredatomsfinoptficaflflattficeexperfiments[Zefiher

etafl.,2015].Inthfisffuflflybflockadedflfimfit,thedynamficsoffthesystemreducestoan

oscfiflflatfionbetween|G⟩and|W⟩.Onecanaflsotunethefinteractfionstrengthsuchthat

thebflockadeextendsonflytonearestnefighborsandmaptheRydbergatomprobflem

fintoaquantumIsfingspfinmodeflbyconsfiderfingthecoherentflaserdrfiveasanexternafl

magnetficfiefldBactfingonthepseudo-spfinstates|↓⟩=|g⟩and|↑⟩=|r⟩,andthevan

der WaaflsshfifftasanIsfingcoupflfing.Suchfimpflementatfionshavebeenfirstreportedon

anoptficaflflattficepflatfform[Schaußetafl.,2012;Schaußetafl.,2015],andmorerecentfly

usfingarraysofftweezersofferfingmoreflexfibfiflfityfingeometry[Labuhnetafl.,2016;

Bernfienetafl.,2017;Kfimetafl.,2018].

Asecondffeatureoffthedfipofle-dfipoflefinteractfionaflflowsfimpflementfingXYHamfifl-

tonfians:whenencodfingthespfin-1/2partficflefintwodfipofle-coupfledRydbergflevefls

|↑⟩=|r⟩and|↓⟩=|r′⟩,drfivenbyamficrowavefiefld(pflayfingagafintherofleoffan

effectfivemagnetficfiefld),thedfipofle-dfipoflefinteractfionfisresonantandtakesthefform

offanXY(‘flfip-flop’)coupflfingJ(σx1σ
x
2+σ

y
1σ
y
2).Aflthoughfitseemstobeonflyasflfight

extensfionofftheIsfingcoupflfing,fitfleadstostrfikfingflydfifferentpropertfies,themafin

reasonbefingthatthePauflfimatrficesσx,y,zdonotcommute.Fortwoatoms,fitfleadsto

aspfin-exchangeoscfiflflatfionbetweenthetwodegeneratestates|↓↑⟩and|↑↓⟩,hybrfidfized

bythedfipofle-dfipoflecoupflfing.Itcanaflsobeseenasaspfin-excfitatfionhoppfingffrom

oneRydbergatomtoanother,asobservedbyBarredoetafl.[2015]wfithaneflementary

chafinoffthreeRydbergatoms.
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Chapter1:Introductfion

Despfitesuccessffuflprooff-off-prfincfipfleexperfimentswfithRydbergatomsfintweezers,

scaflfingthesystemsfizetomorethanaffewatomshavebeenhfindered,prfiorto2016,by

thestochastficfloadfingoffatomsfinarraysoffoptficafltweezers. Whenflettfingcofldatoms

ffaflflfintothemficroscopfictweezers,onflyhaflffoffthemarefloadedduetothecoflflfisfionafl

bflockade.Thfisfisaweaknessoffthepflatfformasfitresufltsfinrandomflyfiflfledatomfic

arrays. Whfifletheprobflemfisabsentfinoptficaflflattficeexperfiments,whfichbenefitffrom

thetransfitfionffromasuperflufidphasetoaMottfinsuflatorstatewfithasfingfleatom

persfite[Grefineretafl.,2002],thfiscomesattheexpenseoffsevereconstrafintsonthe

geometrfiesandflowexperfimentaflcycflfingrate(≤0.1Hz),asonehastostartffroma

quantumdegenerategas.

Thesfisoutflfine

Inthfisthesfis,Ipresentthefimprovementsreaflfizeddurfingtheflastthreeyearsoffour

quantumsfimuflatoroffspfinmodeflsandourrecentstudfiesoffIsfingandXYHamfifltonfians.

Afirstaspectfisthepreparatfionoffperffectflyorderedtwo-andthree-dfimensfionaflatomfic

arraysoffaflmostonehundredatomsaflflowedbythedeveflopmentoffanatom-by-atom

assembfler.AsecondffacetfistheexperfimentaflsfimuflatfionoffanIsfingspfinmodefland

thequantfitatfivefimprovementofffitsfingredfients:thecoherentcontrofloffspfinsand

themappfingoffthevander WaaflsfinteractfiontoanIsfingterm.Athfirddfirectfion

fisthedeveflopmentoffexperfimentafltooflsfforthepreparatfionandmanfipuflatfionoff

XYmagnets,whfichenabfledustostudythemany-bodytopoflogficaflphasesoffa

Su-Shrfieffer-Heeger(SSH)chafin.Thfismanuscrfiptfisthusarrangedfinthreepartsas

ffoflflows.

PartI:Ordered3Darraysoffatoms

Chapter2startswfithageneraflovervfiewoffthetweezerspflatfformandthenexpflafins

howarbfitrarythree-dfimensfionaflstructuresofftrapsarefformedbyhoflography.It

contfinueswfiththefimpflementatfionofftunabfleflensesenabflfingustoreconstruct3D

vfiewsoffthetrapandatomficarraysbytakfingsuccessfivefimagesoffdfifferentpflanes.

Chapter3descrfibesthedeveflopmentoffouratom-by-atomassembflfingmachfine,first

theengfineerfingoffamovfingtweezerstotransfferanatombetweentwogfiventraps,

thencombfinfingmanymovestore-order,atom-by-atom,haflff-fiflfled2Dmatrficesoff

traps,whficharefinaflflyrepeatedpflane-by-pflanetoobtafinordered3Darraysoffatoms.
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PartII:Isfingmodefls

Chapter4startswfithanhfistorficaflrevfiewoffexperfimentaflandtheoretficaflstudfies

offflaser-drfivenground-Rydbergsystemsfinvander Waaflsfinteractfion,reflatfingthem

tothephasedfiagramoffaflong-rangeIsfingmodeflwherevarfiousorderedphasesare

stabfiflfizedbytheeffectfivespfin-spfinfinteractfion.Itdescrfibesquenchexperfimentsthat

probethecrfitficaflregfionbetweentheparamagnetficandtheorderedphases,andthen

gfivesageneraflcflassfificatfionofftheflatter.Itfinaflflyffocusesonthecasewherethe

flong-rangecharacteroffthefinteractfioncanbenegflectedandthesystemmapsontoa

perffectnearest-nefighborIsfingmodefl,andpresentsourattempttocreateadfiabatficaflfly

theantfi-fferromagnetficŃeeflstateofftheIsfingmodeflonasquareflattfice.

Forbothquenchandadfiabatficsweepexperfiments,weobservesomedevfiatfions

ffromacoherentmodefloffspfin-1/2partficflesthatrequfiresabetterunderstandfingoff

ourfimpflementatfionoffthetwofingredfientsofftheIsfingmodefl:theeffectfivemagnetfic

B-fiefldbyacoherentflaserdrfiveandtheIsfingcoupflfingbetweentwospfinsorfigfinatfing

ffromthevander WaaflsfinteractfionbetweentwoRydbergatoms.Thetwoffoflflowfing

chaptersenterfintotechnficaflandphysficafldetafiflstounderstandandfimprovethe

fideflfityoffourRydbergquantumsfimuflator.

Chapter5descrfibestheexperfimentafltechnfiquesfforthecoherentmanfipuflatfion

offground-Rydbergspfin-1/2partficfles,fimpflementfinganeffectfiveB-fiefld.Itpresents

theexperfimentsweusedtoestfimatefindependentflythecoupflfingstrengthoffthe

excfitatfionflasers,thedetectfionerrorsofftheatomfinternaflstate,andthevarfious

dampfingmechanfismsthatfleadtoafinfitecoherencetfimefforthecontrofloffthetwo-flevefl

system.Futuredfirectfionstofimprovethesefiguresaregfiven.

Chapter6presentshowthedfipofle-dfipoflefinteractfionbetweentwoatomsreducesto

asfimpflevander WaaflsshfifftffortwoatomsfinthesameRydbergflevefl,whfichthen

mapsontoanIsfingterm.Itanaflyseshowprecfiseflyareaflatomwfithmanyground

andRydbergfleveflscanberestrfictedtoatwo-fleveflsystem,whfiflethedfipofle-dfipofle

finteractfiontendstomfixtheseflevefls.Itaflflowsustofindbetterexperfimentaflparameters

tocorrectthedfiscrepancfiesbetweenexperfimentandtheoryobservedearflfierfinLabuhn

etafl.[2016].

PartIII:XYmodefls

Chapter7presentsatooflboxfforthestudfiesoffXYmagnets,ffromthepreparatfionoff

aflflatomsfintheRydbergmanfiffofldwfiththeSTIRAPmethod,thegflobaflmanfipuflatfion

17



Chapter1:Introductfion

offthespfin-1/2ensembflewfithmficrowavefiefldsandtheflocafladdressfingoffasfingfle

spfinwfithaffocusedflaserbeam.Eflementaryexperfimentswfithtwoatomswfiflflthen

showourcontrofloffthedfipofle-dfipoflefinteractfionstrength,wfithprecfisemeasurements

offfitsanguflardependenceanddynamficafltunfingwfiththeaddressfingflaser.

Chapter8presentsourfimpflementatfionofftheSSHHamfifltonfian,oneoffthemost

eflementarymodeflsexhfibfitfingtwotopoflogficaflflydfistfinctphases.Affterbenchmarkfing

ourexperfimentontheknownsfingfle-partficflepropertfiesoffthemodefl,fitexpfloresthe

consequencesofffiflflfingthemodeflwfithmanyhard-corebosons.Thestudyofffinteractfing

topoflogficaflphasesfiscurrentflyahottopficfincondensed-matterphysficsandwewfiflfl

presentconcflusfivesfignaturesoffasymmetry-protectedtopoflogficaflphaseofffinteractfing

partficfles.
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Chapter2
3Darraysoffsfingfleatomsfinoptficafl
tweezers
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Inthfischapter,Iwfiflfldescrfibethetrappfingandfimagfingoffmanysfingfleatoms,each

finanoptficafltweezers,fformfing2Dand3Dstructures.Iwfiflflstartbyanovervfiewoff

theexperfimentaflsetupfinSectfion2.1,recaflflfinghowwetrapsfingfleatomsfinanoptficafl

tweezersandhowweperfformexperfimentswfiththem.IdescrfibefinSectfion2.2howwe

usehoflographytogeneratemanycopfiesoffatrapwfitharbfitrary3Dposfitfionfingand

presentanexperfimentaflcharacterfizatfionoffthetraparraysusfingtheatomsasanfin

sfituprobe.Ffinaflfly,finSectfion2.3,Iexpflafinhowwefimageandreconstruct3Dvfiews

offthetraparraysandofftheatomficfluorescenceusfingeflectrficaflfly-tunabfleflensesto

observesuccessfiveflydfifferentpflanes.Theresufltspresentedfinthfischapter(andthe

ffoflflowfingone)fledtotwopubflficatfions[Barredoetafl.,2016,2018].
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(b) (c) Eflectrodes

Lens hoflder

(a)

hfigh-NA aspherfic flens

dfipofle trap beam
850 nm

atomfic fluorescence
780 nm

MOT beams

atomfic cfloud

Ffigure2.1: From MIGOUtoCHADOQ.(a)Basficeflementsfforsfingfle-atomtrappfing:

Acfloudoffcofld✽✼Rbatomsfisfformedfinamagneto-optficafltrap(MOT),whereadfipofletrap

beamfisstrongflyffocusedtoa✘✶✖m-sfizebyahfigh-NAoptficaflsystem.(b)Themassfive

nfine-flenshome-mademficroscopeobjectfiveoffMIGOU(fimagetakenffrom[Schflosser,

2001]),whfichwasoperatedtfiflfl2010.(c)ThemorecompactCHADOQsetupwfithapafir

offaspherficaflflensesandasetoff8eflectrodes(hfiddenfinsfidethehofldfingstructure)bufifltby

B́egufin[2013]andcoworkers.Apafiroffcofifls,vfisfibflefinbothfimages,fisusedtogeneratea

gradfientoffmagnetficfiefldfforthemagneto-optficafltrap(finantfi-Heflmhofltzconfiguratfion)

oravertficaflmagnetficfiefldtodefinethequantfizatfionaxfis(finHeflmhofltzconfiguratfion).

Bothsystemsarepflacedfinaufltra-hfighvacuumchamberandcombfinedwfithanatomfic

source(Zeemansflower),notshownhere.

2.1 Overvfiewofftheexperfimentaflsetup

Ourgrouphasaflonghfistoryoffsfingfle-atomcontroflwfithoptficafltweezers.Thebasfic

prfincfipfle,dfiscoveredhereattheInstfitutd’OptfiquebySchflosseretafl.[2001],fisthe

so-caflfledcoflflfisfionaflbflockaderegfimereachedwhenfloadfingatomsfinmficroscopficdfipofle

traps,aflsonamedoptficafltweezers.Theexperfimentaflsetupfisschematficaflflyshown

finFfig.2.1:amagneto-optficafltrap(MOT)fisfformedbythefintersectfionoffsfixflaser

beams(onflytheffourfinthepflaneoffthefigurearerepresented)andagradfientoff

magnetficfiefldgeneratedbyapafiroffcofifls.Thecfloudoffcofld87Rbatomstrappedfin
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2.1Overvfiewofftheexperfimentaflsetup

theMOTfisusedtofloadanoptficafltweezers.Theflatterfiscreatedbyffocusfingaflaser

beamat850nmtoasmaflflwafistoff∼1µmwfithahfigh-numerficafl-aperture(NA)

optficaflsystem.

Tradfitfionaflfly,flargedfipofletraps(∼10−100µm)wereusedtomanfipuflateatomfic

cfloudmadeoffaflargenumberoffatoms[Grfimm, Wefidem̈uflfler,andOvchfinnfikov,2000]:

theycombfine(fi)aconservatfivepotentfiaflproportfionafltothefintensfityoffthetrappfing

beamand(fifi)ffrfictfionfforcesffromtheMOTbeams,suchthatatomsareattractedand

capturedfinthecenteroffthetrap.ThefiflflumfinatfionofftheatomsbytheMOTbeams

causeanaddfitfionafleffect:(fififi)fineflastficflfight-assfistedcoflflfisfions. Whentwoatoms

coflflfide,weusuaflflyexpectthattheysfimpflyexchangesomekfinetficenergy(eflastfic

coflflfisfions),suchthattheatomficcfloudfisfinathermaflequfiflfibrfium(fitfisfimportant

fforevaporatfivecooflfingfinufltra-cofldquantumgasexperfiments).But,finpresence

offtheMOTflfight,thetwoatomswfiflflaflsoexperfiencefineflastficcoflflfisfions:absorbfing

aphoton,theyareexcfitedtoashort-flfivedboundstatesubjectedtoanattractfive

finteratomficpotentfiafl,thengafinaflargekfinetficenergybygettfingcflosertogether,and

finaflflyre-emfitaphotonataflargerwaveflength.Thegafinedkfinetficenergyoffthetwo

atomsfisusuaflflymuchhfigherthanthetrapdepthandthetwoatomsarethusflost

ffromthetrap.Thfiseffectwasfinfitfiaflflyconsfideredasaneffastone,becausefitreduces

theflfiffetfimeoffdenseatomficcflouds.

ItwasthendemonstratedbySchflosseretafl.[2001]thatthfiseffectcoufldbeturned

fintoanfinterestfingtoofltomanfipuflatesfingfleatoms.Decreasfingthetrapsfizetoa

µm-scafleenhancestheflfight-assfistedtwo-bodyflossratesuchthatfitdomfinatesover

thefloadfingrateoffatomsffromtheMOT.Inthfisnowweflfl-studfiedregfime[Schflosser,

Reymond,andGrangfier,2002;Fuhrmaneketafl.,2012],assoonasasecondatom

entersthetrap,coflflfisfionswfiththefirstatomexpeflbothoffthem,suchthatthenumber

offtrappedatomsaflternatesbetween0and1,andnevermore.Itthusgfivesusa

stochastficsfingfleatomsourcewfithaprobabfiflfityη=50%toobtafinoneatom.

Attheheartoffthfispflatfformflfiesahfigh-NAobjectfiveflensffocusfingthetrapflaser

beamdowntoawafistoff∼1µm.Thechaflflengefistocombfinetheoptficaflsetup

wfiththeconstrafintsoffacofldatomexperfiment(ufltrahfighvacuum,needfforoptficafl

access)wfithRydbergstates(controflfledeflectrficenvfironment).Inourgroup,the

choficehasaflwaysbeentouseaflargevacuumchamberandputtheflensfinsfide,rather

than,e.g.,usfingsmaflflgflassceflflsandhavetheobjectfiveoutsfide.Inthefirstsetup,

MIGOU,thetweezerswasffocusedwfithahome-mademficroscopeobjectfiveoffnfine

spherficaflflensesdesfignedtoobtafinadfiffractfion-flfimfitedspotatboth780and850nm

waveflengths(fforfimagfingandtrappfing)[Vfigneron,1998;Schflosser,2001].Thesetup

23



Chapter2:3Darraysoffsfingfleatomsfinoptficafltweezers

wasthenconsfiderabflysfimpflfifiedusfingasfingflecommercfiaflmofldedaspherficflensfin

theASPHERIXsetup[Sortafisetafl.,2007;Fuhrmanek,2011].Aflfltheexperfimentafl

workpresentedfinthfisthesfishasbeenperfformedonCHADOQ,thethfirdgeneratfion

experfiment.Itcombfinesacustomasphere,anITO(findfiumtfinoxfide)coatfingoff

fitssurffacetopreventpatchcharges,andasetoffefighteflectrodesfinanoctopofle

configuratfiontoprovfideanactfivecontroflofftheeflectrficfiefldenvfironmentseenby

theRydbergatoms.ThesetupwasbufifltbyAflfineVernfierandLucasB́egufin[2013]

andfirstusedtoperfformexperfimentswfithpafirsoffatomswhosefluorescencewas

coflflectedonavaflanchephoto-detectors(APDs).ItwasthenfimprovedbyDanfiefl

BarredoandSyflvafinRavets[2014]toaddathfirdtrapandathfirdAPD,andflatter

scafledtoN≃50atomsusfinghoflographfictechnfiquestogeneratemufltfipfletrapsfin

paraflflefl[Nogretteetafl.,2014]andanEMCCDcameratodetectandresoflvethe

atomficfluorescencecomfingffromeachtrap[Labuhn,2016].

Inthfissectfion,Ifirstrevfiewtheexperfimentaflsetupdedficatedtotheatomfic

arraypreparatfionandfimagfing,whfichhasgreatflyevoflvedfintheflastyearswfiththe

fincflusfionofftheatomassembflermachfineandtheextensfionffrom2Dto3Dstructures

offtraps.Ithendescrfibeatypficaflexperfimentaflsequenceandfinaflflydfiscussthemafin

characterfistficsoffasfingfleatomtrappedfinatweezers.

2.1.1Thehoflographficoptficafltweezerspflatfform

Ffigure2.2showsasfimpflfifiedvfiewoffourexperfimentaflsetupusedtotrap,fimageand

assembflesfingfleatomsfinarraysoffoptficafltweezers.Thepartnecessarytoobtafina

sourceoffcofld87Rbatoms —adfiffusfiveoven,aZeemansflowerandamagneto-optficafl

trap(MOT)—fisdescrfibedfingreatdetafiflfinthethesfisoffLucasB́egufin[2013]andfis

notdfiscussedhere.Fromthecfloudoffcofldatoms,asfingfleonefisfloadedfinamficroscopfic

optficafltweezersfformedattheffocaflpofintoffahfighNA(0.5)aspherficflenswfithan

effectfiveffocaflflengthff=10mmandacflearaperturedfiameterD=10mm.The

trapflaser,atλ=850nm,fischosenffarred-detunedffromtheD1andD2flfinesoffthe
87RbatomtoengfineeranattractfivepotentfiaflwfithtypficafldepthU≃kB×1mK(or

h×20MHz),muchflargerthantheatomfictemperaturefintheMOT(T≈100µK).

Thetrappfingbeamfisre-coflflfimatedbyasecondsfimfiflaraspherficflenssuchthatwecan

fimagethetrappatternontothetrapCCDcamera.

Wegoffromasfingfletraptoa3Dstructureoffhundredsoffthemusfinghoflography:a

phasemaskfisfimprfintedonthetrappfingbeamwfithaspatfiaflflfightmoduflator(SLM).

Bergamfinfietafl.[2004]firstdemonstratedthetechnfiquefinourgroupfforuptoffour
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2.1Overvfiewofftheexperfimentaflsetup

Ffigure2.2:Experfimentaflsetupfforcreatfingordered3Dstructuresoffsfingfleatoms.

Theaspherficflenses(ALs)finthevacuumchamberffocusacoflflfimatedbeamtocreatean

optficafltweezers,whfichcanfloadasfingfleatom.Thespatfiaflflfightmoduflator(SLM)fimprfints

aphasemaskonthetrappfingbeamdupflficatfingasfingfletweezersfina3Darrayofftraps.

Thetrapfimagfingsetupgfivesanfimageoffthetrappfingstructureandtheatomfimagfing

systemofftheatomficfluorescence.Thedeflectors(AODs)fintheatomassembflerpart

createamovfingtweezerusedtoassembfleatomonebyonefinanorderedatomficpattern.

Tunabfleflenses(ETL)aflflowtoworkondfifferentpflanesoffthe3Dstructures.

trapsandNogretteetafl.[2014]fimprovedfittogenerateahundredofftrapsarranged

arbfitrarfiflyfinapflane.ThetechnfiquefisexpflafinedfinthethesfisoffHennfingLabuhn

[2016]finthecaseoff2Darrays.However,wearenotrestrfictedtoarraysofftrapfin

theffocaflpflaneofftheflens,asdemonstratedonexperfimentswfithtrappedcoflflofidafl

partficfles[Leachetafl.,2004;DfiLeonardo,Iannfi,andRuocco,2007],andIexpflafinthe

extensfionoffourhoflogramsto3DfinSectfion2.2.

Therearetwofimagfingsetups:onetodfiagnosethetrapstructureat850nmon

aCCDcamerausfingthere-coflflfimatedtrappfingbeamandanotheronetoobserve

thefluorescencephotonsemfittedbytheatomsat780nm,uponfiflflumfinatfionbythe

cooflfingbeams,onaneflectron-mufltfipflyfingCCDcamera(AndorfiXonUfltra897). We

nowuseeflectrficaflfly-tunabfleflenses(ETLs)tofimageon-demanddfifferent2D-cutsoff

the3DstructureontotheCCDchfips,asdescrfibedfinSectfion2.3.Thetrapfimagfing

systemfisusedtoanaflyzethetrappatternand,e.g.,measuretheunfifformfityoffthe
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trapfintensfitfies,whfichweffeedbacktotheaflgorfithmcaflcuflatfingthehoflograms.The

atomfimagfingpartaflflowsustodetectthepresenceorabsenceoffanatomfineachtrap.

Theatomassembflermachfine,descrfibedfinChapter3,wasconcefivedtosoflvea

flong-standfingfissueofftheoptficafltweezerspflatfform:Duetothestochastficfloadfing

procedurebasedonthecoflflfisfionaflbflockaderegfime,thereareonfly∼N/2atoms

randomflyposfitfionedfinanarrayoffNtraps.Theatomsortfingsetupreordersthe

arraybyreshuflfingatomsonebyonewfithamovfingtweezers(MT).TheMTfis

computer-controflfledwfithtwocrossedacousto-optficafldeflectors(AODs)aflflowfing2D

movements(aflongyandz),extendedto3DbycombfinfingtheAODswfithatunabfle

flens.

2.1.2Atypficaflexperfimentaflcycfle

Inowdescrfibeacompfleteexperfimentaflrunwherethegoaflfistostudyasystemoff

atomsexcfitedtoRydbergstates(whatIwfiflflcaflflaRydbergexperfiment).Inthe

ffoflflowfingoffthfisthesfis,Iwfiflflffocusontheassembflerpart(Chapter3)andaflflother

chapterswfiflflbedevotedtoRydbergexperfiments.

WefirstswfitchontheZeemansflowerandtheMOTflaserstocreateacfloudoff

cofldatomsfloadfingthearrayofftweezers.Theatomficfluorescenceoffeachtrapfis

contfinuousflymonfitoredandanexperfimentaflsequencefistrfiggeredassoonasenough

atomsarepresentfinthearray.AffterswfitchfingofftheZeemanandtheMOTbeamsto

stopthefloadfing,anfinfitfiaflfluorescencefimagefisacqufiredbycoflflectfingthephotons

scatteredbytheatomsffromthecooflfingbeamsdurfinganexposureoff20ms(see

AppendfixA).Afftertheatomassembfly,asecondfimagefistakentoconfirmthe

successffuflpreparatfionoffthecofldatomsampfle.

Then,weswfitchonavertficaflmagnetficfiefldBz,ffromaffewGaussupto50G

dependfingontheexperfiment,todefinethequantfizatfionaxfisandseparatethedfifferent

Zeemansubflevefls.Itfisgeneratedwfiththepafiroffcofiflsflocatedfinvacuum,whfichfis

swfitchedffromtheantfi-Heflmhofltzconfiguratfion(tocreateaMOT)totheHeflmhofltz

onefintypficaflfly5ms.Threepafirsoffexternaflcofifls,finHeflmhofltzconfiguratfion,are

usedtoappflyanyoffsetoffB;thefircurrentsareaflsoswfitchedbetweentwovaflues:to

posfitfiontheMOTortocanceflBxandBydurfingaRydbergexperfiment.Because

theyareflocatedoutsfidethevacuumchamber,wewafit∼30msffortheeddycurrents

tovanfish(1/edecaytfimeoff∼5ms).

Atthatpofint,wecanperfformavarfietyoffexperfimentsfinvoflvfingRydbergstates. We

firstperfformoptficaflpumpfing(<1ms)toprepareaflflatomsfinthesameground-state
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Ffigure2.3: Experfimentaflsequence.Threefluorescencefimagesaretaken:affterthe

stochastficfloadfingoffatomsffromtheMOT,afftertheatom-by-atomassembflyprocedure

andafftertheRydbergexperfiment.ARydbergexcfitatfionfisobservedasanatomfloss.The

experfimenttypficaflflyrunsatarateoff✸Hz,andcanreach10Hzwhenwedonotneed

orderedarraysandwhenatomsarerecycfledffromoneruntotheother.

flevefl.Thenweswfitchoffthetweezerstoavofidperturbfingtheeflectronficfleveflsand

shfineasetoffexcfitatfionflaserpuflsestoaccesstheRydbergstates.TheRydberg

experfimentfinfitseflfffiskeptextremeflyshort(flessthan10µs)comparedtotheffuflfl

experfimentaflcycfle,astheatomsarefinffreeflfightandweareanywayflfimfitedbythe

typficaflflfiffetfimeoffaRydbergstate(∼100µs).Ffinaflfly,weswfitchbackthetrapsand

anyatomflefftfintheRydbergmanfiffofldfisrepeflfledbytheponderomotfivepotentfiafloff

thetweezers(seeSectfion5.2)andflost. Wethenreadthestateoffthearraywfitha

thfirdfluorescencefimage.

Ffluorescencemeasurement Durfingthefimagfing,therepumperbeamfisswfitchedon

andweobserveaflflground-stateatoms,firrespectfiveofftheF=1andF=2hyperfine

flevefls.Forsomeexperfiments,weneedahyperfine-statesensfitfivemeasurement,whfich

fisachfievedbyfirstremovfinganyatomsfintheF=2fleveflwfithapush-outbeamtuned

tothecycflfingtransfitfion
⏐
⏐5S1/2,F=2

⟩
↔
⏐
⏐5P3/2,F=3

⟩
appflfiedefitherdurfing4µsfiff

theatomsarefinffreeflfightoraffewhundredoffmficrosecondsfifftheyaretrapped.

Inthfisthesfis,wethususedonflydestructfivemeasurementsbasedontheflossoffan

atomdependfingonfitsfinternafldegreeoffffreedom(Rydbergstate,hyperfineflevefl...).

However,wecoufldaflsouseanon-destructfivemethodbyperfformfingthefluorescence

measurementwfithouttherepumperbeam[Fuhrmaneketafl.,2011;Gfibbonsetafl.,

2011;Martfinez-Dorantesetafl.,2017;Kwonetafl.,2017].Thefinterestedreaderwfiflfl

findmoredetafiflsabouttheprocessoffconvertfingaphotonfincomfingontheEMCCD

cameratoadfigfitaflcountsenttothecomputer,andthevarfiousnofisesourcescurrentfly

flfimfitfingtheexposuretfimeto20ms,finAppendfixA.
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Repetfitfionrate Werepeattheffuflflcycflemanytfimestoacqufireenoughdatato

decreasestatfistficaflerrorsortoscansomeparameters.Indeed,thequantumprojectfion

nofise,whfichfisjustthestandarderroronthemean(s.e.m.)offaprobabfiflfityp(the

statepopuflatfion)estfimatedffromNbfinaryobservatfions(theatomfisfinthestateor

not),fisσQPN=
√
p(1−p)/Nandreaches5%fforN=100and1%fforN=2500

(ffortheworst-casep=0.5).Forsomeexperfiments,wecanusemanyatomsfinparaflflefl

andaveragetheresufltsovertheentfirearray,butfforotherswehavetokeepasfingfle

atom(fifftheyfinteractfforexampfle).Itfisthuscrucfiafltohaveahfighexperfimentafl

repetfitfionrate.

AffterfloadfingtheMOT,anexperfimentaflruntakestypficaflfly140ms(3×20ms

fforfimagfing,50msfforassembflfing,30msfforthesettflfingtfimeoffmagnetficfieflds),

butfitcanbeshorter(<80ms)fiffwedonotneedorderedarrays,e.g.,whenwework

wfithfindependentatoms,orflongerfiffweneedtoworkwfith3Dstructures,wherethe

fimagfingandassembflfinghastobeperfformedfforeachpflane.

Whenaflflatomsarerecapturedattheendoffarun,theycanbedfirectflyre-usedfin

thenextone,andthecycflfingratecanbeashfighas10Hz,whfichfisqufiteffastffor

acofldneutraflatomexperfiment.Muchmoreofften,wegafinfinfformatfionaboutthe

atomficstatethroughatomflossandweneedtorefloadnewatomsfinthetraparray.

AffterfimprovementofftheMOTparameters,wecouflddecreasethefloadfingtfimeto

∼200ms,suchthatourtypficaflrepetfitfionratefisaround3Hz.Itfisreaflflyapprecfiabfle

findaytodayoperatfion,aswecanqufickflyperfformaflflcaflfibratfionexperfimentsor

achfieveveryflowquantumprojectfionnofise.Afimfingatevenffasterrate,wecanrepflace

thedestructfivestatemeasurementsbynon-destructfiveonestoavofidthefloadfingstage

andtherefisstfiflflroomfforoptfimfizatfionofftheassembflerspeedandexposuretfime.

2.1.3Asfingfleatomfinatweezers

Here,Idescrfibehowwemeasurethemafincharacterfistficsoffatweezers(trapdepth

andffrequencfies)andoffasfingfleatom(trappfingflfiffetfime,temperature).

Trapdepthandtrappfingffrequencfies Weusuaflflydescrfibetheoptficafltweezersasa

sfimpfleGaussfianbeam,characterfizedbyawafistw,aRayflefighflengthzR=πw
2/λand

atrapdepthU.Evenfintheabsenceoffaberratfions,thfisfisaflreadyanapproxfimatfion,

ascaflcuflatfingtheexactprofiflerequfirestotakefintoaccountthedfiffractfionoffthe

finputbeamsflfightflycflfippedbytheaspherficflens.Thereafltrapshapeflfiesbetweena

Gaussfianbeam(nocflfippfing)andanAfiryprofifle(unfifformfiflflumfinatfionofftheflens).
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Ffigure2.4:Parametrficheatfing.Wefirstfloweradfiabatficaflflythetrapdepthto1/3offfits

finfitfiafl1mKvaflueandthenmoduflatefitby15%durfing1or100mstoexcfite,respectfivefly,

theradfiafl(red)andaxfiafl(bflue)resonances.Thesoflfidflfinefisafitusedtoextractthe

trappfingffrequencfies:2ω∥=2π×16.5(1)kHzand2ω⊥=2π×103.5(5)kHz.

Anyway,asouratomsonflyexpflorethebottomoffthetweezers,thereflevantand

experfimentaflflyaccessfibflequantfitfiesarethetrappfingffrequencfiesω∥andω⊥definfing

quadratficpotentfiaflsmωfir
2
fi/2,wherewedfistfingufishtheaxfiaflandradfiafldfirectfions.

AssumfingaGaussfianprofifle,wecanextracteffectfiveparameterswandzRffrom:

ω⊥=

√
4U

mw2
and ω∥=

√
2U

mz2R
. (2.1)

Wemeasurethetrappfingffrequencfiesbymoduflatfingthetrapdepth,flookfingffor

flossesoccurrfingattheparametrficexcfitatfionresonanceat2ω∥,⊥.Theresufltsareshown

finFfig.2.4(b)andweextract:

ω⊥/(2π)=50.2(3)kHz and ω∥/(2π)=8.3(1)kHz, (2.2)

whfichcombfinedwfiththetweezersdepthU/h=5.5(1)MHz(measuredbyspectroscopy,

see2.2.3)andEq(2.1)gfives:

w=1.01(2)µm and zR=4.31(8)µm. (2.3)

TheaspectratfiofissflfightflydfifferentthanfforaperffectGaussfianbeam(zRfisflarger

thanthetheoretficaflπw2/λ=3.6µm),whfichcoufldbeexpflafinedbythereafldfiffractfion

profifle,asdfiscussedprevfiousfly,andaberratfions.
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Ffigure2.5:Atomflfiffetfime.Backgroundgascoflflfisfionsflfimfittheflfiffetfimeoffatomsfina

trap.(Lefft)MOTflfiffetfimeaffterswfitchfingofftheZeemansflower.(Rfight)Lfiffetfimeoff

asfingfleatomfinatweezerswhenthecooflfingbeamsareoff(bflue)andon(red).The

contfinuouscooflfingdecreasestheatomflfiffetfime.

Atomflfiffetfime Forthesmaflfltrappfingdepth(<1mK)achfievabflewfithneutrafl

atomsanddfipoflarfforce,eflastficcoflflfisfionswfiththebackgroundgas(at300K)aflways

expeflthetrappedpartficfles. Wefirstestfimatethebackground-gasflfimfitedflfiffetfime

offatomsffromthedecayofffluorescenceoffthemagneto-optficafltrapaffterswfitchfing

offtheZeemansflower.Ffigure2.5(a)showsaflfiffetfimeτ≃25s,whfichfisreasonabfle

fforthfisvacuumchamberwfithaflfimfitedbake-outtemperature(constrafintbythe

varfiouseflementspflacedfinsfide).Inasecondexperfiment,wefloadasfingfleatomfina

tweezers,whfichwecheckwfithafirstfluorescencefimage,andmeasurefitssurvfivafl

probabfiflfityaffteravarfiabfletfimewfithasecondfimage.There,weextractaflfiffetfimeoff

20s[Ffig.2.5(b),bfluecurve],sfimfiflartotheoneobservedwfiththeMOT.Itvarfies

ffrom5to20sdependfingontheoventemperature(respectfivefly150◦Candroom

temperature),astheatomficbeamhfittheatoms.Ffinaflfly,finathfirdexperfiment(red

curve),wefletthecooflfingbeamsaflwaysonandobserveadecreasedflfiffetfime(τ≃8s),

whfichfisstfiflflnotunderstood.Itcoufldbecausedbythecompflficatedfinterpflayoffthe

trappfingpotentfiaflandthecooflfingmechanfismsfleadfingtoatomfictrajectorfiesoutoff

thetrap.Inconcflusfion,theatomflfiffetfimefistypficaflfly10s,gfivfingareasonabfle≃1%

probabfiflfitytofloseanatomdurfinga100ms-flongexperfiment.Asoflutfiontofimprove

thesenumberssfignfificantflywoufldbetoreachevenflowerbackgroundgaspressureby

gofingfforacryogenficsetup.

Atomtemperature Theenergydfistrfibutfionoffasfingfleatomtrappedfinatweezers

fisgfivenbyfitstemperatureT,whfichaffterfloadfingffromtheMOT,fistypficaflfly∼50µK.

Thekfinetficenergyfisthusmuchflargerthantheenergyspacfingoffthevfibratfionafl
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flevefls(ω≃kB×5µKaflongtheradfiaflaxfis),suchthattheatomfisffarffromthe

groundvfibratfionaflstateoffthetrapandacflassficafldescrfiptfionofftheatomficexternafl

degreesoffffreedom(posfitfionrandveflocfityv)fissuficfient.Offfimportancefforus,the

atomfictemperatureT,togetherwfiththetrappfingffrequencyω,gfiveusther.m.s.

posfitfionandveflocfityuncertafintfiesσrandσvofftheatomfinthetweezers:

σr=

√
kBT

mω2
and σv=

√
kBT

m
, (2.4)

wfithmthemassoff87Rbandωthetrappfinganguflarffrequency.Theposfitfionuncertafinty

fisdfifferentaflongthestrong(radfiafl)andweak(axfiafl)trappfingaxes.

Wedetermfinetheatomfictemperature(reaflflyther.m.s.veflocfity)ffromarefleaseand

recaptureexperfiment[Tuchendfleretafl.,2008]:weswfitchofftheoptficafltweezers,flet

theatommoveawayffromthetrapduetofitsveflocfityvdurfingavarfiabfletfimeτ,

andswfitchonthetweezersagafin. Wecomparehowffasttherecaptureprobabfiflfity

goesdownwfithτtoaMonte-Carflosfimuflatfionoffthecflassficafldynamficsoffapartficfle

attemperatureT.Forthesfimuflatfion,thefinfitfiaflposfitfionandveflocfityarechosen

accordfingtonormafldfistrfibutfionswfithwfidthsσr,v,andweconsfiderthatanatomfis

flostfifffitskfinetficenergyfishfigherthanthetrappotentfiaflattheatomposfitfionaffterthe

tfimeoffflfight.IshowfinFfig2.6ameasurementtogetherwfiththebestfitsfimuflatfion

T=20µK.Fordafiflyestfimatfionofftheatomtemperature,wedonotrecordtheffuflfl

curve,butonflytherecaptureprobabfiflfityaffteratfimeoffflfightoff20µs.Importantfly,

weobservethattherecapturedoesnotdropfinthefirst∼5µs,meanfingthatwecan

perfformaRydbergexperfimentuptothfisduratfionwfithoutsufferfingffromdetectfion

errors(see5.2).

Prospectsfforffurthercooflfing Thefinfitetemperatureofftheatomthusflfimfitsthe

duratfionoffaRydbergexperfimentastheyflyawayffromtheoptficafltweezersand

Idfiscussherehowtofincreasetheavafiflabfleexperfimentafltfimebyreachfingflower

temperature.AffterfloadfingatomsffromtheMOTfinthetraps,oraffterafluorescence

fimage(theMOTbeamparametersarethesamefforboth),theatomtemperaturefis

60µK.Weffurthercoofltheatomto∼40µKbyfincreasfingthedetunfingoffthemoflasses

to−8Γ(reflatfiveflytothetransfitfionffrequencyoffaffreeatom).Atthfistemperature,

theaverageradfiaflvfibratfionaflnumberfisstfiflfln⊥=kBT/(ω⊥)≃10.Reachfingthe

ground-stateofftheoptficafltweezersrequfiresamoreadvancedtechnfiquethanDoppfler

orsub-Doppflercooflfing:Ramansfidebandcooflfing.Thetechnfiquewasfirstempfloyedffor

fionsMonroeetafl.[1995]wherethemuchhfighertrappfingffrequencfies(tensoffMHz)
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τ

Ffigure2.6:Tfimeoffflfight.Theatomfictemperaturefismeasuredbyrefleasfingtheatom

durfingatfimeτandobservfingthedecreasefinrecapture.Thedata(redcfircfles)areweflfl

reproducedbyacflassficaflsfimuflatfionofftheatomdynamficsfforT=20µK.

ffacfiflfitatesfitsusecomparedtoneutraflatomdfipofletraps.Twogroupssfimufltaneousfly

appflfiedthetechnfiquetomficroscopficoptficafltweezers:Thompsonetafl.[2013b]obtafined

averagedoccupatfionnumbersn̄⊥=0.01,n̄∥=8startfingffromanfinfitfiafltemperature

off50µK,whfifleKauffman,Lester,andRegafl[2012]reachedaground-statepopuflatfion

off90%(̄n⊥=0.02,n̄∥=0.08)startfingffromaflowertemperatureoff11µKafftera

careffufloptfimfizatfionoffthepoflarfizatfion-gradfientcooflfing(PGC).Morerecentfly,Yu

etafl.[2018]reportedground-statecooflfingoffsfingfleNaatomsfinatweezers.The

concflusfionfistwoffofld:(fi)weshoufldbeabfletoreachflowertemperaturethannow

(40µK)wfithstandardflasercooflfing(PGC),mostflfikeflybyabettercontrofloffthe

cooflfingbeampoflarfizatfions,and(fifi)fiffnecessary,ground-statecooflfingcanbeappflfied.

Posfitfionandveflocfityuncertafintfies Asaflfltheexperfimentspresentedfinthfisthesfis

areperfformedonpflanararraysoffatoms,wearemafinflyfinterestedfintheradfiaflposfitfion

uncertafintfiesσy,z,whfichaffectthefinter-atomficdfistanceRfinfirstorder(butonflyfin

secondorder,∝σ2x/R,ffortheaxfiaflone).AtT=40µK,thefinfitfiafluncertafintfiesare

σy,z=0.1µm(σx=0.7µm)andσv=0.06m/s.DurfingaRydbergexperfiment,the

trapsareswfitchedoffandtheposfitfionuncertafintyfincreasesduetotheveflocfityoffthe

atom,suchthatafftert≃1.5µsoffffree-flfightthetwocontrfibutfions(σrandσvt)are

equafl.Asourexperfimentstypficaflflyflast∼5µs,ther.m.s.veflocfityfisthemafinsource

offuncertafintfies.

Wecanflower σvattheexpenseoffσrbyadfiabatficaflflyflowerfingthetrapdepthU,

whfichdecreasesthetrappfingffrequencfiesω∝
√
U.Ifftheprocessfisdoneadfiabatficaflfly

(̇ω≪ω2),thepopuflatfionoffeachvfibratfionaflfleveflfisconserved:̄n=kBT/(ω)remafins

constantandthetemperaturefisfloweredproportfionaflflytoω.Sfincetheentropyfis
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conserveddurfingtheprocedure(contrarfiflytoflasercooflfingwherespontaneousfly

emfittedphotonstakeawayentropy),thephase-spacevoflumeshoufldremafinconstant.

Andfindeed,whfifleσv∝
√
Tfisdecreased,σr∝

√
T/ωfincreasesandthefirproductfis

unchanged.Fortooflowfinafltrapdepth,theadfiabatficfitycrfiterfionbecomesmore

dfificuflttoffuflfiflflandwestarttofloseatoms.ReducfingUbyaffactor∼10,weobtafin

T=20µK(seeFfig.2.6)andσv=0.04m/s.

2.2 3Darraysofftraps

Scaflfingthenumberofftrapsffromasfingfleonetohundredsoffthemrequfirestoparaflfleflfize

thefirgeneratfion.Inafirstdemonstratfion,Dumkeetafl.[2002]ffocusedthetrappfing

beamusfinganarrayoffmficro-flensescreatfinga2Darrayofftrapswfithflargespacfings

off100µm,equafltotheseparatfionbetweentheflenses.Ourgroupproposedand

demonstratedtheuseoffaspatfiaflflfightmoduflator(SLM),flocatedfintheFourfierpflane

offtheaspherficflens,whfichfimprfintsaphasepatterndfiffractfingthebeamandgfives

fintheffocaflpflaneanfintensfitypatternreflatedtotheFourfiertransfformoffthephase

mask[Bergamfinfietafl.,2004].Thfishoflographfictechnfiquegfivesgreatflexfibfiflfityfin

thetrapgeometrfies,whfichcanbechanged,wfithoutanyreaflfignmentofftheoptficafl

system,bysfimpflyupdatfingtheSLMphasemask.

Thetechnfiquehasbeenfimprovedtofincfludethecorrectfionoffaberratfionsand

theequaflfizatfionoffthetrapdepthsasdescrfibedfinNogretteetafl.[2014]andfin

thethesfisoffHennfingLabuhn[2016];asfimfiflarworkhasaflsobeenperfformedat

Hamamatsucompany[Matsumotoetafl.,2012].Thehoflogramsaregeneratedwfiththe

Gerchberg-Saxton(GS)aflgorfithm[GerchbergandSaxton,1972],whfichusesFourfier

transfformsbetweentheffocaflpflaneofftheflensandfitsFourfierpflane,wheretheSLM

fisflocated.Thfistechnfiquefisverypowerffuflasaflargecflassoffflfightpatternscanbe

generated[Zupancficetafl.,2016].Optficafltweezersarrays,whficharenothfingmore

thananassembflyoffGaussfianspots,areonflyaveryrestrfictedsetoffflfightpatterns.In

thfiscase,thefformuflatfionofftheGSaflgorfithmwfithFourfiertransfformfisoverkfiflfled.

Inthfissectfion,Iwfiflfldescrfibeasfimpflerfformaflfismbasedonthecombfinatfionoff

eflementaryphasepatterns[DfiLeonardo,Iannfi,andRuocco,2007],whfichaflflowsthe

extensfionoffourprevfiousworksto3D.Then,IwfiflflpresenthowtomodfiffytheGS

aflgorfithmtofincfludeaffeedbackmeasurementoffthetrapfintensfitfies.Ffinaflfly,Iwfiflfl

characterfizethetraparraysusfingasfingfleatomasanfinsfituprobe.
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0

2π

Ffigure2.7: Eflementaryphasepatterns.Sfimpflehoflograms❡①♣❬✐✁♠❪,seeEq.(2.5),

creatfingasfingfletrapattheposfitfion✭①♠✱②♠✱③♠✮.

2.2.1Hoflogramsffor3Darrays

Istartbyaqufickrevfiewofftheoptficaflsetupusedfforhoflographyandrefferareader

finterestedfinextensfivedetafiflstoLabuhn[2016].Iwfiflflexpflafinhowaneflementary

phasepatternaflflowstodfispflaceatrapatanarbfitraryposfitfionandthenhowtocreate

a3Dassembflyofftrapsbycombfinfingmanysuchpatterns.

Setup Weshfineourtrapflaseronaspatfiaflflfightmoduflator(SLM, Hamamatsu

X10468-02)fimprfintfingaphasemaskϕSLM(ys,zs)whereys,zsarethecoordfinate

systemontheSLMpflane.TheSLMfisconstfitutedoff792×600pfixefls,eachoffsfize

20×20µm2,gfivfingatotaflareaoff15.8×12mm2.Thefinputbeamfiscoflflfimatedwfith

adfiameterontheorderofftheSLMsfize,suchthatfforsfimpflficfitywewfiflflconsfider

aunfifformfiflflumfinatfion:thefinputflfight-fiefldfisdescrfibedbythecompflexampflfitude

A0(ys,zs)=A0,andtheoutputofftheSLMbyA0e
fiϕ.Areflayteflescopeoffmagnfificatfion

M =−10/12fimagestheSLMontheaspherficflensandrescaflestheSLMsfizetofit

theflensdfiameter(D=10mm).Iffthebeamsfizeontheflensfistoosmaflfl,fiteffectfivefly

reducestheNAandfincreasesthetrapssfize;converseflyfiffthebeamfistoobfig,the

fimagedSLMpfixeflsfizefisunnecessarfiflyflargeandfitdecreasesthemaxfimumextensfion

offtrapsarray. WewfiflflnowseewhfichphasepatterntofimprfintontheSLMtoobtafin

thedesfired3Dtrapstructurearoundtheffocaflpflaneofftheflens.

Asfingfletrap Letusstartwfiththeeflementaryphasepattern∆m(ys,zs)creatfinga

sfingfletrapattheposfitfion(xm,ym,zm),where(0,0,0)fistheffocaflpofintofftheflensand

x̂theoptficaflaxfis.Iffnophasepatternfisfimprfintedonthefinputbeam,asfingfletrapfis

createdattheffocaflpofintposfitfion.Thetrapcanbedfispflacedtransversaflfly(aflonĝyor

ẑ)bytfifltfingthewaveffrontoffthebeam,whfichfisachfievedbyfimprfintfingaflfinearphase

fincreaseaflongthedfispflacementdfirectfion(abflazedgratfing).Sfimfiflarfly,thetrapfis
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Ffigure2.8: Hoflogramffor◆traps.◆eflementaryphasepatterns✁♠arecombfinedto

gfiveanfinterfferencepattern❆SLM,seeEq.(2.6),whosephase❛❣❬❆SLM❪fisthephase

maskdfispflayedontheSLM.

movedaflongtheoptficaflaxfisdfirectfionbychangfingthedfivergenceoffthebeamand

thusbyfimprfintfingaquadratficphasevarfiatfioncurvfingthewaveffront(aFresneflflens).

Theeflementaryphasepatterns,shownfinFfig.2.7,arethusexp[fi∆m]wfith:

∆m(ys,zs)=
2π

λff
(ymys+zmzs)+

πxm
λff2
(y2s+z

2
s). (2.5)

Manytraps TogenerateanassembflyoffNtraps,weneedtosomehowcombfine

theNeflementaryphasepatterns{∆m,1≤m≤N}finasfingflephasemaskϕSLM.

Thesoflutfionappearswhenconsfiderfingtheffoflflowfing‘finverse’probflem:whatfisthe

finterfferencepatternfformedontheSLMgfivenbyNpofint-flfike,coherent,flfightsources

eachflocatedat(xm,ym,zm)andemfittfingwfithareflatfiveampflfitudeandphasewme
fiθm?

Theflfightpropagatesthroughtheflens,acqufiresapropagatfionphase∆m(ys,zs)and

finterfferesontheSLMwherethecompflexampflfitudeofftheflfightfiefldfisgfivenby:

ASLM(ys,zs)=
∑

m

wme
fi[∆m(ys,zs)+θm]. (2.6)

Togeneratethetraparray,weshoufldfimprfintaphaseandampflfitudemaskreproducfing

thfisfinterfferencepattern,whfichatfirstgflanceflooksfinaccessfibfletoaphase-onflySLM.

However,agoodattemptfistofimprfintonflythephasemask:

ϕ(ys,zs)=arg[ASLM(ys,zs)], (2.7)
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caflcuflatedtogetherwfith(2.5),(2.6)andaset{(wm,θm),1≤m≤N},fforwhficha

goodfinfitfiaflguessfistochooseunfifformwm=1andrandomphasesθm.Becausewe

cannotdfispflaytheampflfitudepart|ASLM|offEq.(2.6),thereaflampflfitudeandphase

offeachtrapwfiflfldfifferffromthfisfinfitfiaflchofice.

Dfiffractfionequatfion Wedenoteby Vm thecompflexampflfitudeofftheflfightfiefld

atthecenteroffthemthtrap.Itcanbecaflcuflatedffromthephasemaskϕandthe

eflementarytrappattern∆m throughthedfiffractfionfformufla:

Vm=

∫∫

efi[ϕ(ys,zs)−∆m(ys,zs)]dysdzs, (2.8)

where,finournumerficaflfimpflementatfion,thedoubflefintegraflfisrepflacedbyasummatfion

overaflflSLMpfixefls.Inpractfice,wearenotfinterestedfinthetrapreflatfivephases

arg[Vm],butonflyfinthetrapfintensfitfiesIm=|Vm|
2,partficuflarflyfin:

thedfiffractfioneficfiencye=
∑
mIm,asnotaflfltheflfightfisdfiffractedtofformthe

targetedtraps,whfichfincreasestherequfiredflaserpower.

thefintensfityfinhomogenefityσI=
√
⟨(I−Ī)2⟩,assometrapscanbeshaflflower

thanothers,whfichaffectsthefirabfiflfitytotrapatoms.

Inthenextsectfion,Iwfiflflexpflafinhowtofindanoptfimfizedsetoff(wm,θm)suchthat

thehoflogramcaflcuflatedwfiththesfimpfleequatfions(2.5-2.7)gfivesahfighdfiffractfion

eficfiencyeandflowfintensfityfinhomogenefityσI.

CurrentmethodvsFFT Iwanttoemphasfizethedfifferencefinthewaywecaflcuflate

thehoflogramandthedfiffractedpatternascomparedtoourprevfiousworks[Nogrette

etafl.,2014;Labuhn,2016].There,wewerepropagatfingthecoherentflfightfiefld

betweentheSLMpflaneandtheffocaflpflaneofftheflens(orreversefly)usfingFast-Fourfier

Transfform(FFT)operatfions,whficharenotnecessarytogeneratearraysoffGaussfian

spots.Here,werepflacetheFFTcaflcuflatfionsbythesfimpflerequatfions(2.6)and

(2.8),wherethetrapposfitfionscanrunoverthethreedfimensfionaflspace.Iaflsofind

thfisapproachmorefinstructfiveasthehoflogramcanbeseenasthesuperposfitfionoff

eflementaryphasemaskswfithanoptfimfizedchoficeoffthefirreflatfivewefightsandphases.
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2.2.2Cflosed-floopffeedbackfforfintensfitycorrectfion

Inowdfiscusshowweusethe2Ndegreesoffffreedom{(wm,θm),1≤m≤N}to

optfimfizethephasemaskfinregardsoffeandσI.Itreflfiesonanadaptfionoffthe

Gerchberg-Saxtonaflgorfithm,whfichcanbeffoundfinDfiLeonardo,Iannfi,andRuocco

[2007],thatweffurthermodfifiedtoaddanexternaflffeedbackbymeasurfingthereafl

trapfintensfitfies,finsteadoffcaflcuflatfingthem,resufltfingfinanfimprovedtrapfintensfity

unfifformfityσI[Nogretteetafl.,2014;Labuhn,2016].

Concept Theaflgorfithmworksasffoflflows:

finfitfiaflfizatfion:caflcuflateaphasemaskϕ0usfingequatfions(2.5-2.7),randomtrap

phasesθ0m andunfifformtrapfintensfitfiesw
0
m.

repeatfforeachstep1≤k≤N:

(fi)caflcuflateVkm wfiththedfiffractfionfformufla(2.8)andϕ
k−1.

(fifi)caflcuflateanewhoflogramϕkwfiththeupdatedvaflues:

θkm=arg[V
k
m], (2.9)

wkm=w
k−1
m ×

⟨|Vk|⟩m
|Vkm|

. (2.10)

InEq.(2.10),thetrapwefightwkm fisfincreased(decreased)fforthenextfiteratfionfiff

thecaflcuflatedtrapampflfitude|Vkm|fisflower(hfigher)thantheaverageoveraflfltraps

⟨|Vk|⟩m.Inourcflosedfloopfimpflementatfion,wemeasurethetrapfintensfitfiesI
k
m ateach

fiteratfionandrepflacethecaflcuflatedtrapampflfitude|Vkm|bythemeasuredone
√
Ikm fin

Eq.(2.10).ThereflatfivestandarddevfiatfionσI/̄Ioffthetrapfintensfitfiesmeasuredon

theCCDcamera,shownfinFfig.2.9(b),fisreducedto∼3%affterusuaflfly10fiteratfions.

Impflementatfion Ournumerficaflfimpflementatfionofftheaflgorfithmfiswrfittenfin

Python. Weoperateonmatrficesoff792×600entrfiesrepresentfingthevaflueoffϕand

∆m oneachSLMpfixefl.Theeflementaryphasepatterns∆m arecaflcuflatedonce,when

theuserfinputsthetrapcoordfinates.Thentwooperatfionsaretfime-consumfingandare

thusperfformedonagraphficscard(GPU):(fi)thedfiffractfionequatfion(2.8)usedto

caflcuflateVm fforeachofftheNtraps,whfichrequfirestosumoverthematrficesϕand

∆m,and(fifi)thefinterfferenceequatfion(2.6)usedtoobtafintheSLMphasemaskϕ,

whfichrequfireseflement-wfiseoperatfionsontheNmatrfices∆m.Botheflement-wfiseand
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Ffigure2.9: Gerchberg-Saxtonaflgorfithm.(a)SchematficoffthewefightedGSaflgorfithm.

Weonflycaflcuflatetheampflfitudeofftheflfightfiefld❱♠atthetrapcenters,andnotover

theentfire3Dvoflumewherefitfisacompflficatedfinterfferenceoffaflflthefindfivfiduafltweezers

(flfightred).(b)Reflatfivestandarddevfiatfion✛■❂■offthetrapfintensfitfies■measuredonthe

camera.Itdecreaseswfiththenumberofffiteratfionsdownto✛■❂■✬✸✪.

reductfionoperatfionsareperfformedonaGPUcard(NVIDIAQuatroK2000)usfing

thepyCudawrappers[Kflockneretafl.,2012]gfivfingaccesstoNvfidfia’sCUDAparaflflefl

computatfionAPI. Weobtafinedaseventfimesshortercaflcuflatfiontfimebyrunnfingthe

caflcuflatfionsontheGPUratherthanontheCPU.Thecaflcuflatedphasepatternfis

projectedontheSLMusfingthePythonwrappersflmpywrfittenbyPopoff[2017]. We

automatficaflflyacqufirefimagesoffthetrappatternwfithaPythonscrfiptmakfinguseoff

thepyficficwrapperffortheImagfingSourcetrapCCDcamera.Thetrapfintensfitfiesare

obtafinedbyfindfingthebrfightestpfixeflfinNpre-definedareasaroundtheexpected

trapposfitfions.For3Dstructures,wetakeanfimageoffeachpflanewhereatrapfis

ffocused.

2.2.3Insfitucharacterfizatfionofftraparrays

Wehavesoffarcharacterfizedthehomogenefityoffthetraparraysusfingthebeam

re-coflflfimatedbythesecondaspherficflensandfimagedonaCCDcamera.Itmeans

thatanyerrorsfintroducedbythefimagfingsystem(aberratfions,ffrfinges)cannotbe

dfistfingufishedffromthereaflcharacterfistficsoffthearray.Forexampfle,finternaflreflectfions

finthewfindowofftheCCDcameragfiverfisetoa10µm-perfiodfinterfferencepattern

wfithacontrastoff∼5%,whfichfisfimprfintedonthetraparraywfithourffeedback

procedure. Wecanmeasureandcorrecttheseffrfingesbyscannfingasfingfletrapover

theCCDcamera.Neverthefless,wecurrentflydonotusethfisprocedureandthereafl
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Ffigure2.10: Dfifferentfiaflflfight-shfifft(a)TheACStarkshfiffts❯✶and❯✷offthetwo

hyperfineground-statefleveflsdfifferduetothefincreaseddetunfingoffthetrappfingbeam

ffromthe❋❂✶state.(b)Measurementoffthedfifferentfiaflflfightshfifft❯✷ ❯✶bymficrowave

spectroscopyoffthehyperfinecflocktransfitfion.Weperfforma✙-puflsefinterrogatfionwfitha

Rabficoupflfing✡✖w❂✭✷✙✮✬✸✵✵Hzandshowstheresufltfingspectraffor4traps.Theflfine

centersvaryduetothefinhomogenefityofftrapdepths.

trapdepthfinhomogenefityfisthusprobabflyhfigherthantheoneestfimatedffromthe

camera.Toavofidsuchpotentfiaflbfiasoffexternafldfiagnostfics,fitfisbettertocharacterfize

thetrapsusfingasfingfleatomasanfinsfituprobe.Idfiscussheremeasurementsoffthe

trapdepthsandtrappfingffrequencfies.

Mficrowavespectroscopy Thedfipofletrapaffectsaflmostaflfleflectronficfleveflsand

therefisapflethoraofftransfitfionsthatwecanexperfimentaflflyprobetomeasureanenergy

shfifftproportfionafltothetrapdepth:ground-Rydbergtransfitfions,theDflfine(5S−5P)

orthemficrowavetransfitfionbetweenthetwohyperfineground-stateflevefls.Theflatter

offers,byffar,theflargestquaflfityffactoraflflowfingustomeasuresmaflflfinhomogenefitfies

overthetraparray.Wepreparetheatomfinthe
⏐
⏐5S1/2,F=2,mF=0

⟩
stateanddrfive

the∆mF=0cflocktransfitfiontotheF=1hyperfineflevefl.Thetransfitfionffrequencyfis

shfifftedbecausethe850nmtrapfisnotequaflflydetunedffromthetwofleveflsduetothe

hyperfinespflfittfing∆hff≃6.8GHz,causfingadfifferentfiaflflfight-shfifftηUwfith:

η≃∆hff
1/δ21/2+2/δ

2
3/2

1/δ1/2+2/δ3/2
=2.4×10−4, (2.11)

whereδ1/2=24THzandδ3/2=32THzarethe850nmflaserdetunfingffromtheD1

andD2transfitfions.ForatrapdepthU=5MHz,wegetηU=1.2kHzandafimat

measurfingvarfiatfionsoffaffewpercentsoffthfisvaflueoverthetraparray.

IshowfinFfig.2.10(b)seflectedmficrowavespectraffromanarrayoff9trapswhere
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wecflearflyseethefinhomogenefityfinflfinecenters.Overthe9traps,thedevfiatfionfis

σ∆=87Hz,andtogetherwfiththeexpecteddfifferentfiaflflfight-shfifftηU=1.2kHz,fit

gfivesareflatfivedevfiatfionσ∆/(ηU)=7.3%.Asexpectedfitfissflfightflyflargerthanthe

onemeasuredonthecamera,butremafinsflowenoughnottocauseanyprobflemsfin

trappfingatoms.Ifffinffutureexperfimentsfitbecomesfimportanttohavetrapdepths

equaflatthepercentflevefl,wecoufldfimprovethecurrenthomogenefitybycorrectfing

thecameraffrfingesorusfingfinsfitumeasurementfintheffeedbackprocedure.

Trappfingffrequencfies Weaflsocheckthehomogenefityofftrapshapes,orequfivaflentfly

offtrappfingffrequencfies,byperfformfingparametrficheatfingmeasurement,asfinFfig.2.4.

Overaflarge9×8traparray,coverfinganareaoff65×65µm2,thereflatfivestandard

devfiatfionofftrapffrequencfiesfis∼10%.Becausethetrappfingffrequencydependson

thetrapdepth,weexpectthetwotobepartflycorreflated.

Lfimfitatfions Ffinaflfly,Idfiscusswhatkfindoff3Dstructureswecancreatebyhoflography.

Ffirst,anaturaflconcernwhenonethfinksabout3Darraysoffoptficafltweezersfisthatthe

flfightwehavecareffuflflystructuredfinagfivenpflanewfiflflpropagateandgfiveanunwanted

bflurredbackgroundfinotherpflanes.Inpractfice,theGaussfianbeamsfformfingthe

tweezersdfivergesqufickfly,wfithaflengthscaflegfivenbytheRayflefighrangezR∼5µm

setbytheNA=0.5offtheaspherficflens,suchthatfforweflflenoughseparatedtraps

theyonflyweakflyfinterfferewfitheachother. Wecanusuaflflybrfingthetrapascfloseas

∼3zRaxfiaflflyand∼3wtransversaflfly.Secondfly,themaxfimumextentoffthearrayfis

flfimfitedby(fi)thefiefldoffvfiewofftheaspherficflens(comaandspherficaflaberratfions

wfiflflaffecttrapsawayffromtheffocaflpofint)and(fifi)theSLMpfixeflsfize,whfichdefines

themaxfimumspatfiaflffrequencyoffthehoflogram(fintheFourfierpflane),andthusflfimfits

theflargestspatfiaflseparatfionfintheffocaflpflane.Inourcase,thefiefldoffvfiewfisby

ffartheflfimfitfingffactorandwecoufldcreatesatfisffyfingtrapsfinavoflumeoff(100µm)3.

Furtherfimprovementsfincompactnessandextentwoufldreflyonanobjectfiveflens

wfith,respectfivefly,ahfighernumerficaflapertureandaflargerfiefldoffvfiew.

2.3 3Dfimagfing

Inthfissectfion,Ipresentthetwofimagfingsetupsonwhfichwereflytomanfipuflatethe

atomficarrays:

Thetrapfimagfingsetup.Thetraparrayandthemovfingtweezerbeams(see

nextchapter),bothat850nm,arefimagedonthetrapCCDcamera. Weuse
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thfisfimagedurfingthecreatfionoffthehoflogramtoffeedbackthetrapfintensfitfies

totheGerchberg-Saxtonaflgorfithm.Itfisaflsousedffortheautomatficaflfignment

offthemovfingtweezers,suchthatfitcangrabandrefleaseatomsattheexact

centeroffthetraps.Thfisfimagfingsystemfistypficaflflyusedonceaday.

Theatomficfluorescencefimagfingsetup.Thefluorescenceflfightemfittedat780nm

bythetrappedatomswhenfiflflumfinatedwfiththecooflfingflfightfiscoflflectedand

reffocusedonaneflectron-mufltfipflyfingCCDcamera(EMCDD).Itfinfformsus

onthepresenceorabsenceoffanatomfineachtrapatdfifferentstagesoffan

experfiment.

ThesesetupswerefirstdescrfibedbyLabuhn[2016]andIffocushereonthefimprovements

madefforthefimagfingoffthree-dfimensfionaflstructures.Ffirst,Ipresenthowwefintegrate

eflectrficaflflytunabfleflensesfinourfimagfingsystemsandthenhowweusethemtoobtafin

dfifferent2D-cutsoffthe3Dstructuresofftrapsandatomficarrays.

2.3.1Tunabfleflenses

Centrafltothetwofimagfingsystemsareapafiroffaspherficflensesdesfignedtogfive

dfiffractfion-flfimfitedspotsoff1.0µmat780and850nm.Thfisresoflutfiongoestogether

wfithasmaflfldepthofffiefld,fforthesamereasonthataGaussfianbeamwfithasmaflfl

wafistwhasasmaflflRayflefighrangezr=πw
2/λ∼4µm.Itmeansthatwhenfimagfing

a3Dstructurewfithfinteratomficseparatfionofftypficaflfly10µm,onflyoneatomficpflane

wfiflflbeffocusedontheCCDchfipandgfiveacflearsfignaflwhfifleaflflotherpflaneswfiflflbe

deffocusedandcontrfibutetothebackgroundnofiseoffthefimage.

Optotuneflenses Sfimfiflarflytoacameraobjectfive,weneedawaytotunewhfich

pflanefisffocusedontheCCDchfipandfitshoufldbeffast,reproducfibfleandcomputer-

controflfled.Thfisfisachfievedbyusfingeflectrficaflfly-tunabfleflenses(ETLs)ffromthe

companyOptotune.Theseflenses,offtypficaflapertureoff10mm,contafinanoptficaflflufid

finaflexfibflepoflymermembranewhosecurvaturefischangedthroughacurrent-controflfled

eflectromagnetficactuator.APythonscrfiptfisusedffortheserfiaflcommunficatfionwfitha

USBdrfiver(LensDrfiver4)generatfingthecontroflcurrent.Thechangefincurvature,

ffromconcavetoflattoconvex,fischaracterfizedbytheoptficaflpowerDquotedfin

dfiopters:D(dpt)=1/ffandrangesffromD=−2dpt(dfivergentflensff=−500mm)

toD=+3dpt(convergentflensff=333mm).Uponachangeoffthecontroflcurrent,

Dfisupdatedwfitharfisetfimeoff∼5msandasettflfingtfimeoff∼20msdurfingwhfich
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aspherfic
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fimage pflane
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(fin perfiscope)

Ffigure2.11: 3Dfimagfingsetups.Thetunabfleflenses(oroptotunes),controflfledby

computer,ffocuson-demandpflaneoffthetweezersstructureonthetrapCCDcamera(red

beam)andofftheatomficfluorescenceontheEMCCDcamera(brownbeam).

Tabfle2.1.: Tunabfleflensesfforthe3Dfimagfingsetups

optficaflsetup ETLmodefl Settfletfime(ms) D(dpt) aperture(mm) 1stteflescope

trapfimagfing ETL-10-30-C 15 -1.5to+3.5 10 ✂✵✳✺
atomfimagfing ETL-16-40-TC 25 -2to+3 16 ✂✵✳✻✻

therearestfiflflsmaflfloscfiflflatfions. Wethusaflwayswafitfforthfistfimebefforetakfingan

fimage. WeendedupusfingtwodfifferentETLmodefls(seeTabfle2.1)fforthetrapand

atomfimagfingsetups,aswewantedtocomparethefirperfformances.Toavofidbeam

cflfippfingandaberratfions,theETLsneedtobefintegratedfinweflfldesfignedoptficafl

setups,whfichInowdescrfibe.

Optficaflsetup ThefimagfingsystemsareshownfinFfig.2.11andarebasficaflflythe

samefforthetrappfingbeamandtheatomficfluorescence,exceptthatwecoflflectthe

flatterpropagatfingbackwardscomparedtothetrappfingbeamandtheyareseparated

usfingadfichroficmfirror.Theaspherficflensfisfirstfimagedonthetunabfleflensusfinga

reflayteflescopedecreasfingtheflensaperturebyM−1∼0.5.Theflatterresufltsffrom

achoficebetweensmaflflaxfiaflrange(fforflargeM,see2.12)andaberratfionsfinduced

bytheETL(fforsmaflflM,aswewouflduseonflyaflargeffractfionoffthefimperffect
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ETLaperture).TheETLaremountedhorfizontaflflyfinsfideperfiscopestoavofidcoma

aberratfions,finducedbythegravfitydefformfingtheflens. Wethendefineafictfive

fintermedfiatefimagepflane∼700mmafftertheETL,suchthatweobtafintherean

fimageofftheffocaflpflaneofftheaspherewhenD=1/0.7dpt.Ffinaflfly,asecondreflay

teflescoperescaflesthefimageonthecameraCCDchfiptoreachtherequfiredresoflutfion:

thefluorescenceoffoneatomfisconcentratedononflyaffewpfixeflstofimprovethesfignafl

tonofiseratfioandwethususeasmaflflffractfionofftheEMCCDchfip,whfiflethetrap

fimagescovertheffuflflCCDchfiptooptfimfizetheaflfignmentoffthemovfingtweezers

reflatfiveflytothetraps.

Therangeoffpflanes∆x,aflongtheoptficaflaxfis,whfichcanbefimagedonthecameras

dependsontheasphereffocaflflengthff,thefirstteflescopemagnfificatfionreducfingthe

effectfiveffocaflflengthbyaffactorM,andtheETLoptficaflpowerrange∆D=5dpt

andfisgfivenby:

∆x=∆D×ff2/M2∼100µm. (2.12)

Theexpressfionfisexactonflyfifftheoptotunefisconjugatedwfiththeasphere. Wfithfin

thfisrange,anypflanecanbeffocusedonthecamerabychangfingtheoptficaflpowerD,

controflfledffromthecomputer.ThestabfiflfityofftheETL(howflongdoesagfivenpflane

staysffocusedontheCCD)fisflfimfitedbythesensfitfivfityofftheoptficaflpowertothe

temperature,whfichcanvaryduetothepowerconsumptfionofftheeflectromagnetfic

actuators(upto∼1 W).Neverthefless,weusuaflflyworkwfithafixedaveragedfissfipated

power(aswefixtheserfiesoffpflanetobefimaged),andaffteraffewtensoffmfinutesthe

flenshasreachedfitsequfiflfibrfiumtemperatureandfitsstabfiflfityfisverygood,comparabfle

totheRayflefighrangeoveraday.

2.3.2Trappatternsfimagfing

Inowpresentsomethreedfimensfionaflvfiewsofffincreasfingflycompflextrapstructures:a

sfingfletweezers,mufltfiflayerarraysandarbfitrarypatterns.Thetunabfleflensaflflowsusto

acqufireserfiesoffstackfimagesaflongtheoptficaflaxfisx̂wfithwhfichwereconstructthe

ffuflfl3Dfintensfitydfistrfibutfion.

Asfingfletrap Letusstartbyfimagfingasfingfleoptficafltweezers.Ffigure2.12shows2D

vfiewsoffthetrapatdfifferentx-posfitfionsaflongtheoptficaflaxfis(findficatedfinthetopoff

eachfframe).TheposfitfionfisdeducedffromtheETLoptficaflpowerandEq.(2.12)wfith

a∼10%uncertafinty. Weobservethat,asexpected,thetweezersfisnotaGaussfian
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x = 

y

z

3 μm

Ffigure2.12:3Dvfiewsoffasfingfletrap.Asfingfleoptficafltweezersvfiewedatdfifferent

posfitfionsawayffromtheffocaflpflane.Thefintensfityfisrescafledfforeachfframeandfisbeflow

10%affter✺✖m.Bottom:on-axfisfintensfityshowfinganAfiryprofiflesmoothenedbyspherficafl

aberratfionsfinonedfirectfion.

beamduetothedfiffractfionontheaspherficaflflens.Forexampfle,weobservesuccessfive

zerosofffintensfityaflongtheoptficaflaxfis(y=z=0),asseenfinthebottompflot.Inthe

otherdfirectfion,thezerosaresmoothedawaybythespherficaflaberratfions.Atthfis

stage,fitfisdfificuflttoknowfifftheyareaflreadypresentfintheffocaflpflane,orfinduced

bythefimagfingsystem.

Mufltfiflayerstructures Wenowmovetomufltfi-pflanestructuresmadeofftwoorthree

flayersofftraps.InFfig.2.13(a),Ishowthreeflayersoffatrfianguflar(orhexagonafl)flattfice

usedfintheffoflflowfingchaptertoassembfleapyrochflorestructure.Theflayersarespaced

by25µm,suchthatthetweezersffocusedfinoneflayerarecompfleteflysmearedout

finotherflayers.Incontrast,finFfig.2.13(b),wehavetwosquareflattficesat±2.5µm.

Becausetheflattficesareshfifftedbyhaflffaflattficeconstantaflongyandz,thetweezers

areweflflseparated.Itwoufldnothavebeenpossfibfletooverflapthetwoflattficesatsuch
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Trfianguflar fla�ces (3 flayers)

AB-stacked square fla�ces  (2 flayers)

(a)

(b)

10 μm

Ffigure2.13: 3Dvfiewoffamufltfiflayertrapstructure.Dependfingontheseparatfion

between2Dflayersofftraps,thetweezersffocusedononepflanearecompfleteflysmearedout

fintheotherflayers(a)oronflysflfightflydeffocused(b).

acflosedfistance,comparabfletotheRayflefighrangeoffatrap,andwecandfistfingufish

thedeffocusedtweezersoffoneflayerfintheotherflayer.

Arbfitrarystructures Ffinaflfly,IshowfinFfig.2.14compflextrapstructureswhfich

cannotaflwaysbesfimpflydecomposedfinasmaflflnumberoffflayers.A3Dvfiewfis

reconstructedusfingamaxfimumfintensfityprojectfionmethod[Waflflfis etafl.,1989]ffrom

200x-fimagesobtafinedwfiththetrapCCDcamera.Forcflarfity,therefisamfinfimum

threshofldunderwhfichwedonotshowthefintensfity.Exceptffortheflargestone(mfiddfle

fframe,320traps)fforwhfichweflackflaserpowertoproducethatmanydeepenough

traps,wecoufldfloadatomsfinsuchstructuresandwewfiflflseefintheffoflflowfingsubsectfion

sfimfiflarfimagesobtafinedffromtheatomficfluorescence.

2.3.3Atomficfluorescencefimagfing

Sfingfle87RbatomsarerandomflyfloadedfintheoptficafltweezersffromtheMOTandwe

coflflectthephotonsscatteredbytheatomsontheEMCCDcamera.InFfig.2.15,I

showexampflesoff3Dvfiewsreconstructedffromserfiesoff100x-stackfimagescoverfing
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Ffigure2.14: Arbfitrary3Dtrappatterns.Intensfityreconstructfionsoffexempflary3D

patternsobtafinedffromacoflflectfionoffx-stackfimagestakenwfiththetrapCCDcamera.

Theregfionsoffmaxfimumfintensfityfform(a)a✺✂✺✂✺cubficarray,(b)a❈✸✷✵ffuflflerene-flfike

structure,and(c)atreffofiflknot.Thedfimensfionsoffthefimagesare✭✘✶✵✵✖m✮✸

Hyperboflofid (90 sfites) Möbfius strfip (85 sfites) C
84
 ffuflflerene-flfike (84 sfites)

Cone (100 sfites) Torus (120 sfites) Efiffefl tower (126 sfites)

L
y
 = 110 μm Lx=

 1
18 
μm

L z
= 
8
7 
μ
m

.

Ffigure2.15: Sfingfle-atomfluorescencefin3Darrays.Maxfimumfintensfityprojectfion

reconstructfionofftheaveragefluorescenceoffsfingfleatomsstochastficaflflyfloadedfinto

exempflaryarraysofftraps.Thex,y,zscanrangeoffthefluorescencefisfindficatedandfisthe

samefforaflflthe3Dreconstructfions.Reconstructfinga3Dvfiewtakesatotaflexposuretfime

off✘✹✵mfinutesasweafimedfforaveryhfighaxfiaflresoflutfionandsfignafl-to-nofiseratfio.
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Trfianguflar fla�ces (3 flayers)

AB-stacked square fla�ces  (2 flayers)

(a)

(b)

Ffigure2.16:3Dvfiewoffamufltfiflayeratomficstructure.Theflayersareseparatedby

✷✺✖m(a)oronfly✺✖m(b).Intheflattercase,westfiflfldfistfingufishthefluorescencecomfing

ffromtheotherflayer.

anaxfiaflrangeoff∼120µm.Foreachfimage,wechooseaflongexposuretfimeoff∼15s

whfifleoperatfingtheMOTtoaveragetherandomfloadfinganduncoverthecompflete

atomficstructure.Thesereconstructedvfiewsdemonstratethatwecancreateandfimage

compflficated3Datomficstructures,buttakestooflongtobeusedfinareaflexperfiment.

Sfingfleshotfimages WehaveseenfinSectfion 2.1.2thatwetake3fimagesoffthe

atomficstructure(befforeassembfly,affterassembfly,affterRydbergexperfiment). We

needtomfinfimfizethetotaflexposuretfimetokeepreasonabfleexperfimentaflcycflfing

tfimeandflowatomflossduetothefirfinfiteflfiffetfime. Weachfievethfisbyworkfingwfith

sfimpflfified3Dstructureswhereaflflatomsflfiefinaffewpflanes,flfimfitfingthenumberoff

fimagesneededtoreconstructa3Dvfiew. Weaflsochooseanoptfimaflexposuretfimeoff

20msasdescrfibedfinAppendfixA.

Ffigure2.16showssfingfle-shotfluorescencefimagesoffatomstrappedfinthemufltfiflayer

structuresoffFfig.2.13.Thestochastficfloadfingfisresponsfibflefforthe50%fiflflfing

ffractfion.Sfimfiflar3DfimageswereaflsoreportedbyNeflson,Lfi,and Wefiss[2007],there

theffocusoffthefimagfingsystemwasvarfiedbydfispflacfingtheobjectfiveflenseswfitha

pfiezo-eflectrficactuator.
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2.4 Concflusfion

Inthfischapter,wehaveseenhowtocreateadfisorderedandfinertatomficsampfle

finone,twoandthreedfimensfions,theflatterresufltfingffromthefimprovementoffthe

hoflographfictechnfiqueandtheuseoffeflectrficaflfly-tunabfleflensesthatIpresentedfinthfis

chapter(seeaflso[Barredoetafl.,2018]). Wecoufldtrapupto∼60atomsfinarraysoff

120traps,thfisnumberbefingcurrentflyflfimfitedbytheavafiflabfletrapflaserpower.

Intheffoflflowfingchapter,Iwfiflfldescrfibehowtore-arrangetheatomsonebyonefina

weflfl-orderedtargetstructure.Theseorderedarrayswfiflflthenbeusedfinthesecondand

thfirdpartoffthfisthesfistofimpflementspfinmodeflsbyexcfitfingtheatomstoRydberg

states,finwhfichtheystrongflyfinteractwfitheachother. Wewfiflflusetheflexfibfiflfity

fingeometryofferedbythehoflographfictechnfiquetostudythesemodeflsondfifferent

patterns:1Darraywfithperfiodficboundarycondfitfions[Labuhnetafl.,2016],2Dsquare

andtrfianguflarpatterns[Lfienhardetafl.,2018](seeChapter4)anddfimerfized1D

chafins(seeChapter8).Soffar,wehavenotcombfinedRydbergexcfitatfionswfithflarge

3Darrays,asweflackpowerfintheexcfitatfionflaserstofiflflumfinatethemhomogeneousfly.
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Despfitethegoodscaflabfiflfityfintrapnumbersandflexfibfiflfityfingeometryofferedby

hoflographficoptficafltweezers,thfishasaserfiousdrawbackasonflyhaflffoffthetweezers

arefloadedwfithasfingfleatomduetothecoflflfisfionaflbflockade[Schflosseretafl.,2001].

Thfisfiflflfingffractfionη≃50%fisasevereflfimfitoffthesetup,andwassoffaravofided

bystudyfingffew-atomsystemsorpartfiaflflyfiflfledones.Pushfingthepflatfformtofits

flfimfit[Labuhnetafl.,2016;Marcuzzfietafl.,2017],wecoufldobtafinupto9atoms(fin9

traps)bycontfinuousflymonfitorfingthetrapoccupancfiesandtrfiggerfingtheexperfiment

onflywhenaflfltrapswerefloaded,attheexpenseoffanextremeflyflowcycflfingtfime(up

to2mfinutes),fincreasfingexponentfiaflflywfiththenumberofftraps.

Severaflrouteshavebeenexpfloredtofincreasethefiflflfingffractfionbyreflyfingon

physficaflprocessessuchasRydbergbflockade[Ebertetafl.,2014]ortafifloredflfight-

assfistedcoflflfisfions[Gr̈unzwefigetafl.,2010;Lesteretafl.,2015].Theseeffortsresufltedfin

asfignfificantfincreaseoffthefiflflfingffractfion,uptoη=90%ffortheflattertechnfique,

butstfiflflfinsuficfientfforpreparfingffuflfly-fiflfledarraysofftensoffatoms,asthesuccess

probabfiflfityPN=η
N fisaflreadydownto35%fforN=10atoms.
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Insteadoffreflyfingonaphysficaflprocess,wecanratherengfineeraffeedbackprocedure:

thefinfitfiaflposfitfionsofftherandomflyfloadedatomsarerecordedandthefinfformatfion

fisusedtore-organfizethemtofiflflasub-arrayoffthefinfitfiaflstructure.Thfisconcept

datesbackffrommorethantenyearsagowhenWefiss etafl.[2004]emfittedthefideato

re-orderatomsusfingstate-dependenttransflatfingflattfices.Soonaffter,Dorneretafl.

[2005]proposedtofimpflementquantumgates,throughweflflcontroflfledon-sfitecoflflfisfion

betweentwoatoms,bymovfingthembetweenhoflographficaflflygeneratedtweezerswfith

anfindependentffastmovfingheadcontroflfledbyacousto-optficdfiffractors(AODs):

exactflythetechnfiquewewfiflflusetoorderflargeatomficarrays.Ontheexperfimentafl

sfide,twoteamsdemonstrated,fintheffoflflowfingyear,sfingfleatomtransportwfithan

exceflflenteficfiency.Mfiroshnychenkoetafl.[2006b]engfineeredaconveyorbefltflattfice

andsucceededfinrearrangfing7atomsfina1Darraywfithasfingfleatomtransport

successrateoffη=98%,whfifleBeugnonetafl.[2007]usedatfip-tfifltmfirrortosteer

amovfingtweezersfintwodfimensfionswhfiflekeepfingthecoherenceoffanatomfina

superposfitfionoffeflectronficstates.Atthfistfime,thehoflographfictweezerspflatfform

wasnotyetmatureenoughtocombfinefitwfithsfingfleatomtransport,butourrecent

progressesfinengfineerfingstructuresoffupto100traps[Nogretteetafl.,2014]anda

sfingfle-sfiteaddressfingmoveabfletweezers[Labuhnetafl.,2014]aflflowedustobufifldan

atomassembflermachfine,whfichIdescrfibefinthfischapter.

Anfimportantpreflfimfinaryquestfionfis:arethesetechnfiquesoffshuflfingatoms

scaflabfle,atfleastuptohundredmoves? Weneedtoflookathowffastwecandfispflace

anatom,whfichfissetbythemaxfimumaccefleratfionfforwhfichtheatomstfiflflffoflflowsa

movfingtrap.Adfimensfionaflanaflysfisgfivesamax∼wff
2
rad=10

4m.s−2,wfithatrapwafist

w=1µmandaradfiafltrappfingoscfiflflatfionffrequencyffrad=100kHz.Byaccefleratfing

anatomdurfingatfimeτ/2anddecefleratfingfitdurfinganotherτ/2,wecanmovean

atombyL=aτ2.Evenwhenchoosfingaveryconservatfiveaccefleratfiona=10m.s−2,

threeordersoffmagnfitudesmaflflerthantheestfimatedflfimfit,fitstfiflflgfivesadfispflacement

L=10µm,typficafloffthefinter-atomficdfistancefinourexperfiments,finτ=1ms.

Hundredoffatomscoufldthenbemovedfinareasonabfletfimescafleoff∼100ms,weflfl

beflowtheflfiffetfimeoffasfingfleatom(∼10s),andwewfiflflseefinthfischapterhowto

engfineerfit.

Thechapterfisorganfizedasffoflflows:IpresentfinSectfion3.1howweengfineera

computer-controflfledmovfingtweezersandusefittotransfferasfingfleatombetween

twotraps.InSectfion3.2,Idescrfibehowourhome-madeaflgorfithmfindsasetoff

findfivfiduaflmovesre-arrangfingtheatomsfinanarbfitrary2Dpattern,anddfiscussfits

perfformanceandscaflabfiflfity.InSectfion3.3,Iexpflafinhowweserfiaflfizethe2Dsortfingto
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manypflanestocreate3Datomficstructures.Ffinaflfly,finSectfion3.4,Iwfiflflcompareour

atomassembflertoothertechnfiquesdeveflopedroughflyatthesametfime[Kfimetafl.,

2016;Lee,Kfim,andAhn,2016;Endresetafl.,2016;Kumaretafl.,2018].Theresuflts

dfiscussedfinthfischapterhavefledtotwopubflficatfions[Barredoetafl.,2016,2018].

3.1 Movfingtweezers

Befforethfiswork,ourgrouphadaflreadydevfisedanfindependentmoveabfletweezers —

aflbefitstatficdurfingtheexperfiment —toachfievesfingfle-sfiteaddressfing[Labuhn,2016].

Wfiththfistoofl, Labuhnetafl.[2014]perfformedflocaflrotatfionsonatwo-atomsystem

andfitwasaflsousedtoprepareflocaflfizedRydbergexcfitatfions[Barredoetafl.,2015;

Marcuzzfietafl.,2017]. Whfiflecarryfingontheseexperfiments,weobservedthatthe

addressedatomswereejectedffromthefirposfitfionwhenthemoveabfletweezerswasnot

properflyaflfigned.Itmadeusreaflfizethatwecoufldusethfistweezerstotransportan

atom,andweupgradedthesetuptobufifldanautomatficmovfingtweezers(MT).I

firstdescrfibetheMToptficaflandeflectronficsetupandthendetafiflhowweaflfignand

dfispflacetheMTffromtraptotrap.

3.1.1 Optficaflandeflectronficsetup

ThecurrentsetupfisshownfinFfig.3.1.Itgeneratesasfingfleoptficafltweezerswhose

ffocuscanbemovedfinthreedfimensfions.Brfiefly,acousto-optficafldeflectors(AODyand

AODz)handflethey(horfizontafl)andz(vertficafl)posfitfions,whfifleatunabfleflensmoves

thetweezersaflongx,theoptficaflaxfis.Thecomputercontroflsthemovfingtrapthrough

aneflectronficsetupbasedonArdufinoboardsandRFdrfivers.

Deflectors Weuseacousto-optficafldeflectors(AODs)finsteadoffmoduflators(AOMs)

fforthefirflargerdeflectfionangflerange∆θ(reflatedtotheveflocfityofftheacoustficmode

propagatfingfinthematerfiafl).AODsusethetransverse(shear)modepropagatfing

∼7tfimessflowerthantheflongfitudfinaflmodeusedfforffastmoduflatfion.Ourmodefl

fistheDTSXY-400-850ffromAAOptoEflectronfics,fitfismadeofftwocrossedAODs

(horfizontaflandvertficafl),eachwfithadeflectfionrange∆θ=48mrad(fforabandwfidth

∆ν=36MHz)andanapertureoff7.5×7.5mm2.Thefinputbeamfisdfiffracted

successfiveflybythetwoAODsandtheoutputfisourmovfingtweezers.Itfiscombfined

wfiththetrappfingbeamcomfingffromtheSLMonaPBS(themovfingtweezersandthe
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Ffigure3.1: Setupoffthemovfingtweezers.A2d-AODcontroflsthemovfingtweezers

posfitfionandfintensfitytograbtheatomonebyoneandassembflethedesfiredpatternffrom

thedfisorderedarray.

fixedtrapsthushaveorthogonaflpoflarfizatfions).Twoteflescopes(onebefingsharedwfith

theSLMbeam)magnfiffythebeamsfizebyM =2.6andfimagetheoutputpupfifloffthe

AODsontheaspherficflens.Theyactasreflayflensestoavofidfiefldaberratfionsandbeam

cflfippfingontheaspherewhenchangfingthedeflectfionangfle.Theresufltfingtweezershas

awafistoff1.3µm,measuredfinsfituusfingasfingfleatomandparametrficheatfing.It

fissflfightflybfiggerthantheSLMtraps,probabflybecauseoffuncorrectedaberratfions.

Gfiventheffocaflflengthofftheaspherficflensandthemagnfiffyfingteflescopes,themovfing

tweezerscoversanareaoff180×180µm2fintheffocaflpflane(Ly,z=∆θ×ff/M).

Tunabfleflens Sfimfiflarflytoour3DfimagfingsystempresentedfinSectfion2.3,we

useanOptotuneeflectrficaflfly-tunabfleflens(modeflETL-10-30-C,optficaflpowerrange

∆D=5dpt,cflearaperture10mm)tochangetheconvergenceoffthemovfingtweezers

beamandthusthex-posfitfionofffitsffocus.TheETLfispflacedbefforethedeflectors,fina

perfiscopetoavofidgravfity-finducedaberratfions,anda1:1reflayteflescopeconjugatesthe

ETLwfiththeAODs.ItkeepsthebeamsfizeontheAODsfindependentoffthewaveffront

curvaturefimprfintedbytheETL.Gfiventhethreereflay-teflescopemagnfificatfions(M =

2.6),thetweezersffocuscoversarangeLx=∆D×(ff/M)
2=70µm.Thecomputer
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controflstheETLoptficaflpowerthroughfitsUSBdrfivervfiaserfiaflcommunficatfion.

Eflectronficsetup Inowpresenttheeflectronficsetupdesfignedtodrfive,ffromthe

computer,thehorfizontaflandvertficafldeflectors.Inshort,wetunetheradfio-ffrequency

(RF)sfignaflsffedtotheAODs,whosedfiffractfionangfle(eficfiency)fistunedbytheRF

ffrequency(power).Thesystem,dupflficatedfforthetwoAODs1,fisasffoflflows.Ffirst,we

useaPythonscrfiptrunnfingonacomputertosend,vfiaUSBserfiaflcommunficatfion,

two12-bfitsfintegerstoanArdufinoDuemficro-controflflerboard.Theyarethenusedby

theboard’sdfigfitafl-to-anaflogconverterstocreatetwovofltagesfignafls.Thesesfignaflsare

senttoahome-bufifltRFdrfiveraffterampflfificatfionandfiflteredbyaflow-passRCfiflter

(ffc=5kHz).Theflatterrejectsa2mVpeak-to-peaknofiseat540kHzcomfingffrom

theArdufinoboard.ThedrfivergeneratesaRFsfignaflwfithffrequencyandampflfitude

controflfledbythetwovofltages,wfitharesponsetfimeoff10µs,andthesfignaflfisfinaflfly

ffedtotheAOD. WeonflyneedoneAODtocontroflthemovfingtweezersfintensfity,so

thevertficaflAODfisaflwaysusedatmaxfimumdfiffractfioneficfiency,andthehorfizontafl

onefisvarfied.ThesystembandwfidthfisflfimfitedbytheRCfiflter(whfichcoufldbe∼10

tfimesffaster)andufltfimateflybytheRFdrfiverresponsetfime.Itfiscurrentflyffastenough

fforthetypficaflswfitchfingtfimeanddfispflacementspeedoffthetweezers,asdescrfibedfin

thenextsubsectfion.

3.1.2 Movfingasfingfleatom

TheeflementarymoveoffouratomassembflerfisshownfinFfig.3.2(a):themovfing

tweezersfisaflfignedonasourcetrapcontafinfingasfingfleatomandfitspowerfisgraduaflfly

fincreasedtocapturetheatom.Itfisthenmovedataconstantspeedtoanemptytarget

trapwherefitrefleasestheatom.Themovesareperfformedonflyfintwodfimensfions,

meanfingthatthetunabfleflensstaysataconstantoptficaflpowerandonflythedeflectors

aretuned.The3Dassembflerworkspflane-by-pflaneandwejustneedtoreffocusthe

tweezersbutwedonotmovetheatomsfinbetweenpflanes,aflthoughffuflfl3Dassembfly

wfithmovesbetweendfifferentpflanescoufldaflsobefimpflementedfinprfincfipfle.Ifirst

descrfibehowtheMTposfitfionfiscaflfibratedreflatfiveflytothetraparrayandthenour

optfimfizatfionoffthetransffertfime.

1Weuse2ArdufinoDueboards,becauseweneedthreeanaflogsfignafls(horfizontaflandvertficafl
posfitfion,fintensfity)andoneboardhasonfly2avafiflabfleDACoutputs.
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Automatficposfitfionfing Forthecomputer,theMTposfitfionfissetbytwo12-bfits

fintegers(IwfiflflaflsocaflflthemMT-coordfinates)andwethusneedtoknowthecoordfinates

offanyhoflographficaflflygeneratedtrap.Usfingthecommonfimagfingsystemfforboth

SLMandMTbeams,wecanrecordtheposfitfionoffanytweezers(thefixedorthe

movfingone). Wefirstfimagethetraparrayandgettheposfitfion,fintermsoffcamera

pfixefls,offeachfixedtweezers.ThenwescantheMTposfitfionffortypficaflfly7×7vaflues

offthe12-bfitsfintegersanduseanfinterpoflatfingffunctfiontocreateamapffromcamera

pfixefltoMT-coordfinates.Usfingthfismap,andtherecordedpfixefl-posfitfionoffeachtrap,

wecanprecfiseflysettheMTonanyoffthemtograborrefleaseasfingfleatom.

Thfiscaflfibratfiontakesonflyaffewmfinutesffortheoperatorandstaysaccurateffor

days.Toachfievethfisstabfiflfity,specfiaflcarehasbeentakentoavofidtemperature

fluctuatfionsofftheAODsduetothedfissfipatfionoffRFpower.Insteadoffswfitchfingoff

theRFsfignaflsafftertheassembflfingprocedure,whfichmakestheaveragedfissfipated

powerdependentontheassembflerworkfload,weflettheRFsfignaflatthenomfinafl

powerandrathercutthemovfingtweezerswfithamechanficaflshuttercontroflfledffrom

oneArdufinoboard.Inaddfitfion,wedonotusethemaxfimumdfiffractfioneficfiencyoff

thedeflectors,asweobserveddfispflacements,uptoaffewhundredsoffnm,offtheMT

ffortooflargeRFpowers.

Sfingfle-atomtransffer Toperfformamoveffromasourcetraptoatargettrap,the

computersendsthefinfitfiaflandfinaflMT-coordfinatestothetwoArdufinoboards. We

haveprogrammedtheArdufinostorecefivethesecoordfinatesandgeneratesfimpfle

vofltagewavefformscontroflflfingtheMTdepthandposfitfion[seeFfig.3.2(b)]. Wefirst

rampupthemovfingbeamfintensfitytoreachatweezersdepthU=10mK,tentfimes

asdeepasafixedtrap,finatfimeτ=300µs.TheMThavfingcapturedtheatom,fit

thenmovesffromonetraptoanotherataveflocfityv=10µm.ms−1,sflowenoughthat

theatomstaysatthebottomofftheMT.Ffinaflfly,werefleasetheatomffromtheMT

finthetargettrapwfiththesameτ=300µs.TheDACconverterofftheDueboard

generatesastep-wfisesfignaflwfitharesoflutfionoff4µs,thesfignaflfissmoothedbythe

RCfiflter(ffc=5kHz)andtheRFdrfiverbandwfidth(∼100kHz).Itaflsoflfimfitsthe

MTaccefleratfionatthebegfinnfingandattheendoffthemoves.

Wevarfiedthemovfingtweezersdepth U,swfitchfingtfimeτandspeedvtofindthefir

experfimentafloptfimaflvaflues,asshownfinFfig.3.2(c-e). Wecoufldreachaprobabfiflfity

offsuccessffufltransfferoff99.3%,flfimfitedbytheprobabfiflfityoffacoflflfisfionwfiththe

backgroundgasdurfingthetransport(atomflfiffetfimeoff∼10s).Despfitechoosfinga

verysfimpfleprofifleoffthevofltageramps,weachfieveaperffecttransportofftheatom
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Ffigure3.2: Movfingasfingfleatom.(a)Sketchoffthemovfingtweezersgrabbfingan

atomffromonetraptorefleasefitfinanotherone.(b)Temporafldependenceoffthemovfing

tweezersdepthandposfitfion.(c-e)Optfimfizatfionoffthetransffersuccessthroughthree

parameters:thetake/refleasetfime(c),thetransfferspeed(d)andthetweezersdepth(e).

Theexperfimentfisperfformedon8pafirsofftrapsseparatedby✹✖mandthetransffersuccess

fismeasuredoneachone.Thecfircflesrepresenttheaveragesuccessrate.Theeficfiency

fisnotthesameoneachpafirofftraps,andweaflsoshowthemfinfimumandmaxfimum

eficfiencfieswfiththeshadedareas.Forthefinaflparameters(dashedflfines),thetransfferfis

robust(smaflflvarfiatfionsamongstthepafirs)andreachesaneficfiencyoff99.3%.

finashorttfimescafleoff1ms.Iexpectthatmuchffasterdfispflacementsarepossfibfle,

asdfiscussedfinthefintroductfionoffthfischapter,andmfightbeneededtoassembfle

thousandsoffatomswfithasfingflemovfingtweezers;fimprovementscoufldcomeffroman

optfimfizedrampprofifle.Neverthefless,thecurrentspeedandtransffersuccessrateare

morethanenoughtonowtackfletheassembflyoffmanytensoffatoms.

3.2 2Dassembfler

Wehaveseenfintheprevfioussectfionhowtodetermfinfistficaflflymoveasfingfleatom

betweentwotraps.Inthfissectfion,wewfiflflseehowwecombfinemanymovesto
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re-arrangeanfinfitfiaflflydfisordered2Datomficarraysfintoaffuflfly-fiflfledsub-arrayoffsfize

N.TheatomassembflyprocedurefisshownfinFfig.3.3andfisasffoflflows:

Westartffromanarrayoff2Ntraps,whfichcontafinsthetargetarrayasasubset,

andfloadfitffromthemagneto-optficafltrap.Thefloadfingoffthearrayfismonfitored

andwetrfiggertheexperfimentassoonasatfleastNtrapsarefiflfledwfithsfingfle

atoms.

TheMOTfisthenswfitchedofftostopthefloadfingandafluorescencefimagefis

acqufiredtorecordthefinfitfiaflposfitfionsofftheatoms.

Affteranaflysfisoffthefimage,anaflgorfithm(seebeflow)computesfinreafltfimea

flfistofffindfivfiduaflatommovesthatcanrearrangethefinfitfiaflconfiguratfionfinto

thedesfired2Dpattern.

ThfisflfistfisthensenttotheArdufinomficrocontroflflersvfiaserfiaflcommunficatfion.

TheArdufinoprogramconvertsfitfintoaserfiesoffvofltagesweepsperfformfing

sequentfiaflflyaflflthesfingfleatomtransffers,asexpflafinedprevfiousfly.ThetwoArdufino

boards,controflflfingthevertficaflandhorfizontaflAODs,arekeptsynchronfizedby

trfiggerfingeachother.

Ffinaflfly,afftertherearrangementoperatfionfiscompfleted,anotherfluorescence

fimagefisacqufiredtoreveaflthenewposfitfionsofftheatomsfinthearrayand

confirmthesuccessffuflassembfly.

Fromthemomenttheexperfimentfistrfiggered,fittakes∼100mstoachfievetheprepa-

ratfionoffanarrayreadyfforaRydbergexperfiment. Wecharacterfizethepreparatfion

eficfiencyusfingthefiflflfingffractfionηoffthetargetarrayortheprobabfiflfitypN≃η
N to

obtafintheffuflfly-fiflfledarray. Wetypficaflflyreachaveryhfighfiflflfingffractfionη=98.5%,

suchthatevenfforN=50atoms,aperffectarrayfisobtafinedwfithaprobabfiflfity

pN=46%ata3Hzrate.Aswetakeafluorescencefimageofftheassembfledstructure

befforetheRydbergexperfiment,wecandfiscardanyexperfimentaflrunwfithfimperffect

atomficarrays.

Intheffoflflowfing,Iexpflafinouraflgorfithmfindfingasetoffmovesorderfingthearray

andthentheperfformanceandscaflabfiflfityoffour2Datomassembfler.
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Ffigure3.3: Arrayassembflystepbystep.Thedfifferentstepsofftheassembflerare

showntogetherwfiththefirtfimfings.Thebottomfimagesshowanfinfitfiaflflydfisordered✶✵✂✶✵

arrayreassembfledonaffuflflyfiflfled✼✂✼subset.Thethreetracesarethevofltagescontroflflfing

themovfingtweezersfintensfity,horfizontaflandvertficaflposfitfions.

3.2.1Sortfingaflgorfithm

Wedeveflopedanaflgorfithmthatfindsasetofffindfivfiduaflmoveswhfichreordersthe

atomficpattern. Wedfidnotseektomakefitoptfimafl,fintermsoffassembflytfimeffor

exampfle,asfitfisanon-trfivfiafltaskremfinfiscentoffthetraveflfingsaflesmanprobflemand

weworkfinareafl-tfimeexperfimentwhereweneedtofindasoflutfionmuchffasterthan

theatomflfiffetfime.Theaflgorfithmworksasffoflflows:

Wefirstgeneratetwoflfists,offsfize ∼N,representfingthetrapsfiflfledwfithan

atomandthetargettraps.

Wethencomputeaflfist LofftheN2dfistancesbetweeneachpafirofftrapsffrom

thetwoflfistsandorderthembyfincreasfingdfistance.

Lstartsbypafirsofftrapsatzerodfistance:atargettrapfisaflreadyfiflfledwfithan

atomandnoactfionfisnecessary.

Lcontfinueswfithnearestnefighbortraps,andthenwfithffurtherandffurther

dfistantpafirofftraps,andafftercheckfingthatnefitherthesourcenorthetarget

trapwereprevfiousflyencounteredbytheaflgorfithm,weaddthemtoaflfistoff

movestoperfform.
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Type-1  move Type-2  move

a > 5 μm
a < 5 μm

Ffigure3.4: Twotypesoffmoves.Iffthenearestnefighbordfistancefinthearrayfisflarge

enough(typficaflfly,❛❃✺✖m),wemovethetweezersdfirectflyffromthesourcetothetarget,

passfingbetweenadjacentatomrows(“type-1”moves).Otherwfise,theatomsaremoved

aflongtheflattficeflfinks(“type-2”moves).

TheaflgorfithmendswhenNpafirofftrapshavebeenfidentfifiedandtheremafinfing

unusedatoms,fiffany,aredfiscardedbymovfingthemawayffromthetraparray.

Thfisaflgorfithmfisnotoptfimaflbecausefitfirstseflectstheshortestmoves,whfichcan

affterwardfforceveryflongones,finsteadoffsearchfingfforagflobaflsoflutfion.Neverthefless,

fitfisffast(∼1ms)andversatfifleasfitmakesnoassumptfionontheunderflyfingarray

geometry.

Movfingthroughamaze Theprobflemfiscompflficatedbytheffactthatwecannot

movetheMToverorcflosetotrapsaflreadycontafinfinganatomasfitwoufldexpefl

them. Wethusneedawaytomovetheatomthroughthemazeoffotheratoms. We

firstsfimpflfiffytheprobflembyworkfingwfithtrappatternsdescrfibedbyBravafisflattfices,

definedbytwounfitvectorsu1andu2andflattficeconstantsaandb.Anexempflary

squarepatternfisshownfinFfig.3.4.Therearetwosfituatfions:efithertheMTcan

movefinbetweentworowsorcoflumnswfithoutexpeflflfingatomsflocatedthere,orthe

structurefistootfightffortheMT.Experfimentaflfly,wefindthattheflattficeconstant

needstobeflargerthan5µmffortheMTtogothrough.

Inthefirstcase,wesfimpflyperfform‘type-1’movesby‘sflaflomfing’betweenthetraps.

Eachmove,representedsoffarbythesourceandtargettrapfindexes,areextendedto

aflfistofffintermedfiatecoordfinatestogufidethemovfingtweezers.Iffthearrayflattfice

constantsaretoosmaflfl,werestrficttheMTdfispflacementstothegrfiddefinedbythe

Bravafisflattfice(‘type-2’moves). Wethenneedtoensurethatnofiflfledtrapfisonthe

waybetweenthesourceSandtargettrapT.IffanobstacfleO(afiflfledtrap)fispresent,
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(a) (b)

Ffigure3.5: Perfformance.(a)Imagesoffthefinfitfiaflandfinaflconfiguratfionsfforatarget

✻✂✻squarearrayanddfistrfibutfionoffthenumberoffatomsfinthetargetarraybeffore

(bflue)andaffter(red)sortfingffor500repetfitfionsofftheexperfiment.Wemeasureafiflflfing

ffractfion✑❂✾✽✳✺✪,anddeffect-ffreearraysareobtafinedwfithaprobabfiflfity♣◆❂✻✶✪.

(b)Evoflutfionoff✑and♣◆asaffunctfionoffthenumberofftraps◆finthesortedarray.The

dashedbflueflfineshowstheresuflt♣◆❂✵✳✺
◆correspondfingtorandomfloadfingandthered

flfineshowsthescaflfing✵✳✾✽◆.

werepflacethemoveS→ TbythetwomovesO→ TandS→ O,finthfisorder.

Inpractfice,wefirstrunthesortfingaflgorfithm,fignorfingthatsomemoveswfiflflnot

bedfirectflypossfibfle,andthenrunaprocedurethateflfimfinatesaflflobstacflesasjust

descrfibed.Thfisway,weaflwaysfindasoflutfionevenfifftheaddfitfionaflmovesmakefit

evenflessoptfimafl. Wewfiflflsoonseetwoexampflesofftargetarrays,whereourheurfistfic

soflutfionfisaflmostoptfimaflfinonecase,whfiflefitcoufldbefimprovedverysfignfificantflyfin

theother.

3.2.2Perfformanceandscaflabfiflfity

WehaveseentheengfineerfingdetafiflsofftheatomassembflerandInowpresentfits

perfformanceandscaflabfiflfitywfiththenumberofftargettrapsN.

Perfformance Anaflyzfing500repetfitfionsofftheexperfimentffora6×6squaretarget

array[Ffig.3.5(a)],wemeasureafiflflfingffractfionη=98.5%,flfimfitedbybackgroundgas

coflflfisfionsdurfingtherearrangement.Itfissflfightflyworsethanthesuccessrateoffasfingfle

move(99.3%),aflsoflfimfitedbytheatomflfiffetfime,becausefittakesflongertoperfformaflfl

therequfiredmoves.InFfig.3.5(b),weseethatηstaysroughflyconstantfforfincreasfingfly

flargetargetarrays,uptoN=50. Wecoufldnotcreatemorethan100traps(so

50atoms)duetoflfimfitedflaserpoweratthetfimeweperfformedtheexperfiment.It
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demonstratesexperfimentaflflythescaflabfiflfityoffthemovfingtweezerstechnfique.These

perfformancesarebetterthanfinfitfiaflflypresentedfinour2016paper[Barredoetafl.,

2016],asfinthemeantfimewefimprovedtheffuflflprocedure.

Inthefinset,IshowtheprobabfiflfitypN ≃η
N toobtafinadeffect-ffreearrayoffN

atoms.Evenfifftheassembflersometfimesffafifls,weusetheassembfledfimageobtafined

befforeperfformfingaRydbergexperfimenttopost-seflectrunswfithaperffectatomfic

sampfle.TheprobabfiflfitypN sfimpflydecreasestheeffectfiveexperfimentaflcycflfingrate.

Wfithouttheassembfler(bfluedashedflfine, η=0.5),wecoufldperfformexperfiments

uptoN=9atoms,abovewhfichthecycflfingtfimewastoosflow;wfiththecurrent

perfformanceofftheassembflerwewoufldreachfinprfincfipflethesamecycflfingtfimeffor

N≃300atoms!

Scaflabfiflfity Prevfiousfly,Ihaveshownthesuccessffuflassembflyoffarraysoffupto

N=50atoms,Inowdfiscusshowtheassembflerwoufldperfformfforevenflargerarrays,

assumfingthatwehadenoughflaserpowertogeneratethem.Thefigureoffmerfit

fisagafinthefiflflfingffractfionηoffatargetarrayoffsfizeN.Asthesuccessrateoffan

findfivfiduaflmovedoesnotdependonthenumberofftraps,1−ηfismafinflysetbythe

ratfioofftheassembflfingtfimeoverthefinfiteatomflfiffetfime(∼10s).

Theassembflfingtfimefirstdependsonthefinfitfiaflfiflflfingffractfionofftheflattfice.In

ourcase,fitfis50%andtherefisfinaverageN/2atomstobere-arranged. When

type-1movesarepossfibfle,theassembflfingtfimedfirectflyscaflesasN/2×1ms,where

1msfisthetypficaflmoveduratfion.Fortype-2moves,thescaflfingcanbesflfightfly

worse,assomefiflfledtrapswfiflflbefinthewayoffamove,thusrequfirfingaddfitfionafl

dfispflacements. Wenumerficaflflystudythescaflfingfinthfiscaseffortwotargetgeometrfies

onthesamesquarearray:a‘checkerboard’pattern,whereoneeverysecondtrapfis

seflected,anda‘compact’pattern.TheresufltsareshownfinFfig.3.6. Whfifle,finthefirst

case,thescaflfingremafinsflfinearwfithonflyasmaflflfincreasefinthepreffactor(0.5to

0.85),fitbecomesworsefforthecompactgeometryandfincreasesasN1.4.Thfiscanbe

understoodquaflfitatfiveflyasffoflflows:ournafiveaflgorfithmfirstfiflflstheperfimeteroffthe

targetarray,thusbflockfingthefinneremptytrapswhfichcannotbefiflfledwfithadfirect

transfferanymore.Asfignfificantffractfionofftheatomsneedstobemovedseverafltfimes.

Itfiflflustratestheflfimfitoffoursfimpfleandversatfifleaflgorfithm,whfichworksfforarbfitrary

targetarraysonanyBravafisflattfice,butffafiflstoobtafinanoptfimaflsoflutfion.Forthe

specfificcaseoffacompacttargetarray,abettersoflutfionfiseasfiflyfimpflementedand

wasaflreadyproposedbyWefiss etafl.[2004]:wefirstbaflancethenumberoffatomsfin

eachrowandcompactthem.
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Ffigure3.6: Scaflabfiflfity.Sfimuflatedassembflfingtfimeusfingtype-2moves.(Lefft):Fora

“checkerboard”targetfinasquareflattfice,theassembflytfimescaflesflfinearflywfith◆(dashed

flfine).(B):Fora“compact”target,fitscaflesapproxfimateflyas◆✶✳✹.

Ffinaflfly,weseeffromFfig.3.6thatassembflfingN=100atomsfispossfibfle,whfifle

mafintafinfingtheassembflfingtfimebeflow0.1sandthustheflossprobabfiflfitybeflow1%.

Itcoufldbefimprovedbyoptfimfizfingthedfispflacementspeed,byboostfingthefinfitfiafl

fiflflfingffractfionusfing,e.g.,tafifloredflfight-assfistedcoflflfisfions[Gr̈unzwefigetafl.,2010;

Lesteretafl.,2015],orbyfincreasfingtheatomflfiffetfimefinacryogenficsetup.Concernfing

flaserpower,eachtrapcurrentflyrequfires5mW,whfichcoufldbedecreasedbygettfing

cflosertotheatomficresonanceorachfievfingsmaflflerwafistsoffthetweezers.

Concflusfion Iendthfissectfionaboutthe2Datomassembflerbyshowfing,finFfig.3.7,a

gaflfleryoff2Dtraparrayswfitharbfitrary,user-definedgeometrfiesreflevantfforquantum

sfimuflatfion(e.g.,1Dchafins,fladders,orflattficeswfithsquare,trfianguflar,honeycomb,or

kagomestructures).Nefighborfingtrapsareseparatedbydfistances3<a<6µm,ffor

whfichfinteractfionsfintheMHzrangecanbeachfievedbyexcfitfingtheatomstoRydberg

states,aswewfiflflseefinthenextchapters. Weaflsoupgradedtheassembflertomove

atomsaflongcfircuflarpatterns(usfingconcentrficreservofirandtargetarrays)anddevfised

atechnfiquetofinjectmufltfipfleatomsfinthesamesfite(seeaflso[Mfiroshnychenkoetafl.,

2006a;Serwaneetafl.,2011]),butwereflackfingameasurementmethodcfircumventfing

theflfight-assfistedfineflastficflossestoprovefitssuccess.Inthenextsectfion,Iwfiflflshow

howtoextendthetechnfiquetotheassembflyoffmufltfiflayerpatterns.Inpractfice,the

assembflerfisveryrobust,wfithperfformancestabfleovertheflastyear,andfitrequfires

onflymfinormafintenance,fi.e.,checkfingthepowerandpoflarfizatfionofftheMTbeam.

WehaveaflsoseenthatthecaflfibratfionofftheMTposfitfionwasachfievedfinonflyaffew

mfinutes,onceperday.Aflflthfismakestheatomsortfingmachfineauser-ffrfiendflyand

reflfiabfletoofltoworkwfith.
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(a)

(b)

14 moves 16 moves 17 moves 28 moves 15 moves 19 moves

53 moves 47 moves 35 moves 41 moves 43 moves 47 moves

Ffigure3.7: Gaflfleryoffassembfledpatterns.Arbfitrary,user-defined2Darrays(bottom

fimages)areobtafinedffromthefinfitfiafl,randomconfiguratfions(topfimages).Aflflfimagesare

sfingfleshots.(a)Type-1moveswereused;(b)type-2moveswereused.Thenumberoff

eflementarymovesneededtoachfievethesortfingarefindficated.Thefigurefisadaptedffrom

Barredoetafl.[2016].

3.3 3Dassembfler

Wehavefintroducedthepossfibfiflfitytoffocusthemovfingtweezersondfifferentpflanes

usfingatunabfleflens(ETL).Combfinfingfitwfiththedeflectors(AODs),wethuscan

reaflfizearbfitrarytrajectorfiesfinthreedfimensfions.Neverthefless,fitwoufldrequfireto

synchronfizetheETLandtheAODs,andasflfightflymorefinvoflvedaflgorfithmtoavofid

trajectorfiesbrfingfingthemovfingtweezerstoocflosetootherfiflfledtraps,notfingthat

theaxfiaflextentoffthetweezersfismuchflongerthantheradfiaflone.Asafirststep

toextendtheassembflermachfinetoarbfitrary3Dpatterns,wetherefforerestrfictthe

probflemtostructuresmadeoffaffewflayers(upto4),thatwesequentfiaflflyfimageand

assembflefindependentfly.Ifirstexpflorethemfinfimumspacfingbetweentwoflayerssuch

thatthemovfingtweezersdonotaffectthesecondpflanewhfiflewere-arrangethefirst
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Ffigure3.8: Tweezersaxfiaflrange.Movfingtweezerseficfiencyasaffunctfionofftheaxfiafl

dfistancebetweentheMTffocusandthepflanewheretheatomsflfiefforanexperfiment

where:(a)weremoveaflfltheatomsffroma46-traparrayand(b)weassembflea✹✂✹

sub-array.Theflfinesaregufidestotheeye.

one.Then,Iwfiflfldetafiflourproceduretoprepareffuflfly-floaded3Darraysoffupto72

atoms.

3.3.1Lfimfitfincompactness

WehaveseenfinSectfion 2.3.2thatasfingfletrapwasqufiteeflongatedaflongtheaxfiafl

dfirectfion,wfithatypficaflextentgfivenbytheRayflefighflengthzR∼5µm.Itfismuch

flongerthantheradfiaflresoflutfionoffatrap(1µm)andgfivesastrongerconstrafintto

avofidgettfingtoocflosetoothertraps.

Wehaveexpflored,fintwoexperfiments,therangeoffaxfiafldfistance dxfforwhfichthe

MTstfiflflaffectsatoms. Weuseasfimpflepflanarstructureofftrapsandsetthemovfing

tweezersffocusatvarfiousaxfiaflposfitfionsdx.Ffirst,havfingprogrammedthemovfing

tweezerstoremoveaflflatoms,weobservethattheprobabfiflfitytoejectthemremafins

hfighffor|dx|<15µm[Ffig.3.8(a)].Then,askfingthecomputertoassembflea4×4

sub-array,weseefinFfig.3.8(b)thatthefiflflfingffractfionremafinsoptfimaflfforasmaflfler

range|dx|<5µm.

Weunderstandtheseresufltsfintheffoflflowfingway:whenthemovfingtweezersffocus

fistooffarffromthatoffafixedtrap,theMTfisstfiflflabfletograbtheatomfforaflarge

rangeasfitfismuchdeeper,butfitcannotrefleasetheatomfinthetargettrap.Itgfives

ustwoconstrafints:(fi)theMTffocushastocofincfidewfiththeflayertobetterthan

5µmfintheaxfiafldfirectfion,whfichfiseasfiflyachfievedusfingourtrapfimagfingsystem,

and(fifi)thereshoufldbenotrapsfina±15µmrangefinffrontandbehfindtheMTffocus

asfitwoufldejectatomstrappedthere. Wecanstfiflflre-arrangetwoatomficarrayscflose
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Infi�afl fimages Assembfled fimages
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Ffigure3.9: Pflanebypflaneassembfly.Tfimecontroflsequenceofftheexperfiment.We

starttheexperfimentbyrecordfing,sequentfiaflfly,anfimagefforeachtargetpflanewfithan

exposuretfime✜.Theanaflysfisofftheresufltfing♥♣fimagesreveaflsthefinfitfiaflposfitfionoffthe

atomsfinthetraps.The2Datomassembfler,fincombfinatfionwfithatunabfleflens,arranges

theatomspflanebypflane.Ffinaflfly,anewsetoffsequentfiaflfimagesfiscoflflectedtocapture

theresufltoffthe3Dassembfly.

toeachotherfiffthefirtrapsdonotoverflap.Theflfimfitedcompactnessoff3Dstructures

coufldbesflfightflyfimprovedbyworkfingwfithahfigherNAaspherficflens,whfichwoufld

gfiveashorteraxfiaflextentoffthemovfingtweezers.

3.3.2Serfiafl2Dassembfly

Inowexpflafinthepflane-by-pflaneassembflyoff3Dstructures. Westartbycreatfinga3D

traparraywhfichcanbedecomposedfinseveraflpflanesnormafltox.Ineachpflanewe

generateapproxfimateflytwficethenumberofftrapsweneedtofload,suchthatweeasfifly

floadenoughatomstoassembflethetargetstructure.

Thesequencetocreateffuflflyfloadedpatterns(seeFfig.3.9)startsbyfloadfingthe

MOTandmonfitorfingtheatomsenterfingandfleavfingthetrapsbysequentfiaflflytakfing

apficturefforeachpflane. Wetrfiggertheassembflerassoonasthereare,fineachpflane,

enoughatomstoffuflflyassembflefit. Wethenffreezethefloadfingbydfispersfingthe

MOTcfloud,andrecordthefinfitfiaflposfitfionsofftheatomsbyanotherserfiesoffx-stack

fimages.Eachpflanefisprocessedfindependentflyffoflflowfingtheproceduredescrfibedfinthe

prevfioussectfion,changfingthex-posfitfionofftheMTtogoffromoneflayertoanother.
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(d
z
 = 40 μm; 72 atoms)

AB-stacked square fla�ces 

(d
z
 = 5 μm; 32 atoms)

AB-stacked bfiflayer graphene

(d
z
 = 40 μm; 49 atoms)

Cubfic fla�ce

(d
z
 = 20 μm; 36 atoms)

Pyrochflore-flfike fla�ce

(d
z
 = 25 μm; 42 atoms)

Cyflfindrficafl fla�ce

(d
z
 = 17 μm; 42 atoms)

Ffigure3.10: Gaflfleryoffassembfled3Dpatterns.Fuflflyfloadedarrayswfithvarfious

geometrfiesfinthreedfimensfions.Aflflfimagesaresfingfleshots.Themodeflsoffthe3D

configuratfionsareshownfforcflarfity;thevarfiouscoflorsoffthefframearoundthefimages

encodesuccessfiveatomficpflanes.

Ffinaflfly,wedetectthefinafl3Dconfiguratfionwfithanotherserfiesoffx-stackfimages.

Ffigure3.10showsagaflfleryoffffuflfly-floaded3Datomficarrayswfithupto72atoms.The

seflectedstructuresfincfludesfimpflecubficflattfices,bfiflayerswfithasquareorgraphene-

flfike[CastroNetoetafl.,2009]arrangements,flattficeswfithfinherentgeometrficafl

ffrustratfionsuchaspyrochflore[BramweflflandGfingras,2001],orflattficeswfithcyflfindrficafl

symmetry,sufitabfle,e.g.,tostudyquantumHaflflphysficswfithneutraflatoms[Lackfi

etafl.,2016].Themfinfimumfinterflayerseparatfionwecanachfievedependsonthetype

offunderflyfinggeometry.ThfisfisfiflflustratedwfiththeAB-stackedsquareflattficeswfith

aflayerseparatfiondx=5µm.There,sfitescorrespondfingtothesecondflayerare

dfispflacedbyhaflfftheflattficespacfing.Sfincetrapsbeflongfingtonefighborfingflayersdo

nothavethesamey-zcoordfinates,therefisnoflfimfitatfionfforthemfinfimumfinterflayer

dfistancethatwecanproduce.Inbothfimageswecanobserveadeffocusedfluorescence
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atfinter-sfiteposfitfionsduetoatomstrappedfinthenefighborfingflayer.

Despfitetheaddfitfionaflcompflexfityoffworkfingsuccessfiveflyondfifferentpflanes,our

3Dassembflerremafinshfighflyeficfient:wereachfiflflfingffractfionsofftypficaflfly95%.Thfis

measuredeficfiencyfisagafinflfimfitedbytheflfiffetfimeofftheatomsfinthetraps,andthus

dependsontheduratfionofftheexperfimentaflsequence,whfichvarfieswfiththenumber

offpflanes.InthefimagesshownfinFfig.3.10,weusedanexposureτ=60ms,whfich

coufldbedecreasedto20ms(seeAppendfixA)andtheexperfimenttakes∼700msffor

theflargeststructuremadeoffnp=4pflanes.Therepetfitfionrateofftheexperfimentfis

then∼1Hz,sflfightflysmaflflerthanthe3Hzratewhenweworkfin2D.

3.4 Otherapproaches

Overtheflasttwoyears,severaflothergroupshavedemonstratedassembflfiesoffatoms

finone,twoandthreedfimensfionswfithtechnfiquesratherdfifferentthanour.Inthfis

sectfion,Igfiveabrfieffovervfiewofftheseotherapproachesandcomparethefirrespectfive

advantagesandflfimfitatfions.

Reconfigurabfle1Dtraparray Sfimufltaneousflytoourpubflficatfionoffthe2Dassembfler

machfine[Barredoetafl.,2016],thegroupoffProff.MfikhafiflLukfinatHavardpresented

thefirownworkonareconfigurabfleflfinearchafinoffoptficafltweezers[Endresetafl.,2016]

(seeaflsotheperspectfiveartficfleoffRegafl[2016]). Whereaswegenerateastatficarrays

offtweezerswfithafixedhoflogramonaspatfiaflflfightmoduflator,theycreatea1Darray

offtrapsusfinganacousto-optficafldeflector(thesamemodeflthatweusedtoengfineera

sfingflemovfingtweezers)ffedwfithanRFsfignaflcomposedoffmany(upto100)dfifferent

ffrequencycomponents.Eachtonedfiffractsthefinputbeamtocreateanfindependent

tweezers,andaffteroptfimfizfingthereflatfiveampflfitudeandphaseoffeachffrequency

tone,theycoufldobtafinhomogeneous1Darrayofftraps(seetheSuppflementaflMaterfiafl

offEndresetafl.[2016]).ItfisverysfimfiflartotheGerchberg-Saxtonaflgorfithmthatwe

usedtoequaflfizethetrapdepths,andfindeedonecanvfiewthedeflectorasa1DSLM

wfithaveryffastresponsetfime.

Afftertakfinganfimageoffthefinfitfiaflflydfisorderedarray,theyswfitchofftheunoccupfied

trapsandshfiffttheoccupfiedonestofformarbfitrary1Darrangementsoffatoms.The

technfiquefisveryeficfientandffastasaflflatomsaremovedtogetherfin3ms,fincontrast

tooursoflutfionwherewere-orderthearrayatombyatom,eachmovetakfing1ms.

Neverthefless,thfissoflutfionfisflfimfitedto1DstructuresasusfingasecondcrossedAOD

woufldnotaflflowarbfitrary2Dgeometrfiesandfindfivfiduaflcontrofloffaflfltraps,butrather
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manycopfiesoffa1Darray.Inffutureexperfiments,fitmfightbepossfibfletocombfinethe

flexfibfiflfityoffstatficarraysoffhoflographfictweezersgeneratedwfithaSLMandAODs

creatfingmufltfipfletrapsmovfingfinparaflfleflaflongasfingfleflfineorcoflumntore-arrange

flargeatomficarraysffaster.

Movfinghoflograms ThegroupfledbyProff.JaewookAhnatKAISTfinKoreahave

beenworkfingonaneflegantapproachofftheprobflembyupdatfingfinreafl-tfimethe

hoflogramdfispflayedontheSLM[Kfimetafl.,2016;Lee,Kfim,andAhn,2016].Theyuse

theabfiflfityoffSLMstoupdatethedfispflayedhoflogramatavfideorateoff60Hz,thus

dynamficaflflychangfingthedfiffractfionpattern.Usuaflfly,changfingtheSLMfimagefleads

tofimportantflfickeroffthetrapfintensfitfiescausfingsevereatomflosses.Theyovercome

thfisprobflemusfingaspecfiaflkfindoffhoflogramaflflowfingflficker-ffreedfispflacementoff

traps.Then,oncethefinfitfiaflposfitfionsofftheatomsareknown,asetoff30hoflograms

aresequentfiaflflydfispflayedontheSLM,reshuflfingtheatomfinatargetarrangement.

Theteamfirstdemonstratedanassembflyoffa2×2atomficarrayfin2D[Kfimetafl.,

2016]andthenextentedfitto3Dmovements(whfiflekeepfingthefinfitfiaflandfinafl

structurespflanar)[Lee,Kfim,andAhn,2016].

Affterthesefirstdemonstratfions,flfimfitedfinnumberofftrapsNbythedecreasfing

dfiffractfioneficfiencyoffthefirhoflogramswfithNandtheffactthattheyhadtopreparefin

advanceaflflthere-orderfingvfideos2,theyfimprovedthefirtechnfiquebyusfingamodfified

versfionofftheGerchberg-Saxtonaflgorfithmfforthecomputatfionoffthehoflograms,whose

eficfiencyremafinsconstantwfithN,andbyperfformfingfinreafltfimethecaflcuflatfion

onagraphficcard.Theteamaflsoreportedaspecfificaflgorfithmtofindagoodset

offatomfictrajectorfiesavofidfingcoflflfisfions[Lee,Kfim,andAhn,2017]andperfformed

experfimentsonarraysoffupto20atoms[Kfimetafl.,2018].Thecurrentflfimfitsoffthfis

approacharethesflowerre-arrangementoffatoms,avfideotakfing∼150ms(duetothe

sflow60HzreffreshrateofftheSLM),andthenecessfitytorepeattheprocedureupto9

tfimestoachfievea98%fiflflfingffractfion.

State-dependentoptficaflflattfices Ffinaflfly,ffoflflowfingtheproposafloffWefiss etafl.

[2004],twoteamsdemonstratedstate-dependentoptficaflflattficesre-orderfingatoms:the

groupfledbyProff.DfieterMeschedeandAndreaAflbertfireportedonthearbfitrary

arrangementoff4atomsfinashort0.43µm-perfiod1Dflattfice[Robensetafl.,2017],

whfiflethegroupoffProff.Davfid Wefisshasshown50atomsarrangedfintwoorthree

2ForN=9atoms,thereare29=512possfibfiflfitfies,eachoffthemrequfirestosavea30-fframevfideo
wfitha800×800resoflutfion(theSLMone),suchthatfintotaflfittakes10GBoffmemory,scaflfing
exponentfiaflflywfithN.
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flayersoffaflarge4.9µm-perfiod3Dflattfice[Kumaretafl.,2018].

TheexperfimentaflprocedurefissfimfiflarfforbothcasesandIdetafiflfitfforthe3D

sortfing.Theschemereflfieson:

findfivfiduafl-sfiteaddressfingusfingtwocrosseddfipofletrapsaflflowfingtochangethe

hyperfineflevefloffasfingfleground-stateatomwfithamficrowaveπ-puflse[Wang

etafl.,2015,2016].

spfin-dependenttransflatfingflattfices,whereonflyatomsfinonehyperfinefleveflare

shfifftedffromonesfitetoanother.

Affterrecordfingasetofffimagestoobtafina3Dreconstructfionofftheflattficesfite

occupancfies[Neflson,Lfi,and Wefiss,2007],atomstobemovedarefirsttransfferredto

thehyperfinestatesensfitfivetothemovfingflattfice,thenshfifftedandfinaflflypumped

backfintheorfigfinaflstate.Theoperatfionfisrepeateduntfiflthetargetarrayfisassembfled.

Inaddfitfion,theatomscanbecoofledtotheground-stateofftheflattficeefitherwfith

Ramansfidebandcooflfingorusfingprojectfionsfidebandcooflfing[Lfietafl.,2012],such

thataflmostaflfltheentropycanberemovedffromtheflattfice.

Thfistechnfiqueaflflowstopreparequfitecompact3Darraysoffatomsusfingoptficafl

flattficesfinsteadofftweezers,attheexpenseoffmorerestrfictedgeometrfiesthanoffered

byhoflography.Anotherflfimfitfistheweakereficfiencyoffsfingfleatommoves,whfich

requfirestorepeattheentfireprocedureupto3tfimestofincreasethefiflflfingffractfion.

3.5 Concflusfion

Inthfischapter,Ipresentedthedeveflopmentoffouratomassembflermachfinepreparfing

qufickflyandeficfientflyffuflfly-fiflfled3Datomficarraysoffupto72atomsandcountfing.I

firstexpflafinedhowasfingflemovfingtweezers,engfineeredwfithtwodeflectorsanda

tunabfleflens,coufldtransfferanatomffromonetraptoanother.Then,Ihaveshown

howtocombfinemanysuchmovestore-ordera2Datomficarraywfithaneficfiencyoff

98.5%persfite,flfimfitedonflybythefinfiteflfiffetfimeofftheatom.Ffinaflfly,wescafledup

thetechnfiquetothethfirddfimensfionbyrepeatedsuccessfiveflythe2Dprocedureon

dfifferentflayersoffa3Dpattern.

Therecentdeveflopmentsoffatomsortfingdevficessoflvedtheflong-standfingfissueoff

thestochastficfloadfingoffatomsfinmficroscopficdfipofletraps.Soffar,onflyufltracofld

atomsfinoptficaflflattficescoufldprovfidesampfleswfithhfighfiflflfingffractfionusfingthe

quantumphasetransfitfiontoaMottfinsuflator[Grefineretafl.,2002;Shersonetafl.,2010;

68



3.5Concflusfion

Bakretafl.,2010].Theoptficafltweezerspflatfformfisnowabfletoproduceperffectflyfiflfled

sampfleswfithmoreflexfibfiflfityfingeometrfiesandatanexperfimentaflcycflfingratehfigher

byaflmosttwoordersoffmagnfitude.Inaddfitfionfitcanbeadaptedtoanypartficfles

whfichcanbetrappedfinoptficafltweezersbutfforwhfichBoseorFermfidegeneracyhave

notyetbeenreached.

Ffinaflfly,theatomassembflertechnfiquedoesnotonflyopenbrfightperspectfivesffor

experfimentswfithRydbergatomsaswewfiflfldemonstratefinthetwootherpartsoff

thfisthesfis,butcanaflsobeappflfiedtocofldpoflarmoflecufles[Yaoetafl.,2012;Peter

etafl.,2012],atomscoupfledtoananoscaflecavfity[Thompsonetafl.,2013a],orusedffor

metroflogy[Ḱoḿaretafl.,2016].CombfinedwfithRamansfidebandcooflfing[Kauffman,

Lester,andRegafl,2012;Thompsonetafl.,2013b;Yuetafl.,2018],fitbecomesapowerffufl

toofltoengfineerentangflfinggatesthroughcoflflfisfions[Jakschetafl.,1999;Kauffman

etafl.,2012]orstudycofldchemfistrybyfinsertfingtwoatomsfinthesametweezersand

bufifldfingamoflecufle[Lfiuetafl.,2018].
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Inthefintroductorychapter,wemotfivatedthedeveflopmentoffaquantumsfimuflator

basedonRydbergatomsbythestudyoffmany-bodyphenomena,andfinpartficuflaroff

quantummagnetfism. Wearefinterestedfinreaflfizfingspfin-1/2Hamfifltonfians,where

partficflesarefixedandonflythefirspfinspflayaroflebyfinteractfingtogetherandwfithan

externaflmagnetficB-fiefld.OnewaytoobtafinsuchanHamfifltonfianwfithcofldatoms

fistodrfivethem,wfithflasers,ffromthefireflectronficground-stateflevefl|g⟩=|↓⟩toa

Rydbergflevefl|r⟩=|↑⟩,wheretheyexperfiencestrongvander Waaflsfinteractfions.Iff

theexperfimentfisperfformedffastenough(<10µs),theatomficmotfion(<1µm)can

benegflected,andtheflaser-drfivenffrozenRydberggasfisthenweflfldescrfibedbythe

ffoflflowfingspfin-1/2Hamfifltonfian:

H=
Ω

2

∑

fi

σxfi− δ
∑

fi

nfi+
∑

fi<j

C6
R6fij
nfinj. (4.1)

whereweusethePauflfioperatorsσx,y,zactfingonthespfin-1/2partficflesandnfi=

(1+σzfi)/2fis1fforaRydbergatomand0otherwfise.Thefirsttermcorrespondsto

thecoherentdrfivewfithaRabfiffrequencyΩoffthe|g⟩↔|r⟩transfitfion,thesecondto

theflaserdetunfingδffromtheatomfictransfitfion.Thefirexperfimentaflfimpflementatfion

wfiflflbedescrfibedfinChapter5.Thethfirdtermfisthevander WaaflsshfifftV=C6/R
6

gfivenbythedfipofle-dfipoflefinteractfionffortwoatoms,separatedbyadfistanceR,finthe
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sameRydbergstate.ThecoeficfientC6∝(n
⋆)11dependsonthechoficeoffRydberg

state|r⟩andfincreasesdramatficaflflywfiththeprfincfipaflquantumnumbern⋆.

Phasedfiagram:crfitficaflregfionandorderedstates TheconnectfionbetweenEq.4.1

andquantummagnetfismfismadeexpflficfitbyconsfiderfingthefirsttwotermsaspflayfing

therofleoff,respectfivefly,thetransverseandflongfitudfinaflcomponentsoffaneffectfive

magnetficB-fiefld,whfiflethevander WaaflsfinteractfiongfivesrfisetoanIsfingcoupflfing,

wfithaflong-rangeextent.AgenerficΩ-δphasedfiagramresufltfingffromthfisHamfifltonfian

fisrepresentedschematficaflflyfinFfig.4.1fforarepuflsfivefinteractfionenergy(C6>0).

AflongtheΩ=0flfine,theefigenstatesarecflassficaflconfiguratfionswhereeachatomfis

efitherfin|g⟩orfin|r⟩.Atnegatfivedetunfing,thesystemenergyfismfinfimfizedwhen

aflfltheatomsarefin|g⟩,whfichwecaflflaparamagnet.Atposfitfivedetunfingandffora

non-finteractfingsystem(C6=0),wehavetheopposfitesfituatfionwfithaflflatomsfin|r⟩.

TheorfigfinOfisthusacrfitficaflpofintaroundwhfichtherefisajumpofftheRydberg

ffractfionffr=Nr/N,whereNrfisthenumberoffatomsfin|r⟩finasystemoffNpartficfles.

ThefinteractfionbetweenRydbergatomsthenstabfiflfizesorderedphases,wherethe

numberandposfitfionoffRydbergatomsresufltffromthecompetfitfionbetweenthe

secondandthfirdtermofftheHamfifltonfian.TheŃeeflstate,shownfinFfig.4.1,where

nearest-nefighborRydbergexcfitatfionsareavofided,fisoneoffthepossfibfleorderedstates.

Inffact,the1/R6extentoffthevander Waaflsfinteractfionfleadstoadevfifl’sstafircaseoff

cflassficaflgroundstates[BakandBrufinsma,1982].ForfincreasfingflaserdrfiveΩ>0,

thetransversefiefldtendstodestroytheorderffavoredbythevander Waaflstermby

creatfingandremovfingRydbergexcfitatfions.Atsomepofint,thesystemundergoesa

quantumphasetransfitfion(QPT)toaparamagnet.

Quenchexperfiments Afirstexperfimentaflapproachtothestudyoffthfisphase

dfiagramfistoperfformquenchesoffthetransversemagnetficfiefld.Startfingwfithaflfl

atomsfinfitfiaflflyfin|g⟩,theexcfitatfionflaserfissuddenflyswfitchedonresonantflyonthe

transfitfion(δ=0),andweobservethesubsequentdynamficsoffthesystem.Ffirst

experfimentsoffthfiskfindwerecarrfiedoutondfisorderedcofldatomficcfloud[Tong

etafl.,2004;Sfingeretafl.,2004;Vogtetafl.,2006;Hefidemannetafl.,2007],where

onecanmeasurethefinaflvaflueofftheRydbergffractfionffr.Itwasreportedthan

whendrfivfinghfigh-n⋆Rydbergstates,vander Waaflsfinteractfionspreventffrffrom

reachfingunfity,andtheobservedsaturatfiondependsstrongflyontheC6coeficfient.

Pfictorfiaflfly,thfissaturatfioncanbeexpflafinedbyconsfiderfingtheRydbergbflockade

effect‘preventfing’twoexcfitatfionstobeflocatedcfloserthanatypficaflRydbergbflockade
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Ffigure4.1:Phasedfiagramoffflaser-drfivenRydbergensembfles.Lefft:atwo-fleveflatom

fisdrfivenffromtheground-state|g⟩totheRydbergflevefl|r⟩.Thecoupflfingstrengthfis

Ωandthedetunfingffromthetransfitfionfisδ.Mfiddfle:PhasedfiagramfintheΩ−δpflane

fforarepuflsfivevander Waaflsshfifftbetweenatoms(C6>0).Abovethecrfitficaflpofint

O=(0,0),therefisacrystaflflfinephasewheretheposfitfionofftheRydbergexcfitatfions

arestrongflycorreflatedtomfinfimfizethefinteractfionenergy.Outsfidethfisregfion,theflaser

drfivedomfinatesthefinteractfionandthemany-bodyground-statefisaparamagnet.Inthfis

chapter,wewfiflflexpflorethepropertfiesoffthesystemcflosetothecrfitficaflpofintO.Thfis

figurefisadaptedffromWefimeretafl.[2008].

dfistanceRb=(C6/Ω)
1/6,emergfingnaturaflflyffromEq.4.1.Itcorrespondstothe

finteratomficdfistanceatwhfichtheenergycostoffhavfingtwoRydbergatomsfisequaflto

thedrfivfingstrength.Consequentfly,finadenseatomficcfloudwfithmanypartficflesper

Rydbergbflockadevoflume,weexpect:

ffr≃
1

4
3
πR3bρ

=

(
9

16π2
Ω

C6ρ2

)1/2
(4.2)

whereρfistheatomficdensfity.ThfisnafiveestfimatewasrefinedbyWefimer etafl.[2008],

whfichfirstpofintedoutthataquenchexperfimentwasprobfingthecrfitficaflregfion

δ=0whereasecondorderquantumphasetransfitfionseparatestheparamagnetfic

andorderedphase,andthenusedamean-fiefldtheorytoobtafinthecrfitficaflexponent

ν=2/5finsteadoff1/2fintheaboveequatfionffora3Dcfloud.Thescaflfingflawwas

confirmedexperfimentaflflybyL̈owetafl.[2009].

Inaddfitfiontoasaturatfionoffffr,oneexpectsmany-bodycorreflatfionsbetweenthe

posfitfionofftheRydbergexcfitatfionstoarfiseffromthequenchdynamfics[Robficheaux

andHerńandez,2005],aswecanonflyexcfiteconfiguratfionswheretheRydbergatoms

areffurtherawaythanRb(aflflotherconfiguratfions,vfioflatfingtheRydbergbflockade

effect,befingenergetficaflflydecoupfled).Theobservatfionoffsuchcorreflatfionswasmade

possfibflefinanatomficcfloudbyusfinganfionfimagfingtechnfique[Schwarzkopffetafl.,
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2013],finoptficaflflattficeexperfimentsusfingaquantumgasmficroscope[Schaußetafl.,

2012],andflaterusfingouroptficafltweezerspflatfform[Labuhnetafl.,2016].Iwfiflflbrfiefly

revfiewtheflatterexperfimentfinthfischapter.Morerecentfly,Kfimetafl.[2018]aflso

presentedastudyoffthethermaflfizatfiondynamficsffoflflowfingaquenchfintheRydberg

quantumsfimuflatordeveflopedatKAIST,finKorea.

Adfiabatficground-statepreparatfion Insteadoffquenchfingthesystem,whfichfleads

toacompflexdynamficsduetothebeatfingoffmanyexcfitedstates,onecanaflsotryto

prepareadfiabatficaflflytheorderedphasesoffthephasedfiagram[Pohfl,Demfler,and

Lukfin,2010;Schachenmayeretafl.,2010;vanBfijnenetafl.,2011].Startfingwfiththe

atomficsystemfinaparamagnetficphasewfithnoRydbergexcfitatfion|G⟩=
∏
|g⟩,a

smoothevoflutfionofftheflaserparameters{Ω(t),δ(t)}brfingsthesystemfinanordered

phaseafftercrossfingaquantumphasetransfitfion(QPT),provfidedthereexfistsagap

betweenthegroundstateandthefirstexcfitedones.

ThfisapproachwasfirstffoflflowedbySchaußetafl.[2015]whoreportedtheobservatfion

offmany-bodystateswfithaffew(2to4)Rydbergexcfitatfionswfithstrongflycorreflated

posfitfionsonaflattficecontafinfing∼100atoms.ThereasonfforsuchasmaflflRydberg

ffractfionflfiesfinthesfizeofftheRydbergbflockadedfistance,muchflargerthanthe

finteratomficseparatfion(Rb≫ a),fixedbytheuseoffoptficaflflattfices.Inthfiscase,

theground-statepropertfiesdependonthesystemboundarfiesratherthanonthe

underflyfingflattficegeometry,whfichfissmearedoutbytheflargeRb.

WfiththedeveflopmentoffRydbergquantumsfimuflatorsusfingoptficafltweezerswfith

arbfitraryspacfings,fitfisnowpossfibfletoexpfloretheregfimeRb∼a.Durfingthe

courseoffthfisthesfis,thegroupoffProff.MfickhafiflLukfinreportedthepreparatfion,ona

one-dfimensfionaflchafin,offorderedstateswfithaflargeRydbergffractfionffrffrom1/4to

1/2bytunnfingRbffrom∼4atoa[Bernfienetafl.,2017].Morerecentfly,theystudfied

thequantumphasetransfitfionbetweentheparamagnetficstateandtheseordered

phases[Keesflfingetafl.,2018].Inourgroup,weffocusedontheregfimeRb∼a,that

mapstoanearest-nefighborIsfingmodefl,wheretheatomficposfitfionspflayamajorrofle;

fforexampflefinatrfianguflarorkagomegeometryfitcanfleadtogeometrficaflffrustratfion.

Weattemptedtheadfiabatficpreparatfionofftheantfi-fferromagnetficgroundstatefin

a1Dchafin,anda2Dsquareortrfianguflarflattfice[Lfienhardetafl.,2018].Ffinaflfly,

fletusnotethesfimufltaneousworkperfformedfinthegroupoffProff. WaseemBakrat

PrfincetonUnfiversfity,wheretheydemonstratedthatfitwaspossfibfletoaflsoreachthe

regfimeRb∼afinanoptficaflflattficeexperfimentbyworkfingwfithflow-flyfingRydberg

states,sothatRbfissmaflfl[Guardado-Sanchezetafl.,2018].
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Outflfine Inthfischapter,Ifirstbrfieflypresent,finSectfion4.1,theresufltsoffour

quenchexperfimentsaflreadydescrfibedfinthethesfisoffHennfingLabuhn[2016].They

motfivatedadetafifledstudyoffthemappfingoffthedfipofle-dfipoflefinteractfionbetween

Rydbergatomstoasfimpflevander WaaflsshfifftthatwfiflflbepresentedfinChapter6.In

Sectfion4.2,Iproposeageneraflcflassfificatfionoffrecentexperfimentaflandtheoretficafl

studfiesoffthedfifferentorderedphasesemergfingffromEq.4.1,basedontheRydberg

bflockadedfistance.Ffinaflfly,finSectfion4.3,Ipresentourattempttopreparetheantfi-

fferromagnetficgroundstateoffthenearest-nefighborIsfingmodeflbyadfiabatficsweeps.

Iffocusonexperfimentsperfformedonasquareflattfice,andonhowthepreparatfion

eficfiencyfisyetflfimfitedbythecoherencetfimefinourexperfiment.Thfismotfivateda

quantfitatfiveanaflysfisoffaflfldephasfingmechanfismsdescrfibedfinChapter5.

Amoredetafifledanaflysfisoffthespace-andtfime-dependentgrowthoffcorreflatfions

durfingtheadfiabatficpreparatfion,fforawfiderrangeoffgeometrfies,wfiflflbegfivenfin

thethesfisoffVfincentLfienhard.Theexperfimentsrevfiewedfinthfischapterhavebeen

pubflfishedfinLabuhnetafl.[2016]andLfienhardetafl.[2018].

4.1 Quenchexperfiments

OurRydbergexperfimentstartswfithanassembfledatomficarrayaflflfinfitfiaflfizedfin

theeflectronficground-state|g⟩byoptficaflpumpfing,whfichfistheparamagnetficphase

descrfibedabove.Theexcfitatfionflasers,gfivfingrfisetoacoherentcoupflfingwfithaRabfi

ffrequencyΩ,aredescrfibedfinChapter5.Aquenchexperfimentconsfistsfinswfitchfing

onsuddenflythecoherentdrfivefforavarfiabfletfimeτ.Recaflflthattheoptficafltweezers

areoffdurfingaRydbergexperfiment,andthattheyareswfitchedbackonattheend

torecaptureatomsfin|g⟩andrepefltheonesfin|r⟩.Eachexperfimentaflrunendswfith

afluorescencefimageffromwhfichweobtafinthesfite-resoflvedmeasurementnfi=0

(atomfin|g⟩andrecaptured)or1(atomfin|r⟩andflost). Weusethfismeasurementto

reconstructthemacroscopficRydbergffractfionffr=
∑
⟨nfi⟩/Nandthedensfity-densfity

correflatfionmapC(fi,j)=⟨nfinj⟩−⟨nfi⟩⟨nj⟩.Theflattercanaflsobeexpressedfinthe

fformg(2)(fi,j)=⟨nfinj⟩/⟨nfi⟩⟨nj⟩,morepopuflarfinthequantumoptficscommunfity. We

wfiflflffoflflowtheevoflutfionofftheseobservabflesaffteraquench.

TheexperfimentsareperfformedonasystemofftypficaflsfizeLandfinteratomficspacfing

a,andwecanthusfidentfiffythreemafinregfimes:

Rb≪a:theRydbergbflockadedfistancedoesnotextendffromoneatomtothe

other.Theatomsarethusfindependentandwehaveacoflflectfionofffidentficafland
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fisoflatedtwo-fleveflsystems.ThequenchdynamficsfisasfimpfleRabfioscfiflflatfion

ataffrequencyΩ:theRydbergffractfionffroscfiflflatesbetween0and1,andthe

pafir-correflatfionffunctfionremafinsattheuncorreflatedvaflueg(2)(fi,j)=1.

Rb≫ L:theRydbergbflockadevoflumeencompassesthewhofleatomficen-

sembfle.TherecanbeonflyoneRydbergexcfitatfion,whfichfisdeflocaflfizedover

aflflNatoms.Thesystemthusrestrfictstoonflytwostates|G⟩=
∏
fi|gfi⟩and

|W⟩= 1√
N

∑
fi|g...rfi...g⟩,coupfledtoeachotherwfithacoflflectfiveflyenhanced

ffrequency
√
NΩ.ThequenchdynamficsfisagafinaRabfioscfiflflatfionoffthfiseffectfive

two-fleveflsystem:ffroscfiflflatesbetween0and1/Nandg
(2)(fi,j)=0.

a Rb L:thesystemcannotberestrfictedtoaneffectfivetwo-fleveflprobflem.

Thequenchprojectsthefinfitfiaflstate|G⟩onasuperposfitfionoffmanyefigenstates

wfithdfifferentenergfies.Thebeatfingofffincommensurateefigenffrequencfiescauses

theoscfiflflatfionoffffrtoreflax
1towardsasteady-statevafluebetween1/Nand

1dependfingontheexactvaflueoffRb,asdfiscussedearflfier.IntheRydberg

bflockadepficture,weexpectthecorreflatfionffunctfiontobecflosetoastepffunctfion

g(2)(|fi−j|<Rb/a)=0andg
(2)(|fi−j|>Rb/a)=1.

Experfiment Inowpresentoneexperfimentperfformedfinthethfirdregfime.Ffig-

ure4.2(a)showstheatomficarray,aquasfione-dfimensfionaflchafin,andtheRyd-

bergbflockadevoflumeoffradfiusRb=4.3affoflflowfingthechoficeoffRydbergstate

|r⟩=
⏐
⏐79D3/2

⟩
(C6/h≃−6×10

3GHz.µm6)andRabfiffrequencyΩ/(2π)=1.0MHz.

Theobflongfformoffthebflockadevoflumefisduetotheanfisotropyoffthevander Waafls

finteractfionfforRydbergD3/2states(seeChapter6).Thechafinhasperfiodficboundary

condfitfionssuchthatweroughflyexpecttheaveragedensfitytobeunfifformandthe

pafir-correflatfiontodependonflyonk=fi−j(evenfiff,strfictfly,theshapeoffthebflockade

voflumebreaksthetransflatfionaflfinvarfiance).

Forfincreasfingexcfitatfiontfimeτ,weobserve,finFfig.4.2(b),anfinfitfiafloscfiflflatfion

offffr,whfichthenreachesasteady-statevafluecflosetothenafiveestfimatea/Rb.

ThfisfissfimpflytheadaptatfionoffEq.4.2toaone-dfimensfionaflsystem,wherethe

bflockadespherefisrepflacedbya1Dhard-rod.Aflongsfidetheoscfiflflatfionoffffr,strong

correflatfionsbetweenRydbergatomsappear,asseenfinFfig.4.2(c).Itroughflyresembfles

thestepffunctfiondfiscussedabove:atshort-dfistancek<Rb/atherefisasuppressed

probabfiflfitytofindtwoRydbergatoms,whfifleatflargedfistancesk≫Rb/atwoatoms

1Thfis‘thermaflfizatfion’offacflosedquantumsystemfisacommonflyencounteredpropertyofffinteractfing
ensembfles[Deutsch,1991].
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Ffigure4.2:Dynamficsffoflflowfingaquantumquench.(a)Quasfi-1Dchafinwfithperfiodfic

boundarycondfitfions.TheRydbergbflockaderadfiusfisRb=4.3a,wfithathefinteratomfic

spacfing.(b)EvoflutfionofftheRydbergffractfionffrwfiththepuflseareaΩτ.Thedashedflfine

findficatesthemaxfimaflfiflflfingoffthesystemwfithhard-rodsoffflengthRb.Thearrowfindficates

thetfimeatwhfichwecaflcuflatethepafircorreflatfionshownfin(c).Thebflockadeeffect

preventstheexcfitatfionoffthesecondatomatadfistanceka<Rb.Atflargerseparatfions,

thecorreflatoroscfiflflatesaroundtheasymptotficvaflue1,correspondfingtouncorreflatedsfites.

(d,e)QuenchdynamficsusfingadfifferentRydbergstateandgeometryofftheatomficarray.

Here,weobserveadfiscrepancybetweentheexperfimentafldataandthepredfictfionoffthe

spfin-1/2modefl.WewfiflflsearchffortheorfigfinoffthedevfiatfionsfinChapter6andfindbetter

experfimentaflparameters.

areuncorreflated.Interestfingfly,therefisanenhancedprobabfiflfitytohavetwoRydberg

atomsatk≃Rb/a,aflsoobservedfinSchaußetafl.[2012].Thfispropertycanbe

expflafinedusfinganhard-rodmodefl[AtesandLesanovsky,2012;Petrosyan,Ḧonfing,

andFflefischhauer,2013].

TheresufltspresentedfinFfig.4.2(b,c)arefinverygoodagreementwfithab-finfitfio

numerficaflsfimuflatfions,wfithoutadjustabfleparametersandtakfingfintoaccountdetectfion

errors,carrfiedoutbyTommasoMacr̀ı.However,fforexperfimentsperfformedonanother

setoffgeometryandRydbergstate|r⟩=
⏐
⏐61D3/2

⟩
,weobserveacfleardevfiatfionwfith
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thetheory[seeFfig.4.2(d,e)].ThefincreasedRydbergffractfionabovethetheoretficafl

modeflfindficatesaffafiflureofftheRydbergbflockadeeffectandmotfivatedadetafifled

anaflysfistoexpflafinandsoflvethfisprobflemthatwfiflflbepresentedfinChapter6.

4.2 Devfifl’sstafircaseofforderedstates

ThephasedfiagramshownfinFfig.4.1fisonflyaroughdescrfiptfionofftherfichvarfietyoff

orderedstatesthatarfiseffromtheflong-rangeIsfingcoupflfingoffEq.4.1.Inowgfivea

moredetafifleddescrfiptfionofftheseorderedphases,cflassfiffyfingthemasaffunctfionoffthe

sfizeoffthetypficaflRydbergbflockaderadfius.Ireflatethemtorecentexperfimentafland

theoretficaflstudfies.

LetusstartbynotficfingthattheHamfifltonfian(4.1),andsothephasedfiagram,are

symmetrficundertheoperatfion|g⟩↔|r⟩andδ↔−δ+
∑
fi<jVfij/N.Therefisthusa

secondcrfitficaflpofintO2at(Ω,δ)=(0,
∑
fi<jVfij/N)wherethephysficsfisthesameas

aroundO,exceptthatground-stateatomsarerepflacedbyRydbergexcfitatfionsand

vfice-versa.Aflongthecflassficaflaxfis(Ω=0),themany-bodyground-stateRydberg

ffractfionrfisesffromffr=0atOtoffr=1atO2.Inbetweenthetwocrfitficaflpofints,

therearemanystabflephaseswfithafixednumberoffRydbergexcfitatfionswhose

posfitfionsarestrongflycorreflatedtomfinfimfizethefinteractfionenergy.

Becausethevander Waaflspotentfiafldecreasesqufickflyas1/R6,thefinteractfionfis

aflwaysdomfinatedbythenearest-nefighborcoupflfings.Theflargestcrystaflflfinephasefin

Ffig.4.3fisthususuaflflytheonewfithaRydbergffractfionffr=1/2wfithoneexcfitatfion

everyothersfite:theŃeeflstate(notethatthfisfisnottruefforffrustratedgeometrfiesffor

exampfle).Otherphases,wfith0<ffr<1/2,areflocatedverycflosetothecrfitficaflpofint

Owhereflonger-rangedcoupflfingspflayarofle.Itfispossfibfletoexpfloreexperfimentaflfly

thesesmaflflphasesusfingtheextremetunabfiflfityoffaRydbergquantumsfimuflator,

sfincethefinteractfionstrengthV∝n11/R6canbevarfiedbymorethan6ordersoff

magnfitudebychoosfingprfincfipaflquantumnumbersn=50−100andfinteratomfic

spacfingsR=3−10µm(bychangfingthehoflographficarrayofftweezers2).Incontrast,

theflaserdrfiveΩanddetunfingδhavestrongerconstrafintsandaretypficaflflyonthe

orderoff1MHz:muchhfighercoupflfingstrengthsΩarenotyetavafiflabflefincurrent

experfimentaflapparatus,whfifleflowerenergyscaflesrequfireflongerexperfiments,thatare

precfludedbythemotfionofftheatoms,asflongasRydbergatomsarenottrapped.

Tunfingthevander Waaflsstrength,atfixedδandΩ,consfistsfinzoomfingfinand

2Foroptficaflflattficeexperfiments,thespacfingfismuchsmaflflerandfixedtoa=λ/2∼0.5µmbythe
trapflaserwaveflengthλ.
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Ffigure4.3:TunfingtheRydbergbflockadevoflume.Thetopschemesrepresentthe

reflevantareaoffthephasedfiagram,flocatedcfloserandcflosertothecrfitficaflpofintO,

whfichcanbestudfiedbyfincreasfingtheRydbergbflockadedfistanceRb.Thebottom

schemesfiflflustrateapartficuflarexperfimentaflreaflfizatfion:(a)nearest-nefighborIsfingmagnet

fimpflementedbyLfienhardetafl.[2018],(b)Z3orderedstatestudfiedbyBernfienetafl.

[2017],(c)crystafloffthreeRydbergexcfitatfionsffromSchaußetafl.[2015]and(d)affuflfly

bflockadedsystemreaflfizedbyLabuhnetafl.[2016].

outoffthecrfitficaflpofintOandthusaflflowstoobserveextremeflysmaflflffeaturescflose

toO.Intheffoflflowfing,Icflassfiffythedfifferentorderedstatesbyusfinganeffectfive

RydbergbflockadedfistanceRb=
[
C6/(h×1MHz)

]1/6
,gofingaflflthewayffromaregfime

offfindependentatoms(Rb≪a)toaffuflflybflockadedsystem(Rb≫L).

Paramagnetficphase:Rb≪ a.Thefinteractfionenergybetweentwonefighborfing

atomsfissmaflflerthantheflaserdrfiveΩordetunfingδ.Theatomsarethusbasficaflfly

findependentandactasffreespfin-1/2partficflesunderthefinfluenceoffamagnetficfiefld

definedbyB∝(Ω,0,δ):oursystemfisaparamagnet(PM).
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Nearest-nefighborfinteractfion:Rb∼a.Thefinteractfionenergybetweennefighborfing

sfitesVNN=C6/a
6fisnowsuficfientflyflargefforanfinteractfion-domfinatedcrystaflflfine

phasetobeexperfimentaflflyobservabflecflosetothecrfitficaflpofintO.Thenext-nearest

nefighborterm3VNNN=VNN/64fisusuaflflynegflected.Inthfisapproxfimatfion,Eq.4.1

mapstothenearest-nefighborIsfingmodefl.Themany-bodygroundstatedepends

ontheexactarrangementoffflattficesfites:Forasfimpfleatomficarraygeometry,asa

1Dchafinora2Dsquareflattfice,themany-bodygroundstatefistheŃeeflstate,but

thfisfisnotthecasefforatrfianguflarflattficewheregeometrficaflffrustratfionpflaysarofle.

ExperfimentsperfformedfinthfisregfimehavebeenreportedbyBernfienetafl.[2017]

andKeesflfingetafl.[2018](1Dchafin),Guardado-Sanchezetafl.[2018](2Dsquare

flattfice)andLfienhardetafl.[2018](1Dchafin,2Dsquareandtrfianguflarflattfices).I

wfiflflpresentourresufltsobtafinedonthe2Dsquareflattficefintheflastsectfionoffthfis

chapter.Ffigure4.3(a)showsthephasedfiagramwherethesecondcrfitficaflpofintat

δ=Vfisvfisfibfle.

Znphases:a<Rb≪ L.TheRydbergbflockaderadfiusnowextendsoveraffew

flattficesfites,butremafinssmaflflerthanthesystemsfize.Thfisregfimehasbeenstudfied

fin1DbytheHarvardteam[Bernfienetafl.,2017;Keesflfingetafl.,2018]. WhenRb

fincreasesffrom∼ato∼2a,onehastoconsfiderthenext-nearestnefighborfinteractfion

termVNNN.Theflatterstabfiflfizes,cflosetothecrfitficaflpofintO,aZ3orderedstatewfith

oneRydbergexcfitatfionevery3flattficesfites.Forfincreasfingfinteractfionstrength,the

flong-rangeextentoffthevander WaaflsfinteractfionfleadstoasuccessfionoffZkphases

wfithaRydbergffractfionffr=1/k,asshownbyzoomfingcflosetoOfinFfig.4.3(b).

Onanfinfinfite-sfizesystem,therewoufldbeanever-endfingsuccessfionoffsuchphases,

fincreasfingflycflosertothecrfitficaflpofint.WefimerandB̈uchfler [2010]perfformeda

theoretficaflstudyoffthesephasesfforthepartficuflarcaseoffa1Dchafin.Moregeneraflfly,

fforflargerRydbergbflockadevoflume,weexpectthegroundstatetobecomefless

dependentontheexactflattficegeometry.

CrystaflswfithffewRydbergatoms:a≪ Rb<L.Inafinfite-sfizesystemoffN

atoms,thesequenceoffZkphasesfishafltedbythefinfiteresoflutfionoffffr,whfichcanonfly

changebystepoff1/N.Forveryflargebflockadedfistance,comparabfletothesystem

sfizeL,therearecrystaflflfinephaseshostfingonflyasmaflflnumberoffRydbergexcfitatfions

Nr,asshownfinFfig.4.3(c).ThereflevantfinteractfionenergyfisnowVL=C6/L
6.

3Consfiderfingherea1Dchafin.Fora2Dsquareflattfice,wewoufldhaveVNNN=VNN/8aflongthe
dfiagonafl.

82



4.3Nearest-nefighborIsfingmodefl

Cflosertothecrfitficaflpofint,therefisaphasewfithasfingfleRydbergexcfitatfion(seenext

paragraph).TheffoflflowfingphasefisacrystaflwfithtwomaxfimaflflyseparatedRydberg

excfitatfions:fina1Dchafintheyflfieatthetwoextremesfites.Itcontfinueswfithcrystafls

contafinfingNr=3,4,...Rydbergexcfitatfions.ThfisregfimehasbeenstudfiedbySchauß

etafl.[2015],whoobservedonsetsoffthesecrystaflflfinestatescontafinfingonflyaffew

Rydbergatoms.Thedfificufltyoffpreparfingadfiabatficaflflysuchstateshasbeendfiscussed

byPetrosyan,Møflmer,andFflefischhauer[2016].

Fuflflybflockadedsystems:L<Rb.Ffinaflfly,theRydbergbflockadevoflumefisflarger

thanthesfizeoffthesystem,whfichfisthusffuflflybflockaded. Weareflefftwfithonflytwo

accessfibflestates:|G⟩and|W⟩. Whfifle,ffromthepofintoffvfiewoffmany-bodyphysfics,

thetheoretficafldescrfiptfionoffaffuflflybflockadedensembflefistrfivfiafl,fitflfiesatthebasfis

offmanyproposedquantumdevfices[Jakschetafl.,2000;Lukfinetafl.,2001;Saffman

and Waflker,2002;M̈uflfleretafl.,2009]andfisaveryactfivefiefldoffresearch(seethe

revfiewoffSaffman[2016]).

4.3 Nearest-nefighborIsfingmodefl

Weareespecfiaflflyfinterestedfintheregfime Rb∼a,wheretheRydbergbflockaderadfius

extendsonflytonearest-nefighborsfites.Inthfisregfime,theflaser-drfivenRydbergensembfle

canbeseenasreaflfizfingthenearest-nefighborIsfingmodeflandIthusrefformuflate

Eq.(4.1)finto:

H=
∑

fi

B⊥σ
x
fi+
∑

fi

(B∥+B
fi
floc)σ

z
fi+
∑

fi<j

Jfijσ
z
fiσ
z
j. (4.3)

Ffirst,theflaserdrfivetakesexpflficfitflythefformoffaneffectfivemagnetficfiefldB=

B∥ez+B⊥exwfithatransversecomponentB⊥ = Ω/2andaflongfitudfinaflpart

B∥= δ/2.Then,weusenfinj=(1+σ
z
fi)(1+σ

z
j)/4todecomposethevander Waafls

termfin:

aconstantenergyoffset
∑
fi<jVfij/4thatfisfignored.

aflocaflflongfitudfinaflmagnetficfiefldBfifloc=
∑
fi<jVfij/2=zV/2wherezfisthe

numberoffnearestnefighbors.

anIsfingcoupflfing
∑
fi<jJfijσ

z
fiσ
z
jwfithJ=V/4.
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Whendfiscussfingthephasedfiagramsofffinfinfite-sfizeorperfiodficsystems,theflocaflfiefld

Bflocbecomesposfitfion-findependentandfisabsorbedfinthegflobaflflongfitudfinaflfiefld

B∥.Choosfingaflaserdetunfingcompensatfingthfisflocaflfiefld,weobtafinazerototafl

flongfitudfinaflfiefldand,bysymmetryofftheHamfifltonfian,theground-statemagnetfizatfion

fisffr=1/2.Forbfipartfiteflattfices,suchasareguflar1Dchafinora2Dsquarearray,the

ground-statefistheantfi-fferromagnetficŃeeflstatewfithoneRydbergexcfitatfionevery

othersfite.Inowreportourattempttoprepareadfiabatficaflflythfisstate,whfichhasbeen

reportedfinLfienhardetafl.[2018].Thfisworkwasdonefincoflflaboratfionwfithateamoff

theorfistscomposedoffMfichaeflSchufler,Loufis-PauflHenryandProff.AndreasLäuchflfi.

4.3.1AdfiabatficsweepstotheŃeeflstate

Theexperfimentfisperfformedbydrfivfinga6×6atomficarray,shownfinFfig.4.4(a),

totheRydbergstate|r⟩=
⏐
⏐64D3/2

⟩
(thfischoficeresufltsffromourstudypresented

finChapter6toavofidtheprobflemobservedfinFfig.4.2).FromthecaflcuflatedC6=

−875×103GHz.µm6andaspacfing4a=8.3µm,weobtafinanearest-nefighbor(NN)

coupflfingstrengthVNN/h≃−2.7MHz(equfivaflentflyRb=1.2a).Thenext-nearest

nefighbortermVNNN=VNN/8≃h×0.3MHzfisnegflectedandwedescrfibeoursystem

usfingtheNNIsfingmodefl.

TheflaserdrfiveanddetunfingwavefformsareshownfinFfig.4.4(b)andthetrajectory

finthephasedfiagramfin(c).Theresufltsdescrfibedfintheffoflflowfingareobtafinedfforan

optfimfizedsweepduratfionoff1µs. Wefirstobserve,finFfig.4.4(c),aquasfihomogeneous

densfityoffexcfitatfionsn(fi,j)overtheatomficarray,wfithasflfightfimbaflancebetween

edgeandbuflksfitesduetotheflocaflfiefldBfloc.ThemeanRydbergffractfionfis0.50(1)

andtherearefinaverageN̄exc=18Rydbergexcfitatfions.Ffigure4.4(d)showsthe

dfistrfibutfionoffNexcffor∼300reaflfizatfions:fitfissfignfificantflysqueezedcomparedto

abfinomfiafldfistrfibutfion(whfichwoufldbethecasefforfindependentatoms)butfless

thanexpectedfforaperffectŃeeflstateevenwhentakfingfintoaccountdetectfionerrors

(dashedredflfines),findficatfinganfimperffectadfiabatficpreparatfion.

Inowdfiscussthepafir-wfisecorreflatfionmapC(k,fl)definedby:

C(k,fl)=
1

Nk,fl

∑

fi,j

⟨σzfi+k,j+flσ
z
fi,j⟩−⟨σ

z
fi+k,j+fl⟩⟨σ

z
fi,j⟩, (4.4)

whereNk,flfisthenumberoffatompafirsseparatedbyksfiteshorfizontaflflyandflsfites

4Thearrayfissflfightflysqueezedaflongthehorfizontafldfirectfiontocompensatetheanfisotropfic
finteractfion.
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ξ = 1.41(4) 
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Ffigure4.4:Creatfionoffantfifferromagnetfic-flfikecorreflatfionswfithanadfiabatficsweep.

(a)6×6atomficarraydrfiventotheRydbergstate|r⟩=
⏐
⏐64D3/2,mJ=3/2

⟩
wfithtfime-

dependentflaserdrfiveΩ(t)anddetunfingδ(t)shownfin(b).Phasedfiagramandsystem

trajectory(orangepath)endfingdeepfinthecrystaflflfinephase.(c)Quasfi-homogeneousdensfity

mapobtafinedattheendoffthesweep.(d)HfistogramoffthenumberoffRydbergexcfitatfions

ffor264experfimentaflrunsshowfingasqueezeddfistrfibutfionaroundN̄exc=18=N/2.The

dashedflfinefisabfinomfiafldfistrfibutfionthatwoufldbeexpectedfforfindependentatoms,the

redflfinefisthepredfictedhfistogramffortheŃeeflstatetakfingfintoaccountdetectfionerrors

(ε,ε′)=(4,4)%.(e)Measuredcorreflatfionmap4×C(k,fl)showfinganantfifferromagnetfic

patternwfithasfignaflternatfingas(−1)|k|+|fl|.ForaperffectŃeeflstate,thecorreflatfion

woufldbesaturatedat±1.(ff)Exponentfiafldecreaseofftheabsoflutevaflueoffthecorreflator

wfiththedfistancem=|k|+|fl|.Theextractedcorreflatfionflengthfisξ=1.41(4).
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vertficaflfly.Ffigure4.4(e)showscflearantfifferromagnetficcorreflatfions,whfichneverthefless

remafinmuchsmaflflerthantheexpectedCk,fl=(−1)
|k|+|fl|/4ffortheŃeeflstate.In

Ffig.4.4(ff),Ipresentthesamedataasaffunctfionoffthedfistancem=|k|+|fl|,where

weobserveanexponentfiafldecaywfithafittedcorreflatfionflengthoffξ=1.41(4)sfites.

4.3.2Saturatfionoffcorreflatfionsbydecoherence

Anexactnumerficaflsfimuflatfionoffthecoherentevoflutfionoffoursystemdurfingthe

sweeppredfictsmuchflargercorreflatfions,bothfinmagnfitudeandfinspatfiaflextent,than

obtafinedfintheaboveexperfiment. Wethussuspectsomedecoherencemechanfisms

toflfimfittheeficfiencyoffouradfiabatficsweeps.Thfisfisffurthermotfivatedbytheffact

that,aflreadywhenperfformfingaRabfioscfiflflatfiononasfingfleatom(seenextchapter),

weobserveadampfingofftheoscfiflflatfioncausedbysomedephasfingmechanfisms.To

comffortthfisanaflysfis,ourcoflfleaguesffromthetheoryteamproposedtouseasfimpfle

modeflfforthedecoherencebyfintroducfingaphenomenoflogficafldephasfingrateγffor

theRydbergstateandsoflvfingamasterequatfionffora4×4array(seeAppendfixC

offLfienhardetafl.[2018]).ByfittfingthemodeflonanfindependentflymeasuredRabfi

oscfiflflatfion,wecaflfibratedthedephasfingratetoavaflueoffγ=3µs−1.

Wenowcomparetheresufltsoffthenumerficaflmodeflfincfludfingthedephasfingrate

andourexperfiments.Toquantfiffytheamountoffcorreflatfion,weusetheŃeeflffactor:

SŃeefl=4×
∑

(k,fl)̸=(0,0)

(−1)|k|+|fl|C(k,fl), (4.5)

whfichshoufldreachSŃeefl=NfforaperffectpreparatfionofftheŃeeflstate.Ffigure4.5(a)

showsthemeasuredandcaflcuflatedŃeeflffactorattheendoffasweepfforvaryfingsflopes

offδ(t)andthusoffdfifferenttotaflsweepduratfions.Forffastsweeps,SŃeeflfisexpectedto

besmaflfl,evenfforacoherentdynamfics(γ=0),duetothenon-adfiabatficevoflutfion

offthesystem,especfiaflflyatthequantumphasetransfitfion(δ(t)≃0)wherethegap

betweenthemany-bodyground-stateandthefirstexcfitedstatefissmaflflest.Forsflower

sweeps,theγ=0predfictfionrfisesmuchhfigherthanthemeasuredSŃeefl,whfiflethe

γ=3µs−1caflcuflatfiongfivesamuchbetteragreement.Inasecondexperfiment,shown

finFfig.4.5(b),wechoosetheoptfimaflduratfionoff1µsfindficatedfinpanefl(a),and

recordthetfime-resoflvedgrowthoffcorreflatfionsdurfingthesweep.Themeasuredvaflues

areagafinfingoodagreementwfiththenumerficaflmodefl.

Fromthfisstudy,weconcfludethatdecoherencemechanfisms,takenfintoaccount
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Ffigure4.5:Influenceoffadephasfingrateontheadfiabatficpreparatfion.Wecompare

themeasuredŃeeflffactorSŃeefltonumerficaflsfimuflatfionsfincfludfingaphenomenoflogficafl

dephasfingrateγaffectfingtheRydbergstate.UsfinganfindependentflymeasuredRabfi

oscfiflflatfion,weestfimateγ=3µs−1.(a)Foraffastsweep,theground-statepreparatfionfis

flfimfitedbynon-adfiabatficevoflutfionandthefinfluenceoffthedephasfingfisnegflfigfibfle.For

sflowersweeps,thecoherentevoflutfion(γ=0)gfivesamuchflargerSŃeeflthatobtafined

experfimentaflfly(darkdfisks).Takfingfintoaccountthefinfitedephasfingrategfivesnumerficafl

resufltscflosertoourobservatfion.(b)TemporaflevoflutfionoffSŃeefldurfingasweepoff1µs

[findficatedbythearrowfin(a)].Thenumerficaflresufltsoffthedephasfingmodeflareshown

fforvarfiousratesγ(dashedflfines).Theagreementfisbestfforthefindependentflyobtafined

γ=3µs−1(soflfidflfine).ThenumerficaflsfimuflatfionshavebeenperfformedbyMfichaeflScḧufler.

herewfithasfimpflfistficsfingfle-partficfledephasfingrateγ,flfimfittheeficfiencyoffthe

adfiabatficsweeps.SfimfiflarflfimfitatfionshaveaflsobeenreportedbyGuardado-Sanchez

etafl.[2018]andfinearflystudfiesoffground-statepreparatfiononanfionpflatfformIsflam

etafl.[2013].EvenfiffweobtafinedcflearsfignaturesofftheunderflyfingŃeeflground-state,

thepropertfiesoffthefinaflstatedependmafinflyonthedephasfingrateratherthanon

unfiversaflpropertfiesoffthequantumphasetransfitfion.Thfismotfivatedustoperfforma

detafifledstudyoffaflflpossfibfledephasfingmechanfismsthatfispresentedfinChapter5,

whereIaflsodescrfibehowwepflantofimprovethecurrentexperfimentaflsetuptoreach

flongercoherencetfimes.Thfiswfiflflaflflowffutureexperfimentsstudyfingthefintrfigufing

phasethatarfisesathaflff-fiflflfingonatrfianguflarflattfice,wheregeometrficffrustratfion

fleadstoaground-statedegeneracy.

Letusaflsonotethatfforsystemofffincreasfingnumberoffpartficfles,thegapbetween

thegroundstateandthefirstexcfitedonescflosesattheQPT,whfichufltfimatefly

preventsanadfiabatficevoflutfionandfleadstothecreatfionoffdeffects.Theflatterfisfin

ffactubfiqufitousfinphysfics:ffrommagnetficdomafinswfithdfifferentspontaneousflychosen
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magnetfizatfiontotheproductfionoffvortexesfinBose-Efinstefincondensates[Beugnon

andNavon,2017].ThesedeffectsarefintrfinsficaflflyconnectedtoLfieb-Robfinsonbounds

descrfibfingthepropagatfionoffcorreflatfionsfinthesystem[LfiebandRobfinson,1972],or

tocrfitficaflexponentsofftheQPTvfiathequantumKfibbfle-Zurekmechanfism[Zurek,

Dorner,andZoflfler,2005].

4.4 Concflusfion

Ihavedescrfibedthephasedfiagramoffflaser-drfivenRydbergensembfles.Ihavefirst

ffocusedonthecrfitficaflregfionδ=0studfiedwfithquenchexperfiments.Ithendetafifled

thedfifferentorderedphasesthatappearcflosetothecrfitficaflpofintwhenfincreasfing

theRydbergbflockadedfistance.Ffinaflfly,IpresentedourattempttopreparetheŃeefl

ground-statewfithanadfiabatficsweep,thatfledtotheobservatfionoffantfifferromagnetfic-

flfikecorreflatfions.Amoredetafifledanaflysfisoffthetemporaflandspatfiaflgrowthoff

correflatfionsdurfingthesweepswfiflflbepresentedfinthethesfisoffVfincentLfienhard.

Inthfischapter,Idfidnotgfiveanyexperfimentafldetafiflsabouthowwefimpflement

thecoherentflaserdrfive,whfichmfimficstheB-fiefldofftheIsfingmodefl.Thfiswfiflflbe

donefinChapter5,whereIaflsopresentaquantfitatfiveanaflysfisoffdetectfionerrors

andoffvarfiousdephasfingmechanfisms,whfichweshowedflfimfittheeficfiencyoffour

adfiabatficpreparatfion.Iaflsodfidnotexpflafinthephysficaflorfigfinoffthevander Waafls

finteractfionV=C6/R
6betweentwoRydbergatoms.ThfiswfiflflbeffoundfinChapter6,

togetherwfithastudyandasoflutfiontotheRydbergbflockadeffafiflureobservedfin

quenchexperfiments[shownfinFfig.4.2(d,e)].
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OurfimpflementatfionandstudfiesoffthequantumIsfingmodeflreflyonourabfiflfity

toengfineeraneffectfivemagnetficB-fiefldfforspfin-1/2partficflesencodedbetweena

ground-stateflevefl|g⟩andaRydbergstate|r⟩.Thfisfisachfievedbycoherentflydrfivfing

the|g⟩↔|r⟩transfitfion(seeFfig.5.1)usfingexcfitatfionflasersthatflfiesattheheartoff

ourstudfies.Asdescrfibedfintheprevfiouschapter,wecansuddenflyswfitchfingthem

ontoperfformquenchexperfiments[Labuhnetafl.,2016],orrathervarysflowflythefir

fintensfityandffrequencytoobtafinquasfi-adfiabatficsweepscrossfingaquantumphase

transfitfion[Lfienhardetafl.,2018].Ideaflfly,theseexperfimentsrequfireaflargerangeoff

coupflfingstrengthΩ/(2π)=0.1−10MHzandtomafintafinthecoherencebetween|g⟩
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and|r⟩.Inthfischapter,weuseasfimpfleexperfiment,aRabfioscfiflflatfion,tocheckthe

flevefloffcontroflthatwehaveonfindependentatoms,ourobjectfivebefingtoobserve

ffuflflycontrasted,undamped,oscfiflflatfions.

Background Coherentground-RydbergRabfioscfiflflatfionshavebeenobservedfirst

findfiflutegases[Defigflmayretafl.,2006;Reetz-Lamouretafl.,2008],thenonsfingfle

atoms[Johnsonetafl.,2008;Zuoetafl.,2009;Mfiroshnychenkoetafl.,2010;Hankfin

etafl.,2014]andmorerecentflyfinbflockadedensembfle“superatoms”[Dudfinetafl.,

2012;Ebertetafl.,2015;Zefiheretafl.,2016;Labuhnetafl.,2016].Theyareoneoffthe

crucfiaflprerequfisfitesfforquantumfinfformatfionprocessfingandthefimpflementatfionoff

two-qubfitgates[Saffman,2016].Despfitefintensfiveexperfimentaflefforts,fideflfitfiesoff

suchgateshaveremafinedaround∼80%[Maflfleretafl.,2015;Jauetafl.,2016;Pficken

etafl.,2018],beflowthefirtheoretficaflflypredfictedfintrfinsficfideflfitfies(>99%)[Zhang

etafl.,2012;Xfia,Zhang,andSaffman,2013;Petrosyanetafl.,2017].Thfisremafins

muchflowerthanonotherexperfimentaflpflatfformssuchastrappedfions(99.9%)[Monz

etafl.,2011;Baflflanceetafl.,2016]orsuperconductfingqubfits(99%)[Chowetafl.,

2012;Barendsetafl.,2014;Songetafl.,2017].Thereasonfismostflyfimperffectfionsfin

thecoherentoptficaflexcfitatfiontoRydbergstatesthatIwfiflfldescrfibefinthfisChapter.

Inaddfitfiontoquantumfinfformatfionprocessfing,wearefinterestedherefinusfingthe

coherentRabficoupflfingsfforstudfiesoffIsfing-flfikemodefls[Schaußetafl.,2012;Schauß

etafl.,2015;Labuhnetafl.,2016;Bernfienetafl.,2017;Kfimetafl.,2018;Lfienhard

etafl.,2018;Guardado-Sanchezetafl.,2018].Intheprevfiouschapter,wefidentfifiedthe

reflatfiveflyshortatomficcoherencetfimeasaflfimfitatfionofftheduratfionoffquantum

sfimuflatfion.

Goafl Inaflflexperfimentsreporteduntfiflthfisyear,oneobservesthattheRabfioscfiflflatfions

arequfitedampedandhaveafinfitecontrast.Ffigure5.1gfivestypficaflexampfles;sfimfiflar

behavfiorswereobservedfinothersetups[Zhangetafl.,2010;Hankfinetafl.,2014;Zefiher

etafl.,2015;Bernfienetafl.,2017;Kfimetafl.,2018].Typficafl1/edampfingtfimes,ffora

2MHzRabfiffrequency,areabout5µs,muchflowerthantheupperboundgfivenby

theflfiffetfimeoffRydbergstates,finthe∼200µsrange.Thepurposeoffthfischapterfis

tounderstandquantfitatfiveflytheorfigfinsoffthedampfing,fi.e.,wewanttorepflacethe

fitsshownassoflfidcurvesbyab-finfitfionumerficaflcaflcuflatfions.Thfisanaflysfisheflpsus

tofidentfiffytheflfimfitatfionsoffourcurrentsetupandtopflanfitsnextgeneratfion.Let

usaflsonotetherecentworkperfformedbyLevfineetafl.[2018]whoreporteda97%
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(a) (b)

Ωt

(c)

Ffigure5.1:Rabfioscfiflflatfions.(a)Thespfin-1/2definedbyaground-stateandaRydberg

fleveflfisdrfivenresonantflybyaflaserfiefldoffcoupflfingstrengthΩ.(b)Bflochsphere

representatfionoffaRabfioscfiflflatfion:thespfin-1/2(redarrow)rotatesffrompofletopofle,at

ananguflarffrequencyΩ,aroundtheeffectfivemagnetficfiefldpofintfingaflongtheequatorfiafl

pflane(fforaresonantdrfive).(c)ExperfimentaflRabfioscfiflflatfionsffordfifferentΩ.Thesoflfid

flfinesarefitsbyadampedsfine.

fideflfityoffpreparatfionoffanentangfled1statebetweenRydbergatomsbysoflvfingmuch

offthefimperffectfionsreportedfinthfischapter.

Thfischapterfisorganfizedasffoflflows:IfirstdescrfibefinSectfion5.1ourtwo-photon

excfitatfionsetupwfithwhfichwedrfivetheground-Rydbergtransfitfion.Then,finSec-

tfion5.2,Ishowhowtomodeflandmeasuredetectfionerrors,decreasfingthecontrastoff

evenaffuflflycoherentRabfioscfiflflatfion.InSectfion5.3,Imodeflaflflthevarfiouseffects

thatcanexpflafinthedampfingoffRabfioscfiflflatfions.Ffinaflfly,finSectfion5.4,Icombfine

aflfltheeffectsfinacomprehensfivestudyanddfiscussthefirreflatfivefimportanceasa

ffunctfionofftheRabfiffrequency,andfinaflflypresenthowwepflantoupgradeouroptficafl

setuptoreachflongercoherencetfimes.Theresufltspresentedfinthfischapterhavebeen

pubflfishedfindeĹeśefleucetafl.[2018a].

1Heretheentangflementfisnottransfferedbacktotheflong-flfivedhyperfineground-stateflevefls.
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Chapter5:Coherentground-RydbergRabfioscfiflflatfions

5.1 Excfitatfionscheme

Thedfirectoptficafltransfitfionffromthe5S1/2ground-state|g⟩toaRydbergstate

|r⟩fisfintheUVdomafin(297nm). WeavofidtheneedfforaUVflaserbyusfinga

two-photonexcfitatfionschemevfiaaflow-flyfingexcfitedstate|e⟩.Twopossfibfiflfitfiesare

offtenconsfideredffortheflatter:the5Pstate(reguflarscheme)orthe6Pstate(finverted

scheme)[L̈owetafl.,2012].Forhfistorficaflreasons,ourgroupaflwaysusedthe5P1/2

flevefl,wherethe|g⟩↔|e⟩transfitfionfisat795nmandthe|e⟩↔|r⟩oneat∼475nm.

Wfiththfistwo-photonscheme,wecancoupfletoRydberg S1/2andD3/2states
2.Two

eflementshavetobeconsfideredwhenchoosfingwhfichstatestoworkwfith:

Thecoupflfingstrength.Theeflectrficdfipoflematrfixeflement⟨5P|̂d|r⟩fisaflmost

twficeasflargeffornDthanffornSstates. WewfiflflseefinthfisChapterthatthe

dampfingoffourRabfioscfiflflatfionfispartflyduetoatoosmaflflcoupflfingstrength,

findficatfingthatDstatesshoufldbeprefferred.

Theeffectoffthedfipofle-dfipofleHamfifltonfianontwoRydbergatoms.Aswewfiflfl

seefinChapter6,thefinteractfionbetweentwonS1/2statesfisqufitesfimpfleand

fideafl,aflfltheopposfiteoffnD3/2states.Soffarwehavesucceededfinprooffoff

prfincfipfleexperfimentswfithDstates,buttheweaflthoffphenomenaoccurrfing

betweentwoRydbergDstatesmfightprecfludeaperffectmappfingonasfimpfle

spfin-1/2modefl,aswewfiflflseefinthenextchapter.

Thesfituatfionfiscompflficatedaswehavetochoosebetweenabettercoherentmanfipu-

flatfionatthesfingfleatomfleveflwfithnD3/2statesandabettercontrofloffthetwo-atom

finteractfionwfithnS1/2states.Ourchofice,atthebegfinnfingoffthfisthesfis,wastokeep

usfingthenD3/2fleveflsaswewoufldobtafinflongercoherencetfimes,andtoexpflore

careffuflflytheeffectofffinteractfionbetweennD3/2states(seeChapter6).

WenowdfiscussthechoficeoffhyperfineandZeemansubfleveflstouse,asshown

finFfig.5.2(a).ThehyperfinestructureoffthenD3/2flevefl[van Wfijngaarden,Lfi,

andKoh,1993]fisusuaflflynegflectedasfitfismuchsmaflfler(∼kHz)thanaflflother

energyscafles(Rabficoupflfing,Rydbergdecayrate,Zeemanshfifft),herewekeepfitffor

consfistencywfiththeexpressfionoffthe5P1/2and5S1/2statesfinthehyperfinebasfis

andtocflearflyfidentfiffytheπandσ±transfitfions. WeworkwfiththestretchedRydberg

flevefl|r⟩=|nD3/2,F=3,mF=3⟩
3as:(fi)thedfipofle-dfipoflefinteractfionfissfimpfler

whentheanguflarmomentumfismaxfimfized(mF=F)and(fifi)theCflebsch-Gordan

2CoupflfingtoD5/2stateswoufldbepossfibfleusfingthe5P3/2fintermedfiateflevefl.
3|r⟩=

⏐
⏐nD3/2,mJ=3/2

⟩
finthefinebasfis.
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Ffigure5.2:Reguflarexcfitatfionscheme.(a)Reflevantfleveflsfinvoflvedtoexcfiteaground-

stateatom|g⟩toaRydbergstate|r⟩wfithatwo-photontransfitfionvfiaanfintermedfiate

state|e⟩.(b)Excfitatfionflasers:thebflueandredbeamshavecross-sectfionswfithwafists

(wx,wy)=(24×40)µmand(wx,wz)=(100×100)µm,respectfivefly.Avertficaflmagnetfic

fiefldBzdefinesthequantfizatfionaxfis.

coeficfientofftheσ+transfitfionto|e⟩=
⏐
⏐5P1/2,F=2,mF=2

⟩
fismaxfimafl.Ffinaflfly,we

choosetheground-stateflevefl|g⟩=
⏐
⏐5S1/2,F=2,mF=2

⟩
,fintowhfichtheatomcan

easfiflybefinfitfiaflfizedbyoptficaflpumpfing.

Ffigure5.2showsthegeometryoffthe795nmand475nmexcfitatfionflasers.The

475nmflaserfisshoneaflongthevertficaflquantfizatfionaxfisdefinedbyamagnetficfiefldBz

offaffewGaussandfisσ+-poflarfized,whfiflethe795nmbeamfisshoneaflongthey-axfisand

fisπ-poflarfized.IdenotebyΩ795andΩ475theRabficoupflfings,by∆thesfingfle-photon

detunfingffromthefintermedfiatestateandδthetwo-photondetunfingffromtheRydberg

state(δ=0finthefigure).Theradfiatfivedecayrateffrom|e⟩fisΓ=2π×5.75MHz.

Toobtafinacoherentcoupflfingbetween|g⟩and|r⟩,despfitethespontaneousemfissfion

ffrom|e⟩,weuseaflargedetunfing∆/(2π)=740MHz≫Ω475,Ω795,Γ,suchthatthe

fintermedfiatestatefisaflmostnotpopuflated.Asaresufltthesystemfisweflfldescrfibedby

thetwo-fleveflHamfifltonfian:

H=
Ωeff
2

(
|r⟩⟨g|+|g⟩⟨r|

)
+ δeff|r⟩⟨r|, (5.1)

whereΩefffistheeffectfivetwo-photonRabfiffrequency:

Ωeff=
Ω795Ω475
2∆

, (5.2)

andδeff,theeffectfivedetunfing,whfichtakesfintoaccounttheAC-Starkshfifftcausedby

theexcfitatfionflaser:

δeff=δ+
Ω2795−Ω

2
475

4∆
(5.3)
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Chapter5:Coherentground-RydbergRabfioscfiflflatfions

Intheffoflflowfing,wewfiflflsfimpflywrfitethemΩandδ.Inpractfice,weworkwfiththe

475nmflaseratmaxfimumpowerandvaryΩbytunfingΩ795.

Experfimentaflsequence WeobserveaRabfioscfiflflatfionbetween |g⟩and|r⟩(see

Ffig.5.1)usfingtheffoflflowfingexperfimentaflsequence:Affterpreparfingtheatomfin|g⟩

byoptficaflpumpfing4,weswfitchoffthetweezersandfiflflumfinatetheatomwfiththe

Rydbergexcfitatfionflasersfforatfimeτuptoaffewmficroseconds,andfinaflflyswfitchon

thetweezersagafin.ThetweezersareoffdurfingtheRydbergexperfimenttoavofidthe

strongflfight-shfiffttheywoufldappflyon|g⟩,whfichwoufldnotbethesameffromtrap

totrap(seeSectfion2.2.3)andwoufldaflsodependontheexactposfitfionofftheatom

finthetweezers(changfingffromshot-to-shotduetofitsnon-zerotemperature).The

measurementofftheground-stateandRydbergpopuflatfions(PgandPr)aredetafifledfin

Sectfion5.2.Brfiefly,wereflyontherecaptureoffanatomfin|g⟩,whfifleaRydbergatomfis

repeflfledbythetweezersduetotheponderomotfivepotentfiaflandfisflost.Thepresence

orabsenceofftheatomafftertheRydbergexperfimentfisobservedwfithafluorescence

fimage. Werepeatthesequenceatfleast100tfimestoobtafinagoodestfimateoffthe

popuflatfions.Intheffoflflowfingtwosubsectfions,Igfivemoredetafiflsaboutthe795nm

and475nmsetupandespecfiaflflytheachfievabfleRabficoupflfingsΩ795andΩ475.

5.1.1795nmexcfitatfionflaser

The795nmflfightsourcefisaToptficaDL100dfiodewfithanoutputpoweroff∼100mW.

AsmaflflffractfionofftheoutputfisdfirectedtoahfighfinesseULE(ufltra-flowexpansfion)

cavfityfforactfivestabfiflfizatfionofftheflaserffrequencyusfingthePound-Drever-Haflfl

technfique.ThecavfityhasafinesseoffF≃20000andaffreespectraflrangeFSR=

1.5GHz(flfinewfidthνcav=FSR/F=75kHz);moredetafiflsaregfivenfinthethesfisoff

SyflvafinRavets[2014].ThePDHtechnfiquerequfiresffrequencysfidebandsgeneratedby

aresonantfiberfizedEOM(eflectro-optficmoduflator)pflacedfinthepathgofingtothe

cavfity.Therestofftheflaseroutputgoesthrough:

anAOM(acousto-optficmoduflator)finadoubflepassconfiguratfion,wfithwhfich

wecandynamficaflflytunetheflaserpowerandthustheRabficoupflfingΩ795(t)and

theflaserffrequency(overa∼50MHzrange)wfitharesponsetfimeoffflessthan

4Wecheckedfindependentfly,byperfformfingmficrowavetransfitfionsbetweentheground-statehyperfine
flevefls,thatthepumpfingeficfiencywashfigherthan99%.Intheffoflflowfingwewfiflflsupposethatfit
fisperffect.
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100ns.Itfisusedtoperfformfingadfiabatficsweeps(seeSectfion4.3.2)orSTIRAP

excfitatfion(seeSectfion7.1.1).

anEOM(LINOSffree-space)wfitharfisetfimeoff∼10ns,usedtoqufickflyswfitch

onandoffthebeamandgeneratesquarepuflsesfforRabfioscfiflflatfionsorquench

experfiments.

apoflarfizatfionmafintafinfingfiberbrfingfingtheflfightcflosetotheexperfimentafl

chamberwherewecanobtafinupto10mWoffflaserpower.

Thankstotheflargedfipoflematrfixeflementbetweentheground-stateandthefirst

excfitedflevefl,wereachuptoaffew∼100MHzoffRabfiffrequencyatffuflflpowerevenffor

abeamwfithawafistasflargeas∼100µm.Thebeamfisaflfignedontheatomficarray

bymaxfimfizfingtheheatfing-finducedflossoffatomsffromthetweezerswhenshfinfingthe

flaseronresonanceonthe5S-5Ptransfitfion.TheRabfiffrequencyΩ795fisestfimatedby

measurfingtheflfight-shfifftΩ2795/4∆,appflfiedontheground-stateflevefl,byspectroscopy

offtheRydbergflfine.

5.1.2475nmexcfitatfionflaser

The475nmflfightsourcefisaToptficaTA-SHGflaser:anECDL(extended-cavfitydfiode

flaser)emfitsa950nmbeam,asmaflflffractfionofffitfissenttotheULEcavfitytostabfiflfize

theflaserffrequency,whfifletherestfisampflfifiedbyataperedampflfifierandfinjected

finaresonantSHG(secondharmonficgeneratfion)cavfity.Theoutputcanreachup

to650mWat475nm.Thedfiodecurrentfismoduflatedat∼20MHztogenerate

ffrequencysfidebandsfforthePound-Drever-Haflfl(PDH)flockofftheSHGcavfity(and

aflsotheULEone).Thfisfisdfifferentthanfforthe795nmsetupwherewemoduflated

onflytheflfightgofingtotheULEcavfityandnottotheatoms. Wethustakecaretouse

amoduflatfionassmaflflasnecessarytostfiflflflockthetwocavfitfiestoavofidtheffrequency

sfidebandstodrfivetheatomfictransfitfionandperturbtheRabfioscfiflflatfion.

Thedfipoflematrfixeflementbetween|e⟩and|r⟩fismuchweakerthanwfith|g⟩and

muchmoreflaserfintensfityfisthusrequfiredtoachfievesfimfiflarRabfiffrequency.Tomake

thebestuseofftheavafiflabfleflaserpower,wedecfidedtoavofidcoupflfingtheflfighttoa

fiberandratherpflacetheflasersourcecflosetotheexperfimentaflchamber.Thebeam

firstgoesthroughanAOM,ffortemporaflshapfingoffΩ475(t),andfisthenffocusedon

theatomficpflane. Weusethenaturafleflflfiptficfityoffthebeamattheflaseroutputto

createasheet-flfikeshapewfithareducedwafistaflongtheoptficaflaxfis(wx=24µm)
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Ffigure5.3: Autfler-Townesspflfittfing.(a)SchemeofftheAutfler-Towneseffect.(b)We

extract✡✹✼✺ffromthespflfittfingbetweenthetworesonances,observedwhenscannfing

the795nmflaserdetunfing.(c)StackoffAutfler-Townesspectraobtafinedfforatomsat

dfifferentposfitfionsfintheexcfitatfionbeam.(d)TheRabficoupflfinghasaspatfiafldependence

✡✹✼✺✭②✮❂✡✵❡①♣✭②
✷❂✇✷②✮wfithafittedwafist✇②❂✹✶✭✶✮✖m.

comparedtowy=40µm.Thfisfisweflfladaptedfforpflanaratomficarrays,butnotffor

three-dfimensfionaflstructures.Aflongthez-axfisthe∼5mmRayflefighrangefismuch

flargerthanthetypficaflextentoffatomficarrays.

Duetothesmaflflwafistoffthe475nmflaserandtheffactthatthebeampropagates

morethantwometersffromtheflasersource,wehavetocheckfitsaflfignmentona

dafiflybasfis. Weengfineeredasemfi-automatficmethod:acomputer-controflfledmfirror

mountsteersthebeamaflongxandyandthebeamfisaflfignedbymaxfimfizfingthe

fionfizatfion-finducedflossoffatomswhenshfinfingtogetherthe780nm(MOTcooflfing

beams)andthe475nmflasers.

Autfler-Townesspflfittfing WemeasuretheRabficoupflfingΩ475usfingtheAutfler-

Towneseffect,assketchedfinFfig.5.3(a). Whenstrongflydrfivfingonresonancethe

|e⟩↔|r⟩transfitfion(Ω475≫Ω795),the|g⟩↔|e⟩flfinespflfitsfintwo,correspondfingto

thesymmetrficandantfi-symmetrficsuperposfitfions|e⟩±|r⟩atanenergy± Ω475/2

96



5.1Excfitatfionscheme

(fi)

(fifi)

(fififi)

(a) (b)

Ffigure5.4: DependencewfithRydbergstates.(a)✡✹✼✺measuredondfifferent❥❡✐✩

❥✐❂
⏐
⏐♥❉✸❂✷✱✸❂✷

⟩
transfitfions,fiflflustratfingthe♥✸❂✷scaflfingwfiththeprfincfipaflquantum

number♥.Dfisks:experfimentafldata.Soflfidflfine:power-flawfit.(b)Autfler-Townesspectra

ondfifferent❥❡✐✩❥✐❂
⏐
⏐✻✵❙✶❂✷

⟩
and❥✐❂

⏐
⏐✻✵❉✸❂✷

⟩
transfitfions(seetext).

fintherotatfingfframe.Affterpreparfingtheatomfin|g⟩,werecordanAutfler-Townes

spectrumbyscannfingthedetunfing∆795offtheweak795nmprobe(Ω795≤Γ). When

theflatterexcfitestheatomtotheshort-flfived|e⟩±|r⟩states,fitdecaysbacktothe

F=1orF=2groundstates. WeremoveatomsfinF=2wfithapush-outbeamand

observeonflyatomsdepumpedfinF=1finthefluorescencefimage.Ffigure5.3(b)shows

theresufltfingAutfler-TownesspectrumffromwhfichweextractΩ475/(2π)=45.6(1)MHz.

Sfincethe475nmbeamfisffocusedontheatomficarray,Ω475dependsontheatom

posfitfionaflongtheyaxfis.Ffigure.5.3(c)showsnfinespectraobtafinedffordfifferent

y-posfitfionofftheatom,mappfingthefintensfityprofifleofftheexcfitatfionflaserandgfivfing

abeamwafistwy=41(1)µm.Theseresufltswereobtafinedffor|r⟩=
⏐
⏐65D3/2

⟩
and

∼400mWoffflaserpowerontheatoms.Formostofftheexperfimentspresentedfin

thfispart(Rabfioscfiflflatfions,sfimuflatfionoffIsfingmodefls),wehadaweakercoupflfing

∼30MHz,astheywereperfformedbefforefimprovfingthe475nmoptficaflsetup.

Dependencewfiththeprfincfipaflquantumnumber TheRabficoupflfingtotheRy-

dbergstatescafles,fforafixedflaserfintensfity,asΩ475∝n
−3/2wfithntheprfincfipafl

quantumnumber.InFfig.5.4(a),Ishowonaflog-flogscaflethemeasurementoffΩ475

fforn=20−90.Tocoverthfisrange,theffrequencyoffthe475nmflaserwaschanged

by11THzandthepowervarfiedby∼25%.Eachmeasurementwasrescafledby
√
P475/170mW,aroundtheaveragedpoweratthetfimeoffthfisexperfiment.The

experfimentafldataareweflflfittedbyΩ475/(2π)=35(1)MHz×(n/60)
−1.59(5),fingood

agreementwfiththeexpectedscaflfing.
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SstatesvsDstates IuseAutfler-Townesspectratofiflflustratethereducedcoupflfing

tonS1/2statesandthefimportancetochoosetherfightfintermedfiateflevefl|e⟩.Ffigure5.4

showstheachfievabfleRabficoupflfingfforthesameflaserpower(∼400mW)onthree

transfitfions:

(fi)
⏐
⏐5P1/2,F=2,mF=2

⟩
↔
⏐
⏐60D3/2,mJ=3/2

⟩
:Ω475/(2π)=48.1(1)MHz.

(fifi)
⏐
⏐5P1/2,F=1,mF=1

⟩
↔
⏐
⏐60S1/2,mJ=1/2

⟩
:Ω475/(2π)=18.8(2)MHz.

(fififi)
⏐
⏐5P1/2,F=2,mF=1

⟩
↔
⏐
⏐60S1/2,mJ=1/2

⟩
:Ω475/(2π)=11.1(2)MHz.

CflearflythecoupflfingfisreducedfforSstates.Then,fforthesameRydbergstate,Ω475fis

maxfimaflfforastretchedtransfitfion:themeasuredratfiooffRabfiffrequencfiesbetween(fifi)

and(fififi)fis1.69(3),cflosetotheexpected
√
3∼1.73ffromtheratfiooffCflebsch-Gordan

coeficfients[Steck].

5.2 Detectfionerrors

Inthfissectfion,IdetafiflhowweobtafinthepopuflatfionoffthegroundandRydberg

statesbytherecaptureofftheatomsafftertheexperfiment.Itreflfiesontherepuflsfionoff

anatomfin|r⟩bythetweezers.Themethodfisextremeflysfimpfleasweonflyneedto

swfitchonthetweezersattheendofftheRydbergexperfiment,butfisaffectedbysmaflfl

detectfionerrorsofftwotypes:

ffaflseposfitfiveerrors,wfithaprobabfiflfityε=P(r|g)tofincorrectflyfinfferthata

ground-stateatomwasfin|r⟩becausefitwasflost,e.g.duetobackground-gas

coflflfisfions. WedfiscussthfisfinSectfion5.2.1.

ffaflsenegatfiveerrors,wfithanerrorrateε′=P(g|r),causedbythedecayoff|r⟩

(radfiatfiveflfiffetfimeoff∼200µs)toaground-statefleveflbefforefitfistooffaraway

ffromthetrappfingregfiontoberecaptured(seeSectfion5.2.2).

Wedenoteby P̃gandP̃rthereaflpopuflatfionoffthestates|g⟩and|r⟩,andbyPg

andPrthemeasuredpopuflatfionaflteredbythenonzerovafluesoff(ε,ε
′):

Pg =(1−ε)
[
P̃g+ε

′̃Pr

]
, (5.4)

Pr = ε̃Pg+(1−ε
′+εε′)̃Pr. (5.5)

Itfimpflfiesthat,evenfiffthereaflpopuflatfionP̃rundergoesaperffectRabfioscfiflflatfion

P̃r(t)=sfin
2(Ωτ/2),themeasuredonePr(t)hasafinfitecontrast.Ffigure5.5fiflflustrates

98



5.2Detectfionerrors

~ ε’

~ ε

Reafl
probabfiflfi�es

Measured
probabfiflfi�es

flo
ss 
ε

N
o at
o
m fl
oss (
1-
ε) N

o 
q
ufi
ck
 
de
ca
y 
(
1-
ε’
) 
 

 decay ε’  

ε’ (1-ε) 

ε ε
’ 

(a) (b)

Ffigure5.5:Effectoffdetectfionerrors.(a)Probabfiflfitytreeconnectfingthereafl(̃Pg,̃Pr)

andmeasured(Pg,Pr)groundandRydbergpopuflatfion.Inaddfitfiontothefirstorder

processes(ground-stateatomflossandRydbergatomrecaptureduetofitsqufickdecay),fit

fisaflsopossfibfletoflooseaRydbergatomhavfingdecayedwfithasmaflflprobabfiflfityεε′.(b)

Smaflflbutfinfitevafluesoff(ε,ε′)reducethecontrastoffthemeasuredprobabfiflfityPr(soflfid

flfine)assumfingaperffectRabfioscfiflflatfioñPr(dashedflfine).Thesecondordertermsεε
′can

benegflected.

theeffecttoflowestorderfin(ε,ε′).Inprfincfipfle,onecanfinverttheaboveequatfions[Shen

andDuan,2012],e.g.,usfingamaxfimumflfikeflfihoodprocedure,tocorrecttheseerrors

andrecoverthereaflpopuflatfions,evenfformanyqubfits[Bernfienetafl.,2017].In

ourpubflficatfionsweratherfincfludetheseerrorsonthecaflcuflatedpopuflatfionswhen

comparfingwfithexperfimentafldata.

5.2.1Faflseposfitfives

Thevarfioussourcesoffatomflossdurfinganexperfiment5are:

Coflflfisfionswfiththebackgroundgas.Gfiventhevacuum-flfimfitedflfiffetfimeoff

∼10sandthe30msdeflaybetweenthetwofimagestakenbefforeandaffterthe

experfiment,weestfimateanerrorrateoff0.3%.

LossduetotheMOTcooflfingbeam.Theatomflfiffetfimefisreducedto8sfin

presenceoffthecooflfingbeam;fforfluorescencefimagesoff20msthfisresufltsfinan

errorrateoff0.3%.

Refleaseofftheatomdurfingtheexperfiment.Therecapturedependsonhowflong

5Strfictflyspeakfing,weshouflddfistfingufishaflossoccurfingbefforeaRydbergexperfiment(preparatfion
error)andaffterfit(detectfionerror).
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weopenthetraps.FortypficaflatomtemperatureT=30µKandrefleasetfime

6µs,theflossprobabfiflfityfisestfimatedtobe1%(seeSectfion2.1.3).

Addfingaflflthreecontrfibutfions,weestfimateaffaflseposfitfiverateε<2%,fingood

agreementwfithtypficaflflymeasuredvaflues.

5.2.2Faflsenegatfives

Here,Ifirstexpflafintheorfigfinofftheponderomotfivepotentfiaflandexperfimentaflflyshow

fitsrepuflsfiveeffectonaRydbergatom.Ithencombfinefitwfiththecaflcuflatedflfiffetfimeoff

Rydbergstatesfinaquantfitatfivemodeflgfivfingε′anddescrfibeameasurementmethod.

Ponderomotfivepotentfiafl Thepotentfiaflexperfiencedbyanatomfinaneflectro-

magnetficfiefldoscfiflflatfingatananguflarffrequencyωtakesthefformU(r)=−
1

4
αfi(ω)|E(r)|

2,

whereαfisthepoflarfizabfiflfityofftheatomdependfingonboththefinternafleflectronfic

state|fi⟩andthetrapflaserffrequencyω/(2π)=352THz.

FortheRydbergstate|r⟩,αrfisobtafinedbyconsfiderfingthatthevaflenceeflectron,

befingfinaverageveryffarawayffromthenucfleus,fisaffreechargedpartficfle.In

thfiscase,theponderomotfiveeffectgfivesαr=−e
2/mω2,whfichaflwaysrepeflthe

partficfleffromthebrfightregfion.

Fortheground-state|g⟩,thepoflarfizabfiflfityαgfiscaflcuflatedbytakfingfintoaccount

thestrongD1andD2transfitfionstothefirstexcfitedflevefls5P1/2and5P32/,

gfivfingαg=e
2/m(ω20−ω

2),whereω0/(2π)=382THzfistheaverageffrequency

offthetworesonances.

Forourwaveflength(850nm),theratfiooffpoflarfizabfiflfitfiesβ=αr/αgfis:

β=−(ω20−ω
2)/ω2≃−0.17. (5.6)

Foranfincreaseddetunfingoffthetrapflaserffromthe5Pstates,andatconstantflaser

power,theponderomotfiverepuflsfionoffRydbergstatesfincreasesreflatfiveflytothe

trappfingpotentfiafl:fitfis7%at810nm,85%at1064nm.ε′thusdependsonthetrap

waveflengthandfitsdepth.

RepuflsfionoffRydbergatoms IfiflflustratetherepuflsfionoffRydbergatomsbythe

tweezerswfithamodfifiedrefleaseandrecaptureexperfiment:
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Ffigure5.6:Ponderomotfivepotentfiafl.Recaptureprobabfiflfityprecap(t)fincfludfingantfi-

trappfingbytheoptficafltweezers(red)andnegflectfingtheantfi-trappfing(bflue).Forthe

sfimuflatfions,weuseT=20µK,U0=1mK,andβ=−0.17.Thereducedcontrastoff

thereddatawfithrespecttothesfimuflatfionfisduetothefinfiteeficfiencyoffRydberg

(de-)excfitatfion.

1. Weexcfitetheatomto|r⟩wfithaRabfiπ-puflseoffeficfiency∼90%,

2.WeswfitchonthetweezersandflettheRydbergatomevoflvedurfingatfime tfin

therepuflsfiveponderomotfivepotentfiaflβU(r),

3.Wede-excfitetheatomffrom |r⟩to|g⟩wfithasecondπ-puflseandmeasurethe

recaptureprobabfiflfityfintheattractfivepotentfiaflU(r).

Ffigure5.6showstherecaptureffortheusuaflrefleaseandrecaptureexperfimentwhere

theatomfisfinffree-flfight(bfluepofints)andthemodfifiedonewheretheatomfissubjected

totherepuflsfivepotentfiafl(redpofints). Weobservetheffasterescapeofftheatomfin

thesecondcase.ThesoflfidflfinesareMonte-Carflosfimuflatfionfforacflassficaflpartficfle

wfithatemperatureT=20µKandarefinexceflflentagreementwfithourexperfimentafl

observatfions.Theeffectfisweflflcapturedbyacharacterfistfictfimedurfingwhficha

Rydbergatomstaysfinthetrappfingregfion:

trecap=

∫

precap(t)dt≃10µs, (5.7)

whereprecapfistheredcurveshownfinFfig.5.6.trecapfisaflmostfindependentofftheatom

temperature(6µsat100µK,13µsat5µK)sfincefitfisdomfinatedbytheponderomotfive

repuflsfion.Theflatterthuspflaysanfimportantroflefinourdetectfionscheme.

Modeflffor ε′ AdetectfionerroroccurswhentheRydbergatomdecaysbacktothe

5S1/2ground-stateflevefls,whfiflefitfisstfiflflfinthetrappfingregfionoffthetweezers,as
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Ffigure5.7:Faflsenegatfive.(a)ThedetectfionreflfiesontheexpuflsfionoffaRydbergatom

ffarenoughffromthetrapbefforefitdecaysbacktotheground-state.(b)Wfithaprobabfiflfity

ε′,theRydbergatomdecaystooqufickflyandfisrecaptured.(c)Detectfionerrorrateε′asa

ffunctfionoffn.AstheRydbergdecayrateΓR,ε
′scaflesasn−3.Reddfisks:measurement.

Varfiousflfines:ab-finfitfiomodefls(seetext).

sketchedfinFfig.5.7(a,b).Theerrorratefisthengfivenby:

ε′=

∫∞

0

precap(t)̇pg(t)dt. (5.8)

whereprecapwasdefinedaboveandṗg(t)=ΓRexp(−tΓR)fisthetfimederfivatfiveoff

theground-statepopuflatfionfforanatomfinfitfiaflflyfin|r⟩anddecayfingbyspontaneous

emfissfion(vfiaflow-flyfingexcfitedstates)wfitharateΓR
6.Theradfiatfivedecayratescafles

wfiththeprfincfipaflquantumnumberasn−3[Gaflflagher,1994;Beterovetafl.,2009].

Theerrorratethusdependsontheprfincfipaflquantumnumber.Forthestate60D3/2,

theradfiatfiveflfiffetfimefisΓ−1R ≃210µsandfismuchflongerthantherecapturetfime

trecap≃10µs.Inthfisflfimfit,theerrorratefissfimpflygfivenby:

ε′≃trecapΓR. (5.9)

IshowfinFfig.5.7(c)theresufltofftheexactfformufla(5.8)asaredsoflfidflfineandoffthe

approxfimatfion(5.9)finbflack.Thetwoarefinexceflflentagreementfforn>50.

Measurementoff ε′ InowexpflafinhowwedfirectflymeasurethereaflRydberg

popuflatfionP̃randtheerrorrateε
′bycombfinfingtwomeasurements.Affterperfformfing

aRabfiπ-puflseoffeficfiencyP̃r,wemeasureefither:

6Atfinfitetemperaturebflack-bodyradfiatfionfincreasesthedepopuflatfionrateoff|r⟩,butbytransfferrfing
popuflatfiontonefighborfingflong-flfivedRydbergstates,andthusfithardflyaffectstherateatwhfich
|g⟩getspopuflated.
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theRydbergpopuflatfionPr≈(1−ε
′)̃Prwfiththereguflardetectfionmethod.

theproportfionoffRydbergatomsbefingrecapturedε′̃Pr,byremovfingaflflatoms

thatremafinedfin|g⟩justafftertheRydbergexcfitatfion. Wenegflectthesmaflfl

termsofforderεε′̃Prandε̃Pg.

Theflatterfisachfievedbyshfinfingapush-outbeam(F=2↔F′=3),togetherwfitha

repumperbeam(F=1↔F′=2),durfing4µsremovfingwfithaneficfiencyoff99.6%

anyground-stateatoms.Iffanatomfisobservedfinthefinaflfluorescencefimage,fithas

necessarfiflydecayedbackffrom|r⟩andbeenrecaptured.Themeasuredε′,obtafined

fforRydbergstatesrangfingffromn=20to90,areshownasreddfisksfinFfig.5.7(c).

Thevafluesarefingoodagreementwfiththeexpectedn−3-scaflfingandournumerficafl

modefls.Themeasuredvafluesaresflfightflyaffectedbythe4µspush-outtfimethataflso

removesatomswhfichhavedecayeddurfingthfisfintervafl. Wecansfimpflyestfimatea

flowerboundtothemeasuredε′bycaflcuflatfingthefintegrafloffEq.(5.8)startfingnotat

t=0(upperbound,redsoflfidflfine)butatt=4µs(flowerbound,reddashedflfine).

Inourexperfiments,wetypficaflflyuseRydbergstateswfithprfincfipaflquantumnumber

n>50,andtherefforetheffaflsenegatfiveratefisflfimfitedtoε′<0.05.Thfiserrorbecomes

moreseverewfithtweezersschemesaflsotrappfingRydbergstatesasproposedbyZhang,

Robficheaux,andSaffman[2011].Tofimprovethfisdetectfionmethod,onecoufldconsfider,

e.g,fionfizfingtheRydbergatomsbyappflyfingastrongeflectrficfiefld[L̈owetafl.,2012].

5.3 DampfingoffRabfioscfiflflatfions

InowturntoeffectsthatfleadtoadecreasfingampflfitudeofftheRabfioscfiflflatfionwhen

theexcfitatfiontfimeτfincreases. Wedonotdfistfingufishbetweeneffectscausfingthe

dampfingwhenweaveragemanyexperfiments(duetodephasfingbetweendfifferent

runs)ortheoneaflreadyaffectfingasfingfleshotRabfioscfiflflatfion.Themafinsourcesoff

decoherenceare:theDoppflereffect,thespontaneousemfissfionffrom|e⟩,andthephase

nofiseofftheexcfitatfionflasers.Idescrfibemodeflsfforeachfimperffectfionandcompare

thefirpredfictfionstoexperfimentswherethemagnfitudeoffaspecfificdefleterfiouseffectfis

fincreasedonpurpose.
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Ffigure5.8:Doppflereffect.(a)Theatomtemperature(T=30µK)gfivesashot-to-shot

varfiatfionofftheatomveflocfityv.ThroughtheDoppflereffect,thfistransflatesfinadetunfing

δofftheexcfitatfionflasersvaryfingfforeachexperfiment.(b)IntheBflochspherepficture,the

effectfivemagnetficfiefldpofintsawayffromtheequatorwfithanangflegfivenbytheratfiooff

detunfingδoverthedrfivfingstrengthΩ.(c)SfimuflatedRabfioscfiflflatfionsatvarfiousΩ/(2π).

5.3.1Doppflereffect

AfirstcontrfibutfiontodampfingfistheDoppflereffect:fforeachexperfimentaflrun,

theatomhasadfifferentveflocfityvreflatedtofitstemperatureT,whfich,throughthe

Doppflereffect,transflatesfintoaspreadofftwo-photondetunfingδ.IntheBflochsphere

pficture,fitfisequfivaflenttoashot-to-shotfluctuatfionofftheflongfitudfinaflmagnetficfiefld

Bz∝δ.IffthespreadfindetunfingfiscomparabfletotheRabfiffrequencyΩ,fitgfivesrfise

toastrongdampfingofftheRabfioscfiflflatfion.

Inoursetup,fforexcfitfingRydbergD3/2states,thetwoexcfitatfionflaserswfith

wavevectorsk795andk475areorthogonafltoeachother,resufltfingfinaneffectfive

wavevectoroffmagnfitudekeff≃1.5×10
7m−1.AtemperatureT=30µKcorresponds

toaone-dfimensfionaflr.m.s.veflocfityspread∆v=
√
kBT/m≃0.05m/sandthe

two-photondetunfingfisthusarandomvarfiabflewfithacenteredGaussfianprobabfiflfity

dfistrfibutfionoffstandarddevfiatfionkeff∆v∼2π×120kHz.Ffigure5.8showsthe

caflcuflatedfinfluenceofftheDoppflereffectfforvarfiousRabfiffrequencfiesΩ/(2π):beflow

1MHztherefisastrongdampfing,whfifleffrom1MHzuptheeffectfishardflynotficeabfle.
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AfirstroutetodfimfinfishtheDoppflereffectfistousecounter-propagatfingbeams,

finsteadofforthogonaflones,whfichwfiflfldecreasetheeffectfivewavevectorkeff.Nev-

erthefless,wechosetohaveexcfitatfionbeamswfithpoflarfizatfioncoupflfingonflythe

stretchedZeemansubfleveflsofftheground,fintermedfiateandRydbergstates.Thfis

constrafintprecfludestheuseoffcounter-propagatfingbeamsfforthespecfificRydberg

state
⏐
⏐nD3/2,mJ=3/2

⟩
,butfitfispossfibflewfith

⏐
⏐nS1/2

⟩
[Bernfienetafl.,2017;Kfim

etafl.,2018]and
⏐
⏐nD5/2

⟩
states[Maflfleretafl.,2015].Iffweexcfludemoretechnficaflflyde-

mandfingwaystosubstantfiaflflydecreasetheDoppflereffect,e.g.,byusfingthree-photon

excfitatfion[Ryabtsevetafl.,2011]orreducfingthetemperaturebycooflfingtheatom

tothetweezersground-state[Kauffman,Lester,andRegafl,2012;Thompsonetafl.,

2013b],theaboveresufltsfindficatethatoneshoufldusehfighRabfiffrequencfies.

5.3.2Spontaneousemfissfionffromthefintermedfiatestate

Thecoherenttwo-photoncoupflfingffromtheground-state|g⟩totheRydbergflevefl|r⟩

reflfiesontheadfiabatficeflfimfinatfionofftheshort-flfivedexcfitedstate|e⟩ffor∆≫Ω475,Ω795

(weusuaflflyworkwfith∆/(2π)=740MHz).Neverthefless,thespontaneousemfissfionfis

notstrfictflysuppressedbutreducedtoaneffectfiveflfiffetfimeτreadfing:

1

τ
=Γ×

Ω2795+Ω
2
475

4∆2
(5.10)

wfithΓ=2π×5.75MHztheradfiatfivedecayrateoff|e⟩. Wecandefineaquaflfityffactor

Q=2π×Ωτ,whfichfisthenumberoffoscfiflflatfionsperfformedataRabfiffrequency

Ω=Ω795Ω475/(2∆)durfingthetfimeτ.QfismaxfimaflfforequafldrfivesΩ795=Ω475,

buttheRabficoupflfingfisthenflfimfitedbythe475nmcoupflfingstrength.LargerRabfi

ffrequencfiesΩareachfievedbyfincreasfingthe795nmpower,attheexpenseoffasmaflfler

Q.Forexampfle:

ffortheoptfimaflΩ795=Ω475=2π×35 MHz,wecaflcuflateτ=25µsand

Ω/(2π)=0.8MHz,gfivfingQ=20.

ffortheflargerΩ795/(2π)=210MHz,wefindτ=1.3µsandΩ/(2π)=5.0MHz,

gfivfingQ=6.3.

TheQ-ffactorgfivesagoodestfimateoffthefinfluenceoffspontaneousemfissfion,but

fitnegflectsthedfifferentdecaychanneflsffrom|e⟩tothevarfious5S1/2flevefls:therefis

aprobabfiflfity1/3togobackto|g⟩andaprobabfiflfity2/3togoto‘spectator’states

|g′⟩notcoupfledbytheexcfitatfionflasers.Inaddfitfiontotheflossoffatomficcoherence,
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Ffigure5.9:Spontaneousemfissfion.(a)Thefintermedfiatestate|e⟩decaysbacktothe

finfitfiaflground-stateflevefl|g⟩ortootherspectatorstates|g′⟩wfitharateΓ/3and2Γ/3.

(b)IntheBflochspherepficture,theflossoffatomficcoherenceandtheescapeoffpopuflatfion

outoff{|g⟩,|r⟩}duetothedepumpfingto|g′⟩fisrepresentedbyadecayfingampflfitude

offthestatevector(redarrow).(c)MeasuredRabfioscfiflflatfionsffordfifferentfintermedfiate

detunfing∆wfithΩ475/(2π)=35MHzandΩ795/(2π)=210MHz.Theresufltsoffthe

optficaflBflochequatfion,usfingthefindependentflymeasuredparameters,areshownasasoflfid

flfinefforthetwoflargestdetunfing∆.

spontaneousemfissfionaflsodepumpstheatomto|g′⟩.IfiflflustratethfiseffectfinFfig.5.9

wfithasetoffexperfimentsperfformedwfithvarfiousfintermedfiatedetunfing∆andfixed

coupflfingsΩ475/(2π)=35MHzandΩ795/(2π)=210MHz.Theflatterwaschosen

partficuflarflyflargetoenhancetherofleoffspontaneousemfissfion. Wecflearflyobservea

strongerdampfingwhen∆fisreducedandacharacterfistficasymmetry:thesuccessfive

maxfimaoffPrbecomesfignfificantflysmaflfler,whfiflethemfinfimaremafincflosetozerodue

tothedepumpfingtothedarkstates|g′⟩,whficharenotdfifferentfiatedffrom|g⟩finour

fluorescencemeasurement.

Wenowtrytonumerficaflflyreproducetheeffectoffspontaneousemfissfion.Asdone

aflreadyfinMfiroshnychenkoetafl.[2010],weusea4-fleveflmodeflofftheatom(|g⟩,|g′⟩,

|e⟩and|r⟩)andsoflvetheoptficaflBflochequatfions(OBEs)fforthedensfitymatrfixρ:

dρ

dt
=
1

fi
[H,ρ]+L[ρ] (5.11)
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wheretheHamfifltonfianreads,fintherotatfingwaveapproxfimatfion:

H/ =
Ω795
2
(|g⟩⟨e|+|e⟩⟨g|)+

Ω475
2
(|e⟩⟨r|+|r⟩⟨e|)

−∆|e⟩⟨e|−δ|r⟩⟨r|. (5.12)

wfiththetwo-photondetunfingδ=−(Ω2795−Ω
2
475)/(4∆)adjustedtocompensateffor

theflfight-shfiffts.ThedfissfipatorhastheLfindbfladfform:

L[ρ]=
∑

fi=g,g′

Γfi
2

(
2|fi⟩⟨e|ρ|e⟩⟨fi|−|e⟩⟨e|ρ−ρ|e⟩⟨e|

)
, (5.13)

wfithΓg=Γ/3andΓg′=2Γ/3.Here,decayoff|r⟩fisnegflected.Theprobabfiflfitytobe

fintheRydbergstatefisPr=ρrrandfisshownasasoflfidflfinefinFfig.5.9fforthetwo

flargestdetunfingsandarefinverygoodagreement(wfithoutadjustabfleparameters)

wfiththeexperfimentafldata. Wenotethattheprobflemoffspontaneousemfissfionfis

avofidedwhenusfingadfirectsfingfle-photonexcfitatfionscheme[Hankfinetafl.,2014]

orreducedbyaffactor∼4whenchoosfingthefintermedfiate6Pstatewfithanaturafl

flfinewfidthoff1.3MHz[Levfineetafl.,2018].

5.3.3Laserphasenofise

Soffarwehaveconsfideredthattheexcfitatfionflaserswerepureflymonochromatficwfith

perffectflystabfleflaserphasesφ795(t)andφ475(t).Inffact,thephasesoffthetwoflasers

fluctuatefintfimesuchthattheeffectfivetwo-photonRabficoupflfingfisgfivenby:

Ω(t)=|Ω|efiφ(t) wfith φ(t)=φ795(t)+φ475(t) (5.14)

IntheBflochsphererepresentatfion,seeFfig.5.10,theazfimuthaflangfleφofftheeffectfive

magnetficfiefldfluctuatesfintfimearoundtheequator(fforaresonantdrfiveδ=0).It

thusaffectsthetrajectoryoffthestatevectorandfleadstodampfingoffaRabfioscfiflflatfion

whenaveragedovermanyreaflfizatfionsoffthenofise.Letusfirstconsfiderapurefly

sfinusofidaflphasemoduflatfionφ(t)=Asfin(2πfft),wherefffistheFourfierffrequencyand

A≪1fisthesmaflflmoduflatfionampflfitude.Theeffectoffthfistfime-varyfingphaseon

theRabfioscfiflflatfiondependsonbothffandΩ:

2πff≪ Ω:theaxfisoffrotatfionmovesverysflowflycomparedtotheanguflar

ffrequencyoffthestatevector.Theflatteraflwaysstaysonthegreatcfircfle

generatedbythefinstantaneousaxfis,orstatedotherwfise,theatomficcoherence
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Ffigure5.10:LaserphasenofiseontheBflochsphere.Lefft:tfimevaryfingphasesoffthe

excfitatfionflasers.Rfight:Bflochsphererepresentatfionwheretheazfimuthaflangfleoffthe

rotatfionaxfis(effectfivemagnetficfiefld)fisthetotaflphaseφoffthetwoexcfitatfionflasers.

ffoflflowsadfiabatficaflflytheflaserphases.

2πff≫Ω:theatomdonotrespondtotheveryffastvarfiatfionsofftheflaserphases

andthestatevectorsfimpflyrotatesaroundtheaveragedrotatfionaxfis.

2πff∼Ω:themoduflatfionaffectsmaxfimaflflytheRabfioscfiflflatfion.

ThefinterestfingquantfityfisthusthepowerspectrafldensfityoffphasenofiseSφ(ff),or

thereflatedspectrafldensfityoffffrequencynofiseSν(ff)=ff
2Sφ(ff)[Rfiehfle,2004],and

partficuflarflythefircomponentscflosetotheRabfiffrequency,typficaflflyaroundff=1MHz.

Inowgfivethreeremarks.Ffirstfly,theflaserflfinewfidthfisofftenusedtoestfimatethe

finfluenceoffphasenofise.Iemphasfizethatthfisquantfityfisnotveryreflevantfforusas

fitdoesnotgfiveanyfinfformatfionaboutthespectrafldfistrfibutfionoffnofise.Secondfly,

oursfituatfionfisdrastficaflflydfifferentthanfinanotherareawherephasenofisefisan

fimportantfissue:optficaflcflocks[Ludflowetafl.,2015].There,finterrogatfionoffthecflock

transfitfionfisperfformedwfithaveryweakRabficoupflfingaround1Hz,suchthatflow

ffrequencyphasenofisefiscrfitficafl.Thetechnficafldeveflopmentsengfineeredfinthfisfiefld,

asfinZhangetafl.[2017],arethusnotnecessarfiflyreflevant.Thfirdfly,theffrequency

stabfiflfizatfionofftheflasersreflfiesonanactfiveffeedbackfloopusfingthePound-Drever-Haflfl

(PDH)errorsfignaflffromtheufltra-stabflecavfity.Thetechnfiquefisveryeficfientto

rejectflow-ffrequencynofiseoutsfidethebandwfidthoffthefloop(typficaflfly∼1MHz),but

theflatterfistooflfimfitedtodecreasethehfigh-ffrequencycontrfibutfionfimportantfforour

ffastRabfioscfiflflatfions.

IntheffoflflowfingIexpflafinhowweestfimateSν(ff)andthenfincfludefitfinanumerficafl

modefltoreproducethedampfing.Inathfirdparagraph,Imakeashortdfigressfion

todfiscusswhfichquantfity(Sν,orSφ,or...)fisdfirectflyproportfionafltothedampfing.
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(a) (b)

(d)(c)

Ffigure5.11:Spectraflnofisedensfityandsfimuflatfions.(a)Estfimatedspectrafldensfity

Sν(ff)/ffofftheffrequencynofiseoffthe795nm(red)and950nmflaser(bflue).Soflfid

(dashed)flfines:usuafl(enhanced)nofise.(b)Caflcuflatedrandomprocessesφfi(t).(c)Many

sfimuflatedRabfioscfiflflatfions(thfinflfines),eachfforagfivenreaflfizatfionoffφfi(t),areaveraged

(thfickbflackflfine).(d)Wfithfintentfionaflextranofisefinthe950nmflaser,thedampfingfis

fincreased,andthesfimuflatfioncomparesweflflwfiththeexperfimentafldata(darkdfisks).

Ffinaflfly,Ipresentpossfibflefimprovementsoffthecurrentsetuptosoflvethefissueoffflaser

phasenofiseandtherecentprogressfintheHarvardgroup[Levfineetafl.,2018].

Spectrafldensfityoffffrequencynofise Measurfingthespectrafldensfityoffnofisedfirectfly

fisnotaneasytask,butweobtafinareasonabfleestfimateoffSν(ff)fforffaboveacoustfic

ffrequencfies,wherethecavfitynofisefisnegflfigfibfle,byanaflyzfingthefin-floopPDHerror

sfignaflwfithanRFspectrumanaflyzer.ThevofltagenofisespectrafldensfitySV(ff)aflflows

toretrfieveSν(ff),knowfingthesflopeKoffthePDHerrorsfignaflandtakfingfintoaccount

thestoragetfimeoffflfightfinthecavfity,orequfivaflentflyfitsflfinewfidthνcav=75kHz,

causfingaroflfl-offoffthecavfityresponse(see,e.g.,Taraflflo[2009],page17):

SV(ff)=Sν(ff)×
K

1+4(ff/νcav)2
. (5.15)
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Ffigure5.11(a)showstheestfimatedSνfi(ff)/ff(IexpflafinflatterwhyIrescaflefitbyff)ffor

the950and795nmflasers7measuredwhenoperatfingtheexperfiment. Weobservea

broadmaxfimumoffnofisearound1MHz,duetotheflfimfitedffeedbackfloopbandwfidth.

Numerficaflsfimuflatfion Inordertoassessquantfitatfiveflythefinfluenceoffflaserphase

nofise,ratherthancaflcuflatfinganaflytficaflflyasensfitfivfityffunctfion(see,e.g.,Martfin

[2013]),wesoflvetheSchr̈odfingerequatfionoffatwo-fleveflsystemdrfivenbythetfime-

dependentRabficoupflfinggfivenfinEq.(5.14),eachtfimefforadfifferentreaflfizatfionoff

therandomprocessesφ795(t)andφ475(t)=2φ950(t)
8.Theflatteraredrawnaccordfing

tothemeasuredSφ(ff)(seee.g.Cflad́e[2004],page65):

φ(t)=
∑

ff

Acos(2πfft)dff wfith A=2
√
Sφ(ff). (5.16)

ExampflesareshownfinFfig.5.11(b). Wethenaveragetheresufltsoffthesfimuflatfionover

typficaflfly500reaflfizatfionsoffthephasenofise.InFfig.5.11(c),IshowaflflfindfivfiduaflRabfi

oscfiflflatfions(thfinredflfines)andthefiraverage(soflfidbflackflfine)fforourtypficaflspectrafl

nofisedensfityandaRabfiffrequencyoff1MHz. Weobserveasflowdampfingoffthe

oscfiflflatfionandcanextractaQ-ffactoroff∼24,sfimfiflartothebest-casespontaneous

emfissfion(seeprevfiousSectfion).Toexperfimentaflflyfisoflatetheeffectoffphasenofiseand

comparefittoournumerficaflsfimuflatfion,wefincreasethespectraflnofisedensfityoffthe

475nmflaser,nowshownasadashedflfinefinFfig.5.11(a).Inthesecondfitfions,the

experfimentaflRabfioscfiflflatfiondampfingfisfincreasedandfisfingoodagreementwfiththe

numerficaflsfimuflatfion,asseenfinFfig.5.11(d).

Dfifferenttypesoffnofise InowjustfiffywhythequantfitySν(ff)/fffisshownfinFfig.5.11

andnotSν(ff)orSφ(ff)=Sν(ff)/ff
2. Weaflreadyunderstandthatthedampfingoff

aRabfioscfiflflatfion,quantfifiedbyfitsQ-ffactor,dependsonflyonthespectrafldensfity

offnofiseataFourfierffrequencyffaroundtheRabfiffrequencyΩ/(2π).Gofingastep

ffurther,IrepeattheprevfiousflydescrfibednumerficaflsfimuflatfionsbyvaryfingtheRabfi

ffrequencyΩ,andthetypeoffffrequencynofiseSv(ff)=Kff
α,α∈{0,1,2}(respectfivefly

knownaswhfiteffrequency,flfickerphaseandwhfitephasenofise[Rfiehfle,2004]).Foreach

parameters,theaveragedRabfioscfiflflatfionfisfittedbyadampedsfineandweextracta

7Weusethe950nmbeamfforffrequencystabfiflfizatfionandnottheffrequency-doubfled475nmone.
8Weconsfiderthattheffrequencycomponentsoff950nmflaserphasearewfithfinthebandwfidthoffthe
SHGcavfityusedfforffrequencydoubflfing.
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Ffigure5.12:Varfioustypeoffnofises.Q-ffactoroffaRabfioscfiflflatfionatffrequencyΩffor

eflementarytypesoffnofiseSν(ff)=Kff
αwfithα=0,1,2(fleffttorfight).Orange(bflue)

curves:Sν(1MHz)=10
4Hz(103Hz).

Q-ffactorwhfichfisshownfinFfig.5.12. Weobservethesfimpfleempfirficaflreflatfion:

Q(Ω=2πff)≃0.1×
(Sν(ff)

ff

)−1
(5.17)

Inconcflusfion,IshowSν(ff)/fffinFfig.5.11becausewecanthendfirectflyreadthe

expecteddampfingasaffunctfionofftheRabfiffrequency.

Soflutfion Ffinaflfly,Idfiscussthepossfibflesoflutfionstofincreasethedefleterfiouseffectoff

phasenofise.AfirststepfistooptfimfizethePIDcontroflflersettfings,whfifleobservfingon

aspectrumanaflyzerthespectrafldensfityoffvofltagenofiseffromthePDHsfignafl,to

avofidaddfingtoomuchnofisefintheMHzrange.Then,wetookcaretoworkwfith

mfinfimaflcurrentmoduflatfionffedtothe950nmdfiode,asfitgfivesrfisetoffrequency

moduflatfionandnofiseofftheflaserbeamsenttotheatom.

Ffinaflfly,fitfispossfibfletousetheULEcavfitynotonflyasanactfiveffrequency

dfiscrfimfinatorbutaflsoasapassfiveflow-passfiflterwfithatransfferffunctfion:

Sfiflt.ν (ff)=
Sν(ff)

1+4(ff/νcav)2
(5.18)

wfithaffrequencycut-offgfivenbyfitsflfinewfidthνcav(ffuflflwfidthathaflff-maxfimum).The

flfighttransmfittedbythecavfityexhfibfitsadecreasednofiseathfighFourfierffrequencfies,

wheretheactfiveffeedbackfloopfisfineficfient,andcanbeusedtofinjectanotherflaser

dfiode,whfichthenbenefitsffromfitsspectraflpurfity.Thfistechnfiquewasfirstreported

byHafldandRuseva[2005]andhasbeenrecentflyfimpflemented9fintheHarvardgroup

9SeeNazarovaetafl.[2008]andAkermanetafl.[2015]fforearflfierfimpflementatfionsfinotherareas.
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fleadfingtoasfignfificantfincreasefincoherencetfimeffrom7to27µsffora2MHzRabfi

oscfiflflatfion[Levfineetafl.,2018].TheffourffofldfincreasefinQ-ffactor(ffrom14to54)

findficatesatfleastasfimfiflarreductfionoffSν(ff)accordfingtoEq.(5.17).Inffact,fitfis

muchflarger(∼65)asseenbyfinsertfingthefirreportedνcav=500kHzfinEq.(5.18),

andtheremafinfingdampfingprobabflycomesffromothersources.

5.3.4 Otherpossfibfleeffects

Severaflothereffectscanfinprfincfipflecontrfibutetodampfinganddephasfingoffthe

Rabfioscfiflflatfions.Ffirst,theRydbergstateshaveafinfiteflfiffetfimeduetospontaneous

emfissfionfleadfingtodecaytoflow-flyfingexcfitedstatesandtobflack-bodyradfiatfion

transfferrfingtheatomtocflose-byRydbergstates[Beterovetafl.,2009]. Wehave

soflvedtheOBEswfithandwfithoutfincfludfingthefinfiteflfiffetfimeoffRydbergstates

n>50andobservednosfignfificantdfifferencesonourexperfimentafltfimescafleoffaffew

mficrosecondsfforthesfingfle-atomRabfioscfiflflatfion.Thus,soffar,thfisfinfiteflfiffetfimefis

notaflfimfitatfionfinoursetup,butshoufldbecometheufltfimateflfimfitfincoherencetfime

onceaflflprevfiousflydescrfibedsourceswfiflflbeeflfimfinated.

Then,duetotherandomthermaflmotfionofftheatomfintheoptficafltweezers,fit

expfloresthefintensfityprofifleofftheexcfitatfionbeamsandexperfiencesdfifferentRabfi

ffrequencfiesandflfight-shfifftsffromshottoshot.Aflongthex-dfirectfion,wherethe475nm

excfitatfionflaserbeamwafistoff24µmfismfinfimaflandtheGaussfiandfistrfibutfionwfidth

offtheatomposfitfionfismaxfimafl(σx≈1µm),thereflatfivestandardvarfiatfionoffRabfi

ffrequencfiesareonfly2.5×10−3. Wehavecheckedthatfforourexperfimentaflparameters,

thfiseffectshoufldbenegflfigfibfleunflesstheexcfitatfionbeamsarestrongflymfisaflfigned.

Anotherdephasfingmechanfismfistheshot-to-shotvarfiatfionfinthepuflseareasoffthe

excfitatfionbeams. Wehaveestfimatedthereflatfivefluctuatfionsoffthefintensfityoffthe

puflsestobebeflow0.2%rms,whfichdoesnotfleadtoanymeasurabfledephasfingover

ourexperfimentafltfimescafles.

Ffinaflfly,straytransverseeflectrficfiefldsfleadfingtomfixfingbetweendfifferentZeeman

subfleveflsoffthetargetedRydbergstatecoufldfleadtoadegradatfionofftheRabfi

oscfiflflatfion,as|g⟩woufldbecoupfledtoseveraflRydbergstateswfithdfifferentcoupflfing

strengths.However,usfingthesetoffefighteflectrodesundervacuum,wezerooutthe

eflectrficfiefldtobetterthan|E|<5mV/cmbyperfformfingStarkspectroscopyon

hfigh-nRydbergstates(typficaflflyn∼100).ForsuchflowvafluesoffE,theexpected

effectoffstrayfiefldsfisnegflfigfibfle.
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5.4 Prospectsfforfimprovements

Inthfissectfion,Ifirstcombfineaflfltheeffectsprevfiousflydescrfibed,expflafinfingthe

dfifferentbehavfiorspresentedfinFfig.5.1.Usfingthesenumerficaflresuflts,Idescrfibehow

wepflantofimprovethecurrentexcfitatfionflasersetup.

5.4.1Dampfing:acombfinatfionoffaflfleffects

Havfingdeveflopedaquantfitatfivemodeflfingoffeachofftheexperfimentaflflyreflevant

fimperffectfionsflfistedabove,wecannowfincfludethemaflflfinagflobaflsfimuflatfion.Aflfl

parameters(RabficoupflfingsΩ795,Ω475,detunfing∆,detectfionerrors(ε,ε
′),atomfic

temperatureT,flaserphasenofisesSν)aregfiventhefirfindependentflymeasuredvaflues.

Wedrawfluctuatfingparametersaccordfingtothefirrespectfivedfistrfibutfions,fintegrate

theOBEswfiththeseparameters,andthenaverageovertypficaflfly500reaflfizatfions.

Ffigure5.13(a)showsacomparfisonbetweenanexperfimentaflRabfioscfiflflatfion(ffor

Ω/(2π)=4.8MHz,dfisks)andaparameter-ffreesfimuflatfion(soflfidflfine)fincfludfing

aflfleffectsdetafifledfintheprevfiousSectfion.LetusnotethedfifferencewfithFfig.5.1

presentedatthebegfinnfingoffthfischapter,wheretheRabfioscfiflflatfionwasreproduced

byafittfingffunctfion,fincontrasttothepresentab-finfitfiocaflcuflatfions.

Ffigure5.13(b)showshowthedfifferenteffectsdependontheRabfiffrequencyΩ.The

sfimuflatfionsareperfformedfforafixedΩ475/(2π)=35MHzandavaryfingΩ795.To

characterfizetheasymmetrficdampfingofftheRabfioscfiflflatfion,Iuse,finsteadoffaQ-

ffactor,theoscfiflflatfionampflfitudedurfingthefiffthhaflff-perfiod[findficatedfinFfig.5.13(a)].

WeobservethatthedampfingfismfinfimfizedfforΩ/(2π)≈2MHzandthat:

theDoppflereffect(dash-dottedflfine)fisthedomfinantsourceoffdampfingffor

Ω/(2π)<0.7MHz,

thespontaneousemfissfion(dashedflfine)fismfinfimfizedatΩ/(2π)=0.8MHz(when

Ω475=Ω795)andbecomesdomfinantatflargecoupflfingstrength.

thephasenofisefinfluence(dottedflfine)peaksatΩ/(2π)=1MHz,butremafins

currentflyatthesamefleveflthatthetwoothersources.

AnaflyzfingaseflectfionoffRabfioscfiflflatfionsperfformedoverthecourseoffthfisthesfis(red

dfisks),weobtafinagoodagreementwfiththesepredfictfions,exceptaround1MHz.
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(a) (b)

Ffigure5.13:Combfinfingaflfleffects.(a)ExperfimentaflRabfioscfiflflatfionandaparameter-

ffreesfimuflatfion.Thearrowfindficatestheampflfitudeonthe5thhaflff-perfiodusedasan

findficatorcharacterfizfingtheasymmetrficdampfing.(b)InfluenceofftheRabfiffrequency

Ωonthedampfing.ThecurvesshowsfimuflatfionsfforDoppflereffect(dash-dottedflfine),

spontaneousemfissfion(dashedflfine),flaserphasenofise(dottedflfine),combfinfingaflfloffthem

(soflfidbflackflfine)andaddfingthedetectfionerrors(soflfidredflfine).Theshadfingontheflatter

curvecorrespondstos.e.m.offtheMonte-Carflosfimuflatfionffor600runs.Thereddfisksare

experfimentaflresuflts.

5.4.2Futurefimprovements

Foreachdampfingsource,wehaveaflreadydetafifledpossfibflesoflutfionstofimprovethe

coherencetfimeofftheRabfioscfiflflatfion.Here,Ipresenttheroutethatweshoufldffoflflow

fintheffuture.Ffirstfly,wewfiflflbefinterestedfinRydbergSstates:despfitethereduced

dfipoflematrfixeflementcomparedtoDstates,wewfiflflseefinthenextchapterthatthe

finteractfionbetweentwoRydbergSfleveflsfisprefferabfle.Anotherfimmedfiateadvantage

fisthereducedDoppflereffectaswecoufldusecounter-propagatfingflasers.

Secondfly,wewfiflflusethefinvertedexcfitatfionscheme,changfingthefintermedfiate

stateffromthe5Ptothe6Pflevefl.Thespontaneousemfissfionwfiflflbereducedasthe

radfiatfivedecayffromthe6Pstatefisonfly1.3MHz(5.75MHzffor5P).Then,the

|e⟩↔|r⟩transfitfionfisnowatawaveflengthoff1013nm,fforwhfichhfigh-powerflaser

sources(Ytterbfium-dopedfiberampflfifiers,upto10W)arenowavafiflabfleaflflowfingflarge

coupflfingstoRydbergstates.Meanwhfifle,the|g⟩↔|e⟩transfitfionfisshfifftedto420nm,

wherewecouflduseasfimfiflarflasersourcethanat475nmandobtafinaffew100mWoff

flaserpower,flargeenoughfforstrongRabficoupflfingtothefintermedfiatestate.Thfis

soflutfionfistheonefimpflementedfintheHarvardgroupandreportedfinBernfienetafl.

[2017].Thfirdfly,thephasenofisecontrfibutfiontodecoherencecanbesuppressedusfing

theULEcavfityasapassfivefiflterandfinjectfingfitsoutputfinasflavedfiode[Levfine
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etafl.,2018].

Concernfingdetectfionerrors,theffaflseposfitfiverateε(coflflfisfionwfithbackground

gas)coufldbesuppressedbyworkfing,e.g.,finacryogenficenvfironment,whfichwoufld

havetheaddfitfionaflbenefitoffsuppressfingtheBBRdecayoffRydbergatoms.Faflse

negatfive(ε′)coufldbeavofidedbyqufickflyfionfizfingRydbergatoms[L̈owetafl.,2012]or

bymappfing|g⟩and|r⟩tothetwohyperfineground-stateflevefls[Wfiflk etafl.,2010].

Letusnotethatdetectfionerrorsarenotasdetrfimentaflasdecoherencesfincetheydo

notaffecttheunfitaryevoflutfionoffthequantumsystem.

5.5 Concflusfion

Inthfischapter,wehavestudfiedhowthecoherentcoupflfingbetweenaground-state

andaRydbergflevefloffasfingfleatomcoufldbeaffectedfinmanywaysbyphysficafland

technficaflflfimfitatfions. Wedeveflopedmodeflsfforeachdetectfionerroranddephasfing

sourcesobtafinfinggoodquantfitatfiveagreementswfithexperfimentaflobservatfions.The

concflusfion,ffromourstudyandtherecentresufltsobtafinedbyLevfineetafl.[2018],fis

toupgradetheoptficaflsetupstoreachflongeratomficcoherencetfimesbetweenthe

groundandRydbergflevefl.

TheflatterfisespecfiaflflyfimportantfforthequantumsfimuflatfionoffIsfingmodeflswhere

aspfin-1/2fisencodedbetween|g⟩and|r⟩,whfichfistheffocusoffthfissecondpartoffthe

thesfis.Ffinaflfly,fletusremarkthatthecoherencetfimebetween|g⟩and|r⟩doesnot

aflwaysmatter.Forexampfle,finthethfirdpartoffthfisthesfis,wewfiflflfimpflementXY

quantummagnetsfforwhfichthespfin-1/2fisencodedbetweentwoRydbergstatesand

weonflyusetheexcfitatfionflaserstopreparetheatomsfin|r⟩qufickflyandeficfientfly.Iff

thfisfisaccompflfishedwfithaRabfiπ-puflse,wearebacktotheprobflemoffmfinfimfizfing

thedecoherenceoffRabfioscfiflflatfionsdurfingthefirsthaflff-perfiod.But,otherschemes

canbeused,suchasSTIRAP(seeSectfion7.1.1)andIwfiflfldemonstrateexceflflent

excfitatfiontoRydbergSandDstates(wfithaneficfiency>95%),evenwfiththe

currentexcfitatfionscheme.
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InChapter4,westatedthataquantumIsfingmodeflcoufldbefimpflementedby

drfivfinganensembfleoffatomsffromthefirgroundstate|g⟩toasfingfleRydbergflevefl|r⟩

ffromtheRydbergmanfiffofld.Crucfiaflfly,themappfingrequfiresthataflflotherRydberg

states|r′⟩aredecoupfledffromthedynamfics.Aflreadyfinatwo-atomsystem,shownfin

Ffig.6.1,thedfipofle-dfipoflefinteractfionĤddchaflflengesthfissfimpflfificatfionasfitcoupfles

thepafir-state|rr⟩tomanyothers|r′r′′⟩.Nonethefless,thespfin-1/2approxfimatfion

fisrestoredfinthevander Waaflsregfime,wherethemfixfingwfithotherpafir-statesfis

negflfigfibfle,suchthattheycanaflflbefignored.Thefinteractfiononflyamountstoasfimpfle

vander WaaflsenergycostV=C6/R
6offhavfingtwoRydbergatomsseparatedby

adfistanceR;andcanbeconsfideredefitherasanIsfingcoupflfing,orgfivfingrfisetoa
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Ffigure6.1:Thevander Waaflsfinteractfion.(a)Aground-stateflevefl|g⟩andaspecfific

state|r⟩ffromtheRydbergmanfiffoflddefinesaspfin-1/2drfivenwfithacoupflfingstrength

Ωbytheexcfitatfionflasers.Twoatoms,separatedbyadfistanceR,finteractthroughthe

dfipofle-dfipofleHamfifltonfian.(b)Ĥddcoupfles|rr⟩tootherpafir-states|r
′r′′⟩.Inthevander

Waaflsregfime,thestate|rr⟩fisflargeflydetunedffromany|r′r′′⟩,suchthatfitdoesnotmfix

wfiththembutfitsenergyfismodfifiedbyavanderWaaflsshfifftV=C6/R
6.

RydbergbflockadevoflumeoffsfizeRb=(C6/Ω)
1/6,finsfidewhfichonflyasfingfleRydberg

excfitatfioncanbecreated.

Motfivatfion ThevaflfidfityofftheRydbergbflockadepficturehasbeendfisputedfinmany

theoretficaflworkspredfictfingfitsffafiflureduetovarfiouscompetfingprocesses,occurfing

aflreadyfintwo-atomsystem,—moflecuflarresonances[Derevfiankoetafl.,2015],Zeeman

degeneracy[WaflkerandSaffman,2005,2008],orfinpresenceoffamagnetficfiefld,

competfitfionwfiththeZeemaneffect[Vermersch,Gflaetzfle,andZoflfler,2015]—,or

whenathfirdatomfisconsfidered[PohflandBerman,2009;CanoandFort́agh,2012].

Motfivatedbythesestudfies,Barredoetafl.[2014]perfformedexperfimentsonasystem

offthreeatomsaflflwfithfinabflockadevoflume,andconcfludedposfitfiveflyontheeficfiency

offtheRydbergbflockademechanfism.

Gofingastepffurtherthanthfisffuflflybflockadedregfime,wethenstudfiedasfituatfion,

reportedfinSectfion4.1,wherethebflockadevoflumeextendsonflyoveraffractfionoff

flarge2Darrays[Labuhnetafl.,2016].Ffigure6.2(a)showstheevoflutfionofftheRydberg

ffractfionffr(theproportfionoffatomsexcfitedtoRydbergstates)asaffunctfionoffthe

excfitatfionflaserspuflseareaΩτ,ffordfifferentgeometrfiesandchoficeoffRydbergstates.

Comparfingtheexperfimentafldatawfithanumerficaflsfimuflatfionoffthespfin-1/2modefl

(soflfidflfines),weobtafinanexceflflentagreementfforthequasfi-flfinearchafinoff30traps

(flefft),butobservecfleardevfiatfionsffortherfingoff8atomsandonthe7×7square

array.ThesedevfiatfionsfimpflythatourfinteractfingRydbergatomsdonotmapperffectfly

onsfimpflespfin-1/2partficfles.AstheRydbergffractfionfincreasesabovethepredfictfionoff

themodefl,fitfindficatesaffafiflureofftheRydbergbflockade.
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Ffigure6.2:Fafiflureoffspfin-1/2mappfing.(a)ExperfimentsreportedfinLabuhnetafl.

[2016]:theexcfitatfionflasersareswfitchedonwfithastrengthΩfforavarfiabfletfimeτ,the

ffractfionffroffRydbergexcfitatfionsfisshownasaffunctfionoffthepuflseareaΩτ.Eachfinset

showstheatomficarrayandtheextentofftheRydbergbflockadevoflume.Intwocases,the

datadevfiateffromnumerficaflsfimuflatfionsoffaspfin-1/2modefl(soflfidflfines).(b)Wewfiflfl

showthatthedevfiatfionsorfigfinateffromtheapproxfimatfionoffthereaflpafir-statespectrum

(flefftpanefl,worst-casescenarfio)byasfingflepotentfiaflcurve(rfightpanefl).

Foflflowfingtheseobservatfions,wecoflflaboratedwfithProff.Hans-PeterB̈uchflerand

Sebastfian WeberffromtheUnfiversfityoffStuttgarttofindtheorfigfinoffthfisffafiflure.

Theyhaverecentflydeveflopedtheopen-sourcepafirfinteractfionsofftware[Weber etafl.,

2017](seeaflsotheoneby̌Sfibaflficetafl.[2016]ffromtheUnfiversfityoffDurham),whfich

cancaflcuflatetheefigenstatesoffĤddbyffuflfldfiagonaflfizatfion,whfifletakfingfintoaccount

externaflmagnetficandeflectrficfieflds.Ffigure6.2(b)showsanexampfleoffpafir-state

potentfiaflscaflcuflatedwfiththepafirfinteractfionsofftwarefinapartficuflarflycompflficated

scenarfio,whfichwewfiflflencounterfinthfischapter.ThemappfingoffRydbergatoms

tospfin-1/2partficflesrequfiresthatthfiscanberepflacedbyasfingflepotentfiaflcurve

[Ffig.6.2(b),rfightpanefl].Byconsfiderfingonflyatwo-atomsystem,theypofintedout

thattheffafiflurecoufldbecausedbyatoohfighmagnetficfiefldBz=+6.9G,appflfiedto

perfformoptficaflpumpfingfintothefinfitfiaflstate|g⟩andtoflfiffttheZeemandegeneracyoff
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theRydbergmanfiffofld,andchosenatthfisvafluefforhfistorficaflreasons.Thereupon,

wedecreasedBzto3.5G,repeatedtheexperfiments,andobservedamuchbetter

agreement,aswewfiflflseeattheendoffthfischapter.

Goafl IwfiflfldescrfibetheorfigfinofftheRydbergbflockadeffafiflurebygofingthrough

moreandmoresubtflemodfificatfionsoffthepafir-stateatomficstructurecausedby

thedfipofle-dfipofleHamfifltonfianandexternaflfieflds.Thfiswfiflflmakethfischapterqufite

technficafl. WewfiflflseethatRydbergnDstatesarepartficuflarflyaffected,andIremfind

thereaderthatourorfigfinaflmotfivatfiontousethesestatesfistheflargerdrfivfingstrength

achfievabflewfithourexcfitatfionscheme(seeChapter5).

Thfischapterfisorganfizedasffoflflows.Ffirst,finSectfion6.1,Iremfindhowthedfipofle-

dfipoflecoupflfingofftwoatomsfinthesameRydbergstatefideaflflygfivesrfisetoasfimpfle

vander Waaflsshfifft,andshowspectroscopficmeasurementofftheflatter.InSectfion6.2,

Istudythevaflfidfityoffthevander Waaflsapproxfimatfionandthespfin-1/2mappfingfin

aqufitesfimpfleconfiguratfionwheretwoatomsareaflfignedwfiththequantfizatfionaxfis

andexternaflfiefldsarenegflected.Iwfiflflffocusontwostates,anS1/2stateandthe

58D3/2state,fiflflustratfingtwoverydfifferentsfituatfions.InSectfion6.3,wewfiflflconsfider

thegeneraflcasewfithnon-zeroexternaflfiefldsandanangflebetweentheatomficpafir

andthequantfizatfionaxfis.Usfingthepafirfinteractfionsofftwaretoperfformnumerficafl

caflcuflatfions,wewfiflflfinvestfigateextensfiveflythepafir-statespectrumoffthe61D3/2state

fforwhfichweobservedtheffafiflureoffthespfin-1/2approxfimatfionfinFfig.6.2.Ffinaflfly,fin

Sectfion6.4,havfingfidentfifiedtheorfigfinoffthesedevfiatfions,wewfiflfldemonstrateamuch

betteragreementoffthedynamficsoffthemany-bodysystemwfiththespfin-1/2modefl.

PartsoffthematerfiaflpresentedfinthfischapterhavebeenpubflfishedfindeĹeśefleuc

etafl.[2018c].

6.1IntroductfiontovanderWaaflsfinteractfion

IstartbybrfieflypresentfingthestructureofftheRydbergmanfiffofldoffstatesoffasfingfle

atom.Ffigure6.3(a)showsthedfifferentRydbergserfiesaroundtheprfincfipaflquantum

numbern=60andhowthefleveflsarefinterfleavedduetothedfifferencefinquantum

deffects1δ.Thefine-structurespflfittfingfis∼0.5GHzbetweenthenP1/2andnP3/2,

and∼0.05GHzbetweenthenD3/2andnD5/2states.Befingsub-MHz,wenegflectfit

1Theyarecurrentflyknownwfithaprecfisfionoff10−6ffrommeasurementsperfformedfinthegroupoff
Proff.ThomasF.Gaflflagher[Lfietafl.,2003;Hanetafl.,2006],whfichfisfimportantffortheprecfise
estfimateofftheenergydeffects∆E.
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fforthenF5/2andnF7/2states.Thehyperfinespflfittfingfisaflsofignoredasfitfisbeflow

300kHzfforS1/2states[Lfietafl.,2003]andsub-kHzfforD3/2states[van Wfijngaarden,

Lfi,andKoh,1993]. WethusexpressaflflRydbergstatesfinthefinebasfis|nLJ,mJ⟩

wherethemagnetficquantumnumbermJfistheprojectfionofftheanguflarmomentum

Ĵonthequantfizatfionaxfis.Recaflflthattheexcfitatfionflasersarepoflarfizedtocoupfle

onflytothestretchedstate(mJ=J).Inowpresenttheeffectonasfingfleatomoff

externaflmagnetficBandeflectrficEfieflds.

Zeemaneffect ĤZspflfitstheZeemanmanfiffofld,shfifftfingthemJfleveflby∆EZ=

gµBmJB,wheretheg-ffactordependsontheRydbergserfies(wenegflectdfiamagnetfic

termshere). WeusuaflflyappflyamoderatevertficaflmagnetficfiefldBz≃3−8G,

fforwhfich∆EZ≤20MHzremafinssmaflflerthanthefine-structurespflfittfingoffD

states.Transversemagnetficfieflds(Bx,By)arecancefled,toavofidmfixfingthedfifferent

Zeemansubflevefls,byperfformfingmficrowavespectroscopybetweenthetwohyperfine

ground-state.

Starkeffect ĤStarkcreatesaquadratficStarkshfifft
1
2
αE2,whereαfisthestatfic

poflarfizabfiflfity(scaflfingasn7anddependfingaflsoontheRydbergserfies)andmfixes

RydbergstatesoffdfifferentanguflarmomentumL,whfichfinducesapermanenteflectrfic

dfipofle.TheeflectrficfiefldEthusstrongflyaffectsthedfipofle-dfipoflefinteractfionandwe

trytomfinfimfizefit.Usfingtheextremesensfitfivfityoffflarge(n=100)Rydbergstateto

E,wemeasureandcanceflEtobetterthan5mV/cmoveraregfionoff30×30µm2

usfingoursetoffefighteflectrodes.Inthfischapter,wewfiflflsometfimesappflyaweak

vertficafleflectrficfiefldEz=20mV/cmtoobservefitseffectonthefinteractfionbetweena

pafiroffatoms.

6.1.1Dfipofle-dfipoflefinteractfion

ConsfiderfingnowtwoRydbergatoms(AandB),weconstructthesetoffunperturbed

pafir-states|r′Ar
′′
B⟩.Thegoafloffthfissectfionfistoshowhowthepafir-state|rr⟩,descrfibfing

twoatomsfinthesameRydbergstate2,fismodfifiedbythedfipofle-dfipoflefinteractfion:

Ĥdd=
1

4πϵ0

dA·dB−3(dA·n)(dB·n)

R3
, (6.1)

2Inthethfirdpartoffthfisthesfis,wewfiflflconsfidertwoatomsfindfifferentRydbergstates.
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Ffigure6.3:Sfingfle-andtwo-atomspectra.(a)S,P,DandFRydbergserfiesffor

n=60−62,andthefirquantumdeffectsδ.Thefine-structurespflfittfingsfforPandDstates

arefindficated(nottoscafle),wenegflectthesub-MHzspflfittfingbetweentheF5/2andF7/2

states.TheZeemansubfleveflsarenotshownfforsfimpflficfity.(b)Twoatomsfinthesame

Rydbergstate|rr⟩arecoupfledbyĤddtomanyotherpafir-states|r
′r′′⟩.Theredarrowsfin

(a)showsoneoffthefinteractfionchanneflwfith|rr⟩=|nD,nD⟩and|r′r′′⟩=|nP,nF⟩.

Thedetunfingbetweentwopafir-statesfisdenoted∆EandthecoupflfingstrengthJ.The

contrfibutfionoffaflflfinteractfionchanneflsfleadstothevanderWaaflsshfifftV.

wheredfisthedfipofleoperator,Rthefinteratomficdfistance,andnfisaunfitvectoraflong

thefinternucflearaxfis. Wedenotebyθtheangflemadebynwfiththequantfizatfionaxfis,

andreffertofitasthefinteractfionangfle. WecanrefformuflateEq.(6.1)byexpressfingd

fintermsofffitscomponentsd−,d0andd+onthespherficaflbasfis,whfichrespectfivefly

decreases,conservesandfincreasesbyoneunfitthemagnetficquantumnumbermJ:

Ĥdd=
1

4πϵ0R3
[1−3cos2θ

2

(
d+Ad

−
B+d

−
Ad
+
B+2d

0
Ad
0
B

)

+
3
√
2
sfinθcosθ

(
d+Ad

0
B+d

−
Ad
0
B+d

0
Ad
+
B+d

0
Ad
+
B

)
(6.2)

+
3

2
sfin2θ

(
d+Ad

+
B+d

−
Ad
−
B

)]

ThefirstgroupofftermconservesthetotaflmagnetficnumberofftwoatomsM =

mA+mB,thesecondchangesfitby∆M =±1andthethfirdby∆M =±2.

Wewfiflfltakefintoaccounttheactfionoff Ĥddonthepafir-statespectrumfinthree

stepsofffincreasfingcompflexfity:(fi)finSectfion6.1.2,wewfiflflfignorethedetafiflsoffthe

varfiouscoupflfingsbetweenpafir-statesandsfimpflystatetheresufltsoffthesecond-order

perturbatfiontheory;(fifi)finSectfion6.2,wewfiflflfinvestfigate‘manuaflfly’thevarfious
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coupflfingstocheckthevaflfidfityoffthesecond-orderapproxfimatfionfinthesfimpfler

caseθ=0;(fififi)finSectfion6.3,motfivatedbytheexperfimentaflresufltsoffFfig.6.2,we

wfiflflffocusonthespecfific61D3/2Rydbergstateandfincfludeaflfleffects,anon-zero

finteractfionangfleandexternaflfieflds,usfingnumerficaflcaflcuflatfions.

6.1.2ThevanderWaaflsregfime

Thetwo-atomHamfifltonfianĤddcoupfles|rr⟩tomanypafir-states|r
′r′′⟩assketchedfin

Ffig.6.3(b).Each|rr⟩↔|r′r′′⟩coupflfingdefinesanfinteractfionchannefl,characterfized

byanenergy(orF̈orster)deffect∆E=Er′r′′−ErrandacoupflfingstrengthJ=

⟨r′r′′|̂Hdd|rr⟩=C3/R
3.IntheflfimfitJ≪∆E,fforaflflchannefls,wecanappflysecond-

orderperturbatfiontheoryresufltfingfinasfimpfleshfifftoffthepafir-stateenergyby:

V=−
∑

fi

J2fi
∆Efi

=
C6
R6

wfith C6=−
∑

fi

C23fi
∆Efi

(6.3)

wherethesumrunsoveraflflfinteractfionchannefls.Inthfisso-caflfledvander Waafls

regfimeoffthedfipofle-dfipoflefinteractfion,themfixfingoff|rr⟩wfithotherpafir-statesfis

negflfigfibfle.Inpractfice,onflyaffewfinteractfionchanneflssfignfificantflycontrfibutetoV

andfitfisveryfinstructfivetofidentfiffythem,asdonebyRefinhardetafl.[2007]and

WaflkerandSaffman [2008].Itaflflowsustounderstandtheorfigfinoffthevander Waafls

shfifft,obtafinagoodestfimateoffVandfindtheflfimfitfingcaseswherethesecond-order

approxfimatfionffafifls. WewfiflflperfformthfisfidentfificatfionfinSectfion6.2ffortwoextreme

cases:theverysfimpflenS1/2statesandtheF̈orsterresonanceoccurrfingfforthe58D3/2

stateasaspecfificpafir-statefisaflmostdegenerate(∆E≪J)wfith|rr⟩.

Scaflfingflaws Befforehand,fletusdfiscussthedependenceoffthefinteractfionstrength

wfiththeprfincfipaflquantumnumbern.TheC3andC6coeficfientsscafleas:

C3∝n
4 and C6=−

∑

fi

C23
∆E
∝n11, (6.4)

sfinceC3fisproportfionafltotheproductofftwoeflectrficdfipoflemoments,eachscaflfingas

n2,andtheenergymfismatchoffanfinteractfionchanneflusuaflflydecreasesas∆E∝n−3.

Wecancomparethfisscaflfingflawwfithcaflcuflatfionsoffthe C6coeficfientsfforaflfl|rr⟩

pafir-states3offtheS,PandDRydbergserfiesusfingthepafirfinteractfionsofftware.

3Wechoosethestretchedpafir-stateswfithmaxfimafltotaflquantumnumber M fforthecaflcuflatfions.
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Prfincfipafl quantum number n

Ffigure6.4:ScaflfingofftheC6coeficfient.CaflcuflatedC6fforthefivefimportantRydberg

serfies,rescafledbytheexpectedn11-dependencewfiththeprfincfipaflquantumnumbern.

Red:posfitfive,bflue:negatfiveC6.Dashedflfine:posfitfionofftheF̈orsterresonances. We

choosen=60asarefferenceffortheenergyscafle.

Ffigure6.4showstherescafledC6/(n
⋆/60)11,whfichshoufldremafinconstantaccordfing

toEq.(6.4). Weusetheeffectfivequantumnumbern⋆=n−δcorrectedfforthe

quantumdeffectoffeachRydbergserfies.Thescaflfingflawfisremarkabflyvaflfidoverthe

ffuflflrangen=30−100fforS1/2andP3/2states,wfithaffewexceptfionsfforP1/2,D3/2

andD5/2states.For42P1/2,thevander Waaflsshfifftaflmostvanfishesasthevarfious

finteractfionchanneflscompensateeachothers.Onthecontrary,thefinteractfionstrength

fisstrongflyenhancedatn=40,58fforD3/2andn=43fforD5/2,duetoaF̈orster

resonance. WhereasC6fisfincreasedattheresonance,fitcanchangesfignorstrongfly

decreasearoundtheresonance,astheF̈orsterdeffect∆Egoesffromposfitfivetonegatfive

andpossfibflycompensatesthevander Waaflscontrfibutfionoffaflflotherchannefls.Ffinaflfly,

fletusnotethat,whfiflethefinteractfionstrengthoffanPstatesfismorethanoneorder

offmagnfitudesmaflflerthanfforanSandnDstates,fitsuficestochooseasflfightfly

flargerntoobtafinthesamevander Waaflsshfifftduetothestrongn11scaflfing.

6.1.3 MeasurfingthevanderWaaflsshfifft

ThefirstexperfimentafldemonstratfinganfinteractfionshfifftbetweentwofisoflatedRydberg

atomswastheobservatfionofftheRydbergbflockadeeffect[Urbanetafl.,2009;Gäetan

etafl.,2009].Drfivfingtheatomsffromtheground-state|g⟩toaRydbergstate|r⟩wfith

acoupflfingstrengthΩ,theprobabfiflfityPrrtoexcfitethetwoatomsfissuppressedffora

flargefinteractfionshfifftV≫ Ω.Gofingastepffurther,B́egufinetafl.[2013]measured

thevander WaaflsshfifftbyusfinganfintermedfiateregfimewhereΩ≈Vandfittedthe
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δ

V/2

g → r

gg → rr

gg

gr + rg

rr

gr - rg

V

Ffigure6.5: Measurementoffvander Waaflsshfifft.TheexcfitatfionofftwoRydberg

atomsfisrestoredwhenthedetunfingδofftheexcfitatfionflasersmatcheshaflffthevander

Waaflsshfifft.Comparfingthetwo-atomresonance(redcurve)tothesfingfle-atomone(dark),

weobtafinV/h=−1.22(2)MHz.

evoflutfionoffPrrtonumerficaflsfimuflatfions.Here,Idescrfibeaspectroscopymethodoff

measurfingthefinteractfionenergybyprobfingthe|gg⟩↔|rr⟩transfitfion.

Ffigure6.5showshowtheexcfitatfionoff|rr⟩fisrestoredbyaffour-photonprocess4ffor

aflaserdetunfingδ=V/2ffromthesfingfleatom|g⟩↔|r⟩transfitfion.Theexperfiments

wasperfformedwfiththeRydbergstate
⏐
⏐61D3/2,mJ=3/2

⟩
ffortwoatomsaflfigned

wfiththequantfizatfionaxfisandseparatedbyR=9µm.Comparfingtheresonances

observedwfithoneandtwoatoms,wedfirectflyextractthevander Waaflsshfifft

V/h=−1.22(2)MHz,whfichcanbecomparedtoVth/h=−1.44MHzobtafinedffrom

thecaflcuflatedC6=−769GHz.µm
6.Aswetrustthetheory,fitfindficatesasystematfic

errorfinthecaflfibratfionoffthefinterpartficfledfistance,whfichInowdfiscuss.

Dfistancecaflfibratfion Overthecourseoffthfisthesfis,wenotficedthatthecaflcuflated

finteractfionenergfieswereaflwaysflargerthanthemeasuredones,notonflyfforvan

der Waaflsshfifftashere,butaflsoffortheresonantdfipofle-dfipoflefinteractfiondfiscussed

flaterfinChapter7.BecauseofftheR−6(orR−3finthesecondcase)scaflfingoffthe

finteractfionstrength,fitfiscrucfiafltoprecfiseflyestfimatetheseparatfionbetweentwo

optficafltweezers.Theflatterwascaflfibratedbyoptficaflways[B́egufin,2013]butcanbe

affectedbysystematficuncertafintfiesfintheffocaflflengthofftheasphere.Inffact,we

canreversetheprobflemandusethedfipofle-dfipoflefinteractfionasawaytoprecfisefly

caflfibratethefinter-atomficdfistance.Itfleadsto4.5%flargerdfistancesthanffromthe

optficaflcaflfibratfion.

4|g⟩↔|r⟩befingfitseflffatwo-photonprocess,seeSectfion5.1
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6.2 Twosfimpflecaseswfithpuredfipofle-dfipoflefinteractfion

Wehaveconsfidered,fintheprevfioussectfion,thatthedfipofle-dfipofleHamfifltonfian Ĥdd

coufldbetakenfintoaccountusfingsecond-orderperturbatfiontheory.Neverthefless,thfis

approxfimatfionfisvaflfidonflywhen,fforeachfinteractfionchannefl,thecoupflfingstrength

Jremafinsmuchsmaflflerthantheenergydfifference∆Ebetweenthepafir-states.In

thfissectfion,wecheckthfiscondfitfionbyfidentfiffyfingthevarfiousfinteractfionchanneflsfin

thesfimpflecaseθ=0,whereĤddconservesthetotaflmagnetficquantumnumber∆M.

IwfiflflffocusonnS1/2andnD3/2statessfincetheyaretheonflytwoaccessfibflewfithour

excfitatfionscheme.

6.2.1nS1/2:fideaflvanderWaaflsregfime

WehaveseenfinFfig. 6.4thattheC6coeficfientsoffthenS1/2serfieswere,toavery

goodapproxfimatfion,ffoflflowfingthen11-scaflfingflawovertheffuflflrangen=30−100.

Wethusexpectthesfituatfiontoberoughflyfindependentoff nandweffocushereonthe

pafir-state|rr⟩=
⏐
⏐60S1/2,60S1/2

⟩
.Theonflyavafiflabflefinteractfionchanneflsareoffthe

fform:
⏐
⏐60S1/2,60S1/2

⟩
↔|n′Pfi,n

′′Pj⟩, (6.5)

wherefi,j=1/2,3/2findficatesthefine-structureoffthePflevefl,(n′,n′′)runsoverthe

ffuflflRydbergmanfiffofldandwedonotwrfitetheZeemansubfleveflsfforcflarfity.Onflythe

contrfibutfionC23/∆Eoffaffewchanneflwfiflflbesfignfificant,asC3drastficaflflydecreases

wfiththedfifferencefinprfincfipaflquantumnumbers(duetothesmaflflerdfipoflematrfix

eflements),whfifletheenergymfismatch∆Efincreases:

Energy mfismatch.FromFfig.6.3(a),wefidentfiffythatanSstateflfiesroughfly

haflffwaybetweenthe(n−1)PandnPflevefls(becauseδS−δP∼0.5),suchthat

thecflosestpafir-stateareoffthefform|(60+k)P,(59−k)P⟩.Thecaflcuflated

energydeffect∆Efis−1.7GHz5ffork=0,−5.5GHzffork=1,−13GHzffor

k=2...Itturnsoutthatthesepafir-statesaflflflfiebeflow|nS,nS⟩,suchthatthe

vander Waaflsshfifftwfiflflbeposfitfive(repuflsfivefinteractfion),andcoupflfingto

|60P,59P⟩wfiflflflfikeflybethedomfinantfinteractfionchannefl.

Coupflfingstrength.Itfisflargestfforthe|60P,59P⟩state(∼4GHz.µm3),

5Ormoreprecfisefly,takfingfintoaccountthefine-structurespflfittfingoffthePstates(0.46GHzat
n=60):−2.2GHz,−1.7GHz,−1.7GHzand−1.2GHzffortheffourcombfinatfions|nPfi,(n−1)Pj⟩.
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Ffigure6.6:nS1/2states:vander Waaflsregfime.(a)Cflosestpafir-statesto|rr⟩=⏐
⏐60S1/2,60S1/2

⟩
andthefirC3coupflfing.(b)Numerficaflcaflcuflatfionsffromthepafirfinteractfion

sofftware.Thethfickcofloredcurverepresentstheefigenstateenergyandfitsoverflapwfith

|rr⟩,whfichremafins>99.5%fforR>5µm.ThedashedcurveshowstheC6/R
6vander

Waaflsscaflfing.

whfiflefitfisaflreadydownto0.06GHz.µm3ffor|61P,58P⟩.

ThesetworesufltsareshowngraphficaflflyfinFfig.6.6(a).Theyfindficatethatthecflosest

pafir-states|60P,59P⟩are,finexceflflentapproxfimatfion,theonflyonescontrfibutfingto

thevander Waaflsshfifft,thecontrfibutfionoffthesecondsetbefingweakerbyaffactor

104.Letusnowprecfiseflycountthenumberoffchannefls.Becauseoffthefine-structure

offthePflevefls,thereare4|60Pfi,59Pj⟩and4|59Pfi,60Pj⟩states. Weaflsoneedto

takefintoaccounttheZeemansub-structure,notfingthatweonflycoupfletoM =1

states:thereareonfly1finthe
⏐
⏐P1/2,P1/2

⟩
manfiffofld(|mJ=1/2,mJ=1/2⟩),2fin⏐

⏐P1/2,P3/2
⟩
and3fin

⏐
⏐P3/2,P3/2

⟩
gfivfingatotafloff16channefls.Ffinaflfly,wecanestfimate

C6≈16C
2
3/∆E=150GHz.µm

6finqufitegoodagreement6wfithamoreprecfise

numerficaflestfimateshownfinFfig.6.6(b)usfingthepafirfinteractfioncaflcuflator.

Wecannowcheckthatthesecond-orderapproxfimatfionfisvaflfid.Forexampfle,at

adfistanceoff5µm,thecoupflfingstrengthonasfingflechanneflJ≃32MHzremafins

muchsmaflflerthanthedetunfing∆E≃1.7GHz.Numerficaflfly,wefindthattheoverflap

offtheunperturbedpafir-state|rr⟩wfiththereaflefigenstatefisflargerthan99.5%.

Theremarkabflysfimpflesfituatfionexpfloredhere,wfithonflyaffewfinteractfionchannefl

weflflseparatedffrom|rr⟩,fisgeneraflffornS1/2states,whficharethuspartficuflarflyweflfl

sufitedfforthefimpflementatfionoffspfin-1/2Isfingmodefls. Wewfiflflseefinthenextsectfion

thatfitremafinstrueevenfforanon-zerofinteractfionangfle.Asweaflreadystated,the

6ThesmaflfldfiscrepancyfisbecausewefignoredthevarfiatfionoffC3overthedfifferentZeemanpafir-states
(duetotheCflebsch-Gordoncoeficfients)andthevarfiatfionoff∆Eduetothefine-structure
spflfittfing.
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Ffigure6.7:58D3/2states:quasfi-resonantregfime.(a)Thecoupflfingstrengthto⏐
⏐59P1/2,57F5/2

⟩
fisflargerthanto

⏐
⏐60P1/2,56F5/2

⟩
,buttheflatterfisaflmostresonant

wfith|rr⟩=
⏐
⏐58D3/2,58D3/2

⟩
andthusdomfinatesthefinteractfion.(b)Numerficaflcaflcufla-

tfionshowfingthestrongmfixfingoffthetwoquasfi-resonantchannefls.Thefinteractfionenergy

varfiesbetween∼
√
2C3/R

3atshortdfistancesand∼C6/R
6wfithC6=2C

2
3/∆Eatflarge

dfistances.

onflyreasonwhywedonotusenS1/2statesfistheweakerflasercoupflfingΩffromthe

ground-state(seeSectfion5.1).

6.2.258D3/2:AF̈orsterresonance

WenowrepeatthesameprocedurefforRydbergD3/2states.AsweobservedfinFfig.6.4

astrongenhancementofftheC6coeficfientaroundn=58,wewfiflflffocusonthfisspecfific

case.Thedfipofle-dfipoflefinteractfioncoupfles|rr⟩=
⏐
⏐58D3/2,58D3/2

⟩
topafir-statesoff

thefform:

|n′Pfi,n
′′Pj⟩,

⏐
⏐n′Pfi,n

′′F5/2
⟩
, and

⏐
⏐n′F5/2,n

′′F5/2
⟩

(6.6)

wfithfi,j=1/2,3/2.Offthethree7,thesecondonewfiflflhavethesmaflflerenergy

dfifferenceasanDstatesflfiesaflmosthaflffwayoffanPandanFflevefl,andthemost

fimportantpafir-satesarethus
⏐
⏐(58+k)P1/2,(58−k)F5/2

⟩
.Theenergydeffect∆fis

−4.5GHzffork=3,onfly−6MHz(!)ffork=2,0.7GHzffork=1,and2.5GHz

ffork=0.Letusnotethefincredfibflysmaflfldetunfingoffthe|pff⟩=
⏐
⏐60P1/2,56F5/2

⟩

pafir-state.Thfisaccfidentaflquasfi-degeneracyfiscaflfledaF̈orsterresonance.Ffigure6.7(a)

showsthetwocflosestpafir-statesandthefirrespectfivecoupflfingto|rr⟩.Atadfistanceoff

5µm,thecoupflfingontheF̈orsterchannefl,J≃20MHzfismuchflargerthan∆E,such

7Forthefirstandthfirdchannefls,theenergydeffectareflargerthan10GHzatn=58,asseenfin
WaflkerandSaffman [2008].
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thattheefigenstatesbecome:

≈
1
√
2

(
|rr⟩±|pff⟩s

)
at E≃±

√
2C3
R3

(6.7)

wherewefintroducedthenotatfion|pff⟩sfforthesymmetrficstate
8 1√

2
(|pff⟩+|ffp⟩)and

the
√
2enhancementoffthecoupflfingstrengthcomesffromthfissymmetrfizatfion.At

flargerdfistances,themfixfingbetweenthetwostatesdecreasesandwerecoverthevan

der Waaflsregfime,asseenfintheshadfingoffthetwopotentfiaflcurvesfinFfig.6.7(b).

CareffuflflyflookfingatthetwopotentfiaflcurvesoffFfig.6.7(b),onecannotficeasflfight

asymmetrybetweentheupperandflowerbranches:thfiscomesffromthenegatfivevan

der Waaflsshfifftcausedbythefinteractfionwfiththeffar-detuned
⏐
⏐59P1/2,57F5/2

⟩
flevefl.

F̈orsterresonanceandspfin-1/2mappfing Evenfiffthefinteractfiondoesnottake

thefformoffavander Waaflsshfifft,fitremafinsqufitesfimpfle(therearetwoweflflfidentfified

pafir-states)anduseffuflfforexperfimentsasthefinteractfionenergyfismuchflargerthanfin

thereguflarvander Waaflsregfime.Inffact,theF̈orsterresonancewasusedfinthefirst

worksoffthegrouptoachfieveveryeficfientRydbergbflockade[Gäetanetafl.,2009;

Wfiflk etafl.,2010].Inaddfitfion,|rr⟩and|pff⟩scanbetunedprecfiseflytoresonancewfith

aneflectrficfiefldusfingthedfifferentstatficpoflarfizabfiflfityoffP,DandFstates,aflflowfing

adynamficaflcontrofloffthefinteractfion[Ravetsetafl.,2014].

Amongstthe|r⟩=
⏐
⏐nD3/2

⟩
Rydbergstates,wehavestudfiedthespecfificn=58

casewheretheF̈orsterdeffect∆Ebetween|rr⟩and
⏐
⏐(n+2)P1/2,(n−2)F5/2

⟩
fisonfly

-6MHz.Thesfituatfionfisaflmostfidentficaflatn=59where∆E=+9MHz.For

56≤n≤63,∆E<50MHzstfiflflfleadstonon-negflfigfibflemfixfingbetween|rr⟩and

|pff⟩sfforfinteractfingatoms.Canfitexpflafinthedevfiatfionsffromthespfin-1/2modefl

observedfinLabuhnetafl.[2016],andshownfinFfig.6.2,fforexperfimentsperfformedwfith
⏐
⏐61D3/2

⟩
states? Wecanthfinkofftwocasesdependfingonthefinteratomficdfistance:

Forapafiroffatomsffarffromeachother,J≪∆E,andwearestfiflflfinthevan

der Waaflsregfime.Themfixfingfisnegflfigfibfle,wecansaffeflyremove|pff⟩ffromthe

Hfiflbertspaceandthemappfingtoaspfin-1/2modeflfisvaflfid.

Forapafiroffatomscflosetoeachother,J≫∆E,andthetwostatesstrongflymfix.

Butfinaddfitfion,thepafir-statesarestrongflydetunedffromtheflaserresonance

(J≫Ω),suchthattheyarenotcoupfledtobytheexcfitatfionflasersand|pff⟩

wfiflflnotbepopuflated.Agafin,themappfingfisvaflfid.

8Theantfi-symmetrficstate|pff⟩−|ffp⟩doesnotcoupfleto|rr⟩.
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Ffigure6.8:ThesfituatfionfinLabuhnetafl.[2016].(a)Weconsfideravertficaflmagnetfic

(Bz)andeflectrfic(Ez)externaflfiefld,andanon-zerofinteractfionangfleθbetweenthe

pafiroffatomsandthevertficaflquantfizatfionaxfis.(b)Focusonthepafir-statespectrum

around|rr⟩=
⏐
⏐61D3/2,61D3/2

⟩
.TheM =−3,...,3ZeemansubfleveflsarespflfitbyBz.

ForBz≃4G,themanfiffofldsffrom|rr⟩and
⏐
⏐63P1/2,59F5/2

⟩
starttooverflap.Thedfirect

andsecond-ordermfixfingaredescrfibedfinthetext.

Foflflowfingthesearguments,themfixfingcausedbytheF̈orsterchanneflfiscompatfibfle

wfithaspfin-1/2modefl,asflongastheF̈orsterdeffect∆Efismuchflargerthanthe

excfitatfionflasersstrengthΩanddetunfingδ.Neverthefless,wedfidnotyetconsfider(fi)

thenon-zerofinteractfionangfleθ,(fifi)themagnetficfiefldBzand(fififi)thepossfibfiflfityoffa

smaflfleflectrficfiefldEz.

6.3 Generaflcase:non-zeroexternaflfiefldsandfinteractfionangfle

Inthfissectfion,wefinvestfigatethemoregeneraflcasewhere(θ,Bz,Ez)̸=0. Wewfiflfl

nowusetheopen-sourcepafirfinteractfionsofftware[Weber etafl.,2017]asfitbecomes

dfificuflttotrackmanuaflflyaflflthevarfiousfinteractfionchannefls.Istartbyrecaflflfingthat

theZeemanmanfiffofldoff
⏐
⏐61D3/2,61D3/2

⟩
fiscomposedoff16subfleveflsdenotedas9:

⏐
⏐61D3/2,mJ;61D3/2,m

′
J

⟩
≡|M =mJ+m

′
J⟩ wfith mJ,m

′
J=±1/2,±3/2.(6.8)

Forθ=0,the|rr⟩=|M =3⟩flevefl(theonflyonecoupfledtobythepoflarfizedexcfitatfion

flasers)doesnotmfixwfithotheronesaŝHddconservesM.Thesfituatfionfisnowdfifferent

as|∆M|=0,1,2coupflfingsareaflflowedasθ̸=0.Inaddfitfion,wewfiflflhavetoconsfider

thespflfittfingofftheZeemanmanfiffofldbyBz.Ffigure6.8schematficaflflyshowsthevarfious

pafir-statesandhowtheycoupfletoeachother:

9Strfictfly,weshouflddenotethemas|M,α⟩,whereαtakesfintoaccountthepafir-statedegeneracy
ffor|M|̸=3.Ifignorefittosfimpflfiffythenotatfions.
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Atn=61,theF̈orsterchannefl|pff⟩=
⏐
⏐63P1/2,59F5/2

⟩
fisonflydetunedby

∼35 MHz,fleadfingtosfignfificant‘dfirect’mfixfingbetween|rr⟩and|pff⟩as

descrfibedfintheprevfioussectfion. WhfiflewenowcoupfletotheM =1,2,and3

subfleveflsoff|pff⟩(seeaflsoRavetsetafl.[2015]),westfiflflrufleoutthfismfixfingas

anexpflanatfionffortheffafiflureoffthespfin-1/2approxfimatfion.

Interactfionchanneflsoffthefform|M =3⟩→|r′r′′⟩→|M′≠3⟩fleadstoa’second-

order’mfixfingofftheZeemanmanfiffofld. WefinvestfigatethfisfinSectfion6.3.1.

TheZeemanmanfiffofldsoff|rr⟩and|r′r′′⟩overflapfforBz>4G,wewfiflflseefin

Sectfion6.3.2thatthfisgfivesrfisetoanextremesensfitfivfityoffthepafir-state

spectrumtoevensmaflfleflectrficfieflds.

Ffinaflfly,wewfiflflsystematficaflflyexpflorefinSectfion6.3.3theparametersspace

spannedby(θ,Bz,Ez),andaflsovarythechoficeoffprfincfipaflquantumnumbern,

tofindcondfitfionsunderwhfichthemappfingtoaspfin-1/2systemhoflds.

6.3.1 MfixfingofftheZeemanmanfiffofld

InSectfion6.1,thedfipofle-dfipoflefinteractfionwasrestrfictedtochanneflsoffthefform

|M =3⟩ →|r′r′′⟩ →|M =3⟩,asthetotaflmagnetficquantumnumberM wascon-

served.Aswenowconsfiderpafiroffatomsatanangflewfiththequantfizatfionaxfis,

channeflsoffthefform|M =3⟩→|r′r′′⟩→|M′⟩areaflflowed.Asfitfinvoflvestwodfipofle-

dfipoflecoupflfings,eachchangfingthemagnetficquantumnumberbyupto|∆M|=2,

therangeofffinaflstatefisM′=−1,...,3.ForBz=0G,aflflZeemansubfleveflsare

degenerateandĤddshoufldbetakenfintoaccountusfingthetheoryoffdegenerate

second-orderperturbatfion.Thevander Waaflsfinteractfionfisthendescrfibedbya

matrfixV.ExpressedfintheZeemanbasfis,fitsoff-dfiagonaflcoeficfientscorrespondto

thecoupflfingstrengthbetweentwodfifferentZeemansubflevefls.ForBz≠0,therefisa

competfitfionbetweenthese2ndordermfixfingtermsandtheZeemanspflfittfings,asthe

dfifferentM subfleveflsarenotdegenerateanymore. Weexpflorethfissfituatfionusfingthe

pafirfinteractfionsofftwaretocaflcuflatethepafir-statepotentfiaflsfforagenerfic10finteractfion

angfleθ=78◦anddfifferentBz.TheresufltsareshownfinFfig.6.9:

ForBz=0G,thedegeneracyofftheZeemanmanfiffofldfleadstoacompfletemfixfing

offaflfl|M⟩statesbythedfipofle-dfipoflefinteractfion.Oneefigenstateexperfiencesa

10Aflfl∆M =0,±1and±2coupflfingsareaflflowedaccordfingtoEq.(6.2).
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Ffigure6.9:Second-ordermfixfingofftheZeemanmanfiffofld.Pafir-statepotentfiaflsoff

the
⏐
⏐61D3/2,61D3/2

⟩
Zeemanmanfiffofldcomposedoff16pafir-statesfinfitfiaflflyordered,at

flargedfistances,bythefirtotaflmagnetficquantumnumberM.Thezerofisfixedtothe

energyoff|rr⟩=|M =3⟩atR=∞.Thecoflorencodestheoverflapwfith|rr⟩andthus

thecoupflfingtotheexcfitatfionflasers.Wedonotdfistfingufishaflfl16potentfiaflcurvesassome

remafindegenerateandtheZeemanmanfiffofldextentfisflargerthantheenergyaxfis.For

Bz=−2Gand0G,weobserveacflearmfixfingbetweenthedfifferentpafir-states,absent

fforBz=2G.

weakvander Waaflsshfifft,preventfingeficfientRydbergbflockadeasrecognfized

byWaflkerandSaffman [2008].

ForBz=−2G,theZeemanspflfittfing∆Ezpreventsthemfixfingasflongas

V≪∆Ez.FordecreasfingR,the|M<3⟩pafir-states‘ffaflflback’on|M =3⟩as

theyusuaflflyexperfienceastrongervander Waaflsshfifft.Itfleadsto(fi)astrong

mfixfingand(fifi)ffafiflureofftheRydbergbflockadeatmagficdfistanceswherea

coupfledefigenstatecrosseszero-energy[Vermersch,Gflaetzfle,andZoflfler,2015].

ForBz=+2G,thesfituatfionremafinsfideafl:wedonotobserveanymfixfing

betweenthepafir-statesffortherangeoffdfistancesandenergfiesconsfideredhere.

Experfimentaflconfirmatfion IfiflflustratetheeffectsdfiscussedabovewfithRydberg

spectroscopyexperfimentsperfformedonatwo-atomsystem:Theexcfitatfionflasers

detunfingδffromthesfingfle-atomtransfitfionfisvarfiedandwemeasuretheprobabfiflfity

Prrtoexcfitethetwoatoms.Ffigure6.10showstheresufltsfforthreedfifferentmagnetfic

fiefldsBz.ForBz<0(flefftandmfiddflepanefls),weobservetwopeakscorrespondfing

totwoefigenstatesconnectedatR=∞ totheM =3andM =2unperturbed

pafir-states.Thesecondfiscoupfledtobytheexcfitatfionflasersbecauseoffthe2ndorder

mfixfingwfith|M =3⟩.Notabfly,atBz=−1.9G,thfispafir-statefisatzero-energy(fin
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Ffigure6.10:Experfimentaflobservatfionoff2ndordermfixfing.Excfitatfionspectraffor

twoatomsatR=6.5µmandθ=23◦fforBz=−5.9G,−1.9Gand6.9G.PeaksfinPrr

findficatestheposfitfionoffthedfifferentRydbergpafir-statescoupfledtobytheexcfitatfion

flasers.Intheabsenceoffsecond-ordermfixfingofftheZeemanmanfiffofld,onfly|rr⟩=|M =3⟩

woufldbeobserved.ForBz<0,wecflearflyseeasecondpeakcorrespondfingto|M =2⟩.

Thebflackpofintsaresfingfle-atomrefferencespectra.Theredsoflfidcurvesareab-finfitfio

caflcuflatfionsperfformedbySebastfianWeber.

therotatfingfframe)reaflfizfingthesfituatfionenvfisfionedbyVermersch,Gflaetzfle,and

Zoflfler[2015]offaRydbergbflockadeffafiflureataspecfific‘magfic’dfistance.Theseresuflts

arefinverygoodagreementwfithsfimuflatfionswfithoutanyadjustabfleparameters(red

soflfidflfines).

ForBz=+6.9G(rfightpanefl)onflyonepeakfisobserved:therefisasfingfleefigenstate

coupfledtobytheexcfitatfionflasersconfirmfingwhatwaspredfictedffromFfig.6.9. We

concfludethatfforaposfitfivemagnetficfiefld,themappfingtoaspfin-1/2modeflremafins

correctevenfforanon-zerofinteractfionangfle.Letusnotethatthfissecond-ordermfixfing

fisspecfifictoPandDstates,butdoesnotaffectRydbergSstates,asaflreadyremarked

byVermersch,Gflaetzfle,andZoflfler[2015].ForS1/2states,theoff-dfiagonaflcoeficfients

offVaresmaflflerbytwoordersoffmagnfitudethanthedfiagonaflonescausfingasfimpfle

shfifft,whereastheyareoffthesameorderoffmagnfitudefforPandDstates.

6.3.2Sensfitfivfitytoeflectrficfieflds

Wenowfinvestfigatethecombfinedeffectoffaneflectrficfiefld Ezandoffamagnetficfiefld

Bz>4G,flargeenoughtomfixthe
⏐
⏐61D3/2,61D3/2

⟩
and

⏐
⏐63P1/2,59F5/2

⟩
Zeeman

manfiffoflds.Ffigure6.11showsthatthepafir-statepotentfiaflsaredrastficaflflymodfifiedby

asmaflfleflectrficfiefld,Ez=20mV/cm,whenBz=6.9G.Iemphasfizethat,atthe
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Ffigure6.11:SensfitfivfitytoEz.Pafir-statepotentfiaflsffordfifferentsettfingsoffBzandEz.

IncontrasttoFfig.6.9,theaddfitfionaflpotentfiaflcurvesorfigfinateffromthe
⏐
⏐63P1/2,59F5/2

⟩

manfiffofld.ForBz=+6.9G,aweakEz=20mV/cmfleadstoastrongmfixfing,whfiflethe

effectfisabsentatBz=+3.5G.Thefinteractfionangflefisθ=78
◦.

sfingfle-atomflevefl,suchaweakeflectrficfiefldhasaflmostnoeffect(theStarkshfifftfisonfly

∼0.1MHz),butthehfighdensfityoffpafir-states,duetotheoverflapofftheZeeman

manfiffoflds,makesthepafir-statesverysensfitfivetoEz.Theeffectfindeeddfisappearsffor

aweakerBz=3.5Gasthemanfiffofldsaremoreseparated.

Inowturntotheexperfimentafltestofftheaboveanaflysfisbyperfformfingtwo-atom

bflockadeexperfimentswfithffourdfifferentsettfingsofftheexternaflfieflds:themagnetfic

fiefldfisefither3.5or6.9G,andtheeflectrficfiefldefitherzeroor20mV/cm.Thetwo

atomsareadfistanceR=6.5µmandfformanangfleθ=78◦wfiththequantfizatfion

axfis. WecanestfimateanfinteractfionenergyV/h∼10MHzffromtheC6coeficfientoff

thevander Waaflsregfime,suchthatfforadrfivfingstrengthΩ/(2π)=1.2MHzwe

expectaneficfientRydbergbflockadeandastrongsuppressfionofftheprobabfiflfityPrr

toobtafintwoRydbergexcfitatfions.TheevoflutfionoffPrrwfiththeexcfitatfiontfimefis

dfispflayedfinFfig.6.12.Asexceptedffromourprevfiousnumerficaflcaflcuflatfionsoffthe

pafir-statepotentfiafls,weobserveastrongsuppressfionoffPrrfforaflflsettfings,exceptffor

B=6.9GandE=20mV/cm.

Tocomparewfiththetheory,wesfimuflatethedynamficsoffthetwo-atomsystem

soflvfingtheSchr̈odfingerequatfionandcaflcuflatetheprobabfiflfitytoexcfitethetwoatoms.

Weassumetwodfifferentmodeflstodescrfibethefinteractfingsystem:finthefirstone

(soflfidflfine),weusetheffuflflfinteractfionspectrumandfincfludearound800pafir-states

wfithfin2GHzffromtheresonance.Inthesecondmodefl(dashedflfine),wemakethe

spfin-1/2approxfimatfionwhereweonflykeepasfingflepotentfiaflcurve(theonewfiththe

flargestoverflapwfith|rr⟩).ThenumerficaflsfimuflatfionswereperfformedbySebastfian
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Ffigure6.12:ObservatfionoffexaggeratedEz-sensfitfivfity.ProbabfiflfityPrrtoexcfitethe

twoatomsasaffunctfionoffthetfime.ForB=6.9G(a-b),fincreasfingEzffrom0to

20mV/cmbreakstheRydbergbflockade.AtB=3.5G(c-d),aneficfientbflockade

fismafintafined,evenfinthepresenceofftheeflectrficfiefld.Thesoflfidflfinesresufltffroma

sfimuflatfiontakfingfintoaccounttheffuflflfinteractfionspectrum.Thedashedflfinesareobtafined

bymodeflfingtheatomsasspfin-1/2partficfleswfithasfingflefinteractfionpotentfiaflffor|rr⟩.

ThefinteratomficdfistancefisR=6.5µmandtheangfleθ=78◦.Thesfimuflatfionshavebeen

perfformedbySebastfianWeber.

Weber.Theagreementbetweentheexperfimentafldataandtheab-finfitfiocaflcuflatfionfis

qufitesatfisffactory.

6.3.3Systematficsearch

Wenowfinvestfigatesystematficaflflyhowthechoficeoff nD3/2states,finteractfionangfleθ

andthevaflueEzandBzofftheexternaflfiefldsaffecttheaccuracyoffthemappfing

onaspfin-1/2modefl.Sfimfiflarflytotheprevfioussectfion,weusethedoubfleexcfitatfion

probabfiflfityPrrdurfingaRydbergbflockadeexperfimentasamarkerffortheffafiflfing

offthespfin-1/2approxfimatfion,andthussearcharangeoffparametersfforwhfichPrr

remafinssmaflfl.TheresufltsareshownfinFfig.6.13:

Foranynandθ,weobserveabreakfingofftheRydbergbflockadeffornegatfiveBz

asexpflafinedfinSectfion6.3.1,exceptatn=55−57wherethevander Waafls

shfifftbecomesnegatfiveandtheffafiflurethusoccursfforBz>0.

135



Chapter6:ImpflementfingtheIsfingcoupflfingusfingthevanderWaaflsfinteractfionbetweennD3/2states

E
z
 = 0 mV/cm 0 mV/cm < E

z
 < 20 mV/cm

0.5

0.1

0.0

0.2

0.3

0.4

P
rr

Prfincfipafl quantum number n

64 705852

5

0

(b)

Ma
g
ne
�c
 
fie
fl
d 
B
 (
G)

5

0

-5

Interac�on angfle θ
0° 90°45°

(a)

(b)
Interac�on angfle θ

0° 90°45°

Ma
g
ne
�c
 
fie
fl
d 
B
 (
G)

5

0

-5

Prfincfipafl quantum number n

64 705852

n = 61 n = 61

θ =78° θ =78°

Ffigure6.13:Parametersscan.Influenceoffn,θ,Bz,Ezonthemappfingontoaspfin-

1/2system:theflatterffafiflswhenPrrfisnon-zero.Thefinteratomficdfistancefisfixedat

R=6.5µmfin(a)andadjustedtomafintafinaconstantfinteractfionshfifftfin(b).The

eflectrficfiefldfisE=0fintheflefftpaneflsandchosenbetween0and20mVcmsuchthat

Prrfismaxfimfizedfintherfightpanefls.Theorangestarmarkstheexperfimentaflparameters

usedfinLabuhnetafl.[2016]wheredevfiatfionsffromaspfin-1/2modeflwereobserved.The

caflcuflatfionshavebeenperfformedbySebastfianWeber.

FortooflargeaBz,weobservethestrongsensfitfivfitytoaneflectrficfiefld,descrfibed

finSectfion6.3.2.FromFfig.6.13(b),weconfirmthatthfiseffectfiscausedbythe

cflose-byF̈orsterresonanceatn=58,59.Itfisfimpossfibfletomapatwo-atom

systemontoaspfin-1/2modeflattheresonanceduetothestrongmfixfing,andfit

requfiresafinetunfingoffBzfforn=60−64astheF̈orsterchanneflremafinsonfly

weakflydetuned.

EffectfiveC6coeficfients. IntheoptfimaflregfimewheretheRydbergbflockadeand

thespfin-1/2approxfimatfionfisvaflfid,fforexampfleatBz=3.5GaccordfingtoFfig.6.13,

wecheckfiffwecandescrfibetheenergyoff|rr⟩byavander Waaflspotentfiaflwfith

ananguflardependenceC6(θ)/R
6.Ffigure6.14(a)showstheenergydependenceasa

ffunctfionoffRfforθ=78◦togetherwfitha1/R6fit. Weobserve,thatfforR 8µm,the
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Ffigure6.14:ApproxfimatfionoffthefinteractfionbyananfisotropficvanderWaaflspotentfiafl

C6(θ)/R
6.(a)Comparfisonofftheexactfinteractfionenergy(soflfidflfine)wfiththeasymptotfic

determfinatfionoffthevanderWaaflspotentfiafl(dashedflfine)fforafixedangfleθ=78◦and

B=3.5G.(b)AnguflardependenceoffC6(θ)/R
6atR=9µmmarkedbythecrosson(a).

vander Waaflsdescrfiptfionfisanexceflflentapproxfimatfion.Ffigure6.14(b)showsthe

anguflardependenceoffthecoeficfientC6(θ). Wehavethusextendedtheanfisotropfic

effectfivepotentfiaflapproachoffBarredoetafl.[2014]andVermersch,Gflaetzfle,and

Zoflfler[2015]beyondthestrongbflockaderegfime.Consequentfly,werepresentthe

Rydbergbflockadevoflumenotbyaspherebutbyaneflflfipsofid.

6.4 Concflusfion

Nowthatwehavefidentfifiedparametersaflflowfingtomapourtwo-atomsystemontoa

spfin-1/2modefl,wecheckexperfimentaflflythatthfiscanbeextendedtomany-body

probflems. WethusrevfisfittheexperfimentsreportedfinFfig.6.2,butwfithaweaker

Bz=3.5G(6.9Gprevfiousfly). Wefiflflumfinatetheatomswfiththeexcfitatfionflasers

andmeasuretheevoflutfionofftheffractfionffRoffatomsfinRydbergstates.Ffigure6.15

showstheresufltsffortwoatomficarraystogetherwfithpredfictfionsoffthespfin-1/2

modefl(soflfidflfine).Forthe8-atomrfing,wecanobtafinanexactnumerficaflsoflutfion,

whfiflefforthe7×7array,theHfiflbertspacefistooflarge.Sebastfian Weberthususedthe

ffactthattwonefighborfingatomscannotbeexcfitedduetotheRydbergbflockadeto

truncatetheHfiflbertspaceffrom249to∼230statesandchecked,wfithsystemsoffupto

25atoms,thatthetruncatfiongfivesthesameresufltsasanexactcaflcuflatfion.Inboth

experfiments,weexperfimentaflflyfindamuchbetteragreementwfiththesfimuflatfion

thanatthebegfinnfingoffthfischapter,despfitetheweaflthoffphenomenaaffectfing

RydbergD3/2states.
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Ffigure6.15:Successoffspfin-1/2approxfimatfion.SameexperfimentasfinFfig.6.2but

wfithBz=+3.5Gfinsteadoff6.9G.ThepofintsshowstheevoflutfionofftheRydberg

ffractfionffRwfiththepuflseareaΩτ.Lefft:8-atomrfingwfithanearestnefighborspacfing

off6.5µm.Theshadedeflflfipsefiflflustratestherangeofftheanfisotropficbflockadedregfion

U> Ω.Rfight:Squareflattficeoff7×7traps(flattficespacfing6.1µm),thebflockadeextends

overnearestandnext-nearestnefighbors.Thesoflfidcurvefisasfimuflatfionoffaspfin-1/2

modefl.TheagreementfismuchbetterthanfinFfig.6.2.

Concflusfion Wehaveexpfloredthemappfingonspfin-1/2modeflsofffinteractfingmufl-

tfifleveflRydbergatomsbytakfingfintoaccounttheunderflyfingdetafiflsofftheatomfic

structurefinthepresenceoffeflectrficandmagnetficfieflds.Theflatterhasbeenmade

possfibflethankstotherecentdeveflopmentoffopen-sourcenumerficaflsoflversfforthe

dfipofle-dfipoflefinteractfion[̌Sfibaflficetafl.,2016;Weber etafl.,2017]. Weffoundexperfi-

mentaflcondfitfionsunderwhfichtheRydbergatomscanbesfimpflyvfiewedasspfin-1/2

partficfles.Usfingtwo-atomsystems,andthenflargeroneoffupto49partficfles,we

confirmedthesetheoretficaflfindfingsanddemonstratedamuchbetteragreement

wfithaspfin-1/2modeflthanfinLabuhnetafl.[2016].Thefinsfightsbroughtbythe

numerficaflsoflvercoufldaflsoheflpfimprovfingthecontroflofffinteractfionsfinRydberg

dressfingexperfimentsusfingnP3/2states[Jauetafl.,2016],asweflflasfforRydbergsflow

flfightpoflarfitonswfithnDstates[Trespetafl.,2015]. Wewfiflflusethepafirfinteractfion

soflveragafinfinthethfirdpartoffthfisthesfistoexpflorethefinteractfionofftwoatomsfin

dfifferentRydbergstatesandthemappfingtoaspfin-exchangeHamfifltonfian.Inthe

ffuture,ourgoaflfistomovetowardsRydbergSflevefls,wherethetwomostdefleterfious

effectsdescrfibedfinthfischapter,F̈orsterresonanceandZeemanstructuremfixfing,are

absent.Itrequfiresfimprovfingtheexcfitatfionflasersetupsasdescrfibedfintheprevfious

chapter.
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Despfitethefirsfimfiflarfforms,theIsfingcoupflfing(Jσzfiσ
z
j)andXYcoupflfing(J[σ

x
fiσ
x
j+

σyfiσ
y
j])haveverydfistfinctpropertfies.Oneoffthestrfikfingdfifferencefisthataspfin

excfitatfion|↓...↓↑↓...↓⟩fisastatfionaryefigenstateofftheIsfingmodefl,whfiflefit

deflocaflfizesonanXYmagnet,ascanbeseenbyrewrfitfingthecoupflfingasaspfin-

exchangetermJ(σ+fiσ
−
j+σ

−
fiσ
+
j).Aspfinexcfitatfioncanthenbeconsfideredasapartficfle

hoppfingffromsfitetosfiteofftheflattfice,wfiththecondfitfionthattwopartficflescannotbe

onthesameflattficesfite(theycanbeconsfideredashard-corebosons).Remarkabfly,any
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Atom 1 Atom 2

Ffigure7.1:XYcoupflfingwfithRydbergatoms.(a)EnergyfleveflsofftheRydbergS,P

andDserfiesfforprfincfipaflquantumnumbern=60−62.Ourexcfitatfionschemeaflflowsthe

preparatfionoffRydbergSorDflevefls,whficharebothdfipofle-coupfledtoanynPstates.

Thecofloredareasshowtwopossfibflesetoffpseudo-spfinflevefls,whfichwehaveusedffor

ourexperfiments.Thetypficafltransfitfionffrequencyfis∼15GHz.(b)Thedfipofle-dfipofle

finteractfionresonantflycoupflestwospfin-1/2partficfles,whfichamountstoaspfin-exchange

coupflfing(σ+1σ
−
2+h.c.)whereaspfinexcfitatfiononatom1fiscoherentflytransffertoatom2.

one-dfimensfionaflXYmodeflwfithonflynearest-nefighborcoupflfingsmapstoanexactfly

soflvabfleffreeffermfionprobflemvfiatheJordan-Wfignertransfformatfion[Gfiamarchfi,2003].

Inanyothersfituatfion(flong-rangecoupflfingsorhfigherdfimensfions),themappfingfis

muchmorecompflex[Gaflfitskfi,2010]andfindfingtheground-stateoffXYmagnetsfisan

actfivefiefldoffresearch[Varneyetafl.,2011].

StfimuflatedbytheperspectfivesoffstudyfinganXYmagnetfinquantumsfimuflators,

therehavebeenproposaflstoreaflfizeanXYcoupflfingbetweeneffectfivespfin-1/2partficfles

encodedfinfions[Deng,Porras,andCfirac,2005],superconductfingqubfits[Daflmonte

etafl.,2015]orpoflarmoflecufles[Bohn,Rey,andYe,2017].Anothersystemwhere

anXYcoupflfingarfisesfisanensembfleoffRydbergatomsfinresonantdfipofle-dfipofle

finteractfion. Westartbyconsfiderfingonflytwodfipofle-coupfledRydbergflevefls|r⟩and

|r′⟩offopposfiteparfity,asfindficatedfinFfig.7.1(a),wfithatransfitfionffrequencyfinthe

mficrowavedomafin(ν0∼15GHz,λ∼2cm).TwoRydbergatomsfinthepafir-state

|r′r⟩areresonantflycoupfledto|rr′⟩bythedfipofle-dfipoflefinteractfion:pfictorfiaflfly,a

vfirtuaflmficrowavephotonemfittedbyatom1gofingffrom|r′⟩to|r⟩fisabsorbedby

atom2whfichfisthenexcfitedffrom|r⟩to|r′⟩[seeFfig.7.1(b)].Theresonantdfipoflar

finteractfiontakesthefform,finourspfin-1/2pficture,offtheXYcoupflfingJ(σ+1σ
−
2+h.c.)

wfithJ=C3(θ)/R
3dependfingonthechosenRydbergorbfitaflsandthefirorfientatfion

comparedtothefinteratomficaxfis.

Aflthoughthedfipoflarexchangeprocessfisacoherentphenomenon,aflflexperfiments

perfformedoncofldatomficgases,—ffromtheorfigfinaflworksfinthegroupoffProff.Pfierre
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Pfiflflet[Mourachkoetafl.,1998]andProff.ThomasGaflflagher[Anderson,Veafle,and

Gaflflagher,1998]tomorerecentreaflfizatfions[vanDfitzhufijzenetafl.,2008;G̈unter

etafl.,2013;Betteflflfietafl.,2013;Maxweflfletafl.,2013] —,resufltedfintheobservatfion

offfincoherenttransfferduetotherandomposfitfionsofftheRydbergatoms.Onfly

wfiththedeveflopmentoffthetweezerstechnfique,Barredoetafl.[2015]coufldobserve

finourgroupacoherentexchangeoscfiflflatfiondfirectflybetweentwoRydbergatoms,

measurethe1/R3dependenceoffJ(R,θ),andreaflfizeaneflementaryXYmagnetoff

threeatoms.Sfincethen,wehaveengfineeredouratom-by-atomassembflerandcan

nowcontempflatethereaflfizatfionoffflargersystems.Thfiswfiflflbedetafifledfinthenext

chapter,andIpresentherenewflydeveflopedtooflsfforthemanfipuflatfionoffRydberg

atoms:eficfientfinfitfiaflfizatfionoffaflflatomsfintheRydbergmanfiffofld,ffastread-outoffthe

pseudospfin-statepopuflatfions,robustgflobaflspfin-flfipsbymficrowavessweeps,optficafl

addressfing,finjectfionoffaspfinexcfitatfion,anddynamficaflcontrofloffthefinteractfion.

Thfischapterfisstructuredasffoflflows.InSectfion7.1,IdescrfibetheSTIRAP

(STImuflatedRamanAdfiabatficPassage)technfiqueaflflowfingustotransfferrobustfly

aflflatomsoffaflargeatomficarrayfinthesameRydbergstate|r⟩,whfichfinfitfiaflfizes

theXYmagnet.Afftertheexperfiment,thestateoffeachRydbergatomfisreadby

depumpfing|r⟩totheeflectronficground-statewhfifle|r′⟩fisunaffected.InSectfion7.2,

Iffocusonthemanfipuflatfionoffspfin-1/2partficfles.Themficrowavefieflddrfivfingthe

|r⟩↔|r′⟩transfitfionpflaysagafintherofleoffagflobaflmagnetficfiefldfforthespfins.Iaflso

presentaflocafladdressfingtoofl,basedonaffocusedflaserbeam,aflflowfingtospflfit(by

theAutfler-Towneseffect),orshfifft(byanAC-Starkshfifft),themficrowavetransfitfion.In

Sectfion7.3,wewfiflflmeasurethedfipofle-dfipoflefinteractfionbetweentwoRydbergatoms

andobservethecharacterfistficanguflardependenceoffadfipoflarcoupflfing.Ffinaflfly,fin

Sectfion7.4,Iwfiflflshowhowtotunethefinteractfionbetweentwoatomsffromthe

resonanttovander Waaflsregfimebydetunfingthetwopafir-states|rr′⟩and|r′r⟩usfing

theaddressfingbeam.Thfiswfiflflaflflowustoffreezethedfipoflarexchangeprocessand

createanentangfledsubradfiantstateofftwoatoms.Partoffthematerfiaflpresentedfin

thfischapterhavebeenpubflfished[deĹeśefleucetafl.,2017].

7.1 EficfientexcfitatfiontoRydbergstatesandreadout

Intheprevfiouschapters,wehaveperfformedexperfimentsstartfingsfimpflywfithaflflatoms

fintheground-stateflevefl|g⟩=
⏐
⏐5S1/2,F=2,mF=2

⟩
,finwhfichtheywereprepared

byoptficaflpumpfing.AfftertheRydbergexperfiment,wetookafluorescencefimageand

attrfibutedtheflossoffanatomtofitsexcfitatfiontotheRydbergstate(seeChapter5).

143



Chapter7:ControflflfingRydbergatomsfinteractfingvfiaaresonantdfipoflarcoupflfing

�me (μs)
STIRAP
Prepara�on

traps
ON

Read-out
puflse

Experfiment fin 
Rydberg manfiffofld

0 2 < 8

at
o
m 
as
se
m
bfl
er
  
&

o
p
�c
afl 
p
u
m
pfi
ng

fl
u
oresce

nce fi
magfi
ng

S orbfitafl

P orbfitafl

Rydberg atomsground-state atoms XY magnet

traps
ON

Ffigure7.2:Typficaflexperfimentaflsequence.Anarrayoffatomsfispreparedusfingthe

atom-by-atomassembflertechnfiqueandfisoptficaflflypumpedfintoaweflfl-definedground-state

flevefl.Atwo-coflorSTIRAPpuflseexcfitesaflflatomsfinthesameRydbergstate|r⟩,herean

Sorbfitafl.TheRydbergatomsarecoupfledbyamficrowavefiefldtoanotherflevefl|r′⟩,here

aPorbfitafl,whfichfimpflementsanXYmagnet.Attheendofftheexperfiment,aflflatomsfin

|r⟩aredepumpedbyashortread-outpuflsetotheeflectronficground-statewheretheyare

recapturedfinthetweezers,whfifleatomsfin|r′⟩areunaffectedandsubsequentflyflost.The

stateofftheatomficarrayfisreadbyafinaflfluorescencefimage.Thetrapsareswfitchedoff

durfingtheentfireRydbergexperfimentastheyrepeflexcfitedatoms.Thesequenceduratfion

fisflfimfitedto∼8µsbytheescapeofftheffree-flyfingatomsawayffromthetweezers.

StudfiesoffXYmagnetfismrequfireasflfightflymorefinvoflvedpreparatfionandread-out,

sfincetheexperfimentfisnowperfformedentfireflyfintheRydbergmanfiffofld.Atypficafl

experfimentaflsequencefisshownfinFfig.7.2.Affterswfitchfingoffthetraps,atomsare

transfferredffromthegroundstate|g⟩=|5S1/2,F=2,mF=2⟩toaRydbergflevefl|r⟩

(efitheranS1/2ornD3/2orbfitafl)wfithatwo-photonpuflse.Todoso,afirstpossfibfiflfity

fistouseaRabfiπ-puflse,butfitfisaffectedbythedampfingoffRabfioscfiflflatfions,as

dfiscussedfintheChapter5,andaddfitfionaflflythefinfitesfizesofftheexcfitatfionflasers

precfludeanhomogeneouspuflseareaoveraflargeatomficarray. Wethusfimpflemented

themorerobustandeficfientSTIRAPtechnfiquedescrfibedthereaffterfinSectfion7.1.1.

Foflflowfingthepreparatfion,whfichtakesupto∼2µs(theexacttfimfingdependson

thechoficeoffRydbergstates),wereaflfizeourexperfimentfintheRydbergmanfiffofld.It

endsbyaread-outpuflsetransfferrfingonflyatomsfin|r⟩backtotheground-statewhere

theyarerecapturedbythetweezers.Atomsfin|r′⟩areflefftfintheRydbergmanfiffofld,

repeflfledbythetweezersandflost.Forthede-excfitatfion,weoptedfforanfincoherent

depumpfingbycoupflfingresonantfly|r⟩totheshort-flfived5P1/2fleveflffromwhfichfit
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Ffigure7.3:TheSTIRAPscheme.(a)Three-fleveflsystem{|g⟩,|e⟩,|r⟩}resonantfly

drfivenbythe795nmand475nmexcfitatfionflasers.(b)Thetfime-dependentRabficoupflfings

Ω795(t)(red)andΩ475(t)(bflue)areshapedasGaussfianpuflseswfithtemporaflwfidthσand

deflay∆t.The‘counter-fintufitfive’sequence∆t<0fisshown,wfiththe475nmpuflsearrfivfing

first.(c)Evoflutfiondurfingthepuflsesoffthethreeefigenstates|b+⟩,|b−⟩,|d⟩(bflack).Onfly

thedark-state|d⟩doesnothaveanycontrfibutfionffrom|e⟩andfisthusnotaffectedby

spontaneousemfissfion.Themfixfingangfleθ(bfluecurve)findficatesthecomposfitfionoff|d⟩

andevoflvessmoothflyffromθ=0(|d⟩=|g⟩)toθ=π(|d⟩=|r⟩).

decaystothegroundstate,aswfiflflbedfiscussedfinSectfion7.1.2.

7.1.1STIRAPexcfitatfion

TheSTIRAPtechnfique,standfingfforSTImuflatedRapfidAdfiabatficPassage,was

fintroducedfinthenfinetfiesfforthemanfipuflatfionoffthree-fleveflsystemscomposedoff

two-flongflfivedstates,|g⟩and|r⟩,andashort-flfivedone|e⟩.Ffigure7.3(a)showssucha

systemfinafladderconfiguratfion,wfiththetwotransfitfions|g⟩ ↔|e⟩and|e⟩ ↔|r⟩

drfivenbyflasers.TheSTIRAPexpflofitsabeautfiffuflpropertyoffthree-fleveflsystems,

nameflytheexfistenceoffa‘dark-state’ffreeffromthespontaneousemfissfionoff|e⟩.

Thetechnfique,recentflyrevfiewedbyVfitanovetafl.[2017],hasffoundamyrfiadoff

appflficatfionsfindfifferentfiefldsoffphysfics,andhasnotabflybeenusedfforRydberg

excfitatfionoffatomficcflouds[Cubefletafl.,2005;Defigflmayretafl.,2006],andoffasfingfle

fion[Hfiggfinsetafl.,2017].Beflow,Ipresentthemafintheoretficaflconcepts.

Prfincfipfle Weconsfidertfime-dependentresonantdrfivesΩ795(t)andΩ475(t)offthe

twotransfitfions.Thethreeatomficflevefls|g⟩,|e⟩and|r⟩aremfixed(ordressed)bythe

flaserdrfivestofformthreefinstantaneousefigenstates|b+⟩,|b−⟩and|d⟩wfithrespectfive
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energy±
2

√
Ω2795+Ω

2
475and0.Thezero-energydark-state|d⟩reads:

|d⟩=cosθ(t)|g⟩−sfinθ(t)|r⟩ (7.1)

θ(t)=arctan
[
Ω475(t)/Ω795(t)

]
(7.2)

wherethemfixfingangfleθdependsontheratfiooffthetwoRabficoupflfings.Remarkabfly,

therefisnocontrfibutfionoff|e⟩fin|d⟩,whfichfisthusunaffectedbyradfiatfivedecay.An

atomfinfitfiaflflyfin|g⟩canbeperffectflytransfferredto|r⟩byvaryfingθffrom0toπsflowfly

enoughfforthesystemtoremafinfinthefinstantaneousefigenstate|d⟩.Theadfiabatficfity

condfitfiontakesthefform:

θ̇(t)≪
√
Ω2475(t)+Ω

2
795(t). (7.3)

Thevarfiatfionrateoffmfixfingangfleθ̇hastoremafinmuchsmaflflerthantheenergy

dfifferencebetweenthedarkstateandthetwootherefigenstates.Thfiscrfiterfionfis

respectedusfinga‘counter-fintufitfive’sequenceoffpuflses,sketchedfinFfig.7.3(b),where

the475nmpuflsearrfivesbefforethe795nmone.Foragoodchoficeoffpuflseparameters

(dfiscussedflater),θvarfiessfignfificantflyonflywhentheenergyspflfittfingfismaxfimafl.The

advantageofftheSTIRAPoveraRabfiπ-puflsefisthat,whfifletheflatterrequfiresthe

puflseareatomatchexactflyπ,thefformerworksasflongasthepuflseareafisflarge

enough,whfichfisthusmorerobusttovarfiatfionsoffthecoupflfingstrengthsoverflarge

atomficarrays,butaflsotoday-to-dayfluctuatfionsoffflaserspowerandbeamspofintfing.

Impflementatfion Mostoffthetechnficafldetafiflsabouttheexcfitatfionflasershave

aflreadybeendescrfibedfinSectfion5.1. WehavefirstworkedontheRydbergexcfitatfion

offnD3/2states,whfichbenefitsffromhfighercoupflfingstrength,butourstudfiespresented

finChapter6motfivatedustoaflsopreparenS1/2flevefls.Tomaxfimfizethecoupflfing

to
⏐
⏐nD3/2,mJ=3/2

⟩
,weusethefintermedfiateflevefl

⏐
⏐5P1/2,F=2,mF=2

⟩
,whfifle

ffor
⏐
⏐nS1/2,mJ=1/2

⟩
,wechoose

⏐
⏐5P1/2,F=1,mF=1

⟩
.Theflasersfintensfitfiesare

dynamficaflflytunedwfithacousto-optficmoduflators1toobtafin:

Ω475/795(t)=Ω0exp
[
−
(t∓∆t/2)2

2σ2
]
, (7.4)

wfithaGaussfianpuflsewfidthσ,amaxfimaflcoupflfingstrengthΩ0andadeflay∆t

betweenthetwopuflses.ThepeakRabficoupflfingfischosenequaflfforthetwotransfitfions

1Weuseanarbfitrarywavefformgeneratortocreatea30MHzsfignaflwfithanenveflopegfivenby
Eq.(7.4),whfichfisthenmfixedwfitha80MHzflocafloscfiflflator,ampflfifiedandffedtotheAOMs.
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byworkfingwfiththe475nmflaseratffuflflpowerandadjustfingthepoweroffthe795nm

beam.ThehfighestcoupflfingstrengththatwecanachfievefisΩ0/(2π)≃50MHzffor

60D3/2stateand∼25MHzffor60S1/2.

Optfimfizatfion Thepuflsewfidthsσandthedeflay∆tareexperfimentaflflyoptfimfized

toobtafinthebesttransffereficfiencyffrom|g⟩to|r⟩.Ffigure7.4(a)showshowthe

eficfiencydependsonσand∆tfforΩ0/(2π)=50MHz.Ffirst,weobservethecflear

sfignatureofftheSTIRAP,astheeficfiencydropsassoonasthepuflsesaresentfinthe

wrong(‘fintufitfive’)order.Thenweseethatfforflargerpuflses,therefisawfiderange

offpuflsedeflaysfforwhfichtheeficfiencyremafinsconstant.Itfisagafintypficafloffthe

STIRAP,whfichonflyrequfiresasmoothevoflutfionoffthecoupflfings.Inpractfice,we

arefinterestedfinperfformfingthetransfferasffastaspossfibfleandourexperfimentaflfly

optfimfizedparametersare:

ffor60S1/2wfithΩ0/(2π)=25MHz:σ=360nsand∆t=400ns,

ffor60D3/2wfithΩ0/(2π)=50MHz:σ=120nsand∆t=100ns.

WecancheckthatthepuflseparametersmeettheadfiabatficfitycrfiterfionoffEq. 7.3bya

ffactor20fforthetransfferto60S1/2state.Forthfisstate,thetotaflSTIRAPsequence

takes∼2µs,affterwhfichwecanstartanexperfimentfintheRydbergmanfiffofld.

Inaddfitfiontothepuflseparameters,wecanaflsotunethedetunfing∆ffromthe

fintermedfiate5P1/2state,whfiflemafintafinfingthetwo-photonresonancecondfitfionon

the|g⟩ ↔|r⟩transfitfion.Experfimentaflfly,weobtafinedbettertransffereficfiencfies

whenworkfingwfithafinfitesfingfle-photondetunfing∆/(2π)=±20MHzratherthan

wfithbothbeamsatresonance∆=0. Whfiflethfisresufltfisnotexpectedfintheory,a

reasonabfleexpflanatfioncoufldbethatfincompfleteextfinctfionsoffthebeams(causfinga

sflowdepumpfingffromthefinfitfiaflandfinaflstates),andfimperffectpoflarfizatfions(coupflfing

tootherZeemansubflevefls)aremadeflesscrfitficaflbyworkfingwfithasmaflfldetunfing.

Effectoffthevander Waaflsfinteractfion Soffar,weonflydescrfibedtheSTIRAP

technfiqueffortheexcfitatfionoffasfingfleatom;wearehoweverfinterestedfinpreparfingan

arrayoffRydbergatoms:howdoesthevander Waaflsfinteractfionaffecttheprocess?

Onthetheoretficaflflevefl,therehavebeenaflotoffproposaflscombfinfingtheSTIRAP

technfiqueandRydbergbflockadetoperfformrobustentangflfinggates[Møflfler,Madsen,

andMøflmer,2008;Beterovetafl.,2011,2013;Petrosyan,Rao,andMøflmer,2015],

butnoexperfimentaflreaflfizatfionyet.HereweratherwanttoovercometheRydberg

bflockade,whfichmfightbepossfibfleuptoacertafinvander Waaflsfinteractfionstrength.
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Ffigure7.4:STIRAPoptfimfizatfion.(a)Preparatfioneficfiencyfforvarfiouspuflsewfidthsσ

anddeflays∆t,fforthemaxfimumachfievabflecoupflfingΩ0/(2π)=50MHz.Thetransfferfis

optfimaflffora‘counter-fintufitfive’sequenceoffpuflseswfithnegatfivedeflays∆t<0,asfignature

offtheSTIRAPtechnfique.Forwfiderpuflses(browncurves),thetransfferfisfinsensfitfiveto

theprecfisetfimfingsoffthepuflses.(b)Inanarrayoffatoms,thevanderWaaflsfinteractfion

competeswfiththeSTIRAPpreparatfion,whfichstartstoffafiflfforvanderWaaflsshfifftshfigher

than3MHz.

WeexperfimentaflflyprobethfisflfimfitbymeasurfingtheSTIRAPeficfiencyon4×4

arraysoffatomswfithvarfiousfinter-atomficseparatfions.Theeficfiencfiesareshownfin

Ffig.7.4(b)asaffunctfionoffthecaflcuflatedfinteractfionstrengthVbetweentwoRydberg

atoms.ForΩ0/(2π)=50MHz,fitremafinsremarkabflygooduptoV≃3MHz,whfifle

fitdegradessooner(V≃1MHz)ffortheweaker25MHzcoupflfing.Intheffoflflowfing

experfimentsoffthfisthesfis,thevander Waaflsshfifftwfiflflaflwaysbesmaflflerthan0.1MHz

anddoesnotperturbtheSTIRAPpreparatfion.Intheffuture(seeOutflook),wemfight

perfformexperfimentswherebothvander Waaflsanddfipoflarexchangefinteractfionsare

offsfimfiflarstrength:theresufltsshownheredemonstratethatwewoufldstfiflflbeabfleto

prepareanarrayoffRydbergatomsusfingSTIRAP.

Effectoffthebeamfinhomogenefity Ishowherehowthefinfitesfizeoffthe475nm

excfitatfionflasersaffectsthepreparatfionoffflargeRydbergatomficarrays.Inourcurrent

optficaflsetup,the475nmbeamfisffocusedontheatomficarrayswfithwafistsaflong

thexandy-axfisoffwx=25µmandwy=40µm(Ffig.7.5). Wewfiflflconsfiderthe

excfitatfionoffpflanararraysflocatedatx=0,suchthatonflythespatfiafldependence

Ω475(y)=Ω0exp(−y
2/w2y)pflaysarofle.Ffigure7.5showstheexcfitatfioneficfiencyasa
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y

z

Atomfic array

475 nm beam η + ε’

Ffigure7.5:STIRAPeficfiency.(Lefft)Inhomogeneousfiflflumfinatfionoffaflargepflanar

atomficarraybythe475nmexcfitatfionbeamwfithawafistoff40µmfintheydfirectfion.The

795nmbeam(notshown)fismuchflargerandcanbeconsfideredashomogeneous.(Rfight)

STIRAPexcfitatfioneficfiencyasaffunctfionofftheyposfitfion:experfimentafldata(cfircfles)

andnumerficaflsfimuflatfion(bflueflfine).Forcomparfison,thedarkdashedflfineshowsthe

spatfiafldependenceofftheRabficoupflfing.Thedevfiatfionffromunfiteficfiencydecomposesfin

detectfionerrorsε′andSTIRAPerrorsη.

ffunctfionofftheyposfitfionfforexperfimentsperfformedwfithΩ0/(2π)=25MHz. We

observethattheSTIRAPpuflsesremafinhfighflyeficfientover∼60µm.Thespatfiafl

dependenceofftheexperfimentafldata(cfircfles)fisweflflreproducedbyanumerficafl

sfimuflatfionofftheoptficaflBflochequatfionsusfingthefindependentflymeasuredparameters

(beamwafistandRabficoupflfing)offthespatfiaflandtfime-dependentRabfidrfives. We

aflsoremarkthatthesfimuflatfionpredfictsaperffecttransfferfinthecenter.

Transffereficfiency TheSTIRAPeficfiencymeasuredfintheprevfiousfiguresare

Pr=90(1)%finFfig.7.5ffortheexcfitatfionoffRydbergSstatesandPr=93(1)%

[Ffig.7.4(a)]fforDstates.Afirstexpflanatfionfforthesefimperffecteficfiencfiescomesffrom

detectfionerrors,thatwehavedfiscussedfinSectfion5.2.2.Therefisaprobabfiflfityε′that

aRydbergatomfiserroneousflydetectedasaground-stateatom.Theradfiatfiveflfiffetfime

offRydberg60D(60S)statefis209µs(260µs),ffromwhfichwecaflcuflateanerrorrate

ε′=4.8%(3.9%)andretrfieve2thereaflRydbergpopuflatfioñPr≃Pr/(1−ε
′)=97(1)%

(94%fforSstates).TheflastffewpercentsareSTIRAPerrorsη,whfichcoufldbe

expflafinedbyflaserphasenofise.FromthebetterresufltswfithD,ratherthanSstates,

webeflfievethatflargerRabficoupflfingsΩ0fisoneoffthekeytoreachhfigherexcfitatfion

eficfiencyandwoufldaflsoaflflowaqufickerpreparatfion.Intheffuture,wefintendtoobtafin

thfisstrongercoupflfingbyoptfingfforthe’finverted’schemedfiscussedfinSectfion5.4.2.

2Negflectfingtheotherdetectfionerrorϵ,whfichaffectthemeasuredvaflueonflybyεε′andε(1−Pr).
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Concflusfion WehavedemonstratedthepreparatfionoffflargearraysoffRydbergatoms

wfithaneficfiencyoff(1−η)∼95%usfingtwo-photonresonantSTIRAPpuflsesflastfing

flessthan2µs.ItfleavesuswfithenoughtfimefforstudfiesoffXYmagnetfismcompared

tothe∼10µsexperfimentafltfimewfindowwfithatomsrefleasedffromthefirtweezers.

Onthepratficaflsfide,theSTIRAPtechnfiquefisaveryrobusttooflwfithaconstant

eficfiencyaflongthedays,wfithηsmaflflenoughtoperfformexperfimentswfithoutbefing

toomuchaffectedbymfissfingRydbergatoms.

r’ = 60P
1/2

5P
1/2

5S
1/2

τ = 25 ns

r = 60S
1/2

Detec�on error ε = 5 %

7.1.2Fastread-outtechnfique

Ffigure7.6:Read-outpuflse.Lefft:The475nmbeamfisshoneonresonancebetweena

sfingfleRydbergstate|r⟩andtheshort-flfived(τ=25ns)fintermedfiate5P1/2flevefl.Rfight:

Thestrongspontaneousemfissfionfleadstoanextremeflyffastdampfingoffthe|e⟩↔|r⟩

Rabfioscfiflflatfion,astheatomdecaystotheground-state.Inourexperfiments,weshfinethe

read-outpuflsedurfing300ns,6tfimesasflongasthefitteddecaytfimeconstant.There

remafinsaϵ=5%probabfiflfitynottorecapturetheatom,whfichwfiflflbeconsfideredasan

atomfin|r′⟩andthuscausesadetectfionerror.

AffterpreparfingtheatomsfinaRydbergstate|r⟩andperfformfinganexperfimentfin

theRydbergmanfiffofldbetween|r⟩andanotherRydbergflevefl|r′⟩,wewanttomeasure

thepopuflatfionoffthetwostates.Thfisfisachfievedusfingaread-outpuflse,whereatoms

fin|r⟩fisde-excfitedtotheground-state|g⟩,wherefitfisthenrecapturedbythetweezers

andobservedbyfluorescencefimagfing.Thfisprojectfivemeasurementneedstobequfick

comparedtothedynamficsdrfivenbythedfipofle-dfipoflefinteractfion.

Weachfieveaffastde-excfitatfionbyshfinfingthe475nmflaserbeamonresonance

wfiththe|r⟩↔|e⟩transfitfion. Wethenbenefitffromtheshortflfiffetfime(25ns)off|e⟩to

qufickflybrfingtheatomtothegroundstate.InFfig.7.2,weobservethattheprobabfiflfity
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toremafinfin|r⟩decreasesqufickflywfiththeread-outpuflseflength.Thesmaflfloscfiflflatory

behavfiorat∼100nscomesffromastrongflydampedRabfioscfiflflatfionbetweenthe

Rydbergandfintermedfiateflevefls.Thedepumpfingflaserfisderfivedffromthesamesource

asthe475nmexcfitatfionbeamusedfintheSTIRAPsequence,butgoesthroughan

findependentAOMtotunefitsffrequencyprecfiseflytotheresonancewhfifletheexcfitatfion

beamfisdetunedby∆/(2π)≃20MHz.Theread-outbeamfisqufickflyswfitchedonand

off(∼10ns)wfithanEOM.Ahfighextfinctfionratfioofftheflatterfiscrfitficafltoavofid

depumpfingtheRydbergatomsdurfingtheexperfimentaflsequenceandfisre-optfimfized

dafifly.

Detectfionerrors Wefixtheread-outpuflseflengthto300ns,fforwhfichwemeasure

arecaptureprobabfiflfityoff95%thatdoesnotfincreasefforflongerpuflses.Thfisgfivesus

adetectfionerrorϵ=5%,aswearegofingtoattrfibutetheflosseventstoanatomfin

|r′⟩,whereasfitwastruflyfin|r⟩.Mostofftheseerrorsarecausedbybackground-gas

coflflfisfionsandbythedfispflacementofftheatomawayffromthecaptureregfionoffthe

tweezers,asaflreadydescrfibedfinSectfion5.2.Here,ϵfissflfightflyhfigherthanwhatfit

fispredfictedffromtheprevfiousflymentfionederrorsources(∼3%),asweaflsoneed

toconsfiderstfimuflatedtransffertootherRydbergfleveflsbythe300Kbflack-body

radfiatfion:fforaprfincfipaflquantumnumbern=60,fforwhfichwehaveperfformedthfis

experfiment,thedepopuflatfionratefisΓBBR≃1/(150µs),whfichfintegrateddurfingthe

∼3µsthatwespentfintheRydbergmanfiffofldgfivesanerrorrateoff2%.

7.2 ManfipuflatfionoffanarrayoffRydbergatoms

Inowturntothecontrofloffspfin-1/2partficflesdefinedbytwodfipofle-coupfledRydberg

flevefls. Wfithourtwo-photonexcfitatfionscheme,wecanprepareRydbergnS1/2and

nD3/2statesandbothhaveadfirectmficrowavetransfitfiontoRydbergPorbfitafls.

Durfingthfisthesfis,weperfformedexperfimentswfithtwodfifferentsetsoffpseudo-spfin

states:

|↓⟩=
⏐
⏐60S1/2,1/2

⟩
,|↑⟩=

⏐
⏐60P1/2,−1/2

⟩
wfitha16.7GHztransfitfionffrequency,

|↓⟩=
⏐
⏐61D3/2,3/2

⟩
,|↑⟩=

⏐
⏐62P1/2,1/2

⟩
wfitha9.5GHztransfitfionffrequency.

Infitfiaflfly,aflflatomsarepreparedfin|↓⟩bytheSTIRAPpuflses.Inthfissectfion,I

firstpresenthowtodrfivethespfin-1/2partficfleswfithmficrowaveradfiatfionsandthen

demonstratethecontrofloffthetransfitfionffrequencywfithanaddressfingbeam.
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Ffigure7.7:Rydberg-Rydbergmficrowavetransfitfion.(a)Mficrowaveexperfimentaflsetup

(descrfibedfinthetext).(b)Apossfibflespfin-1/2systemusfingtheRydberg60S1/2and

60P1/2states.Thegreenflfinefindficatesthemficrowavetransfitfionbetweenthetwochosen

pseudo-spfinstates|↑⟩and|↓⟩.Thesoflfiddfiskfindficatesthefleveflfinwhfichatomsare

preparedafftertheSTIRAPsequence.TheZeemanmanfiffofldsarespflfitbyamagnetficfiefld.

(c)Mficrowavespectrumoffthe|↓⟩↔|↑⟩transfitfionwfithΩµw/(2π)=7.4MHz.

7.2.1Gflobaflrotatfionswfithamficrowavefiefld

Here,Ishowhowtomanfipuflatespfin-1/2partficfles,findependentorfinfinteractfion,

usfingmficrowavepuflsesdrfivfingthetransfitfionbetweenthetwoRydbergorbfitafls.

Duetotheextremeflyflargeeflectrficdfipoflematrfixeflementbetween|↓⟩and|↑⟩,the

two-fleveflsystemfiseficfientflydrfivenevenwfithweakmficrowavefintensfitfies.Istartby

descrfibfingtheexperfimentaflsetupshownfinFfig.7.7(a):first,amficrowavesynthesfizer

outputsa13dBmflocafloscfiflflator(LO)offffrequencyffLOupto20GHz,amfixer

thencombfinesfitwfithanRFsfignaflA(t)cos[2πffRFt+φ(t)]wfithffRF∼50MHzand

programmabfletfime-dependentampflfitudeandfinstantaneousphasegeneratedbyan

arbfitrarywavefformgenerator.Attheoutputoffthemfixer,wegettwomafinsfidebands

atffLO±ffRFaroundtheLOsfignaflattenuatedby∼−30dB.Then,ffRFfischosen

suficfientflyflargesuchthatonflytheuppersfidebanddrfivestheatom.

Themficrowavepuflsefisthenradfiatedbyasfimpfledfipofleantennapflacedoutsfidethe

vacuumchamber.Thefiefldpoflarfizatfionfisnotcontroflfledduetothepresenceoffthe

metaflflficflenshoflder(spacedby∼1.5cm)strongflyaffectfingthepropagatfionoffthe
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J/h = 2.5 MHz

(a) (b)Sfingfle atom Interac�ng ensembfle

Ffigure7.8:Hfighflycoherent mficrowaveRabfioscfiflflatfions(a)Rabfioscfiflflatfionona

sfingfleatom.Therefisnoobservabfledampfingonthe6firstperfiodsshownhere.Thesoflfid

flfinefisafitusedtoextractthemficrowaveRabfiffrequencyΩµw/(2π)=13.4(1)MHz.The

finfitecontrastfisonflycausedbypreparatfionanddetectfionerrors.(b)Sameexperfimentafl

sequencebutonachafinoffffourRydbergatomscoupfledbythedfipofle-dfipoflefinteractfion.

Thereflaxatfionofftheoscfiflflatfionsfisfinducedbythespfin-spfincoupflfings.Thesoflfidflfinefisa

resufltoffanab-finfitfiocaflcuflatfionusfingtheRabficoupflfingobtafinedfin(a).

mficrowaveradfiatfion(λ∼2cm). WethusreflyonthespflfittfingofftheZeemanmanfiffofld

byanappflfiedmagnetficfiefldBztoenergetficaflflyfisoflateasfingfletransfitfionbetween

twoZeemansubflevefls.FortheatomficfleveflsshownfinFfig7.7(b),andamagnetfic

fiefldBz=50G,theσ
−transfitfionbetween|↓⟩and|↑⟩fisseparatedby45MHzffrom

thecflosestπtransfitfionbetween|↓⟩and
⏐
⏐60P1/2,1/2

⟩
.Ffinaflfly,Ffig.7.7(c)showsa

mficrowavespectrumoffthetwo-fleveflresonance|↓⟩ ↔|↑⟩wfithaRabfiffrequency

Ωµw/(2π)=7.4MHz.

Rabfioscfiflflatfions Ithendemonstratethehfighflevefloffcoherenceobtafinedonasfingfle

atomdrfivenwfithmficrowaves.Ffigure7.8(a)showsaRabfioscfiflflatfionbetween|↓⟩and

|↑⟩thatfisstrfikfingflybetterthananyoptficaflfly-drfivenground-RydbergRabfioscfiflflatfions

obtafinedfinourexperfiments(seeChapter5).Ffirstfly,therefisnoobservabfledampfing,

whfichfisexpflafinedbytheffactthatthemficrowavetransfitfionfisnotaffectedbyDoppfler

effect,spontaneousemfissfionorphasenofiseoffthedrfivfingfiefld.Thefinfitecontrastoff

thespfin-flfiprotatfionfisonflycausedbythepreparatfionanddetectfionerrors.Secondfly,

wecanreachhfighRabficoupflfing,hereΩµw/(2π)=13.4(1)MHz,whfichfishereflfimfited

onpurposetoavofidcoupflfingtotheotherZeemansubflevefls.Usfingtheffuflflavafiflabfle

mficrowavepower,wecoufldreachdrfivfingstrengthsoffmanytensoffMHz.

Wfiththfistoofl,wecanaflreadyperfformasfimpfleexperfimentdemonstratfingthe

presenceoffdfipoflarfinteractfionsbetweenRydbergatoms. WerepeatthesameRabfi
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oscfiflflatfionexperfimentasabove,butnowwfithasmaflflchafinoffffourRydbergatoms.

Thepafir-wfisedfipoflarcoupflfingconstantfiscaflcuflatedtobeJ/h=2.5MHzand

wfiflflcompetewfiththeRabfidrfiveΩµw/(2π)=13.4MHz.Consequentfly,theRabfi

oscfiflflatfionshownfinFfig.7.8(b)fisstrongflydamped,notbydecoherencebutbythe

finteractfion-finduceddephasfingoffeachspfinreflatfiveflytothemficrowavefiefld.Sfimfiflar

experfiments,butfinacofldatomficgas,havebeenreportedbyOrfioflfietafl.[2018].

Mficrowavesweeps Usfingthearbfitrarywavefformgenerator,wecangeneratetfime-

dependentmficrowaveRabficoupflfingsΩµw(t)anddetunfings∆µw(t).Recaflflthat,finour

mappfingtospfin-1/2partficfles,theyareequfivaflenttotransverseB⊥andflongfitudfinafl

B∥magnetficfieflds,respectfivefly.Intheprevfiousparagraph,wehaveobservedthe

precessfionoffaspfinaroundafixedtransversemagnetficfiefld(B∥=0,B⊥(t)=B),

resufltfingfinmanyRabfispfin-flfips.Anotherapproachtoperfformaspfin-flfipfistousea

mficrowavesweeptoadfiabatficaflflyrotatethespfinffrom|↓⟩to|↑⟩,asfiflflustratedonthe

BflochspherefinFfig.7.9(a).AnadequatemficrowaveprofiflefisshownfinFfig.7.9(b):the

detunfingfissweptfin0.3µsffrom−15MHzto+15MHzaroundtheresonance,whfifle

theRabficoupflfingfismomentarfiflyfincreaseduptoΩµw/(2π)≃10MHz.Asafirststep,

weappflythfissweeponasfingfleatomfinfitfiaflflyfin|↓⟩andrecordthetemporaflevoflutfion

offP↑byfinterruptfingthesweepatdfifferenttfimes.Theexperfimentafldataareshownfin

Ffig.7.9(d)andarefinexceflflentagreementwfithanumerficaflsfimuflatfionoffthetwo-flevefl

systemdynamficstakfingfintoaccountthefindependentflymeasuredpreparatfionand

detectfionerrors.AmficrowavesweepfisaseficfientasaRabfiπ-puflse,thoughmuch

sflower:0.3µsfinsteadoff0.05µsfforΩµw/(2π)=10MHz.

Theadvantageoffmficrowavesweepsappearscflearflywhenconsfiderfinganensembfle

offfinteractfingRydbergatoms.Startfingffromamany-bodystatewfithaflflspfinspofintfing

down,wewanttopreparethemaflflfin|↑⟩. Wehaveseenfintheprevfiousparagraphthat

strongdfipofle-dfipoflefinteractfionsbetweenRydbergatomsfledtodephasfingbetweenthe

spfinsdurfingaRabfioscfiflflatfion,whfichpreventedaneficfientgflobaflspfin-flfip.Theeffect

offfinteractfionsfismfitfigatedbyusfingaflargeeffectfivemagnetficfiefld|B(t)|≫J.Inthfis

case,theensembfleoffspfinsfisaflwaysfinaparamagnetficstatewfithonflyachangefin

orfientatfionoffthemagnetfizatfiondurfingthesweep,whfichfisfiflflustratedfinFfig.7.9(c)

anddemonstratedexperfimentaflflyfinFfig.7.9(e).Attheendoffthesweep,aflflatomsare

fin|↑⟩,andtheevoflutfionoffthepopuflatfionP↑averagedontheffourspfinsfisagafinfinvery

goodagreementwfithanab-finfitfiocaflcuflatfiontakfingfintoaccountthefindependentfly

measuredpreparatfionanddetectfionerrors(η,ϵ,ϵ′)=(0.05,0.04,0.05)%.Themeasured

spfin-flfipeficfiencyfisconsfistentwfiththeperffecttransfferpredfictednumerficaflfly.
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Ffigure7.9:Spfin-flfipswfithmficrowavesweeps.(a)Snapshotsoffthespfin-1/2state

(redarrow)andeffectfivemagnetficfiefld(orange)ontheBflochspheredurfinganadfiabatfic

evoflutfionoffthemficrowaveRabficoupflfingΩµw(t)anddetunfing∆µw(t)shownfin(b).

(c)Phasedfiagramofftheground-stateoffanensembfleofffinteractfingspfinsfintheparameter

spacespannedbytherescafledtransverseB⊥/JandflongfitudfinaflB∥/Jmagnetficfieflds,

wfithJthetypficafldfipofle-dfipoflecoupflfing.ForsuficfientflyflargeB-fiefld,theensembflefis

aflwaysaparamagnetandtheorfientatfionoffthespfinsffoflflowsthemagnetficfiefld.Thegap

betweenthegroundstateandthefirstexcfitedstatescflosesonflywhenB/J 1:thesystem

goesthroughaquantumphasetransfitfion(reddashedflfine)andthenewgroundstate

dependsontheexactgeometryofftheatomficarray.Themficrowavesweepfisrepresentedby

theorangeprofifleandremafinsdeepfintheparamagnetficphase.(d,e)Temporaflevoflutfion

durfingthesweepofftheprobabfiflfityP↑fforanexperfimentperfformedonasfingfleatom(d)

orachafinoff4finteractfingspfins(e).Thesoflfidflfinefistheresufltoffanab-finfitfiocaflcuflatfion

takfingfintoaccountfindependentflymeasuredpreparatfionanddetectfionerrors(dashed

flfines).
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7.2.2Locafladdressfingwfithaffocusedflaserbeam

Theprevfioussectfionhasshownthatmficrowavemanfipuflatfionfisaverypowerffufl

toofl,butfithasadfisadvantage:wecannotmanfipuflateasfingfleRydbergatomfinan

atomficarray.ForourstudfiesoffspfinHamfifltonfians,wefideaflflyneedatechnfiqueto

manfipuflatesfingflespfins,whfiflefleavfingothersunaffected. Weachfievethfisbyffocusfing,

onasfingfleatom,anaddressfingbeamtunedcflosetothe1006nmtransfitfionbetween

theRydbergstate|↓⟩(SorDorbfitafls)andtheflow-flyfing6P1/2flevefl.Duetoeflectrfic

dfipofleseflectfionrufle,RydbergPstatesremafinsunaffected,exceptfforthesmaflfl

repuflsfiveponderomotfiveflfight-shfifftcommontobothstates[Youngeetafl.,2010].

InfitfiaflflysuggestedbySaffmanand Waflker[2005],thfisschemehasbeenusedfforthe

magfictrappfingoffbothgroundandRydbergatoms[Lfi,Dudfin,andKuzmfich,2013].

Impflementatfion A1006nmbeam,obtafinedffromatunabflecwTfi:sapphfireflaser,fis

ffocusedthroughouraspherficflensontheatomficarrayandmanuaflflyaflfignedonthe

posfitfionoffa850nmtweezers. Weachfievedtheflatterbycomparfingthefluorescenceoff

atomstrappedattheffocusoffthe850nmand1006nmbeams.Theaddressfingbeam

hasawafistoff3.4µm(measuredbyparametrficheatfing,seeSectfion2.1.3),chosenasa

trade-offbetweenadjacentsfitescross-taflk(1%resfiduaflfintensfityatR≃5µm)and

robustnesstobeampofintfingfluctuatfions.Theaddressfingbeamfisswfitchedonandoff

byaneflectro-optficmoduflatorwfitharfisetfimeoff10ns.Theflaserffrequencyfisflocked

onacommercfiaflwavemeter(HfighFfinesse, WLMSU10)wfithasub-MHzprecfisfion.

The1006nmtransfitfionsusedtoaddresstheRydbergnSandnDstatesare:

⏐
⏐61D3/2,F=3,mF=3

⟩
↔
⏐
⏐6P1/2,F=2,mF=2

⟩
at298.139450THz

⏐
⏐60S1/2,F=2,mF=2

⟩
↔
⏐
⏐6P1/2,F=2,mF=2

⟩
at298.046990THz

wherethestatedtransfitfionffrequencfiesarethemeasuredonefforBz∼10G.The

typficaflflyachfievabfleRabficoupflfingonthesetransfitfionsfisΩaddr/(2π)∼100MHzwfith

aflaserpoweroffaffewtensoffmW. Weusethfiscoupflfingefithertoappflyaflfight-shfiffton

theRydbergstate,ortospflfitthetransfitfionresonanceusfingtheAutfler-Towneseffect.

AC-Starkshfifft Whentheaddressfingbeamfisdetunedby∆addrffromtheresonance

ffrequency,fitcreatesanAC-StarkshfifftontheRydbergstate|↓⟩.As|↑⟩fisunaffected,

themficrowavetransfitfionffrequencyoff|↓⟩↔|↑⟩fischangedby:

∆ω0=
Ω2addr
4∆addr

. (7.5)
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Ffigure7.10:AC-StarkshfifftandAutfler-Townesspflfittfingwfithanaddressfingflaser.

(a)Experfimentaflsetupfforthegeneratfionoffanaddressfingflaser,flockedonawaveflength-

meter,ffocusedonasfingfleatomthroughouraspherficflens.(b)The1006nmaddressfing

flaser,wfithRabfiffrequencyΩaddr,fisdetunedby∆addrffromthe6P1/2↔61D3/2transfitfion

toappflyaflfight-shfifft∆ω0=Ω
2
addr/4∆addrontheRydbergstate.Theshfifftedstateacqufires

onflyasmaflfldecayrate.(c)Themficrowavetransfitfionffrequencybetweenthe62P1/2and

61D3/2fleveflsfismeasuredfforvarfiousdetunfings∆addrofftheaddressfingbeamandshows

theexpecteddfispersfivedependence.Thesoflfidflfinefistheresufltoffacaflcuflatfionwfithout

anyadjustabfleparameters.(d)Tunfingtheaddressfingbeamonresonancewfiththe6P1/2

flevefl(∆addr=0),wereaflfizetheAutfler-TownescondfitfionwheretheRydbergfleveflfisspflfit

fintotwoshort-flfivedstates.(e)TheAutfler-Townesspflfittfingfisobservedbypreparfingthe

atomfinthe60P1/2stateandthenflookfingfforthe60P1/2↔60S1/2transfitfion.Wfiththe

addressfingbeamswfitchedon(greencfircfles),themficrowavetransfitfionfisspflfitfintotwo

symmetrficflfinesaroundtherefferencespectrum(yeflflowcfircfles),thespflfittfingdfirectflygfives

theRabficoupflfingΩaddr/(2π)=92(1)MHz.
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Ffigure7.10(c)showsthemeasurementoff∆ω0bymficrowavespectroscopyfforvarfious

detunfing∆addrofftheaddressfingbeamandafixedflaserpoweroff∼30mW.The

experfimentafldatafisfinperffectagreementwfithEq.(7.5)usfinganab-finfitfiocaflcuflatfion

offtheRabficoupflfingΩaddr/(2π)=158MHzffromthedfipoflematrfixeflement(obtafined

ffromtheARCsofftware[̌Sfibaflficetafl.,2016])andthefindependentflymeasuredbeam

wafistandfincfidentpower.Forfincreasfingflfight-shfifft,theRydbergstateflfiffetfimeτrfis

decreased,duetothemfixfingwfiththeshort-flfived6P1/2flevefl,tothevaflue:

τr≃

(
Ωaddr
∆addr

)2
τ6P, (7.6)

whereτ6P =120nsfistheflfiffetfimeoffthe6P1/2flevefl[Gomezetafl.,2004].For

Ωaddr/∆addr<0.1,westfiflflobtafinaconsfiderabfleflfight-shfifftoffaffewMHz,whfiflethe

flfiffetfimeτrremafinsontheorderoffseverafltensoffmficroseconds,comparabfletothe

flfiffetfimeofftheRydbergflevefls,andthusbareflyaffectsthesystem.

Autfler-Townesspflfittfing Thesfituatfionfisdfifferentwhentheaddressfingbeamfis

tunedexactflytotheresonancewfiththe6P1/2stateandgfivesrfisetoanAutfler-Townes

spflfittfing(seeSectfion5.1.2).Ffigure7.10(e)fiflflustratestheeffectwfithmficrowavespectra,

obtafinedbycoupflfinganatomfinfitfiaflflyfin|↑⟩totheaddressedstate|↓⟩:weobserve

thespflfittfingofftheflfinewhentheaddressfingbeamfison,whfichaflsogfivesadfirect

measurementofftheRabficoupflfingΩaddr/(2π)=92(1)MHz(dfifferentthanaboveas

weusedanotherRydbergstateandaddressfingpower).Letusnotethatfifftheatomfis

fin|↓⟩whenthebeamfison,fitwfiflflqufickflydecaytotheeflectronficgroundstate,such

thatwecanonflyappflythfistechnfiquewhentheaddressedatomfisfin|↑⟩.

7.2.3Preparfingasfingflespfinexcfitatfion

InowexpflafinhowtocombfinemficrowavesweepswfiththeAutfler-Townesspflfittfing

effecttoprepareasfingflespfinexcfitatfionfinanarrayoffRydbergatoms.Thfistechnfique

wfiflflbeusedtoobserveaspfin-exchangeoscfiflflatfionbetweentwoatomsfinthenext

sectfion,anddynamficaflpropertfiesoffanXYmagnetfinthenextchapter.Theprocedure

fisshownfinFfig.7.11:AfftertheSTIRAPsequence,aflflatomsarefin|↓⟩,andthefirst

stepfistotransfferthemaflflto|↑⟩byafirstmficrowavesweep. Wethenswfitchon

theaddressfingbeamonaseflectedatom,whfichwfiflflbeunaffectedbyanymficrowave

radfiatfionwfithfin±Ωaddr/2∼2π×50MHzofftheresonance.Next,asecondmficrowave

sweeptransffersaflfltheotheratomsbackto|↓⟩,fleavfingasfingflespfinexcfitatfiononthe
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Ffigure7.11:Preparatfionoffasfingflespfinexcfitatfion.FoflflowfingtheSTIRAPfinfitfiaflfiza-

tfion,aflflatomsarefin|↓⟩.WethencombfinemficrowavesweepsandAutfler-Towneseffectto

flfipasfingfleatomfin|↑⟩.Astheresonantaddressfingbeamcanonflybeappflfiedonanatom

fin|↑⟩(whenaddressedwfiththeAutfler-Townestechnfique,thestate|↓⟩fisshort-flfived),

westartbytransfferrfingaflflatomsfin|↑⟩wfithafirstmficrowavesweep.Theaddressfing

beamfisthensaffeflyshoneonaseflectedatomandasecondsweeptransffersaflfltheother

atomsbackto|↓⟩.Affterswfitchfingofftheaddressfingbeam,spfin-exchangedynamficswfiflfl

start,drfivenbytheresonantdfipoflarcoupflfing.Thequotedeficfiencfiesarecorrectedffor

preparatfionanddetectfionerrors.

addressedsfite.Aspfin-exchangedynamficswfiflflstartassoonastheaddressfingbeamfis

swfitchedoff,whfichtunesbacktheseflectedatomfinresonancewfiththeotherones.

Theeficfiencyofftheprocedurefis94%ffortheaddressedatomand98%fforthe

others. Weobtafinthesenumbersbymeasurfingtherecaptureprobabfiflfityofftheatoms

whenshfinfingtheread-outpuflsedfirectflyaffterthesecondsweep:12%ffortheaddressed

atomand93%ffortheothers,andbycorrectfingfforpreparatfionanddetectfionerrors

(η,ϵ,ϵ′)=(0.05,0.04,0.05).Specfiaflcarewastakentoensureacompfleteextfinctfionoff

theresonantaddressfingbeamwhentheseflectedatomAwasfin|↓⟩.Addfitfionaflfly,

evenfiffthe1006nmflaserfintensfityonanotheratomBseparatedby,e.g.,10µm

ffromtheaddressfingspotfisreducedbyaffactor∼103,fitfisstfiflflpossfibflethatatom

Bscattersa1006nmphotonaffterbefingtransfferredbackto|↓⟩bythesecond

sweep.Toavofidthfis,wesflfightflydetunetheaddressfingbeamffromtheresonanceby

Γ6P≪∆addr≃(2π)×10MHz≪Ωaddr:westfiflflobtafinaquasfi-resonantAutfler-Townes

spflfittfingffortheaddressedatomA,whfiflethescatterfingrateoffaphotononatomBfis

reducedbyanaddfitfionaflffactor(∆addr/Γ6P)
2>100.

Inourworkonatwo-atomsystem[deĹeśefleucetafl.,2017],wepreparedthe

spfin-excfitatfion|↑↓⟩wfithaRabfiπ-puflse(finsteadoffmficrowavesweeps)andanAC-

Starkshfifft(finsteadofftheAutfler-Townesspflfittfing).However,fforstrongflyfinteractfing

systems,thepreparatfioneficfiencyfismaxfimfizedwfiththeafforementfionedprocedure.
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7.3 ResonantdfipoflarfinteractfionbetweentwoRydbergatoms

HavfingflearnthowtomanfipuflateourensembfleoffRydbergatomswfithagflobafl

mficrowavefiefldandaflocafladdressfingbeam,wenowexpfloretheeffectofftheresonant

dfipoflarcoupflfingonaneflementarysystemofftwoRydbergatoms.Ffigure7.12shows

thesfituatfionthatweconsfider:twoatomsareseparatedbyadfistanceRandmakean

angfleθwfiththequantfizatfionaxfis.Eachatomencodesaspfin-1/2partficfleusfingtwo

dfipofle-coupfledZeemansubflevefls.Negflectfingotherflevefls,thetwo-atomsystemevoflves

fintheHfiflbertspacespannedbyffourpafir-states:|↓↓⟩,|↑↓⟩,|↓↑⟩,|↑↑⟩.Themafineffect

offthedfipofle-dfipoflefinteractfionfistoresonantflycoupflethetwodegeneratepafir-states

|↑↓⟩and|↓↑⟩:

⟨↑↓|̂Hdd|↓↑⟩=
1−3cos2θ

2
×
C3
R3
=J(R,θ), (7.7)

whereC3fisproportfionafltotheproductofftwodfipoflematrfixeflements.Thfisexpressfion

fisreadfiflyderfivedffromEq.(6.2).Theanguflardependencecanbeunderstoodwfith

cflassficaflpermanentdfipofles:thefinteractfionenergyfisoffopposfitesfignffortwodfipofles

sfidebysfide(θ=±90◦)orheadtotafifl(θ=0◦or180◦).Thefinteractfioncanceflsand

changessfignattheso-caflfled‘magfic’angfleθm=arccos(1/
√
3)≃54.7◦.

OtherZeemansubflevefls IjustfiffyherethatwecanfignoretheotherZeemansubflevefls

byappflyfingasuficfientflyflargemagnetficfiefldBz.AscanbeseenffromFfig.7.12,

aflthoughthedfipofle-dfipofleHamfifltonfiancoupfles|↓↑⟩to|r′′r′⟩(butaflso|↑r′⟩and

|r′′↓⟩),theseprocessesbecomeoff-resonantwhenappflyfingamagnetficfiefldBzspflfittfing

theZeemanmanfiffofldsby∆EZ=gµB∆mBz.Forexampfle,wfithBz∼10G,weobtafin

aspflfittfing∆EZ∼30MHzbetweenthetwoS1/2subflevefls,whfichfismuchflargerthan

thetypficaflfinteractfionenergyJ,fintheMHzrange.

Vander Waaflsfinteractfionvsdfipoflarexchangecoupflfing Weaflsoneedtoconsfider

thesecond-ordereffectoffthedfipofle-dfipofleHamfifltonfianonthepafir-states|↓↓⟩and

|↑↑⟩,whfichtakesthefformoffavander WaaflsshfifftV=C6/R
6(seeChapter6).The

C6coeficfientsdependonthepafir-states:fitfissmaflflerbymorethanoneorderoff

magnfitudefforPorbfitaflsthanfforSorDstates(rememberFfig.6.4).Here,wewant

tomfinfimfizethevander WaaflsfinteractfionthatgfivesrfisetoanIsfingcoupflfingbetween

thespfins,reflatfiveflytotheresonantdfipofle-dfipoflefinteractfiongfivfinganXYcoupflfing.

DuetothedfifferentscaflfingflawsV∝n11/R6andJ∝n4/R3,fitfispossfibfletotunethe

reflatfivewefightoffthetwocontrfibutfionsand,finpartficuflar,reachtheregfimeV≪Jby
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Ffigure7.12:Resonantdfipofle-dfipoflefinteractfion.(a)Twoatomsseparatedbyadfistance

RandmakfinganangfleθwfiththequantfizatfionaxfisdefinedbyamagnetficfiefldBz.(b)

PossfibfledfipoflarexchangecoupflfingsbetweentwoatomsfinS1/2orP1/2orbfitafls.Two

Zeemansubfleveflspflaytherofleoffpseudo-spfinstates|↑⟩and|↓⟩.Wearefinterestedfin

theresonantspfin-exchangeprocess|↓↑⟩ ↔|↑↓⟩findficatedbythesoflfidorangearrows.

Thedashedarrowsshowoneoffthepossfibfledfipoflarcoupflfingfleadfingtopopuflatfionoff

othersubflevefls(fingray).Suchprocessesaremadeoff-resonant,andthusfinhfibfited,ffora

suficfientflyflargeZeemanspflfittfing∆EZ.(c)Thetwo-atomsystemreducestoonflyffour

pafir-states.Theresonantdfipofle-dfipoflefinteractfionbetweentheRydbergatomstransflate

toanXYcoupflfingbetween|↓↑⟩and|↑↓⟩.ThevanderWaaflsfinteractfions,V↓↓andV↑↑,

affectfingtwoatomsfinthesameRydbergstatearemadenegflfigfibflecomparedtoJfforour

choficeofffinteratomficseparatfionRandprfincfipaflquantumnumbern.

usfingreflatfiveflyflownandflargefinteratomficseparatfionR.ForthetwosetsoffRydberg

statesusedfintheffoflflowfingexperfiments,wehave:

|↑⟩=|62P1/2,1/2⟩,|↓⟩=|61D3/2,3/2⟩:C3/h=−7.458GHz.µm
3,C↑↑,↓↓6 /h=

(6,−769)GHz.µm6.ForR=20µm,wereachJ/h=0.93MHzand|V|/h<

0.01MHz.

|↑⟩=|60P1/2,−1/2⟩,|↓⟩=|60S1/2,1/2⟩:C3/h=−3.035GHz.µm
3,C↑↑,↓↓6 /h=

(4,137)GHz.µm6.ForR=12µm,wereachJ/h=1.7 MHzand|V|/h<

0.05MHz.

Fortheseparameters,wecanthussaffeflynegflectthevander WaaflsshfifftsV,whfich

areonetotwoordersoffmagnfitudesmaflflerthanthedfipoflarexchangecoupflfings

J.Intheffuture,wecoufldharnessthevander Waaflsfinteractfiontofimpflementan

Hefisenbergmagnetbychoosfing,e.g.,the90S1/2and90P1/2Rydbergstatesanda

typficaflfinteratomficseparatfionR=10µmgfivfingJ≃V=h×16MHz,ortunethe

reflatfivestrengthbetweentheXYandIsfingcoupflfingstoexpfloredfifferentphasesoff

anfisotropficXXZmagnets(seeOutflook).
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Prevfiousstudfies Inanearflfierworkoffthegroup,Barredoetafl.[2015]presented

thefirstobservatfionoffaspfin-exchangeprocessbetweentwosfingfleRydbergatoms,

measuredthe1/R3dependenceoffthedfipoflarcoupflfingJandfimpflementedan

eflementaryXYmagnetonachafinoffthreeatoms.Atthattfime,thedfifferenttoofls

presentedfintheprevfioussectfions(STIRAPexcfitatfion,Rydbergaddressfingbeam)

werenotyetdevefloped.Usfingthem,Inowrevfisfittheseprevfiousstudfiesoffthe

dfipofle-dfipoflefinteractfion,showfinghowtoextractthefinteractfionenergyJefitherffrom

aspfin-exchangeoscfiflflatfionorffromamficrowavespectrumoffthefinteractfingsystem,

andIusefittomeasuretheanguflardependenceoffJ(R,θ).

7.3.1 Mficrowavespectroscopyoffthesuper-radfiantstate

Theresonantdfipofle-dfipoflefinteractfionmodfifiesthespectrumoffpafir-statesasshown

finFfig.7.13(a):thetwodegeneratepafir-stateshybrfidfizetofformthetwoefigenstates:

|±⟩=
|↑↓⟩±|↓↑⟩
√
2

wfithenergfies E±=±J. (7.8)

Theantfi-symmetrficstate|−⟩fisnotcoupfledtothemficrowavefiefld,duetodestructfive

finterfferencebetweenthetwopafirstates,andfissometfimesdubbedasadarkor

‘subradfiant’state.Onthecontrary,thesymmetrficstate|+⟩coupflestothemficrowave

fiefldwfithanenhancedRabfiffrequency
√
2Ωµw,andfisrefferredtoasthebrfightor

‘superradfiant’state. Wecanthususethemficrowavetransfitfion|↓↓⟩↔|+⟩tomeasure

thecoupflfingstrengthJ.

Startfingffrom|↓↓⟩preparedbytheSTIRAPexcfitatfion,weshfineamficrowavefiefld

wfithRabfiffrequencyΩµw/(2π)=0.3MHzdurfing1µsandrecordtheprobabfiflfity

P↓↓thatthesystemremafinsfinthefinfitfiaflstatefforvarfiousdetunfing∆µwffromthe

sfingfle-atomresonance.TheresufltsareshownfinFfig.7.13(b).Inthehfigherpanefl,where

thefinteractfionenergyfisposfitfive,weobserveasfingfledfipatadetunfing∆µw=J.As

expected,therefisnosfignaflat∆µw=−Jas|−⟩doesnotcoupfletothemficrowave

fiefld.Inthemfiddflepanefl,wechangedtheorfientatfionθoffthepafiroffatomssuchthat

thefinteractfionstrengthfisnownegatfiveJ/h=−0.8MHz.Intheflowerpanefl,the

finteractfionfissuppressedbychoosfingtheangfleθm=54.7
◦.Asasfideremark,weaflso

coupfletothestate|↑↑⟩throughthetwo-photonresonance|↓↓⟩↔|↑↑⟩occurrfingat

∆µw=0,whfichcansflfightflydfistorttheflfineshapeffor Ωµw∼J(butnotseenhere).
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Ffigure7.13:Probfingtheresonantdfipoflarcoupflfing.(a)Thedfipofle-dfipoflefinteractfion

mfixesthetwodegeneratestates|↑↓⟩and|↓↑⟩togfivesymmetrfic|+⟩andantfi-symmetrfic

|−⟩efigenstatesshfifftedbyanenergy±J.Themficrowavecoupflfingtotheantfi-symmetrfic

statevanfishes,whfiflefitfisenhancedbyaffactor
√
2fforthesymmetrficstate.(b)The

finteractfionenergyJfismeasuredbyspectroscopyoffthe|↓↓⟩ ↔|+⟩transfitfion,shown

herefforthreedfifferentvafluesJ=2.4,−0.8,0.0MHzobtafinedbyvaryfingθ.(c)Affter

preparfingthetwoatomsfinthestate|↑↓⟩,thedfipofle-dfipoflefinteractfiongfivesrfisetoa

spfin-exchangedynamficsataffrequency2J,asobservedfin(d).Soflfidflfinesarefitsusedto

extractthefinteractfionenergy.

7.3.2Spfin-exchangeoscfiflflatfion

Inaddfitfiontoprobfingthestatfionaryefigenstatesoffthetwo-atomsystem,wecan

aflsoobservedfirectflyfinthetfimedomafinthespfin-exchangeoscfiflflatfion|↑↓⟩ ↔|↓↑⟩

drfiventhedfipoflarcoupflfingJ.Affterpreparfingthefinfitfiaflstate|↑↓⟩wfiththeprocedure

descrfibedfinSectfion7.2.3,wefletthesystemevoflveffreeflyfforatfimeTbefforeappflyfing

theread-outpuflse.Ffigure7.13(d)showsthepopuflatfionoffthetwopafir-statesP↑↓

andP↓↑,oscfiflflatfingataffrequency2J/h=0.80MHz.Thefinfitecontrastoffthe

oscfiflflatfionsfiscausedbypreparatfionanddetectfionerrors,whfiflethesmaflfldampfingoff

theoscfiflflatfions(dfiscussedfindetafiflfinthethesfisoffSyflvafinRavets[2014])fisdueto

thefinfitetemperatureofftheatoms,whfichgfivesrfisetoshot-to-shotfluctuatfionsoff

thefinteratomficdfistanceRandthusoffthecoupflfingstrengthJ∝1/R3drfivfingthe

dynamfics.
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Ffigure7.14:Anguflardependence.ThefinteractfionstrengthJdependsontheangfleθ

madebythepafiroffatomswfiththequantfizatfionaxfis.Theflefftpaneflshowsmeasurementsoff

Jbyspectroscopyfforvarfiousangflesandtwovafluesoffthemagnetficfiefld.Theexperfimentafl

dataarefinexceflflentagreementwfithab-finfitfiocaflcuflatfions(cofloredsoflfidflfines),cflosefly

ffoflflowfingthe1−3cos2(θ)scaflfing(dashedflfine).Emptycfircflesfinthepoflarpflotdenotea

negatfivecoupflfingJ.Errorbarsaresmaflflerthanthesymboflsfize.

7.3.3Anguflardependence

InowpresentthemeasurementofftheanguflardependenceJ(θ)byperfformfing

mficrowavespectroscopyonpafirsoffatomswfithafixedseparatfionR=12µmand

varyfingangfleθwfiththequantfizatfionaxfis.Theresufltsareshownonaflfinearand

apoflarpflotfinFfig.7.14. WeobservethatJ(θ)sflfightflydfiffersffromthesfimpfle

1−3cos2(θ)dependence(dashedflfine),finperffectagreementwfithexactab-finfitfio

caflcuflatfionsofftheenergydfifferencebetweenthetwopafirstates|↓↓⟩and|+⟩usfingthe

pafirfinteractfionsoflver.Thesflfightdfifferencefiscausedbyresfiduaflvander Waaflsshfiffts

andsecond-ordermfixfingbetweenZeemansubflevefls,whfichdependontheZeeman

spflfittfingandthusonthevaflueoffBz,asobservedexperfimentaflflybyperfformfing

themeasurementfforBz=−7Gand47G.Thefinteratomficdfistanceusedfinthe

caflcuflatfionfisRth=1.045×12µm.ThecorrectfionffactorfisthesameasfinSectfion6.1.3

andpofintsatasystematficerrorfinourcaflfibratfionoffthefinter-atomficdfistance.

Ffinaflfly,fletusremarkthatthfisanguflardependencewasaflsoobservedfinaprevfious

workoffthegroup[Ravetsetafl.,2015],thoughfinadfifferentregfimeoffthedfipofle-dfipofle

finteractfion.There,fitwasbetweentwopafir-states|dd⟩↔|pff⟩,whfichweretunedat

thesameenergyusfinganaccfidentaflF̈orsterquasfi-resonanceandaneflectrficfiefld.

Here,thecoupflfingfisbetweenthetwonaturaflflydegeneratepafir-states|rr′⟩and|r′r⟩:

thesystemfissfimpflerandmoreadaptedfforquantumsfimuflatfion.
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7.4 Controfloffthedfipofle-dfipoflefinteractfion

Wehaveprevfiousflystudfiedtheeffectoffthedfipofle-dfipoflefinteractfionontwoatoms

wfiththesametransfitfionffrequency.Usfingtheaddressfingbeam,wecantunethe

transfitfionffrequencyoffatom1by∆ω0,suchthatthesystemfisnowdescrfibedby:

Ĥ=J(σ+1σ
−
2+σ

−
1σ
+
2)+∆ω0σ

z
1, (7.9)

BytunfingthereflatfivewefightoffthedfipoflarcoupflfingJandtheenergymfismatch

∆ω0,Ifirstdemonstratethetransfitfionffromtheresonantdfipofle-dfipofleregfimeto

thevander Waaflsfinteractfion,andthenusefittocontroflaspfin-exchangeoscfiflflatfion,

ffreezfingfitatwfiflfl,andtocreatethestatfionarysub-radfiantentangfledstate|−⟩.

7.4.1Fromaresonantcoupflfingtoasecond-ordershfifft

Thepafir-statespectrumoffEq.(7.9)fissketchedfinFfig7.15(a)fforthetwoextreme

regfimes.ForJ≫ ∆ω0,theenergymfismatchbetweenthetwopafir-statesfisnegflfigfibfle

andweretrfievetheprevfiousflystudfiedresonantdfipofle-dfipoflecoupflfing.Inturn,ffor

J≪ ∆ω0,thedfipofle-dfipoflefinteractfiononflyaffectsfinsecond-orderthetwodetuned

pafir-statesandcorrectsthefirenergybyavander Waafls-flfiketerm±J2/(∆ω0).Sfince

thepafir-statesdonotmfix,theyremafinequaflflycoupfledtothemficrowavefiefld,whfich

contrastswfiththeresonantregfimewhere|−⟩fisdark.

Ffigure7.15(b)demonstratethecontfinuoustunfingoffthedfipofle-dfipoflefinteractfion

ffromtheresonanttosecond-orderregfime,takfingthefformoffanavofidedcrossfing

betweenthedfipofle-dfipoflecoupfled|↑↓⟩and|↓↑⟩.Theenergydfifference∆ω0fis

obtafinedbyshfinfingtheaddressfingflaseronatom1toappflyatunabfleACStark

shfifft.Mficrowavespectra,wfithaRabfiffrequencyΩµw/(2π)=0.1MHz≪J/handan

excfitatfiontfimeτ=π/(
√
2Ωmw)=3.5µs,arerecordedffordfifferentdetunfing∆ω0and

shownasa2Dcoflormap.Themficrowaveresonances,seenasadropfinthepopuflatfion

offthefinfitfiaflstate|↓↓⟩,compareweflflwfiththefirpredfictedposfitfions(rfightpanefl).

7.4.2Freezfingaspfin-exchangeprocess

Wenowusetheaddressfingbeamasatoofltoffreezeatwfiflflthespfin-exchangedynamfics

betweenthetwostates|↑↓⟩and|↓↑⟩.Asarefference,IshowagafinfinFfig.7.16(a)the
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Ffigure7.15:Fromaresonanttosecond-orderfinteractfion.(a)Two-atomspectrafin

theresonant(flefft)andoff-resonant(rfight)flfimfit.Theaddressfingbeamappflfiesaflfight-shfifft

∆ω0onthestate|↑⟩offatom1,whfifleaflflotherstatesareunaffected.Duetothestrong

energymfismatchbetweenthepafir-states|↑↓⟩and|↓↑⟩,thedfipoflarcoupflfingtakesthefform

offasecond-ordervanderWaaflsshfifft.(b)MficrowavespectroscopyfforJ/h=0.40MHz

andΩmw/(2π)=0.1MHzstartfingffrom|↓↓⟩.Atresonance,thedarkefigenstate|−⟩fisnot

coupfledtobythemficrowavefiefld.

unperturbedspfin-exchangeoscfiflflatfiondrfivenbyadfipoflarcoupflfingJ/h=0.4MHz.

Inpanefl(b),wefirstfletthesystemevoflvesto|ψ⟩=|↓↑⟩,affterhaflffaperfiod

offspfinexchange,andthenshfinetheaddressfingbeam,whfichdetunesatom1by

∆ω0=2π×4.8MHz≫Jandffrozethespfin-exchangedynamficsdurfingacontroflflabfle

tfimeτ.Theoscfiflflatfionthenresumeswfithoutanynotficeabfleflossoffcontrast.Durfing

theffreezfingtfime,theenergy-shfifftedstate|↑↓⟩acqufiresadynamficaflphaseφ=∆ω0τ,

whfifle|↓↑⟩fisunaffected.Toobservefit,weswfitchontheaddressfingbeamwhenthe

systemfisfinthesuperposfitfionoffstates−1√
2
(|↑↓⟩+fi|↓↑⟩),whfichthenevoflvesfinto

|ψ⟩=−1√
2
(e−fiφ|↑↓⟩+fi|↓↑⟩).InFfig.7.16(c),weadjusttheaddressfingtfimeτsuchthat

φ=2πandthedynamficsresumesasbefforeweffrozefit.Forφ=2.5π(d),wecreate

thestatfionaryefigenstate|ψ⟩=fi|−⟩andthepopuflatfionsdonotevoflveanymore.

Ffinaflflyfin(e),weobtafinaπ-phaseshfifftoffthespfin-exchangedynamficswhenφ=3π.

Bflochsphererepresentatfion Theprevfiousresufltscanbeeasfiflyunderstoodona

Bflochsphere,shownfinFfig.7.16(ff,g),asthedynamficsoccursonflyfinthebasfisspanned

by|↓↑⟩and|↑↓⟩.Theresonantdfipoflarcoupflfingamountstoaprecessfionoffthestate

vector|ψ⟩aroundanhorfizontaflaxfisatananguflarffrequency2J/.Inturn,whenthe

addressfingbeamfison,thestatevectorrevoflvesaroundthevertficaflaxfisataffrequency

∆ω0.InFfig.7.16(c-e),westoppedtheexchangewhen|ψ⟩wasfintheequatorfiaflpflane,

whereaflflthemaxfimaflflyentangfledstatesflfie.
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Ffigure7.16:Freezfingaspfin-exchangeoscfiflflatfion.(a)Unperturbedspfin-exchange

dynamfics|↑↓⟩ ↔|↓↑⟩.(b)Theaddressfingbeamffreezesthespfin-exchangeoscfiflflatfion

durfingavarfiabfletfime(purpflearea).(c-e)Theoscfiflflatfionfisnowffrozenwhenthesystemfis

finthemaxfimaflflyentangfledstate|ψ⟩=−1√
2
(|↑↓⟩+fi|↓↑⟩).Theflfight-shfifftonatom1

modfifiesthereflatfivephasebetweenthetwopafir-statesby∆ω0τ=2π,2.5π,3π(c,d,e),

whfichpreparesthreedfifferententangfledstatesgfivfingrfisetostrfikfingflydfistfinctspfin-

exchangedynamfics.Soflfidflfinesaregufidestotheeyes.(ff)Bflochsphererepresentatfionoff

thespfin-exchangeoscfiflflatfion:Thedfipoflarcoupflfingmakesthestatevector(red)rotates

aroundanhorfizontaflaxfis(orange)atananguflarffrequency2J/.(g)When∆ω0≫J,

thespfin-exchangefisstoppedandthedynamficaflphasefimprfintedbytheflfight-shfifftamounts

toarotatfionbyanangfle∆ω0τaroundthevertficaflaxfis.
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Creatfionoffentangfledstates Thfiscontroflgfivesustwowaystocreateentangfled

statesofftwoatoms.Afirstpossfibfiflfityconsfistsfinstartfingffrom|↓↓⟩andfincoflflectfivefly

drfivfingthesystemwfithmficrowavesto|+⟩.IncontrasttotheusuaflRydbergbflockade

protocofls,basedonoptficafldrfivfingbetween|g⟩and|↓⟩,thfisapproachbenefitsffrom

thehfighampflfitudeandphasestabfiflfityoffmficrowavesources,andtheflongwaveflength

offmficrowavefiefldscomparedtothefinteratomficspacfing,makfingmotfionaflphases

negflfigfibfle[Wfiflk etafl.,2010].Asecondpossfibfiflfity,demonstratedhere,fistostartffrom

|↑↓⟩andtostopthespfin-exchangedynamficsattheapproprfiatetfime,whfichaflflows

tocreateanycoherentsuperposfitfionoff|↑↓⟩and|↓↑⟩,finpartficuflartheotherwfise

finaccessfibflesubradfiantstate|−⟩.Intheffuture,wecoufldmaptheentangflementback

totheflongflfivedhyperfineground-states.

7.5 Concflusfion

Inthfischapter,Ihavedemonstratedthehfighflevefloffcontroflthatwehavereachedon

XYmagnets.ThefimpflementatfionofftheSTIRAPtechnfiquewascrfitficafltoreacha

95%eficfiencyfinthepreparatfionoffRydbergatomsandthusthefinfitfiaflfizatfionoffa

magnetwfithveryffewhofles.TheexaggeratedresponseoffRydbergatomstomficrowave

radfiatfionandtheextremestabfiflfityoffmficrowavesourcesgfiveusahfighflycoherent

toofltomanfipuflatethespfin-1/2partficfles,strfikfingflybetterthanwhatfispossfibfleon

aground-Rydbergsystem.Theengfineerfingofftheaddressfingbeam,combfinedwfith

mficrowavesweeps,makesfitpossfibfletoprepareflocaflfizedspfinexcfitatfions.Combfinfing

aflfltheafforementfionedtoofls,weperfformedadvancedmanfipuflatfionsoffatwo-atom

system,ffreezfingthedfipoflarexchangeprocessandpreparfingentangfledBeflflstates.

Thecurrentexperfimentaflapparatuscoufldstfiflflbefimprovedfinffutureworks,ffor

exampfleonecoufldgenerateseveraflfindependentfly-controflfledaddressfingbeamsusfing

spatfiafland/ortemporaflflfightmoduflators.Thfiswoufldenflargeourtooflboxfforthe

studfiesoffXYmagnets,andwecoufld,e.g.,finfitfiaflfizeaone-dfimensfionaflchafinfinthe

state|↑↓↑↓↑↓···⟩andthenfletfitevoflve,orappflycontroflfleddfisorderonthespfinsffor

many-bodyflocaflfizatfionstudfies[Chofietafl.,2016;Smfithetafl.,2016].

Inawfidercontext,theresonantcoupflfingbetweentwo-fleveflsystems,obtafinedhere

wfithRydbergatomswhosetransfitfionffrequencfiesarebynatureaflflfidentficafl,fisa

morechaflflengfingandflonged-fforgoaflfinsoflfid-statepflatfformswherethebandwfidth

andresonanceffrequencfiesoffartfificfiaflatoms(e.g.,semficonductorquantumdots)are

affectedbyffabrficatfiondfisparfitfies,whfich,aswehaveseen,shfifftsthecoupflfingffrom

resonanttosecond-order(seeaflsoShflesfingeretafl.[2018]).
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8.1Introductfiontosymmetryprotectedtopoflogficaflphases

Asfingflespfin-excfitatfiononanXYmagnetbehavesasapartficfletunneflfingbetween

flattficesfitesandcanthusbedescrfibedusfingthefframeworkoffBflochwaveffunctfions

andbandstructures.Intheflastdecades,therehasbeenagrowfingfinterestfinmaterfiafls

exhfibfitfingbandswfithtopoflogficaflpropertfiesandacurrentopenquestfionfishowthere

areaffectedwhenconsfiderfingfinteractfingpartficfles. Wfithourexperfimentaflpflatfform,

wheretwospfinexcfitatfionscannotbeflocatedonthesameflattficesfite,wenaturaflfly
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fimpflementhard-corebosons:partficfleswfithanfinfinfiteon-sfitefinteractfionenergy.In

thfischapter,Ipresentourstudyoffthesfimpflestmodeflgfivfingrfisetoatopoflogficafl

phase, —theone-dfimensfionaflSu-Schrfieffer-Heeger(SSH)modefl —,bothatthe

sfingfle-partficflefleveflwherefitspropertfiesareweflfl-knownandorfigfinateffromachfirafl

symmetry,butaflsofinthemany-bodyregfimewfithaflattficehaflff-fiflfledwfithhard-core

bosonswherewewfiflfluncoverabosonfictopoflogficaflphaseprotectedbyadfifferent

symmetry.

Symmetryprotectedtopoflogficaflphases Themostpromfinentexampfleoffatopo-

flogficaflphasefisthefintegerquantumHaflfl(IQH)statewfithfitsremarkabflyrobust

edgemodesgfivfingrfisetoaquantfizedHaflflconductance[Kflfitzfing,Dorda,andPepper,

1980],nowusedasapractficaflstandardfforeflectrficaflresfistance.Trfiggeredbythfis

dfiscovery,anewcflassfificatfionoffquantumphasesoffmatterfintermsofftopoflogficafl

finvarfiantshasemerged[Thouflessetafl.,1982]andfledtothepredfictfion[Kaneand

Mefle,2005a,b]anddfiscovery[K̈onfigetafl.,2007;Hsfiehetafl.,2008]offtopoflogficafl

finsuflators(seeaflsotherevfiewoffHasanandKane[2010]andQfiandZhang[2011]).

Inthesematerfiafls,fincontrasttotheorfigfinaflIQHeffect,aspecfificsymmetryoffthe

Hamfifltonfianfisrequfiredtoprotectthetopoflogficaflphases,andtheyarethusnowadays

denotedassymmetryprotectedtopoflogficaflphases(SPT).Theyappearfinsystems

dfispflayfinganexcfitatfiongapfinthebuflk,fi.e.,buflkfinsuflators,andfinvarfiantundera

gflobaflsymmetryoperator.Thepropertfiesoffthemany-bodyground-state,suchasthe

exfistenceoffedge-statesatthefinterffacebetweentwomaterfiaflswfithdfifferenttopoflogy

(onecoufldbethevacuum),areprotectedffromanyperturbatfionthatdoesnotcflose

theexcfitatfiongaporvfioflatesthesymmetry.

Non-finteractfingffermfionsandtheten-ffofld way Inthespecfificcaseoffnon-

finteractfingffermfions,wecanusetheFermfiseapficture,—statfingthatthemany-body

ground-statefisobtafinedbyfiflflfingthesfingfle-partficfleefigenstatesuptoachemficafl

potentfiafl—,tocflassfiffytheSPTphasesbyconsfiderfingonflytheactfionofftheHamfiflto-

nfianonasfingflepartficfle,thatwecaflflthesfingfle-partficfleHamfifltonfian.Forexampfle,

whenthepartficflesmoveonaflattfice(aseflectronsfinamaterfiaflfinthetfight-bfindfing

approxfimatfion),thesfingfle-partficfleHamfifltonfianfisthematrfixfformedbythehoppfing

ampflfitudebetweendfifferentsfites.Now,therefisaremarkabfleffact,ffromamathematficafl

physficsorfigfin,thataflflsfingfle-partficfleHamfifltonfiansdfivfidefinonflytensymmetry

cflasses;thfiscflassfificatfionfisknownastheten-ffofldwayandwasproposedbyKfitaev

[2009]andRyuetafl.[2010](seeaflsotherecentrevfiewsoffChfiuetafl.[2016]orLudwfig
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[2016]).Thfiscflassfificatfionfisbasedonthebehavfioroffthesfingfle-partficfleHamfifltonfian

underthreegenerafloperatfions:thetfime-reversafl(TR),thepartficfle-hofle(PH)andthe

chfirafl(S)symmetrfies.

Inaddfitfiontothesearchfformaterfiaflsreaflfizfingsuchsymmetrfies,acurrenthot

topficfisthereaflfizatfionoffSPTphasesfinartfificfiaflsystemswhereHamfifltonfianscan

bedesfignedandthesymmetrfiesenfforced.Ufltracofldatomsfinoptficaflflattficesarea

naturaflpflatfformfforthfis,andtherehavebeen,fintheflastfiveyears,manyreaflfizatfions

offtopoflogficaflbandstructures(seetherevfiewbyCooper,Daflfibard,andSpfieflman

[2018]).Letusremarkthat,atthesfingflepartficfleflevefl,thepartficflestatfistficsfis

firreflevant,suchthatbosonsorffermfionshavebeenfindfifferentflyusedfinexperfiments

wfithatomficsystems.Inaddfitfion,fitmeansthattopoflogficaflsystemscanaflsobereaflfized

wfithcflassficaflobjects,suchascoupfledmechanficafloscfiflflators[S̈usstrunkandHuber,

2015;Nashetafl.,2015;Chaunsaflfietafl.,2017]orradfio-ffrequencycfircufits[Nfingyuan

etafl.,2015].Topoflogficaflpropertfiesaflsofindappflficatfionsfinthemanfipuflatfionoff

flfight,fleadfingtothefiefldofftopoflogficaflphotonfics(revfiewedbyOzawaetafl.[2018]),

whfichcoufldnotabflyfleadtothedeveflopmentoffflasersharnessfingtherobustnessoff

edge-modes[St-Jeanetafl.,2017;Bandresetafl.,2018].

Bosonficphases Theabovedfiscussfionstartedffromthedescrfiptfionofftopoflogficafl

phasesffornon-finteractfingffermfions.Inturn,fforbosonswehavetoconsfiderstrong

finteractfionsbetweenthepartficfles,astheyotherwfiseaccumuflatefintheflowestsfingfle-

partficfleefigenstatetofformaBose-Efinstefincondensate.Spfinmodeflsarethusagood

pflacetoflookat,sfinceaspfinexcfitatfioncanbeseenasahard-coreboson,anda

prfimaryexampfleoffabosonficSPTphasefisthegroundstateofftheantfi-fferromagnetfic

spfin-1chafinstudfiedbyHafldane[1983a].SfignaturesofftheHafldanephasehaveflater

beenobservedexperfimentaflflyfinreafl-worfldmaterfiafls[Hagfiwaraetafl.,1990;Gflarum

etafl.,1991;Avenefletafl.,1992].However,therehasbeennoexperfimentaflreaflfizatfion

offabosonfictopoflogficaflphasefinartfificfiaflquantummatteryet.

Forthecflassfificatfionofffinteractfingtopoflogficaflphases,theten-ffofldwaydoes

notappflyasthepropertfiesoffthemany-bodygroundstatecannotbederfived

ffromthesfingfle-partficfleHamfifltonfian.However,fforone-dfimensfionaflsystems,affuflfl

cflassfificatfionoffbosonficSPTphaseshasbeenachfievedandexpressedfintermsoff

groupcohomoflogy[Chenetafl.,2012,2013].

TheSu-Schrfieffer-Heeger modefl Inthfischapter,Ireportthereaflfizatfionoffa

symmetryprotectedtopoflogficaflphaseoffhard-corebosonsusfingourRydbergquantum

171



Chapter8:TheSu-Schrfieffer-Heegermodeflwfithhard-corebosons

J’J

C

C

C

H

H

C

C

H

H

C

C

H

H

C

C

H

H

C

C

H

H

CPofly-acetyflene

Tfight-bfindfing
SSH modefl

...
...

Ffigure8.1:TheSSHchafin.Toexpflafinsomepropertfiesoffpofly-acetyflene(top),Su,

Schrfieffer,andHeeger[1979]fintroducedamodeflHamfifltonfianwhereapartficflehopsffrom

sfitetosfiteoffastaggeredone-dfimensfionaflflattfice.Thehoppfingampflfitudeaflternates

betweentwovafluesJandJ′.

sfimuflator. Wefimpflementacoupflfingmatrfixbetweenspfin-1/2partficflethatreaflfizesa

modernversfionofftheSu-Schrfieffer-Heeger(SSH)modefl[Su,Schrfieffer,andHeeger,

1979,1980](seeaflsotherevfiewbyHeegeretafl.[1988]orhfis2000Nobeflflecture).

Themodeflwasfinfitfiaflflyproposedtoexpflafinthepropertfiesoff(trans-)poflyacetyflene

(CH)x,aconjugatedpoflymer,andnotabflyfitshfighconductfivfitywhendoped.The

mostfimportantaspectoffthfismacromoflecuflefisthatfittakesadfimerfizedstructure

wfithanaflternatfionoffsfingfleanddoubflechemficaflbondsbetweeneach(CH)group.Ina

tfight-bfindfingapproxfimatfion,theaddfitfionafleflectronbroughtbythedopantfishoppfing

ffromone(CH)grouptotheotherwfithahoppfingampflfitudeaflternatfingbetweena

strongJandweakJ′vaflue(seeFfig.8.1).Theone-dfimensfionaflSSHHamfifltonfianthus

reads:

HSSH=−J
∑

oddfi

[
b†fibfi+1+h.c.

]
−J′

∑

evenfi

[
b†fibfi+1+h.c.

]
(8.1)

whereb†fi(bfi)arethecreatfion(annfihfiflatfion)operatoroffapartficfleonsfitefiandffoflflows,

finthefinfitfiaflfformuflatfionofftheSSHmodefl,thecommutatfionruflesoffffermfionfic

operators.Inthefirorfigfinaflpaper,Su,SchrfiefferandHeegerconsfideredthecasewhere

therefisachangeoffdfimerfizatfionatsomeposfitfionfinthechafin,caflfledatopoflogficafl

deffect,thattransflatesfinEq.8.1byfinterchangfingJandJ′fforsfitesfi>fid,and

reaflfizedthatfitgfivesrfisetoazero-energymodeflocaflfizedattheposfitfionoffthedeffect.

Sfimfiflarfly,afinfite-sfizesystemendfingwfithaweakflfinkJ′<Jaflsogfivesrfisetoa

topoflogficafldeffectatthefinterffacebetweenthechafinandthevacuum,andthusto

flocaflfizededge-states.Themodeflhasthenbeenrecognfizedasreaflfizfingatopoflogficafl

phaseffornon-finteractfingffermfionsprotectedbythechfiraflsymmetry(seedetafifls
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flater),whfichmotfivatedfitsexperfimentaflreaflfizatfionfinartfificfiaflsystemstoobserve

sfingfle-partficflepropertfies[Ataflaetafl.,2013;Mefier,An,andGadway,2016;St-Jean

etafl.,2017;Chaunsaflfietafl.,2017].Aunfiqueassetoffourpflatfformfisthatwecan

popuflatethesystemwfithhard-corebosonsandstudyhowthesestrongfinteractfion

affectsthepropertfiesoffthemany-bodyphase.

Outflfine Thfischapterfisorganfizedasffoflflows.Ifirstfintroduce,finSectfion8.2,the

definfingsub-flattfice(chfirafl)symmetryofftheSSHHamfifltonfiananddescrfibehowto

fimpflementfitexperfimentaflflyusfingtheanguflardependenceofftheresonantdfipoflar

finteractfionbetweenRydbergatoms.InSectfion8.3,Ipresentourexperfimentaflstudfiesoff

theSSHmodeflatthesfingfle-partficfleflevefldemonstratfingthatwecorrectflyfimpflemented

themodefl.InSectfion8.4,wepreparethemany-bodygroundstateoffthebosonfic

SSHchafinathaflff-fiflflfingusfingamficrowaveadfiabatficsweep. Wethencharacterfizefit

experfimentaflflytodemonstratethatfitfisaSPTphase,andfinaflflyobservearobustness

toaperturbatfionthatbreaksthechfiraflsymmetryprotectfingtheffermfionficphase,

findficatfingthepresenceoffadfifferentsymmetryfforthebosonficphase.Thfisworkwas

perfformedfincoflflaboratfionwfithatheoretficaflteamcomposedoffSebastfian Weber,

NficoflafiLangandProff.Hans-PeterB̈uchfler,ffromtheUnfiversfityoffStuttgart.The

resufltspresentedherearefintheprocessoffbefingpubflfished[deĹeśefleucetafl.,2018b].

8.2ImpflementfingtheSSHmodeflandfitschfiraflsymmetry

Here,IexamfinethepropertfiesoffEq.(8.1)fforasfingflepartficflefintheflattfice.Thfis

restrfictfionmakessenseasthenumberoffpartficflesfisconservedfinthemodefl.Inthfis

flfimfit,thestatfistficsoffapartficfle(bosonficorffermfionfic)fisfirreflevant,aswewfiflflnot

havetocommutetwooperatorsb†.TheHamfifltonfianefigenstatesandthefirenergfies

areobtafinedefitherbyusfingtheBflochtheoremfforanfinfinfite-sfizesystem,or,ffora

finfiteone,byexactdfiagonaflfizatfion.Beflow,Idescrfibehowweusethezero-energy

edge-modestodfistfingufishatopoflogficaflflytrfivfiaflffromanon-trfivfiaflconfiguratfion.

Then,Iexpflafintherequfirementsoffthechfiraflsymmetrythatprotectsthetopoflogficafl

edge-modes.Ffinaflfly,Ishowhowtofimpflementaflong-rangeversfionofftheSSHmodefl,

whfifleenfforcfingthechfiraflsymmetry,onourRydbergpflatfform.
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Ffigure8.2:Sfingflepartficflespectra.(a)ForJ′=0,theSSHchafinfisacoflflectfionoff

findependentdfimers.Apartficfleflowersfitsenergyto−Jwhenfitfissymmetrficaflflydeflocaflfized

onthetwoflattficesfites.(b)ForJ′̸=0,thepartficfledeflocaflfizesovertheflattfice,gfivfinga

bandstructureoffefigenstateswfithawfidth2J′.(c)Whenthechafinendswfithweakflfinks

J′,therearetwozero-energymodesflyfingfinthegap,correspondfingtoapartficfleflocaflfized

ontheflefftorrfightsfideoffthechafin.

8.2.1 Orfigfinoffthezero-energyflocaflfizededge-states

WeapproachtheSSHmodeflbyfirstconsfiderfingtheflfimfit J′=0,wheretheflattfice

becomesacoflflectfionofffindependentdfimers(twosfitesflfinkedbythehoppfingampflfitude

J).Oneachdfimer,apartficfledeflocaflfizesonthetwosfitestofformefitherasymmetrfic

efigenstate|+⟩,atenergy−J(becauseoffthemfinussfignfinEq.??),oranantfi-

symmetrficone,|−⟩,atanenergy+J[seeFfig.8.2(a)]. Wehaveaflreadyencountered

theseefigenstatesfintheprevfiouschapter,whenconsfiderfingtwoRydbergatomsfin

resonantdfipofle-dfipoflefinteractfion.Restorfingthefinter-dfimerhoppfingJ′aflflowsthe

partficfletodeflocaflfizeovertheentfireflattfice,whfichfleadstoanhybrfidfizatfionoffthe

degeneratesymmetrficandantfi-symmetrficorbfitaflsoffeachdfimer,andtothefformatfion

offtwobandsoffefigenstatescenteredat±Jwfithawfidth2J′,asshownfinFfig.8.2(b).

Therefisafinfitegap2(J−J′)betweenthetwobandsasflongasJ′≠J.
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Wenowconsfideredgeeffectsonafinfite-sfizeflattficewfithaneven1numberoffsfites.Iff

thechafinendswfithaweakcoupflfingconstantJ′,asshownfinFfig.8.2(c),wereadfifly

seethatfitgfives,fintheflfimfitJ′=0,azero-energymodeflocaflfizedontheedgesfite

thatfisdfisconnectedffromtherestoffthechafin.Thefinterestfingffactfisthatthfismode

remafinsatzero-energyevenwhenrestorfingafinfiteJ′,andthenreads:

|L⟩≃|A1⟩−

(
J′

J

)

|A3⟩+

(
J′

J

)2
|A5⟩... (8.2)

where|Afi⟩findficatesthatthepartficflefisonsfitefi.Incontrast,therefisnosuchmode

whenthechafinendswfithastrongcoupflfingconstantJ.Fromtheexfistenceoffedge

modes,wecanthusfidentfiffytwodfifferentflattficeconfiguratfions(endfingefitherwfith

J′orJ),whficharesafidtotopoflogficaflflydfistfinct.ThechafinshownfinFfig.8.2(b)fis

thetrfivfiafl(ortopoflogficaflflytrfivfiafl)configuratfion,whfifletheonefinFfig.8.2(c)fisthe

topoflogficafl(ortopoflogficaflflynon-trfivfiafl)configuratfionthatgfivesrfisetozero-energy

modes.

Infinfite-sfizesystem:wfindfingnumber Ibrfieflydescrfibehowtheprobflemfistreated

fforanfinfinfite-sfizesystem,whfichfisnotthesfituatfionthatwewfiflflreaflfizeexperfimentaflfly,

butfisacommonapproachtotheSSHprobflem.Inthfisflfimfit,thetwobandsoffefigenstates

wfithenergfies±|J+J′efiqa|fidentfifiedfinFfig.8.2becomecontfinuousandweusethe

Bflochtheoremtoflabefleachstatewfithaquasfi-momentumq∈[−π/a,π/a],wfithathe

flattficespacfing.Therearetwoefigenstatesfforeachmomentumq,becausewehaveto

chooseaunfitceflflcomposedofftwoflattficesfites(adfimer)torestorethetransflatfionafl

finvarfiancebrokenbythestaggeredhoppfing.Thetopoflogyoffeachbandfisnotreveafled

fintheenergyflevefls,butfintheevoflutfionoffthewaveffunctfionwhengofingaroundthe

Brfiflfloufinzone,characterfizedbyatopoflogficaflfinvarfiant,—thewfindfingnumberor

thereflatedZakphase —,andIrefferthereadertothetutorfiafloffAsb́oth,Oroszflany,

andṔaflyfi[2016]ortherevfiewbyCooper,Daflfibard,andSpfieflman[2018],fforamore

detafifledfintroductfiontotheseconcepts.

8.2.2Thechfiraflsymmetry

Thezero-energyedgemodesofftheSSHmodeflaretopoflogficaflflyprotectedffrom

anyperturbatfionofftheflattfice,that(fi)doesnotcflosethegapor(fifi)breaksthe

1Thfiscondfitfionjustmakesthesfituatfionsfimpfler,asthetwoedgesthenhavethesamepropertfies.
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Ffigure8.3:Chfiraflsymmetry.WedefineamoregeneraflversfionofftheSSHmodeflwhere

thecoupflfingmatrfixJfijfisnotrestrfictedtonearestnefighbors.However,westfiflflneedto

enfforcethedefinfingchfirafl(orsub-flattfice)symmetryofftheHamfifltonfian.Thfisrequfires

thattherefisnohoppfingbetweentwosfitesoffthesamesub-flattfice.Expressedfinthebasfis

startfingwfithsfitesffromtheAsub-chafin,andthenaflfltheBsfites,thecoupflfingmatrfix

cannothavenon-vanfishfingeflementsonthetwodfiagonaflbflocks.

chfiraflsymmetry. Wehavejustseenabovewhycondfitfion(fi)fisnecessary,astheedge

statesdfisappearwhengofingffromonegappedspectrumJ′<JtoanotherJ′>J,

throughthegapflesssfituatfionatJ′=J.Condfitfion(fifi)expressestheffactthattheSSH

Hamfifltonfian(8.1)fisfinvarfiantunderachfiraflsymmetry2ŜF,orfinamathematficafl

flanguage:[̂H,̂SF]=0.Now,thfisstatementonthemany-bodyHamfifltonfiantransflates

toapropertyoffthesfingfle-partficfleHamfifltonfian,whfichfisthematrfixJfijcontafinfing

thehoppfingampflfitudesbetweenthedfifferentflattficesfites.Foflflowfingthederfivatfion

offChfiuetafl.[2016](finpartficuflarSectfionII.C),thechfiraflsymmetryrequfiresthat

therefisabasfisfinwhfichJfijfisbflock-off-dfiagonafl[seeFfig.8.3(a)].Thfisbasfisdefines

twosetsoffflattficesfites,AandB,andtherecanonflybehoppfingtermsbetween

sfitesfindfifferentsub-flattfices.Forthfisreason,thechfiraflsymmetryfisofftencaflfledthe

sub-flattficesymmetry.

Now,wereadfiflyseewhytheSSHmodeflreaflfizesthechfiraflsymmetry,sfincewecan

fidentfiffytwosuchsub-flattfices,asshownfinFfig.8.3(b).Inaddfitfion,weunderstandthat

restrfictfingthehoppfingtermstonearestnefighborsonflyfisnotnecessary,andwenow

consfideranextendedSSHmodeflwhereflong-rangehoppfingsareaflflowed,asflongas

theycoupfletwosfitesoffthesamesub-chafin:

H=−
∑

fi∈A,j∈B

Jfij

[
b†fibj+b

†
jbfi

]
, (8.3)

Letusnowconsfiderhowtobreakthechfiraflsymmetry.Afirstpossfibfiflfityfistohave

non-zerodfiagonafltermsfinthecoupflfingmatrfix.Thesetermscorrespondtoon-sfite

2ThesubscrfiptfindficatesthatthesymmetryprotectstheffermfionficSPTphase.
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8.2ImpflementfingtheSSHmodeflandfitschfiraflsymmetry

potentfiaflenergfiesJfifithatdfiffer
3ffromsfitetosfite.Aweflfl-studfiedexampflefistotake

Jfifi=(−1)
fi∆,whfichreaflfizestheRficeandMefle[1982]modefl.Anotherwayfistobreak

thesymmetrywfithhoppfingtermsbetweentwosfitesoffthesamesub-chafin,suchasa

next-nearestnefighborhoppfingJfi,fi+2=J2. Wewfiflflcomebacktothfisfideaflaterfinthe

chapter.

8.2.3Experfimentaflfimpflementatfion

IfirstbrfieflyrevfiewfimpflementatfionsofftheSSHmodeflfinartfificfiaflsystems,andthen

descrfibehowwehavedonefitonourexperfimentaflpflatfform.

Prevfiousfimpflementatfions Ataflaetafl.[2013]floadedaBose-Efinstefincondensate

finanoptficaflsuper-flattfice,fformedbyoverflappfingtwoflaserswfithwaflevengthλand

2λ,fleadfingtostaggeredtunneflfingampflfitudes.Thenon-finteractfingpartficflesare

finfitfiaflflyfinaweflfl-definedquasfi-momentum|q=0⟩andarethenmadetoperfformBfloch

oscfiflflatfionstomeasurethegeometrficaflZakphaseacqufiredwhenmovfingadfiabatficaflfly

aroundtheBrfiflfloufinzone.Mefier,An,andGadway[2016]aflsousedaBEC,butfloaded

finafinfite-sfizemomentum-spaceflattficewfithstaggeredcoupflfingsengfineeredwfith

tfime-dependent(reafl-space)flattfices;theynotabflyreportedtheadfiabatficpreparatfion

offtheatomficcfloudfinaflocaflfizededge-statefinmomentumspace.Usfinganarrayoff

poflarfitonmficropfiflflars,St-Jeanetafl.[2017]demonstratedflasfingffromtheedge-mode

thatshoufldthusberobusttodefformatfionsofftheflattficestructure.Ffinaflfly,Chaunsaflfi

etafl.[2017]usedmechanficaflgranuflarchafinsandobservedavfibratfionaflmodeflocaflfized

atthefinterffacebetweentwochafinswfithdfifferentdfimerfizatfions.Theseexperfiments

probedthesfingflepartficflepropertfiesofftheSSHmodefl,thatderfiveffromthechfirafl

symmetryoffthecoupflfingmatrfixJfijandarefindependentoffthepartficflestatfistfics.

OurfimpflementatfionwfithRydbergatoms Inourcase,wefimpflementtheSSH

modeflonaneffectfiveXYmagnet(seeprevfiouschapter)wherethespfinexcfitatfionsare

seenashard-corebosons. WeengfineertheadequatecoupflfingmatrfixJfijusfingthe

anguflardependenceofftheresonantdfipoflarfinteractfionbetweenRydbergatoms.

OurreaflfizatfionofftheSSHchafinfisperfformedonanartfificfiaflstructureoff14Rydberg

atoms,assembfledatom-by-atomandfinfitfiaflfizedwfithourSTIRAPprocedurefinthe

Rydbergstate|↓⟩=|60S1/2,mJ=1/2⟩wfithaneficfiencyoff95%(therefisthusa5%

probabfiflfitythataRydbergatomfismfissfing).Fromthere,theatomcanbecoherentfly

3IffaflflJfifi=J0,wecanjustredefinetheorfigfinofftheenergyaxfistoremovethfisconstantoffset.
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Ffigure8.4:TheSSHchafinwfithRydbergatomsAsfingfle-shotfluorescencefimageoff

theatomassembfledfintheartfificfiaflstructurefforthetrfivfiafl(flefft)andthetopoflogficafl

configuratfion(rfight).Thechafinfistfifltedbytheangfleθm tocanceflcoupflfingsbetween

sfitesfinthesamesub-flattfice.ThemeasuredcoupflfingsareJ/h=2.42(2)MHz,J′/h=

−0.91(2)MHz,|J2|/h<0.07MHz,J3/h=0.21(1)MHzandJ
′
3/h=−0.14(1)MHz.

transfferredtotheRydbergflevefl|↑⟩=|60P1/2,mJ=−1/2⟩usfingmficrowaveradfiatfions

at∼16.7GHz.Thedetunfingffromthetransfitfionfis∆µw,andtheRabfiffrequency

Ωµw/(2π)canrangeffrom0.1to20MHz. WedenotethestatewfithaflflRydbergatoms

fin|↓⟩asthe‘vacuum’|0⟩offthemany-bodysystem,whfifleaspfin-excfitatfion|↑⟩fiat

sfitefifisdescrfibedasabosonficpartficfleb†fi|0⟩.Thecreatfionandannfihfiflatfionoperators

satfisffybosonficcommutatfionreflatfionsondfifferentsfitesfi=j,andobeythehard-core

constrafint(b†fi)
2=0,astwopartficflescannotoccupythesamesfitefi.

Then,theresonantdfipoflarfinteractfionoccurrfingbetweentwoRydbergatomsat

sfitefiandjgfivesrfisetohoppfingoffthehard-corebosons,whfichweusetoengfineer

thehoppfingmatrfixJfij.Notabfly,weneedtofimposethechfiraflsymmetryrequfirfing

thattherefisnocoupflfingbetweenatomsfinthesamesub-flattfice.Usfingtheanguflar

dependenceJfij∝1−3cos
2θfijoffthedfipoflarcoupflfing,wechoosethegeometryshown

finFfig.8.4,wherethetwosub-chafinsAandBfformanangfleθm ≃54.7
◦wfiththe

quantfizatfionaxfis.Thevanfishfingcoupflfingaflongthfis‘magfic’angfleenfforcestherequfired

sub-flattficesymmetryofftheSSHmodefl.Theexperfimentfisperfformedffortwodfifferent

configuratfions:atopoflogficaflsetupwfithaweakhoppfingJ′attheboundary,anda

trfivfiaflsetupwfithastronghoppfingJattheboundary.

Hoppfingampflfitudes Thecoupflfingsuptothethfirdnefighborshavebeenmeasured

experfimentaflfly.Ffirst,weobtafinedJ/h=2.42(2)MHzandJ′/h=−0.92(2)MHz

wfithanfinhomogenefityoverthechafinsmaflflerthan3%.Forthenext-nearestnefighbor

hoppfingJ2,fforbfiddenbythechfiraflsymmetry,weestfimateahfigherboundonthe
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8.3Sfingfle-partficfleregfime

coupflfingstrength|J2|/h<0.07MHzbyobservfingthetransfferoffaspfin-excfitatfion

betweentwoatomsatthemagficangfle.Eventhoughthetransfferfisfinprfincfipfle

suppressed,weobserveasflowfincoherenttransffer,ffromwhfichweextractthebound,due

totheshot-to-shotfluctuatfionofftheatomsposfitfioncausedbythefirfinfitetemperature

(seeSectfion2.1.3),resufltfingfinangfleθfi,fi+2fluctuatfingaroundθm by±0.5
◦.Ffinaflfly,

thehoppfingtermstothfirdnefighborsaremeasuredtobeJ3/h=0.21(1)MHzand

J′3/h=−0.14(1)MHz.Coupflfingsbetweenffurtheratomsarenotreflevantonour

experfimentafltfimescafles.Thedfifferentsfigns4offJandJ′donotmodfiffythephysficsoff

theSSHmodefl,butsfimpflychangetheenergyorderfingoffthesfingfle-partficfleefigenstates

comparedtothe‘usuafl’sfituatfionofffidentficaflsfigns.

8.3 Sfingfle-partficfleregfime

Inthfissectfion,Ipresentffourexperfimentaflresufltsfiflflustratfingthesfingfle-partficfle

propertfiesofftheSSHmodefl:(fi)thepresenceoffzero-energymodeswhentheSSH

chafincontafinstopoflogficafldeffects,(fifi)theexponentfiaflflocaflfizatfionoffsuchmodes,

(fififi)thedfifferentdynamficsoffapartficflefinatrfivfiaflortopoflogficaflchafin,and(fiv)the

coherenttransfferoffapartficflebetweentwoflocaflfizedmodesduetothefirhybrfidfizatfion.

8.3.1 Mficrowavespectroscopyoffthesfingfle-partficfleefigenstates

Startfingwfiththechafinfinthevacuumstate|0⟩,weshfineaweakmficrowaveprobe

andobservethecoherentcreatfionoffapartficflefifftheefigenstateenergyfismatchedby

themficrowavedetunfing∆µw.ThecoupflfingstrengthΩµw/(2π)=0.2MHzandthe

excfitatfiontfimet=0.75µsarechosensmaflflenoughtoflfimfitthecreatfionoffmufltfipfle

partficfles.Ffigure8.5showsthesfite-resoflvedprobabfiflfitytoobserveapartficfleonagfiven

sfiteffordfifferentSSHchafins:thetrfivfiafl(a)andtopoflogficafl(b)configuratfions,butaflso

twochafinswfithatopoflogficafldeffectfinthebuflk(c,d).Ifirstdfiscussthepropertfiesoff

thedeflocaflfizedmodesthataremostflyfindependentonthespecfificgeometryandthen

thezero-energyonesflocaflfizedattheposfitfionoffthedeffects.

Deflocaflfized modes Foraflflconfiguratfions,weobserveacflearsfignaflffor∆µw <

|J′|−|J|ffromtheflowerbandmodesdeflocaflfizedaflongthechafin,whfifletherefisno

4Agflobaflchangeoffsfignoffaflflcoupflfingconstantsfisequfivaflenttochangfingthesfignoffthemficrowave
detunfing(whfichwedofinthfischapterascomparedtotheprevfiousone).
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Ffigure8.5: Mficrowavespectroscopy.Ffirstrow:flattficegeometry.Secondrow:ex-

perfimentaflspectrashowfingthesfite-resoflvedprobabfiflfitytofindapartficfle.Thfirdrow:

caflcuflatedspectraandmficrowavecoupflfings|
∑
fiα
k
fi|(orangebars).Fourthrow:seflectfion

offefigenstates.(a)Trfivfiaflconfiguratfion.Thewhfitedashedflfinesfindficatestheflfimfitoffthe

spectraflgap±(|J|−|J′|).(b)Topoflogficaflconfiguratfion.(c)Topoflogficafldeffectoff‘type-1’

(twoconsecutfiveweakflfinks).(d)Topoflogficafldeffectoff‘type-2’(twoconsecutfivestrong

flfinks).
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8.3Sfingfle-partficfleregfime

sfignaflffromstatesfinthehfigherband.Toexpflafinthfis,fletusconsfiderthemficrowave

transfitfionstrengthffromthevacuumstate|0⟩totheefigenstate
⏐
⏐ek
⟩
=
∑
fiα
k
fib
†
fi|0⟩:

Ωµw
2

⟨
ek
⏐
⏐
∑

fi

[
b†fi+bfi

]
|0⟩=

Ωµw
2
×
∑

fi

αkfi. (8.4)

Ishowthesecoupflfingsontherfightoffthecaflcuflatedspectrafforeachchafinconfiguratfion,

togetherwfithaseflectfionoffwaveffunctfions{αkfi}.Foraflflchafins,aspecfificdeflocaflfized

mode(fi,vfifi,fix)hasadomfinantcontrfibutfiontothesfignafl:thfisfisthemodewhere

aflmostaflflcoeficfientsαfihavethesamesfignandgfivesacoflflectfiveflyenhancedcoupflfing

tothemficrowaveprobe.Incontrast,coupflfingstoothermodesareefitherweak(fifi)or

compfleteflyfinhfibfited(fififi).Thecoupflfingtoonflyaffewefigenstatesfisflfinkedtotheuseoff

acoherentprobe:fforexampfle,St-Jeanetafl.[2017]coufldobserveaflflthedeflocaflfized

modesbyreflyfingonthefincoherentcreatfionoffthepartficfles.

Foranfinfinfitechafin(N→∞),themode(fi)woufldcorrespondtotheefigenstate

|q=0⟩wfithzeroquasfi-momentum;noothermode|q̸=0⟩canbecreatedbyabsorbfing

amficrowavephotonwhosemomentumfisnegflfigfibfle5.Onthehfigherband,themode

(fififi)aflsotransfformsfintoanefigenstatewfithzeroquasfi-momentumbutfitsBfloch

ffunctfionfisantfi-symmetrfic,preventfingthecoupflfingtothemficrowavefiefld.Ffinaflfly,the

mode(fi)woufldhavetheflowestenergyfforcoupflfingstrengthsJ,J′>0,fitfisnotthe

casehereasJ′<0.

Zero-energymodes Inowdescrfibethemodesthatappearfinthegapwhentopo-

flogficafldeffectsarepresentfinthechafin.Inthepanefl(a),thechafinfisfinthetrfivfiafl

configuratfionandtherefisnosuchmode.Inpanefl(b),thechafinendswfithtwo

weakflfinksthatgfiverfisetotheflefft|L⟩andrfight|R⟩edgemodes. Wecoupflefin

ffacttothesymmetrficsuperposfitfion|L⟩+|R⟩offthesetwomodes(fiv)andnotto

theantfi-symmetrficone|L⟩−|R⟩(v). Wewfiflflseeflaterthat(fiv)and(v)arenot

strfictflydegeneratefinfinfitechafinsduetothefirhybrfidfizatfion.Inpanefl(c),there

aretwoconsecutfiveweakflfinksthatfleadtotheflocaflfizedmode(vfi)centeredonthe

topoflogficafldeffect.Ffinaflfly,finpanefl(d),twoconsecutfivestrongflfinksgfiverfisetoan

antfi-symmetrficzero-energymode(vfififi)thatfisthusnotobservedexperfimentaflfly,but

aflsotoafinfite-energysymmetrficflocaflfizedmode(x)observedatthebottomoffthe

spectrum.Letusaflsonotethat,finpanefl(c)and(d),thechfiraflsymmetryfisnot

strfictflyenfforcedbetweenthetwopartoffthechafinsffromeachsfideoffthedeffect.The

wfidthoffthesfignaflcomesffromthemficrowaveprobeRabfiffrequency.

5Itswaveflengthexceedsbymorethan4ordersoffmagnfitudethespacfingbetweenflattficesfites.
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Ffigure8.6:Locaflfizatfionoffthezero-energymodes.Probabfiflfitytofindaspfin-excfitatfion

(=apartficfle)onagfivensfitewhenshfinfingthemficrowavefiefldat∆µw=0toprobethe

zero-energymodesonachafinwfith(a)topoflogficafldeffectsatbothendsor(b)wfitha

centrafldeffect.Themficrowaveprobecanaflsocreatestateswfithmorethan1partficfle.

Toremovethecontrfibutfionsffromthen>1manfiffofldsoffefigenstates,wepost-seflect

experfimentaflrunswhereonflyonepartficflewasobserved(rfightpanefls).Thedarkcrosses

findficatethetheoretficaflprobabfiflfitydfistrfibutfionofftheflocaflfizedmode,rescafledtothe

measuredvaflueatthedeffectsfitefi=fid.Weexpecttheprobabfiflfityfforthepartficfletobe

ffoundatsfitefid±2todecreasebyaffactor(J
′/J)2,whfichfisfindeedobserved.Forffurther

sfites,theexpectedprobabfiflfitytofindapartficflefisbeflow1%.

Edge-stateflocaflfizatfion RecaflflfingEq.(8.2),weexpectazero-energymodetobe

flocaflfizedattheposfitfionoffeachtopoflogficafldeffect,whfichfisseenfinthespectraoff

Ffig.8.5,butaflsothatthemodeextendsbeyondthedeffectsfite.Moreprecfisefly,havfing

createdapartficflefintheflocaflfizedmode,thereshoufldbearatfiooff≃(J′/J)2between

theprobabfiflfitytofindfitatthedeffectsfitefi=fidandatthenext-nearestnefighborsfite

fid±2.Toobservethfis,IpresentfinFfig.8.6(a,b)1d-cutsat∆µw=0offFfig.8.5(b,c),

gfivfingusthespatfiafldfistrfibutfionoffthezero-energyedgemodes(fiv)and(vfi)off,

respectfivefly,aSSHchafinwfithtwotopoflogficafldeffectsateachend,andanfisoflated

deffectfinthebuflkoffthechafin(theorfigfinaflsfituatfionenvfisfionedbySu,Schrfieffer,and
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Ffigure8.7:Dynamfics:trfivfiaflvstopoflogficaflchafin.Weobservethedynamficsoffa

sfingflepartficflepreparedontheflefftmostsfiteoffatrfivfiafl(top)andtopoflogficafl(bottom)

SSHchafin.Theflefftcurvesshowtheoccupancyprobabfiflfityoffthefirstffoursfites,whfiflethe

2d-mapontherfightshowsthedynamficsovertheentfireflattfice.Inthetrfivfiaflconfiguratfion,

thepartficfledeflocaflfizesonthebuflkfinacoherentmanner.Inthetopoflogficaflconfiguratfion,

thefinfitfiaflstatehasastrongoverflapwfiththeflefftedgemodesandonflyasmaflflffractfionoff

thepartficfledeflocaflfizes.

Heeger[1979]).Theflefftpaneflsshowtherawdata(asfinFfig.8.5)onaflogarfithmfic

scafle,whfiflefintherfightpaneflswepost-seflectfforexperfimentaflrunswhereatmosta

sfingflepartficflewasobserved.Thfisprocedureaflflowsustoremovethecontrfibutfionsffrom

deflocaflfizedefigenstateswfithn=2partficflesthatcanaflsobecreatedatzerodetunfing6.

Wethencflearflyobservetheexpectedspatfiafldependenceofftheflocaflfizedmode,that

comparesweflflwfiththeory(darkcrosses).TheeffectoffflongerrangecoupflfingsJ3and

J′3wasestfimatednumerficaflflytogfiveacorrectfionoffonfly10%totheratfio(J
′/J)2,

whfichcannotberesoflvedexperfimentaflflyhereduetothe∼2%backgroundsfignafl

causedbypreparatfionanddetectfionerrors.

8.3.2DynamficsoffasfingflepartficflefinaSSHchafin

Inthfissectfion,wenowfinfitfiaflfizeapartficflefintheflefftmostsfite|ψ0⟩=b
†
1|0⟩,usfingthe

technfiquedescrfibedfinSectfion7.2.3,andobservefitssubsequentevoflutfion.

6ThesestatescanbeseenonFfig.8.9(d).
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Ffigure8.8:Edge-modeshybrfidfizatfionOnfinfitechafins,thehybrfidfizatfionbetweenthe

flefftandrfightedgemodesaflflowsthecoherenttransfferoffpartficflesbetweenthetwoextreme

sfites.(a)ExperfimentaflobservatfionfforchafinsoffN=4,6,8and10sfites.(b)Occupancy

probabfiflfityofftherfightmostsfite(wfithanarbfitraryoffsetbetweenthedfifferentcurves).

Thesoflfidflfinesaresfinusofidaflfits,wfithbothampflfitudeandperfiodasffreeparameters,

ffromwhfichweextractthehybrfidfizatfionenergyEhybshownfin(c).Wecomparefitto

caflcuflatfionskeepfingonflynearest-nefighborhoppfings(dashedflfine)orfincfludfingcoupflfingsto

thethfirdnefighbors(soflfidflfine).Theerrorbarontheflastpofintfispartficuflarflyflargeaswe

canonflyrecordtheverybegfinnfingoffthetransffer.

Trfivfiaflvstopoflogficaflchafins Ffigure8.7showshowthedynamficsoffthepartficfle

dfiffersdependfingfiffthechafinfisfinatrfivfiafl(top)ortopoflogficafl(bottom)configuratfion.

Inthefformercase,thefinfitfiaflstate|ψ0⟩decomposesfintoasuperposfitfionoffdeflocaflfized

modesfleadfingtoapropagatfionandexpansfionoffthewavepacketfinthebuflkoffthe

chafin.Inthetopoflogficaflconfiguratfion,theprobabfiflfitytofindthepartficfleatfitsfinfitfiafl

flocatfionremafinshfighastherefisaflargeoverflap|⟨ψ0|L⟩|
2=1−(J′/J)2≃0.85offthe

finfitfiaflstateontheflefftedge-mode.Forthfisspecfificexperfiment,wechoseachafinwfith

anoddnumberoffsfitesandtherefisnoedge-modeontherfightsfide.
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8.4Enterfingthestrongflycorreflatedregfime:haflff-fiflflfingwfithhard-corebosons

Hybrfidfizatfionoffedgestates Wenowrepeatthesameexperfimentasabove,but

onatopoflogficaflchafinwfithtwoedgemodesseparatedbyLsfites.Therefisnowafinfite

coupflfingEhyb=⟨L|̂HSSH|R⟩betweentheflefftandrfightedge-modesthatfleadstothefir

hybrfidfizatfionfintosymmetrficandantfi-symmetrficstatesatenergy±Ehyb.Sfimfiflarfly

tothespfin-exchangeoscfiflflatfionobservedfintheprevfiouschapter,wenowobserve

thecoherenttransfferoffaspfin-excfitatfionffromtheflefftmostsfitetotherfightmostsfite.

Ffigure8.8showsthfiseffectonchafinsoffflengthL=4,6,8and10sfites. Weextractthe

hybrfidfizatfionenergyffromthetransfferffrequencybetweenthetwoextremesfitesand

comparefit,finFfig.8.8(c),tocaflcuflatfionsusfingonflynearestnefighborcoupflfings(dashed

flfine)orfincfludfingJ3andJ
′
3(soflfidflfine).Theflattergfivesamuchbetteragreement

wfithourexperfimentafldata,andthusdemonstratesthefinfluenceofftheflong-range

coupflfingsfinourversfionofftheSSHmodefl.Ffinaflfly,fletusremarkthatfforachafinoff14

sfites,Ehyb/h=0.01MHzfisnegflfigfibflecomparedtoourexperfimentaflenergyscafle.In

theffoflflowfing,wewfiflflthusnegflectthehybrfidfizatfionbetweenthetwoedgemodesand

consfiderthemasdegenerateefigenstates.

8.4 Enterfingthestrongflycorreflatedregfime:haflff-fiflflfingwfithhard-core

bosons

HavfingstudfiedtheSSHmodeflatthesfingfle-partficfleflevefl,wenowturntothepropertfies

offfitsquantummany-bodyground-state.Theflatterdependsonthetypeoffpartficfles

thatarefloadedonthechafin, —ffermfionsorbosons,finteractfingornot —,andIfirst

revfiewthedfifferentcasesfinSectfion8.4.1.Wfithourexperfimentaflpflatfform,wenaturaflfly

obtafinhard-corebosonsthatcanbecoherentflycreatedorannfihfiflatedwfithamficrowave

fiefld. WeusethfispropertyfinSectfion8.4.2topreparethemany-bodyground-state

offhard-corebosonswfithamficrowaveadfiabatficsweep.Ffinaflfly,finSectfion8.4.3,I

demonstratethatthfisground-statefisffour-ffoflddegenerate,duetothetwozero-energy

edge-modes,andthatthfisdegeneracyremafinsevenwhenaddfingaperturbatfiontothe

SSHchafinthatbreaksthechfiraflsymmetryoffthehoppfingmatrfixJfij.Theflatterffact

fisexpflafinedbytheexfistenceoffadfifferentsymmetryfforthebosonficphase,wfithno

equfivaflentatthesfingfle-partficfleflevefl.
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8.4.1 Many-bodyphasesofftheSSHmodefl

Idescrfibeherethemany-bodyground-stateofftheSSHchafinwhenusfingdfifferenttypes

offpartficfles:(fi)non-finteractfingbosons,(fifi)non-finteractfingffermfions,(fififi)hard-core

bosons,and(fiv)bosonswfithafinfitefinteractfionenergy.TheSSHmodeflwasorfigfinaflfly

fformuflatedffornon-finteractfingffermfions,whfiflefinourexperfimentaflpflatfformthe

partficflesarehard-corebosons.

Non-finteractfingbosons Themany-bodyground-state|ψB⟩fisaBose-Efinstefincon-

densatfionoffaflflbosonsfintheflowestsfingfle-partficfleefigenstate,asshownfinFfig.8.9(a).

Non-finteractfingffermfions Incontrasttobosons,thePauflfiprfincfipflefforbfidstohave

twoffermfions(consfiderfingherespfinflessorspfin-poflarfizedffermfions)finthesamestate.

Theground-state|ψF⟩fisthenobtafinedusfingtheFermfiseapficturestatfingthat

eachsfingfle-partficfleefigenstatefisoccupfiedbyaffermfionficpartficfleuptothechemficafl

potentfiaflµ.InEq.(8.3),wehavefimpflficfitflychosenµ=0:thechemficaflpotentfiaflflfies

wfithfinthespectraflgapandonflystatesfintheflowerbandarepopuflated,asshownfin

Ffig.8.9(b).Forachafinfinthetrfivfiaflconfiguratfion,oneobtafinsasfingflefinsuflatfing

groundstate,whfiflefforthetopoflogficaflcaseaffour-ffoflddegenerategroundstateappears

duetothetwoedgemodes|L⟩and|R⟩atzeroenergy:eachoffthemcanbepopuflated

ornotwfithoutchangfingtheenergyoffthesystem.

Hard-corebosons(orspfins) Wenowconsfiderhard-corebosonsthatobeybosonfic

commutatfionruflesondfifferentflattficesfites,andtheconstrafint(bfi)
2=0findficatfing

thattherecanbeatmostonepartficflepersfite.Adfirectconsequencefisthatthe

dfimensfionofftheHfiflbertspacefisrestrfictedto2N,asfinthecaseoffspfin-poflarfized

non-finteractfingffermfions(duetothePauflfiprfincfipfle).Foraone-dfimensfionaflchafin

wfithonflynearest-nefighborhoppfing,therefisfinffactadfirectmappfingbetweenthe

twoHfiflbertspaces,theJordan-Wfignertransfformatfion,thatwecanusetoderfivethe

many-bodygroundstate|ψHB⟩ffromtheffermfionficone|ψF⟩.Thebosonficphasethus

finherfitsthepropertfiesoffabuflkexcfitatfiongapandaffour-ffofldgroundstatedegeneracy

fforthetopoflogficaflconfiguratfion.IffwewoufldrestrfictthecoupflfingmatrfixJfijtoonfly

nearestnefighbor,therewoufldbenodfifferencebetweentheffermfionficground-stateand

ourphaseoffhard-corebosons.

However,finourexperfiment,theflong-rangedfipoflarfinteractfiongfivesrfisetohoppfing

offpartficflesbeyondnearestnefighborsfites,suchthatappflyfingtheJordan-Wfigner
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Ffigure8.9:Many-bodyground-statesofftheSSHmodefl.Weconsfiderdfifferenttypes

offpartficflesfloadedfintheSSHchafin:(a)non-finteractfingbosonsfformfingaBose-Efinstefin

condensatefintheflowestenergysfingfle-partficfleefigenstate,(b)non-finteractfingffermfions

fformfingaFermfiseawfithonepartficfleperefigenstateuptothechemficaflpotentfiafl(here

µ=0),(c)and(d)hard-corebosons(orspfins)fforwhfichwerepresenttheffuflflDficke

fladderoff2N efigenstatesarrangedbynumberoffpartficfles(=spfin-excfitatfions).Thespectra

arecaflcuflatedfforthecoupflfingsJandJ′reaflfizedfinourexperfiments.sForthetrfivfiaflSSH

chafin,therefisasfingflemany-bodyground-statewfithN/2partficfles,whfiflethereareffour

degeneratestatesfforthetopoflogficaflchafin.(e)Pfictorfiaflrepresentatfionofftheground-state

wfithN/2−1partficfles.IntheflfimfitJ′=0,theedgesfitesareemptywhfiflethebuflkoffthe

chafinfishaflff-fiflfledwfithpartficfles,eachsymmetrficaflflydeflocaflfizedonthetwosfitesfformfinga

dfimer(equfivaflentflyeachdfimerfisfinaBeflflstate).ForfinfiteJ′,correflatfionsaflsoappear

betweendfimers.
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transfformatfionmapsasystemoffhard-corebosonsfintofinteractfingffermfions.Conse-

quentfly,|ψF⟩(fforffreeffermfions)and|ψHB⟩nowhavedfifferentpropertfies.Themost

strfikfingdfifferencewfiflflbeobservedupondefformfingtheSSHchafintoaflflowhoppfings

betweennext-nearestnefighborsfitesthatbreakstheffour-ffoflddegeneracyoff|ψF⟩,

butnotoff|ψHB⟩.Theflatterthusneedsfitsownrepresentatfionthatdoesnotrefly

onaFermfiseapficture.Sfincethereare‘onfly’2N efigenstatesofftheHamfifltonfian,we

candfirectflycaflcuflatefitsspectrumwhfichtakesthefformoffaDfickefladder,shownfin

Ffig.8.9(c,d)fforN=10sfites(tokeepthenumberoffstatesfinthefigurereasonabfle).

Thestatesareorganfizedbyfincreasfingnumberoffpartficflesn=0,1...,N.Apartficfle-

hofletransfformatfionaflflowstogoffromthen=ktothen=N−kmanfiffofld,whfich

havethusfidentficaflpropertfies.Forn=1,werecognfizethesfingfle-partficfleefigenstates

studfiedfintheprevfioussectfion.Forthetopoflogficaflchafin,themany-bodyground-state

|ψHB⟩fisgfivenbyffourdegeneratestateswfithN/2−1(fi),N/2(fifi,fififi)andN/2+1(fiv)

partficfles,cflearflyseparatedffromthefirstexcfitedstatesbyaspectraflgapcaflcuflatedto

be∆g/(2π)≃1.83MHz.Ifftherewereonflynearestnefighborhoppfings,thfisgapwoufld

befidentficafltothesfingfle-partficfleone ∆g=|J|−|J
′|.

Intheflfimfitoffvanfishfingfinter-dfimercoupflfingJ′=0,anexactfformuflatfionoffthe

many-bodygroundstatesfisreadfiflyffound.Theycorrespondtoexactflyonepartficfle

perdfimer,symmetrficaflflydeflocaflfizedbetweenthetwosfites,whfifletheedgesfitesoffthe

topoflogficaflchafincanbeefitheremptyoroccupfied.Inanycase,thebuflkoffthechafin

fisaproductoffentangfledBeflflstates:

⏐
⏐ψbuflkHB

⟩J′=0
=
∏

fi

b†2fi−b
†
2fi+1√
2

|0⟩ (8.5)

AfinfitecoupflfingJ′gfivesrfisetofluctuatfionoffthepartficflenumberfineachdfimer,

andtoaddfitfionaflcorreflatfionsbetweennefighborfingdfimers,pfictorfiaflflyrepresentedfin

Ffig.8.9(e). Wewfiflflobservesucheffectsfintheffoflflowfingsectfion.

Super-flattficeBose-HubbardHamfifltonfian Forcompfleteness,Iaflsopresentthe

casewherebosonsarefinteractfingwfithanon-sfitefinteractfionenergyU.Hard-core

bosonsareobtafinedbytakfingtheflfimfitU→∞.Forfinfitefinteractfionenergfies,the

probflemfismorecompflficatedthanfforhard-corebosonsastherecanbemorethanone

partficflepersfite,andtheHfiflbertspacefisnotrestrfictedanymoreto2N efigenstates.

TheHamfifltonfiannowreads:

Ĥ=−
∑

fi∈A,j∈B

Jfij

[
b†fibj+b

†
jbfi

]
+
U

2

∑

fi

nfi(nfi−1), (8.6)
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wherenfi=b
†
fibficountsthenumberoffpartficflesonsfitefi.ForunfifformcoupflfingsJfij=J,

weobtafintheBose-Hubbardmodefl(BHM),whosequantumphasetransfitfionsbetween

asuperflufidphasefforU≪JandMottfinsuflators(MI)fforU≫Jhavebeenfintensefly

studfiedfinoptficaflflattficeexperfiments(see,e.g.,Bakretafl.[2010]).Forfincreasfing

chemficaflpotentfiaflµ,therefisasuccessfionofffincompressfibfleMIphaseswfithfixed

numberoffpartficflespersfiten/N=1,2,3,....Byoverflappfingoptficaflflattficeswfith

dfifferentperfiodficfity,weobtafinthesuper-flattficeBose-Hubbardmodefl(SL-BHM),

wfithaunfitceflflcontafinfingflflattficesfitesandMIphaseswfithaffractfionaflnumberoff

partficflespersfite[BuonsanteandVezzanfi,2004;Grusdt,Ḧonfing,andFflefischhauer,

2013].Thespecfificcasefl=2reaflfizesEq.8.6andgfivesrfisetoaMottfinsuflatfingphase

wfithn/N=1/2partficflespersfite.

Asafirststeptowardsstudyfingmany-bodyphasesofffinteractfingpartficflesfin

topoflogficaflmodefls,therehavebeenstudfiesoffsfimpflersystemswfithonflytwopartficfles.

InatheoretficaflanaflysfisoffEq.8.6,DfiLfibertoetafl.[2016]ffoundtheexfistence

offrepuflsfiveboundpafirs.Ontheexperfimentaflsfide,Tafietafl.[2017]reaflfizedthe

Harper-HoffstadterHamfifltonfian,anothertopoflogficaflmodefl,andobservedthefinfluence

offfinteractfiononthepropagatfionofftwopartficfles.However,nostudyfinthemany-body

regfimehavebeenreportedsoffar.

8.4.2Adfiabatficpreparatfionofftheground-state

Inowdemonstratetheadfiabatficpreparatfionoffthemany-bodyground-stateoffa

topoflogficaflSSHchafinoff14sfites.Ffigure8.10(a)showsourobjectfive:startfingwfith

thesystemfinfitfiaflflyfinthevacuumstate|0⟩,wewanttobrfingfitfinoneofftheffour

degenerategroundstatesathaflff-fiflflfing.Toachfievethfis,weuseanadfiabatficmficrowave

sweep.IremfindthereaderthatfforamficrowavedrfiveΩµw(t)wfithadetunfing∆µw(t),

theHamfifltonfianreads:

Ĥ=−
∑

fi∈A,j∈B

Jfij

[
b†fibj+b

†
jbfi

]
+
Ωµw
2

∑

fi

[
b†fi+bfi

]
+ ∆µw

∑

fi

b†fibfi. (8.7)

RecaflflfingthattheSSHpartcanbeseparatedfinmanfiffofldsofffixednumbernoff

partficfles,thedetunfingcreatesanenergyshfifftn∆µwdfifferentfforeachmanfiffofld,whfifle

thedrfivfingtermcoupflesamanfiffofldoffnpartficflestothen±1manfiffofldsthroughthe

coherentcreatfionandannfihfiflatfionoffpartficflesbythemficrowavefiefld.Ffigure.8.10(a)

showsthemficrowaveampflfitudeanddetunfingprofiflesthatweusetopreparethe

many-bodygroundstate.Startfingwfithaflargefinfitfiafldetunfing ∆µw≫|J|,|J
′|,the
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vacuumstate|0⟩becomesthemany-bodyground-state(finthespfinflanguage,thfis

fisourusuaflparamagnetfforaflargeflongfitudfinaflmagnetficfiefld). Wethenturnon

themficrowavedrfivetocoupflethedfifferentmanfiffofldstogether,andthenchfirpthe

mficrowaveffrequencyuntfiflwereachafinafldetunfing∆ff,andfinaflflyswfitchoffthe

coupflfingstrength.

Fromatheoretficaflanaflysfissfimuflatfingtheffuflfltfime-evoflutfion,dfiscussedjustaffter,

weexpectthatsucharampfingprocedurepreparestheground-statewfithhfighfideflfity.

Inthfissectfion,Idemonstratefitexperfimentaflflybyobservfing(fi)theflocafldensfityoff

partficflesasaffunctfionoffthefinafldetunfing∆ff,(fifi)thesqueezfingoffthenumberoff

partficflesdurfingthesweep,and(fififi)theapparfitfionoffstrongcorreflatfionsbetweensfites.

Dfiscussfionaboutadfiabatficfity Anaturaflquestfionfisfiffwecanreachadfiabatficaflfly

themany-bodygroundstateassumfingaffuflfly-coherent7evoflutfionoffthesystem.In

partficuflar,fifftherefisaquantumphasetransfitfionbetweenthefinfitfiaflvacuumstate(a

paramagnet)andthemany-bodygroundstate(anorderedstate)durfingthemficrowave

sweep,thentherewfiflflbeagapcflosfing(fforanfinfinfitesfizesystem)fleadfingtodeffect

andpreparatfionerrors.Inffact,fincontrastwfithourstudfiesoffIsfingantfifferromagnets

finChapter4,therefisnosuchQPTandfitfisthuspossfibfletoprepareaflmostperffectfly

themany-bodygroundstatefinafinfiteamountofftfime.

UsfingthesweepshownfinFfig.8.10(b)wfith∆ff/(2π)=−1MHzandnumerficaflfly

soflvfingatfime-dependentSchr̈odfingerequatfion(fforN=10sfites),wefindthatour

rampfingprocedurepreparesthegroundstatewfithN/2−1partficfles[markedbyan

orangestarfinpanefl(a)]wfithafideflfityoff96%.Theeficfiencycanbefincreasedto

99.7%byusfinganoptfimfizedsweep,proposedbySebastfian Weberandshownflaterfin

Ffig.8.13(b).Letusnotethatonflythehaflff-fiflfledgroundstates(andtheffuflflyfiflfled

one)canbeadfiabatficaflflypreparedfintheflfimfitN→∞,sfinceaflflotherstatesarenot

separatedbyagapffromthefirstexcfitedones(awayffromhaflff-fiflflfing,thesystemfisa

‘metafl’wfithoutanexcfitatfiongap).

Pflateausathaflff-fiflflfing Ifirstpresenthowtheflocafldensfityoffpartficflesdependson

thefinafldetunfing∆ffandtheconfiguratfionofftheSSHchafin.Theexperfimentaflfly

observedfiflflfingffractfionoffthebuflksfitesfi∈[2,13]andthetwoedgesfitesareshownfin

Ffig.8.10fforthetrfivfiafl(c)andtopoflogficaflSSHchafins(d). Wefindthatthebuflksfites

occupancy(bfluecurves)presentsacharacterfistficpflateauathaflff-fiflflfingwhenthefinafl

detunfingflfieswfithfinthegap∆g/(2π)=1.83MHz.

7WehavedemonstratedfinSectfion ??thatthemficrowavedrfivefisaperffectflycoherenttoofl.
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Ffigure8.10:Sweepstohaflff-fiflflfing.(a)Weafimatpreparfingoneofftheffourdegenerate

ground-stateoffthetopoflogficaflchafinwfithamficrowavesweep.(b)Tfime-dependent

mficrowavecoupflfingstrengthΩµw(t)anddetunfing∆µw(t)endfingat∆ff.(c,d)Wescan

thefinafldetunfing∆ffandmeasuretheexcfitatfionprobabfiflfityoffbuflksfites(bflue)andedge

sfites(greenandbrown)fforthetrfivfiafl(c)andtopoflogficafl(d)setup(rfight).Forasweep

endfingfinthegap(dashedflfine),thebuflkoffthechafinfishaflff-fiflfled.Bosonsarefloadedfin

theedgesfitesoffthetopoflogficaflsetupwhen∆ff>0.

Whfifletheflocaflbuflkpropertfiesarefindependentoffthetopoflogyoffthesetup,fit

fisdrastficaflflydfifferentffortheedgeoccupancfies:finthetrfivfiaflsetup,theedgesfites

behaveasthebuflksfites,whereasfforthetopoflogficaflsetup,theboundarfiesremafin

depfletedffor∆ff<0andexhfibfitsasharptransfitfiontoffuflflyoccupfiedffor∆ff>0.

ThfisfisconsfistentwfiththegroundstatedegeneracyrepresentedfinFfig.8.10(a)asffor

∆ff<0(>0),wecreatetheground-stateoffthen=N/2−1(n=N/2+1)manfiffofld

wherebothedgesfitesareunoccupfied(occupfied).Thesmaflfljumpoffthebuflkdensfity

around∆ff=0comesffrompreparatfionerrorsofftheRydbergarray:thfiscreateshofles

finthechafinandthustopoflogficafldeffectsaccompanfiedbyzero-energymodesthatare

fiflfledwfithapartficfleffor∆ff>0.
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Ffigure8.11:Partficflenumbersqueezfingdurfingthesweep.Measureddfistrfibutfions

offthenumberoffspfin-excfitatfionsfinthebuflkoffthechafin,atdfifferenttfimesaflongthe

mficrowavesweep.Bflackcurvesshowbfinomfiafldfistrfibutfions(uncorreflatedspfins)centeredat

themeanvaflueoffthemeasuredones.ReddashedcurvesaretheresufltsoffaMonte-Carflo

sfimuflatfiontakfingfintoaccountdetectfionerrors(ε,ε′)=(0.04,0.04)fforeachoffthe12buflk

sfites,assumfingastatewfithexactfly0(flefftmostpanefl)and6partficfles(rfightmostpanefl).

Squeezednumberoffpartficfles Intheprevfiousparagraph,wehaveseenthatan

adfiabatficsweependfingat∆ff=0fledtoabuflkhaflff-fiflfledwfith6partficflesonaverage.

Inowshowthatweareactuaflflyqufitecflosetopreparfingexactfly6partficflesfinthe

buflk.Here,Idonotconsfidertheedgesfitesastheygfiverfisetostrongfluctuatfionsoff

thepartficflenumberffor∆ff=0.Ffigure8.11showstheevoflutfiondurfingthesweepoff

thepartficflenumberdfistrfibutfion.Infitfiaflfly,thesystemfisfinthevacuumstate|0⟩and

theffewdetectedpartficflescomeffromdetectfionerrors. Wethenobserveanfincreaseoff

partficflenumberswfithadfistrfibutfionremafinfingbfinomfiafl(bflackdashedcurve).In

ourspfinflanguage,wearestfiflflfinaparamagnetficphasewfithuncorreflatedspfinsbut

wfithadecreasfingmagnetfizatfion.Attheendoffthesweep,wehavereachedhaflff-fiflflfing

(nonetmagnetfizatfion),thepartficflenumberdfistrfibutfionfismuchnarrowerthana

bfinomfiaflflaw(thespfinsarenowcorreflated,seenextparagraph)andweobtafina48%

probabfiflfitytohaveexactfly6partficflesfinthebuflk.Iaflsoshow,wfiththereddashed

curve,howanfideafldfistrfibutfionperffectflypeakedatn=6fisaffectedbydetectfion

errors(ε,ε′)=(0.04,0.04).Duetotheaccumuflatfionoffdetectfionerrorsoverthe12

buflksfites,theprobabfiflfitytoobserveexactfly6partficflesfisdecreasedto65%,cfloseto

ourmeasuredvaflue.Theremafinfingdfifferenceorfigfinatesffrompreparatfionerrors.
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Correflatfions Weexpectthemany-bodyground-stateoffahaflff-fiflfledchafin,prepared

byanadfiabatficsweependfingat∆ff=0,toshowstrongcorreflatfionsbetweenthe

partficfles.Especfiaflfly,ffromourdfiscussfionfinSectfion8.4.1,andfinpartficuflarEq.(8.5),

weexpectthebuflkoffthechafintobeapproxfimateflyaproductoffBeflflstatesoneach

dfimer.Afirstconsequencefisthatthereshoufldbecflosetoonflyonepartficfleperdfimer,

gfivfingstrongantfi-correflatfionsffortheexcfitatfionprobabfiflfityofftwospfinsfinthesame

dfimer.Ffigure.8.12(a)showsthecorreflatfionmap:

CZ(fi,j)=⟨σ
z
fiσ
z
j⟩−⟨σ

z
fi⟩⟨σ

z
j⟩, (8.8)

whfichtakesthemaxfimaflvaflueoff±1/4whentwoflattficesfitesfiandjareaflwaysffound

finthesame(opposfite)state.Asexpected,weobservestrong‘fintra-dfimer’correflatfions

4CZ(2fi,2fi+1)=−0.630(6)(averagfingoveraflfldfimersffor∼3000experfimentaflruns,

theerrorbarfisthestandarddevfiatfionobtafinedbythebootstrapmethod).The

‘finter-dfimer’correflatfionsbetweentwonearestnefighborsfitesfindfifferentdfimersare

muchweaker:4CZ(2fi−1,2fi)=−0.025(9).

Theabovecorreflatfionsteflflusthat,oneachdfimer,onflyoneoffthetwospfinsfis

observedfintheexcfitedstate,butwedonotknowfiffeachdfimerfisfinastatfistficafl

mfixtureoff|01⟩and|10⟩orfinacoherentstate.Todemonstratethecoherencebetween

thetwosfites,wehavetorotatethemeasurementbasfis(themethodfisdescrfibed

beflow)tomeasurethecorreflatfions:

CX(fi,j)=⟨σ
x
fiσ
x
j⟩−⟨σ

x
fi⟩⟨σ

x
j⟩. (8.9)

Ffigure8.12(b)showsstrongfintra-dfimercorreflatfions4CX(2fi,2fi+1)=+0.454(7)

demonstratfingthatapartficflefiscoherentflydeflocaflfizedbetweenthetwoflattficesfites

fformfingadfimer.Addfitfionaflfly,weobservefinter-dfimercorreflatfions4CX(2fi−1,2fi)=

−0.041(8)thatarestrongerthanwhenmeasurfingaflongthez-axfis.Theflatterffactfisa

generaflpropertyofftheground-stateoffXYmagnets:spatfiaflcorreflatfionsmeasured

aflongthez-axfisdecreaseffasterthanaflongthexy-pflane[Gfiamarchfi,2003].

Therotatfionoffthemeasurementbasfisfisbetterexpflafinedfinthespfinflanguage.

Ourread-outmethodaflwaysprojectsthestateoffeachspfinfinthestate|↓⟩or|↑⟩

aflongZ.However,wecanrotatethespfinsjustbefforethemeasurementbyappflyfinga

strongmficrowavepuflsewfithaRabfiffrequencyΩµw/(2π)≃14MHzdurfingatfimeτ.

Themficrowavedrfivefischosenstrongenough,suchthatfinteractfionsarenegflfigfibfle

durfingoneperfiod(recaflflFfig.7.8).InFfig.8.12(d),wevarythepuflseareaΩµwτto

measurethespfinsaflonganydfirectfionfintheXZpflane. Weobtafinanoscfiflflatfionoffthe
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Ffigure8.12:Correflatfionsathaflff-fiflflfing.(a)CorreflatfionmapCZ(fi,j)and(b)CX(fi,j)

showfingstrongfintra-dfimercorreflatfionsandweakerfinter-dfimerone.(c)Experfimentafl

sequence:affterthemficrowavesweep,andbefforeshfinfingtheread-outbeam,weappfly

astrongmficrowavepuflsetorotatethespfins.Wethenshowtheaveragedfintra-dfimer

correflatoraflongdfifferentaxesofftheXZpflane(d)andtheXYpflane(e).
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fintra-dfimercorreflator,aflfiketoparfityoscfiflflatfionsusedtodemonstrateentangflement

betweentwospfins(see,e.g.,Wfiflk etafl.[2010]).Ffinaflfly,finFfig.8.12(e),bychangfing

thephaseφoffthemficrowavefiefldbetweenthesweepandaπ/2-puflserotatfingthe

measurementbasfistotheequatorfiaflpflane,weprojectthespfinsaflonganydfirectfionsfin

theXYpflane.AsexpectedfforanHamfifltonfianwfithanXYsymmetry,thecorreflatfions

donotdependonthechosenaxfisfintheXYpflane.

8.4.3Ground-statedegeneracyandrobustnesstoaperturbatfionbreakfing

thechfiraflsymmetry

Inowturntotheexperfimentafldemonstratfionofftheffour-ffoflddegeneracyoffthe

many-bodyground-statefinatopoflogficaflSSHchafin.Ffigure8.13(a)showstheffour

ground-statesseparatedbyaspectraflgapffromthefirstexcfitedones.Toobservethe

degeneracyandthefinfitegap,weusetheexperfimentaflsequenceshownfinFfig.8.13(b):

wefirstfinfitfiaflfizethesystemfintheground-statewfithN/2−1partficfleswfithan

adfiabatficsweependfingat∆ff/(2π)=−1MHz,andthenappflyaweakmficrowave

probe(Ωµw/(2π)=0.3MHz,τ=2µs)atvarfiousdetunfings∆spectro.

Thefinaflflocafldensfityoffpartficflesfinthebuflkandfintheedgesfitesareshownfin

Ffig.8.13(c).Foradetunfing∆spectro/(2π)=±2.1MHz,weobserveachangefinthe

buflkdensfityresufltfingffromthetransfitfions(fi)and(fifi)ffromtheground-statewfith

N/2−1partficflestoexcfitedstateswfithN/2−2andN/2partficfles(themficrowave

fiefldcannotdrfiveatransfitfiontotheexcfitedstateswfiththesamenumberoffpartficfles).

Ffinaflfly,theffactthatthepeak(fififi)fintheexcfitatfionprobabfiflfityofftheedgesfitesfis

exactflyat∆spectro=0MHzdemonstratesthatthetwootherground-stateswfithN/2

partficflesaredegeneratewfiththeonepreparedwfiththeadfiabatficsweep.Fromthe

symmetryofftheHamfifltonfian,weobtafinthattheffourthground-statewfithN/2+1

partficflesfisaflsoatthesameenergyasthethreeothers.Aquantfitatfivesfimuflatfionoff

thfisspectrumfisaworkfinprogressatthetfimeoffwrfitfingthfisthesfis.

Breakfingthechfiraflsymmetry Wefinaflflyexpflorehowthepropertfiesoffthetopo-

flogficaflphasearemodfifieduponaperturbatfionbreakfingthechfiraflsymmetrySF:

Hpert.=−J2

[
b†N−2bN+b

†
NbN−2

]
. (8.10)

Weengfineerfitbydfispflacfingtherfightmostsfiteoffthechafinoutoffthemagficangfle,

togfiveafinfitecoupflfingJ2/h=0.26MHzbetweentheedgesfiteandfitssecond
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Ffigure8.13:Probfingtheground-statedegeneracyoffthetopoflogficaflphase.(a)

ForanSSHchafinfinatopoflogficaflconfiguratfion,thereareffourdegeneratestatesseparated

byanenergygapoff∆g/(2π)=1.83MHzffromthefirstexcfitedstates.(b)Mficrowave

sequencestartfingwfithanoptfimfizedadfiabatficpreparatfionoffthegroundstatewfithN/2−1

partficfles,ffoflflowedbyaspectroscopyexperfimentwhere∆spectrofisscanned.(c)Densfityoff

partficflesfinthebuflkandfintheedgesfitesattheendofftheexperfiment.Weobservethree

resonancescorrespondfingto(fi)theremovafland(fifi)thecreatfionoffapartficflefinthebuflk

fforafinfiteenergycost> ∆g(findficatedbythedashedflfine),and(fififi)theaddfitfionoffa

partficflefintheedgesfitesatzero-energy.

nefighbor[seeFfig.8.14(a)].Recaflflthatthechfiraflsymmetryfisprotectfingthetopoflogficafl

phaseofftheSSHchafinwhenfiflfledwfithnon-finteractfingffermfions,whfiflewehave

herehard-corebosons.Aflso,appflyfingtheJordan-Wfignertransfformatfionmapsour

hard-corebosonsonfinteractfingffermfionsduetotheflong-rangecharacteroffthe

perturbatfion,suchthatthephasesoffffreeffermfionsandhard-corebosonsdonothave

tosharethesamepropertfiesregardfingtheperturbatfion.Byderfivfingthesymmetry

SHBprotectfingthebosonficphase(descrfibedflater),ourcoflfleaguesffromthetheory

teamfinStuttgartpredfictedthatthedegeneracyoffthebosonficground-statefisnot

brokenbytheperturbatfion,whereasnumerficaflcaflcuflatfionsoffthesfingfle-partficfle

efigenstates(thatffuflflydescrfibetheffermfionficphase)gfiveafinfiteenergydfifference
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Ffigure8.14:Robustnessoffthebosonfictopoflogficaflphasetoaperturbatfionbreak-

fingthechfiraflsymmetry.(a)Therfightmostsfitefisshfifftedupwardstogfiverfisetoafinfite

hoppfingampflfitudeJ2tothesecondnefighbor.(b)Thesymmetry-breakfingperturbatfion

fleadstoanenergydfifferenceER−EL≃h×0.16MHzbetweentheflefftandrfight

sfingfle-partficfleedgemodes.Theffermfionficground-statefisnotdegenerateanymore.(c)In

contrast,wfithhard-corebosons,theffourmany-bodyground-statesremafindegenerate.

(d)Energydfifferenceextractedffrommficrowavespectraperfformedaffteranadfiabatfic

sweependfingatvarfious∆ff.When|∆ff|≫J,J
′,thechafinfisefitheremptyorffuflflyfiflfled

(thetwocasesareequfivaflent),andweareprobfingthedegeneracyoffthesfingfle-partficfle

edge-modes.For|∆ff|/(2π)<1.8MHz,wehavepreparedanhaflff-fiflfledchafin,andwe

probethedegeneracyoffthemany-bodystates.(e)Exampflesoffspectraffromwhfichwe

extracttheenergydfifference|ER−EL|usfingGaussfianfitstothedensfityoffpartficflefinthe

flefftandrfightedgesfites.
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ER−EL=h×0.17MHzbetweentheflefftandrfightedgemodes.Thedfifference

betweentheffermfionficandbosonficphasesfisfiflflustratedfinFfig.8.14(b,c).

Weprobeexperfimentaflflythepropertfiesdescrfibedabovebymficrowavespectroscopy

perfformedaffteramficrowavesweepwfithvarfiousfinafldetunfings∆ff.Forthfisexperfiment

(andtheonefintheprevfiousparagraph),weuseanoptfimfizedmficrowavewavefform

caflcuflatedbySebastfian WeberandshownfinFfig.8.13(b),thatfimprovestheadfiabatfic

preparatfionwhen∆fffisnotdeepfinthesfingfle-partficflegap(wherethesfimpflerwavefform

usedprevfiousflywasaflreadygfivfingexceflflentresuflts).Theexperfimentfisfidentficaflto

theonedescrfibedfintheprevfiousparagraphandwenowflookmorecfloseflyatthe

energydfifferenceER−ELbetweenthepeakscorrespondfingtothepopuflatfionoffthe

flefftmostandrfightmostedgesfites.Tofimprovethespectraflresoflutfion,weuseaweaker

mficrowaveprobeΩµw/(2π)=0.15MHz.TheresufltspresentedfinFfig.8.14(d)showa

strfikfingdfifferencedependfingfiffthespectroscopyfisperfformedfforasweependfingfinor

outoffthesfingfle-partficflegap(dashedflfine).

Forasweependfingat∆ff/(2π)=−4MHz,thechafinremafinsfinthevacuumstate

|0⟩,andthespectroscopyexperfimentprobestheenergydfifferencebetweenthetwo

sfingfle-partficflemodesgfivfingER−EL=h×0.23(3)MHz[panefl(1)offFfig.8.14(e)].

Incontrast,fforasweependfingat∆ff/(2π)=−1MHz,wehavehaflff-fiflfledthebuflk

wfiththeedgesfitesremafinfingempty,andweobtafinanenergydfifferencebetweenthe

many-bodygroundstatesoffonflyh×0.08(2)MHz[panefl(2)offFfig.8.14(e)].Thetwo

flastpaneflsshowspectrawhentheedge-sfitesarefinfitfiaflflyfiflfledwfithahaflff-fiflfledbuflk

(3),orwhenthechafinfisffuflflyfiflfledwfithhard-corebosons(4).RecaflflfingthattheSSH

Hamfifltonfianfisfinvarfiantunderachangeoffdefinfitfion|↓⟩↔|↑⟩,weunderstandwhy

theresuflts(3)and(4)aresfimfiflarto(2)and(1),respectfivefly.

Ffinaflfly,comparfingtheenergydfifferencebetweenthesfingfle-partficfleedge-modesand

themany-bodyground-states,weobtafinavaflueoff0.23(2)−0.08(2)=0.15(3)MHzfin

verygoodagreementwfiththeab-finfitfiocaflcuflatfionpredfictfing0.16MHz.Thesmaflfl

energymfismatchoff0.08MHzbetweenthetwomany-bodyground-statesfisexpflafined

finpartbyanfindependentflymeasureddfifferencefinmficrowavetransfitfionffrequency

off∼0.02−0.03MHzbetweenthetwoextremeRydbergatoms(causedbyasmaflfl

gradfientoffeflectrficfiefld).Anotherpossfibflecontrfibutfionfisthesmaflflervander Waafls

shfifftbetweentheedgesfiteandfitsnefighborswhenmovfingtherfightmostsfiteto

engfineertheperturbatfion,andwearecurrentflyperfformfingsfimuflatfiontoquantfiffythfis

effect.
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Ffigure8.15:Athreesfitemodefl.WerestrficttoonflythreesfitesofftheSSHchafinwfith

perturbatfivecoupflfingsJ′,J2≪Jandevafluatetheenergyofftheground-statewfith(a)

onepartficfleand(b)twopartficfles.Inbothcasesandfinazerothorderapproxfimatfion,the

groundstatefisapartficfledeflocaflfizedonthedfimer,thushavfinganenergy−J,whfiflethe

edgesfitefisoccupfiedornot.Inasecond-orderapproxfimatfion,theenergyfisfloweredasone

partficflecanvfirtuaflflyhopbetweenthedfimerandtheedgesfites.However,fin(b),wehave

toconsfiderthecommutatfionreflatfionbetweenthetwopartficfles,suchthattheenergy

correctfionfisdfifferentfforbosonsandffermfions.

8.5 Concflusfion

Theremarkabfleffactthatthemany-bodyground-statesoffanSSHchafinhaflff-fiflfledwfith

hard-corebosonsremafindegenerateundertheperturbatfionHpertwasfirstfindficatedby

ourcoflfleaguesfinthegroupoffProff.Hans-PeterB̈uchfler.Tounderstandquaflfitatfivefly

thfisffeature,weconsfiderasfimpflemodefloffonflythreesfitesofftheSSHchafin:adfimer

wfithacoupflfingJandanedgesfitewfithcoupflfingsJ′andJ2tothetwofirstsfites,as

shownfinFfig.8.15. WeusetheperturbatfiveflfimfitJ′,J2≪Jtoevafluatetheenergy

offthetwoflowestenergystatescontafinfing1and2partficfles.Inthefirstcaseoffone

partficfle[Ffig.8.15(a)],thegroundstatefisgfivenbyapartficfledeflocaflfizedfinthedfimer

atanenergy−J,theflatterfisaddfitfionaflflyfloweredwhenthepartficflevfirtuaflflyhops

totheedgesfiteatzeroenergy.Inthesecondcaseofftwopartficfles[Ffig.8.15(b)],

thegroundstatefisgfivenbyonepartficflefinthedfimerandanotheronefintheedge

sfite.Sfimfiflarfly,thesecondpartficfleflowersfitsenergybyhoppfingffromtheedgesfite

toonedfimersfite.However,theenergycorrectfionnowdependsonthestatfistficsoff

thepartficfle,becausefithastobeexchangedwfiththeoneflocatedonthedfimer.Thfis

sfimpflfifiedmodeflcaptureswhytheffermfionficdegeneracyfisbrokenbytheJ2term,

whfiflefitfisnotthecasefforhard-corebosons.

Amoregeneraflwaytocometothfisconcflusfionfistoderfivethebosonficequfivaflent
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tothechfiraflsymmetrySFprotectfingtheffermfionfictopoflogficaflphaseusfingthe

Jordan-Wfignertransfformatfion:

SF=
∏

fi

[
cfi+(−1)

fic†fi

]
◦K → SHB=

∏

fi

[
bfi+b

†
fi

]
◦K, (8.11)

wherewemakeacfleardfistfinctfionbetweenffermfionficcfiand(hard-core)bosonficbfi

operators,andKdenotesthecompflexconjugatfion.TheperturbatfionHpertcommutes

wfithSHB:

[Hpert,SHB]=
[
(b†NbN−2+bNb

†
N−2),

∏
(bfi+b

†
fi)
]

=(b†NbN−2+bNb
†
N−2)(bN−2+b

†
N−2)(bN+b

†
N)−...

=b†NbN−2bNb
†
N−2+bNb

†
N−2b

†
NbN−2−...

=nN(nN−2+1)+nN−2(nN+1)−nN−2(nN+1)−nN(nN−2+1)

=0

BecausetheperturbatfionfisfinvarfiantbythesymmetrySHB,wefindeedexpectthe

ground-statedegeneracytobeunaffectedbyfit,whfichwecheckednumerficaflflyand

demonstratedexperfimentaflflywfiththeresufltsshownfinFfig.8.14.

LetusnotethatthederfivatfionoffSHBffromtheffermfionficoneusfingtheJordan-

Wfignertransfformatfiondoesnotprovethatfitgfivesrfisetoasymmetryprotected

topoflogficaflphaseoffhard-corebosons.Thfisfisfinffactahfighflynon-trfivfiafltaskthat

wasperfformedbyNficofläıLangandthatreflyonthemathematficaflconceptsoffgroup

cohomoflogyusedbyChenetafl.[2012,2013]toderfiveageneraflcflassfificatfionoff

one-dfimensfionaflbosonficSPTphases[Chenetafl.,2012,2013].Inthefircflassfificatfion

(seeTabfleIoffChenetafl.[2013]),ourbosonficSSHchafinfisfinthesymmetrygroup

U(1)×Z2finsfidewhfichChenandcoworkerscoufldconstruct(wfithabstractarguments)

atrfivfiaflandatopoflogficaflphase.Here,weexperfimentaflflyreaflfizedthesetwophasesby

sfimpflypopuflatfinganSSHchafinwfithhard-corebosons.Moregeneraflfly,thesymmetry

SHBaflsoaflflowscompflexhoppfingampflfitudesorfinteractfiontermsoffthefformσ
z
fiσ
z
j,

thatcanbeusedtoconnectourbosonficSSHmodefltotheHafldaneantfi-fferromagnetfic

spfin-1chafin[Hafldane,1983b]ortotheAKLTmodefl[Aflecketafl.,1987].
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Chapter9
ConcflusfionandOutflook

Inthfismanuscrfipt,Ihavepresentedthedeveflopmentoffaquantumsfimuflatoroffspfin

systemsbasedonassembfledarraysoffsfingfleRydbergatoms.Durfingthecourseoff

thfisthesfis,wehavebrfidgedthegapbetweenprooff-off-prfincfipfleexperfimentswfitha

ffewRydbergatoms,andflarge-scaflestudfieswfithtensoffpartficfles.In2015,themost

crfitficafldrawbackoffourexperfimentaflpflatfform,basedonarraysoffoptficafltweezers,

wastherandomfloadfingoffeachtrapwfithzerooroneatom.Amajorprogress,

descrfibedfinChapter3,hasbeentheengfineerfingoffarobustandeasy-to-usemethod

toassembfleperffectflyfiflfledatomficarraysoffanyshape.Theexceflflenteficfiencyoffthfis

atom-by-atomassembfler,wfithafiflflfingffractfionofftargetarrayshfigherthan98%,

combfinedwfiththeffastrepetfitfionrateofftheexperfiment(>3Hz),offersnowa

hfigh-perfformancepflatfformfforquantumsfimuflatfion.Theextensfionoffourtechnfique

to3Darrays,byusfingcommercfiaflfly-avafiflabfletunabfleflensestomanfipuflateatoms

findfifferentpflanes,ffurtherfimprovedtheflexfibfiflfityoffthepflatfform.Ourassembflfing

technfiquefisflfikeflytofindmanyappflficatfionsfinthefiefldoffquantumsfimuflatfionand

qunatumfinfformatfionprocessfing[Regafl,2016;Lundbflad,2018].

Toobtafinsfizabflefinteractfionsbetweenatomsfindfifferentoptficafltweezersseparated

byaffewmficrometers,weexcfitethemtoRydbergstates.In2008,ourgroupobserved

theRydbergbflockadeeffect,preventfingthesfimufltaneousexcfitatfionoffRydbergatoms

duetostrongvander Waaflsshfiffts,finthemostprfistfinesfituatfionsetupoffonflytwo

atoms.Then,wfiththenewCHADOQapparatusofferfingabettercontrofloffeflectrfic

fieflds,B́egufinandcoworkersmeasuredthevander Waaflsshfifftfin2013.Theffoflflowfing

year,theteamdemonstratedthattheRydbergbflockadewasaflsoeficfientfinasystem

offthreeatoms. WhenIjofinedtheproject,thegoaflwastoreaflfizequantumIsfing

modeflsonflargerarraysoffaffewtensofftraps,wherethegroundandRydbergflevefloff

eachatomencodesaspfin-1/2partficfle.Atthattfimewedfidnothaveyettheassembfler

andweusedflargeRydbergbflockadevoflumestomfinfimfizethefinfluenceoffhoflesfinthe

randomflyfloadedarrays.Perfformfingquenchexperfiments,weobservedthesaturatfion

offtheRydbergffractfion(aneffectfivemagnetfizatfionoffthesystem)andthedynamficafl

emergenceoffcorreflatfionsthatIpresentedfinChapter4.Forsomechoficeoffarray
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geometrfiesandRydbergstates,weobtafinedaperffectagreementwfithnumerficafl

predfictfions,whfiflefforothersweobservedsystematficdevfiatfionsffromthetheory.

Theseresufltsmotfivatedadeeperfinvestfigatfionofftheeffectoffthedfipofle-dfipofle

finteractfionbetweentwoatoms,presentedfinChapter6,thatgoesbeyondthesfimpfle

vander Waaflsapproxfimatfiontotakefintoaccountsubtflefinterpflayswfithexternafl

magnetficandeflectrficfieflds. Weattrfibutedtheobserveddevfiatfionstocompflexpafir-

statepropertfiespecuflfiartotheRydbergDserfies,thatfleadtoamfixfingoffRydberg

fleveflsandthusaffafiflureoffthespfin-1/2approxfimatfion. Wefinaflflyffoundanoptfimfized

regfimeoffoperatfionwherethespfin-1/2mappfingwasre-estabflfishedfforDstates.

Benefitfingffromthfisnewfinsfightandthedeveflopmentofftheassembflfingtechnfique,

wepursuedourstudfiesoffIsfingmodefls.TunfingtheRydbergbflockadevoflumesuch

thatfitextendsonflytonearestnefighborsfites,weattemptedtheadfiabatficpreparatfion

offantfifferromagnetficstatesfinflfinear,squareandtrfianguflarflattfices. Wesflowflyevoflved

theflaserdrfiveanddetunfing,respectfiveflymfimfickfingatransverseandflongfitudfinafl

componentsoffaB-fiefldactfingonthespfin-1/2partficfles,tobrfingoursystemffroma

paramagnetficphasetotheorderedoneafftercrossfingaquantumphasetransfitfion.Whfifle

wesuccessffuflflyobservedtheemergenceoffŃeefl-flfikeantfifferromagnetficcorreflatfions,

theyremafinedflowerthanthenumerficaflpredfictfionsffromaperffectflycoherentevoflutfion

offourspfin-1/2partficfles.Ourexperfimentafldatawereweflflreproducedbyanempfirficafl

modeflfincfludfingadephasfingrateofftheRydbergstates.Thfismotfivatedadetafifled

characterfizatfionoffaflfltechnficaflandphysficafleffectsthataffect,aflreadyatthesfingfle-

partficfleflevefl,thecoherenceofftheground-Rydbergflaser-drfive.Ourconcflusfions,

reportedfinChapter5,pofintedtotheflfimfitedcoupflfingstrengthsachfievabflewfithour

currentsetupand,toaflesserextent,tothephasenofiseofftheflasersources.These

finsfightsheflpusfindevfisfingthenextgeneratfionoffourRydbergquantumsfimuflatoroff

Isfingmodefls.

Thedfipofle-dfipoflefinteractfionbetweenRydbergatomstakesanotherfformwhen

thetwoatomsareexcfitedfindfifferentdfipofle-coupfledorbfitaflsoffopposfiteparfitfies.

There,thefinteractfiongfivesrfisetoaspfin-exchangeprocessaflflowfingthestudfiesoff

XYspfinmodefls,asdemonstratedbyBarredoandcoflfleaguesfineflementarysetupsoff

twoandthreeatomsfin2015.InChapter7,affterpresentfingtheSTIRAPtechnfique,

crfitficaflfforthefinfitfiaflfizatfionoffanXYmagnetwfithaflflatomsfinthesameRydberg

state,IshowedhowtomanfipuflateRydberg-Rydbergspfin-1/2partficflesusfingagflobafl

mficrowavefiefldandaflocafladdressfingbeam. Wfiththeflatter,wedemonstratedour

controfloffthedfipofle-dfipoflecoupflfing,stoppfingatwfiflflaspfin-exchangeprocessesor

creatfingasub-radfiantentangfledstateofftwoatoms.
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Ffinaflfly,finChapter8,wefimpflementedaspfin(orbosonfic)versfionofftheSu-Schrfieffer-

Heegermodefl.Infitsorfigfinaflfformuflatfion,anSSHchafinfishaflff-fiflfledwfithnon-finteractfing

ffermfions,whfichfisthesfimpflestsetupgfivfingrfisetoasymmetry-protectedtopoflogficafl

phase.Inourexperfimentaflreaflfizatfion,weusedspfinexcfitatfionsoffanXYmagnet

toencodebosonficpartficfleswfithanhard-coreconstrafint,effectfiveflygfivfingfinfinfite

on-sfitefinteractfionenergfies.Uptothfisdate,reaflfizatfionsofftopoflogficaflphasesfin

artfificfiaflquantumsystemswereflfimfitedtotheregfimeoffnon-orweakfly-finteractfing

partficfles,wherethephysficaflpropertfiesoffthesystemcanbeunderstoodatthesfingfle

partficfleflevefl.Here,benefitfingffromthehard-coreconstrafintoffspfin-excfitatfions,we

canexpflorethefinterpflaybetweenstrongfinteractfionsandtopoflogficaflphases.Usfing

amficrowaveadfiabatficsweep,wepreparedthemany-bodygroundstateoffanSSH

chafinhaflff-fiflfledwfithhard-corebosons,andobservedcflearsfignaturesoffabosonfic

symmetry-protectedtopoflogficaflphase.Notabfly,wedemonstratedarobustnessoffthe

ground-statedegeneracyoffthfisphasethatcannotbeexpflafinedatthesfingfle-partficfle

flevefl.Tothebestoffourknowfledge,thfisfisthefirstreaflfizatfionoffanfinteractfing

topoflogficaflphasefinartfificfiaflmatters.

Theabove-mentfionedexperfimentaflstudfiesdemonstratetheflexfibfiflfityoffaRydberg

quantumsfimuflator,abfletotackflevarfiousmany-bodyprobflemsorfigfinatfingffrom

reafl-worfldcondensed-mattersystems.Inthefimmedfiateffuture,wewfiflflsetupnew

excfitatfionflasersthatwfiflflgfiveusamuchbettercontroflontheground-Rydberg

transfitfion,crucfiaflfforthestudfiesoffIsfingmodeflswfithcoherentadfiabatficsweeps.In

partficuflar,thfisshoufldaflflowtoexpfloreantfifferromagnetfismfinffrustratedgeometrfies.

AnotherdfirectfionfistoreaflfizetheseffrustratedsystemsonXY-flfikemagnets,wherewe

benefitffromanaflmostperffecteffectfivemagnetficfiefldwhendrfivfingtheRydberg-

Rydbergmficrowavetransfitfion.Untfiflnow,wehaveworkedwfiththequantfizatfion

axfisaflfignedwfiththeatomficpflanesuchthattheresonantdfipoflarfinteractfionfis

strongflyanfisotropfic,whfichweusedtofimpflementtheSSHmodefl,butthfisgfives

fferromagnetficcoupflfingsfinonedfirectfionandantfi-fferromagnetficonesfintheother.To

reaflfizeffrustratedXY-antfifferromagnets,suchastheoneproposedby[Varneyetafl.,

2011],wefideaflflyneedfisotropficcoupflfings,thatwerecentflyobtafinedbyrotatfingthe

orfientatfionoffthequantfizatfionaxfistothenormaflofftheatomficpflane.Interestfingfly,

finthfisconfiguratfion,fitfisaflsopossfibfletoengfineeraspfin-orbfitcoupflfingwhenthe

dfipoflarexchangeprocessfisaccompanfiedbyachangeofftotaflmagnetficquantum

number∆M.ThfisprocessfisatthebasfisoffaproposaflbyWeber etafl.[2018]to

engfineertopoflogficaflflatbandsfinahoneycombflattficeoffRydbergatoms,adaptfing

fideasorfigfinaflflyfformuflatedfforpoflarmoflecuflestrappedfinoptficaflflattfices[Yaoetafl.,
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2012;Peteretafl.,2015].

Soffar,onflytheIsfingandXYspfinmodeflshavebeenfimpflementedonourRydberg

pflatfform,butfitfisaflsopossfibfletocombfineIsfingandXYcoupflfingstoreaflfizean

anfisotropficXXZmodefl,or,fiffthetwocontrfibutfionsaretunedtobeequafl,the

fisotropficHefisenbergmodefl.Thepropertfiesoffthesesystemsaremodfifiedbythe

flong-rangecharacteroffthedfipofle-dfipoflefinteractfion,whfichmotfivatedtheoretficafl

studfiesandproposaflsfforexperfimentaflreaflfizatfionswfithfions[Haukeetafl.,2010]or

poflarmoflecufles[Peteretafl.,2012]. WfithRydbergatoms,wecoufldusethesame

encodfingthanffortheXYmagnets,butusehfigherprfincfipaflquantumnumbers,or

cfloseratoms,totunetheratfiobetweenthevander Waafls(∝n11/R6)andresonant

dfipoflarcoupflfing(∝n4/R3).Anotherpossfibfiflfityfistoencodethespfin-1/2partficflesfin

twofleveflsoffthesameRydbergserfies,fforexampflethe60Sand61Sstates.Inthfis

casetherefisnodfipoflematrfixeflementbetweenthetwostates,suchthatboththe

IsfingandXYtermsorfigfinateffromasecond-orderperturbatfionbythedfipofle-dfipofle

Hamfifltonfianandthushavethesame1/R6dependence.

Weaflsoenvfisfionseverafltechnficafldeveflopmentsoffourexperfimentaflpflatfform:

IncreasfingtheavafiflabfletfimefforRydbergexperfimentsbycooflfingtheatomsto

themotfionaflground-stateoffthetweezers[Kauffman,Lester,andRegafl,2012;

Thompsonetafl.,2013b].

Reachfinghfighernumberoffatomsfinourassembfledstructurewfithamore

powerffufltrapflasertocreateuptoathousandtweezers.

Suppressfingatomflossbyworkfingfinacryogenficenvfironment.

Increasfingtheexperfimentaflcycflfingrateabove10Hzbyrecycflfingaflflatoms,

whfichcoufldbeachfievedbymappfingdowntheRydbergstatestotheground-state

hyperfinefleveflsbefforeastate-sensfitfivefluorescencemeasurement[Martfinez-

Dorantesetafl.,2017;Kwonetafl.,2017].

Addfitfionaflfly,fitwoufldbefinterestfingtodeveflopanobjectfiveflenswfithaflargerfiefld

offvfiewtofincreasethemaxfimaflextentoffouratomficstructureandahfigherNAto

reducethetweezerssfizeandfimprovethecompactnessoffour3Dstructures.Thfis

woufldaflsoenabfletobrfingtwoRydbergatomscfloseenoughsuchthatthefireflectronfic

waveffunctfionoverflap,fleadfingtoadeflocaflfizatfionofftheeflectrons,aflfikefinreafl-materfiafls,

andthefirstudyusfingufltraffastcoherentprobes[Ohmorfi,2014;Takefietafl.,2016].
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AppendfixA
Ffluorescencesfignafl

Ffluorescencesfignafl Uptothfiswork,wehavebeenusfinganexposureoffτ=50ms

anddecreasfingfitrequfirestounderstandwhatflfimfitsourabfiflfitytodfiscrfimfinatethe

presenceorabsenceoffanatom.Atypficaflfluorescencesfignaflobtafinedbytakfing

8000fimageswfithrandomfloadfingoffatrapfisshownfinFfig.A.1.Thesfignaflfisthe

numberoffcountsffromasfingflepfixeflwherethefluorescenceoffanatomfisffocused.The

dfistrfibutfionoffcountsfisaflmostbfinary:fitfisflow(SL)fifftherefisnoatomfinthetrap,

andhfigh(SH)fiffasfingfleatomscattersphotonsffromthecooflfingbeams.Nofise,off

dfifferentsources,contamfinatesthesfignaflandbroadensfitsflowandhfighparts,gfivfing

GaussfiandfistrfibutfionswfithwfidthsσLandσH.Thesfignaflfisre-bfinarfizedtogfivethe

absence(0)orpresence(1)offanatombysettfingathreshofldSthr;fforequaflwfidths

σL=σH wecoufldsfimpflychooseSthr=(SL+SH)/2,butmoregeneraflflytheoptfimafl

choficefisthewefightedaverage:

Sthr=
σHSL+σLSH
σL+σH

(A.1)

TheprobabfiflfitytomakeanerrorfisthengfivenbythefintegraflofftheGaussfian

dfistrfibutfionabove(orbeflow)thethreshofld.InthecaseshownfinFfig.A.1,obtafined

affternofiseandsfignafloptfimfizatfion(seebeflow)andanexposureτ=50ms,thfis

probabfiflfityfisrfidficuflousflysmaflfl(∼10−9).Anerrorrateoff1%woufldbeobtafinedffor

areducedexposureτ=20msassumfingaconstantnofise(whfichfispartflywrong,the

shotnofisecontrfibutfionwfiflflaflsodecrease).Asasfideremark,weobservethatthereare

21counts(0.3%)finthecentraflregfion(morethan4σawayffromtheaverageflow

orhfighpartoffthesfignafl).Theyarenotcausedbythenofise(theprobabfiflfityfisfless

than10−5)butbyanatomflossoccurrfingdurfingtheexposuretfimewfithaprobabfiflfity

τ/(10s)=0.5%.Iwfiflflnowpresentaquantfitatfiveanaflysfisoffthenofiseandsfignafl

vaflues.

Sfignaflhefight Thenumberoffcountsobtafinedwhenanatomfispresentfinthetweezers

dependson(fi)thenumberoffphotonsemfittedbytheatom,(fifi)thefircoflflectfiononthe
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(a) (b)
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FfigureA.1: Ffluorescencesfignafl.Theexposurefis50ms,andtheEMgafinfissetto

✂✸✵(thereaflgafinfisdfifferentthough).Wemeasureasfignaflhefightoff415countsand

nofises✛▲❂✷✷countsand✛❘❂✹✽counts.

EMCCDchfipand(fififi)theconversfionprocessffromphotonstoeflectronstodfigfitafl

countsfinthecamera.Thenumberoffemfittedphotonsfisufltfimateflyflfimfitedbythe

scatterfingrateofftheRbD2-flfine(1photonevery50ns),butfisusuaflflymuchfless

toavofidheatfingouttheatomffromthetweezers.Itfisstfiflfluncflearhowcfloseto

themaxfimaflscatterfingrateweare,andacareffufloptfimfizatfionoffthecooflfingbeam

parametersfinvfiewoffmaxfimfizfingthenumberoffemfittedphotonshasyettobedone.

Offthesefluorescencephotons,onflyaffew(typficaflfly1%)arrfiveonthecameradue

tothefinfitecoflflectfioneficfiencyofftheaspherficflens(∼7%)andtheflargenumber

offoptficsbetweentheflensandthecamera(dfichroficmfirror,tunabfleflens,780nm

finterfferencefiflter,tocfiteonflythefleasttransparentones),seeB́egufin[2013]ffora

detafifledestfimate.

TheEMCCDconversfionprocess,whfichcanbeffoundfintheAndorHardwareGufide,

fisasffoflflows.HfittfingapfixeflofftheCCDchfip,aphotoncreatesaphoto-eflectronwfith

ahfighprobabfiflfitygfivenbythecameraquantumeficfiency(∼90%).Affterfintegratfing

durfingtheexposuretfimeτ,theeflectronchargesaremovedtowardsareadoutunfit

composedoffaneflectronficampflfifierandananaflog-to-dfigfitaflconverter,whfichoutputs

anumberoffcounts.Iffweusetheeflectronmufltfipflficatfion(EM)technfique,theeflectrons

passthroughagafinregfionwheretheyaremufltfipflfiedbyaflargeffactor(10to1000)

befforegofingtothereadoutunfit.

Dependfingonthereadoutrateoffthecamera(0.08to17MHz)andtheampflfifier

settfings,thenumberoffcountspereflectrongfivenbythereadoutunfitwfiflflvary. We

aflwaysusetheffastestreadoutrate,suchthatacroppedregfionoff100×100pfixefls

(flargeenoughtocovertheffuflflextentofftypficaflatomficarrays)fisreadfin∼0.5msand

wecanqufickflyusethefimagefforatomassembfly.Foroursettfings,theconversfionfis
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16.87eflectronspercounts.

Thenumberoffcountsflfiesaboveabaseflfineflevefloff450counts,sfimpflymeasured

wfiththecamerashutteroff(thfisfleveflchangesffromcameratocamera).Ontopoffthfis

baseflfine,therefisabackgroundsfignafl,causedbythecooflfingbeams. Whfiflethesebeams

arenotdfirectedtowardsthecamera,fitappearsthattheyarecflfipped,possfibflybythe

aspherficflenshoflder,andreflectedfinarbfitrarydfirectfions.Thesereflectedphotons,

befingatthesamewaveflengththanthefluorescencephotons,arenotrejectedbythe

finterfferencefiflterpflacedfinffrontofftheEMCCD.

Nofisesources Thenofiseonthenumberoffcounts,observedfinFfig.A.1,hastwo

mafinorfigfins:fitcanaflreadybepresentfinthenumberoffphotonsfincomfingonthe

camera(photonshot-nofise),orcomeffromtheconversfionprocessfinthecamera.A

detafifledmodeflfingoffaflflknownsourceshavebeenreportedbyAflbertfietafl.[2016]and

Ibrfieflyrevfiewthemhere:

ThephotonshotnofiseofftheatomficfluorescencesfignaflσSN,affectfingthe‘hfigh’

sfignafl.Itfisequafltothesquarerootoffthesfignaflhefight(σSN=
√
SH−SL∝

√
τ).

Ufltfimatefly,thephotonshotnofisewfiflflflfimfitthemfinfimaflexposuretfime.

ThephotonshotnofiseoffthebackgroundsfignaflσSNbg.Itaffectboththe‘flow’

and‘hfigh’sfignafl.

TheCCDdarkcurrentnofise,whfichfisreducedtoanegflfigfibfleflevefl(1.3×10−4

eflectronspersecond)bycooflfingtheCCDchfipto−80◦C.

Thecflock-finducedchargenofiseduetoeflectronsgeneratedwhenmovfingthe

chargesffromtheCCDchfiptotheread-outunfit.Itfisquotedataflevefloff10−3

eventperpfixeflfinthecameraspecfificatfionsandshoufldbenegflfigfibflehere.

Theeflectronficnofiseσreadofftheread-outunfit(outputampflfifierandeflectron

counter),whfichfisthedomfinatfingsourceoffnofisefincameras.Itdependsonthe

readoutrate:220eflectronsperpfixeflat17MHz,14e−at3MHzand4e−at

0.08MHz(ffromthecameraperfformancesheet).Itcanbereducedreflatfiveflyto

thesfignaflbyusfingtheeflectronmufltfipflficatfion(EM)technfique,whfichfincreases

thesfignaflbyaflargeffactorbefforefintroducfingtheσreadnofise.Neverthefless,the

EMtechnfiquecomeswfithfitsownsourceoffnofise:

TheEMnofisecausedbythestochastficnatureoffthegafinprocess.Inpractfice,fit

fincreasesbyaffactor∼1.4aflflprevfioussourceoffnofises(mafinflythephotonshot
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nofise).Forthfisreason,usfingtheEMmodefimprovestheSNRonflyfinflow-flfight

appflficatfionswhenNphoton≪σ
2
read. Wearefinthfisregfimeasweusetheffastest

andnofisestreadoutrate,andafimfforflowexposuretfime.

Wefirstmeasurethereadoutnofisewhenthecamerashutterfisoffandobtafinσread=14

counts(220eflectronsaccordfingtotheADCsensfitfivfity),asspecfifiedfinourcamera

perfformancesheet.Then,wemeasurethebackgroundfleveflandfitsassocfiatedshotnofise

byshfinfingonflythemoflassesbeamwfithoutanyatom.Bychasfinganyuncontroflfled

reflectfionsoffthesebeams,anddecreasfingthefirdfiameteruntfiflfitdestabfiflfizestheMOT

operatfion,wecoufldbrfingthebackgroundto135counts(andtheassocfiatedshot-nofise

toσSNbg=
√
135).Thetotaflrmsdevfiatfionoffthe‘flow’sfignaflfismeasuredatσL=21.1,

andfisfinexceflflentagreementwfithournofisebudget:σL=
√
(1.4σSNbg)2+σ2read≃21.5.

Thesameestfimatfionfforthe‘hfigh’part,takfingfintoaccountthetotaflshotnofise

(backgroundandatomficfluorescence)gfivesσthH =38counts,whfiflethemeasured

nofisefissflfightflyhfigher(σexpH =48),whfichcoufldffromaddfitfionaflfluctuatfionsfinthe

fluorescenceprocess.

Concflusfion Aflready,wfiththeprevfiousflyquotedvaflues,wecouflddecreasethe

exposuretfimeto20ms.Itaflflowedustomfinfimfizetheprobabfiflfitytofloseanatom

durfingthefimagfing,topushthecycflfingrateoff2Dexperfiments(onflyonepflane

tofimage)upto3Hz(nowmafinflyflfimfitedbythefloadfingtfime),ortoperfform3D

experfimentswfithmanypflanes.Furtherfimprovementswoufldrequfireacompflete

canceflflatfionoffthebackgroundsfignafltoreachthemfinfimaflnofisefloorσL=σread.

Inaprevfiousworkfinourgroup,Fuhrmaneketafl.[2011]fimagedanatomusfing

asfingfleflaserbeamtoexcfitethefluorescence,whfichcoufldbeuseffufltomfinfimfize

thebackgroundflfight.Martfinez-Dorantesetafl.[2017]reportedsfimfiflarresufltsfinan

optficaflflattficeandaflsoperfformedadetafifledexperfimentaflandtheoretficaflanaflysfisoff

theheatfing-finducedflossesdurfingthemeasurement[Martfinez-Dorantesetafl.,2018].

Ffinaflfly,ImentfionherethepromfisfingresufltsobtafinedbyBergschnefideretafl.[2018].

Theyestabflfishedanufltra-ffast(20µs)ffreespacefimagfingtechnfiqueoff6Lfiatomswfith

a4µmresoflutfion,flfimfitedbytheatomdfispflacement;despfitefleadfingtotheflossoffthe

atom,prohfibfitfivefforoursystemwhereweneedtofimagetheatombefforedofingthe

experfiment(fforassembfly),thfistechnfiqueshowsthatenoughphotonscanbecoflflected

finffarflessthan1ms.
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Ŕesuḿeenffraņcafis

Cetteth̀esepŕesentefled́evefloppementetfl’expflofitatfiond’unsfimuflateurquantfique

demod̀eflesdespfinsutfiflfisantdesmatrficesd’atomespfieǵesetexcfit́esversdeśetats

deRydberg.Cestravauxpeuvent̂etreorganfiśesentrofispartfies.Unpremfieraspect

concerneflapŕeparatfiondematrficesunfi-,bfi-ettrfi-dfimensfionneflflesd’atomesunfiques

gr̂aceaud́evefloppementd’unoutfiflautomatfiśeŕeordonnantflesatomesunparun.La

deuxfiemepartfiedecemanuscrfitd́ecrfitflaŕeaflfisatfiondumod̀efled’Isfingenexcfitantde

manfierecoh́erenteflesatomesdepufisfleuŕetat́eflectronfiqueffondamentaflversunnfiveau

deRydberg.Dansflatrofisfiemeetdernfierepartfiedecetteth̀ese,nousavonsutfiflfiśeun

autreŕegfimed’finteractfion,flecoupflagedfipoflafireŕesonant,pouŕetudfierdesmod̀eflesde

spfinsdetypeXY,dontflemod̀efleSu-Schrfieffer-Heeger.

PartfieI:Pŕeparatfiondematrfices3Dd’atomes

Chapfitre2 Cechapfitrepŕesentenotredfisposfitfiffexṕerfimentaflbaśesurdespfinces

optfiqueschacunecharǵeeavecaupflusunseuflatomedeRubfidfium87.Jecommence

parunrappeflsurflatechnfiquedepfiegeaged’atomesunfiques,reposantsurfleprfincfipe

debflocagecoflflfisfionnefl,etdesparam̀etrescaract́erfisantflespfincesoptfiques.Jed́ecrfis

ensufitenotretechnfiqued’hoflographfienouspermettantd’obtenfirdesmatrficestrfi-

dfimensfionneflflesdepfieges.Afindefformerunefimage3Ddeflamatrficed’atomes,nous

avonsfincflusdansnotresyst̀emed’fimagerfiedesflentfiflfles̀affocaflesvarfiabfles.Ceflfles-cfi

sontcontr̂ofleesparordfinateur,nouspermettantdeprendresuccessfivementdesfimages

dedfifferentspflansetdereconstrufireflesstructures3D.

Chapfitre3 Lebflocagecoflflfisfionneflpŕevfientflechargementdedeuxatomesdansfla

m̂emepfinceoptfique,mafisapourconśequencequefletauxdechargementd’unpfiege

estflfimfit́èa50%.Cerempflfissageafleatofiredespfiegesapourconśequencequefles

matrficesd’atomessontd́esordonńees,cequfirepŕesenteuneflfimfitatfionfimportantede

notredfisposfitfiff.Afindeŕesoudreceprobfleme,nousavonsd́eveflopṕeunautomatebaśe
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surunepfinceoptfiquemobfiflereposfitfionnantunparunflesatomes.Danscechapfitre

jed́ecrfisd’abordfledfisposfitfiff(optfique,́eflectronfiqueetfinfformatfique)permettantfle

contr̂ofledecettepfincemobfifledansunpflanenutfiflfisantund́eflecteuracousto-optfique

contr̂ofleparordfinateur.Jed́emontreensufiteexṕerfimentaflementqueflaprobabfiflfit́ede

transffererunatomeentredeuxpfiegesexc̀ede99.5%pourunegammedeparam̀etres

(proffondeurdepfiegeage,vfitesseded́epflacement)pertfinentepournosexṕerfiences.

Jed́etafiflfleaflorscommentnotreaflgorfithmeheurfistfiqueproposeunesuccessfionde

d́epflacementspermettantdeŕeordonnerflesatomespourfformern’fimportequeflfle

sous-structured’unematrfice2Ddepfieges.Nousobtenonsaflorsuntauxd’occupatfion

despfiegesśeflectfionńesde98.5%,flfimfit́eparfladuŕeedevfiedesatomesdansflespfieges.

Enfin,pourdesmatrfices3D,cetteoṕeratfionestŕeṕet́eepourchaquepfland’atomes.

J’́etudfiefinaflementflesperfformancesetflfimfitesdenotretechnfiqued’assembflageatome

paratome,etpŕesentebrfievementd’autressyst̀emessfimfiflafiresd́eveflopṕesŕecemment.

PartfieII:Mod̀efled’Isfing

Chapfitre4 Cechapfitred́ebuteparunapeŗcuhfistorfiquedeśetudes,exṕerfimentafles

etth́eorfiques,d’unensembfled’atomesexcfit́esdemanfierecoh́erentedepufisfleuŕetat

éflectronfiqueffondamentaflversunnfiveaudeRydberg.Chaqueatomepeut̂etreconsfid́eŕe

commeunspfin1/2soumfisàunchampmagńetfiqueeffectfiff.L’finteractfiondevan

der WaaflsentredeuxatomesdansuńetatdeRydbergdonneflfieùauncoupflagede

typeIsfingentreflesspfinsdontflaport́eeestvarfiabfle.Cesyst̀emeposs̀edeunrfiche

dfiagrammedephasequfipeut̂etréetudfieexṕerfimentaflementenŕeaflfisantunquench

ou,aucontrafire,unéevoflutfionadfiabatfiqueduchampmagńetfiqueeffectfiff.Jepŕesente

notretentatfivedecŕeerfl’́etatantfi-fferromagńetfiquedeŃeeflsurunematrficecarŕee,qufi

estfl’́etatffondamentafldumod̀efled’Isfingpourdesfinteractfionsrestrefintesauxpflus

prochesvofisfins.Pourchaqueexṕerfience,nousmesuronsfl’́etatdechaquespfindonnant

afinsfiacc̀esauxffonctfionsdecorŕeflatfionsdusyst̀eme.Unecomparafisondenosŕesufltats

exṕerfimentauxavecunéetudenuḿerfiqued́emontrefl’finfluencedeph́enom̀enesde

d́ecoh́erencedfimfinuantcescorŕeflatfionsparrapport̀aunéevoflutfionunfitafire.Lesdeux

chapfitressufivantsd́etafiflflentfl’fimpflementatfiondenotresfimuflateurquantfiquepour

comprendrecesfimperffectfions.

Chapfitre5 Cechapfitredfiscutedesfimperffectfionsfintervenantaunfiveaud’unatome

unfiqueetprovenantdefl’excfitatfionàdeuxphotonsdefl’́etatffondamentaflversfle

nfiveaudeRydberg,qufidonneflfieuauchampmagńetfiqueeffectfiffagfissantsurflespfin
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1/2.Nousnousfint́eressonsenpartficuflfieraucontrasteet̀afl’amortfissementd’une

oscfiflflatfiondeRabfi.Apr̀esunecaract́erfisatfionducoupflageatome-flasers,jepŕesente

flesexṕerfiencesmeńeespourestfimerfleserreursded́etectfionsdefl’́etatfinternede

fl’atomequfiŕedufisentflecontrastedefl’oscfiflflatfion.Jedfiscuteensufiteflesdfifferents

ḿecanfismesd’amortfissementsprovenantdefl’effetDoppfler,defl’́emfissfionspontańee

depufisfl’́etatfinterḿedfiafire,etdubrufitdephasedesflasers.Enprenantencompte

ceseffetsdansunesfimuflatfionnuḿerfique,nousobtenonsuntr̀esbonaccordavecfles

ŕesufltatsexṕerfimentaux.Enfin,jed́ecrfisflesffuturespfistesquenoussouhafitonsexpflorer

pouraḿeflfiorerfletempsdecoh́erencedefl’excfitatfionversfleśetatsdeRydberg.

Chapfitre6 Cechapfitres’fint́eressèafl’finteractfiondfip̂ofle-dfip̂ofleentredeuxatomes,

etnotammentàsonapproxfimatfionparunsfimpflecôut́enerǵetfiqueflorsquedeux

atomessontdansflem̂eméetatdeRydberg(ŕegfimedevander Waafls)etdonc̀aun

coupflageeffectfiffdetypeIsfingentredeuxspfins1/2.Ladfificuflt́eŕesfideenceque

fl’finteractfiondfipoflafiretend̀aḿeflangerflesnombreux́etatsdeRydbergaflorsquenous

cherchonsaucontrafirèaconsfid́ererchaqueatomecommeunsyst̀emèadeuxnfiveaux.

Cechapfitrecommencedoncparunrappeflth́eorfiquesurfl’approxfimatfiondevander

Waafls,qufis’obtfientparuncaflcuflperturbatfiffconsfid́erantfled́epflacement́enerǵetfique

dedeuxatomesdansflem̂eméetatdeRydbergdueauxcoupflagesnonŕesonantsaux

autreśetatsdeRydberg.Ńeanmofinscetteapproxfimatfionpeut̂etrefinvaflfid́eeparfla

pŕesenced’autreśetatsdeRydbergquasfi-ŕesonant(ŕegfimedeF̈orster),parfleḿeflange

desdfifferentssous-nfiveauxZeemanŕesufltantd’unecomṕetfitfionavecfl’effetZeeman,

ouparflasensfibfiflfit́eexacerb́eeauxchampśeflectrfiquesdeśetatsdeRydberg.Pour

prendreencomptecesdfifferentsph́enom̀enes,nousavonscoflflaboŕeavecSebastfian

Weberdugrouped’HansPeterB̈uchflerqufiaŕecemmentd́eveflopṕeunflogficfieflflfibre

(pafir-finteractfionsoflver)ŕesoflvantnuḿerfiquementfleprobflemed’finteractfiondfipoflafire

entredeuxatomesdeRydberg.L’exceflflentaccordentreflesŕesufltatsnuḿerfiqueset

desexṕerfiencesdespectroscopfiesurdeuxatomesenfinteractfionapermfisdevaflfider

notrecompŕehensfionsurflesflfimfitesduŕegfimedevander Waafls.Nousavonsensufite

utfiflfiśeceflogficfieflpourtrouverunegammedeparam̀etresexṕerfimentaux(dfistance

finter-atomfique,champmagńetfique)pourflesqueflsfl’approxfimatfiond’unsyst̀emèa

deuxnfiveauxestvaflfide.
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PartfieIII:Mod̀efleXY

UncoupflagedetypeXYentredeuxspfins1/2estdeflafformeJ(σxfiσ
x
j+σ

y
fiσ
y
j)=

J(σ+fiσ
−
j+σ

−
fiσ
+
j).UnedfifferencefimportanteentreuncoupflageIsfingetXYestqu’une

excfitatfiondespfin|↓...↓↑↓...↓⟩estuńetatstatfionnafiredumod̀efled’Isfing,aflorsque

fl’excfitatfionsed́eflocaflfisedansflecasdumod̀efleXY.Cetteexcfitatfionpeut̂etreconsfid́eŕe

commeunepartficufleeffectfivesed́epfla̧cantdesfiteensfited’unŕeseaufforḿeparfles

atomesdeRydberg,avecflacondfitfionquedeuxpartficuflesnepeuventpaŝetresfitúesur

flesfite(contrafintedecoeurdur).Danscettetrofisfiemepartfie,jed́emontrequenotre

pflatefformeestaussfiadapt́eepourŕeaflfiserdeteflsprobflemesdetypeXYenencodant

unspfin1/2surdeux́etatsdeRydbergdeparfit́eoppośee,parexempfle|↓⟩=|60S⟩

et|↑⟩=|60P⟩,avecunetransfitfiondansfledomafinemficro-onde(ν0∼15GHz).

L’finteractfiondfip̂ofle-dfip̂oflecoupfleaflorsdemanfiereŕesonantefl’́etat̀adeuxatomes|↑↓⟩

à|↓↑⟩donnantuncoupflageXYd’ampflfitudeJ(R,θ)=⟨↑↓|̂Vdd|↓↑⟩=C3(θ)/R
3qufi

d́ependdesorbfitaflesRydbergchofisfiesetdefl’orfientatfionθdefl’axefinter-atomfique

avecfl’axedequantfificatfion.L’́echangecoh́erentdefl’excfitatfiondespfinentredeux

atomesdeRydbergáet́eobserv́edansnotregroupeavantcetteth̀ese,etapermfisfla

mesuredeflad́ependanceen1/R3deJ(R,θ)afinsfiqueflaŕeaflfisatfiond’unafimantXY

éflementafireavectrofisspfins.Gr̂acèaflatechnfiqued’assembflageatomeparatome,nous

pouvonsmafintenantŕeaflfiserdessyst̀emescontenantunpflusgrandnombredespfins.

Avantded́etafiflflerdansflechapfitre8fl’́etuded’unafimantXYde14spfinsŕeaflfisantfle

mod̀efleSSH,jepŕesentedansflechapfitre7fled́evefloppementdenouveflflestechnfiques

pourcontr̂oflerflesatomesdeRydberg.

Chapfitre7 CechapfitrecommenceparunedescrfiptfiondeflaḿethodeSTIRAP

permettantdetransfferertousflesatomesdepufisfleuŕetatffondamentafleflectronfiquevers

uńetatdeRydbergrepŕesentantflespfin|↓⟩avecuneeficacfit́ede95%.Nousb́eńeficfions

ensufiteduflargéeflementdematrficedfip̂ofléeflectrfiquedeflatransfitfionmficro-ondeentre

|↓⟩et|↑⟩,afinsfiquedefl’extr̂emestabfiflfit́edessourcesmficro-ondes,pourmanfipuflerfles

spfins1/2demanfierecoh́erente.Lechampmficro-ondeaffectanttousflesatomesavecfle

m̂emecoupflage,nousavonsmfisenpflaceunffafisceauflaserffocaflfiśesurunseuflatome

pourcontr̂oflerflocaflementflaffŕequencedetransfitfionentre|↓⟩et|↑⟩defl’atomeadresśe.

Encombfinantcetadressageoptfiqueflocafletflamanfipuflatfionmficro-ondegflobafle,

nousavonsd́emontŕeflapŕeparatfiond’uneexcfitatfiondespfinavecuneeficacfit́ede

94%.Cettepŕeparatfionfinfitfiaflfiseunedynamfiqued’́echangedespfindueaucoupflage

dfipoflafireŕesonantentreflesatomesdeRydberg.Enmesurantflaffŕequencedecet
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échangeentredeuxatomes,nousobtenonsfl’ampflfitudedecoupflageJ(R,θ)etavons

v́erfifiesad́ependanceanguflafiresufivantuneflofien1−3cos2(θ),avecnotamment

uneannuflatfionducoupflageJ(θm)=0pourunangfle‘magfique’θm=arccos(1/
√
3).

Ffinaflement,jed́emontrequefladynamfiqued’́echangepeut̂etrefinterrompuèasouhafit

enutfiflfisantfleffafisceaud’adressagepourcŕeerunedfifferenced’́energfieentreflesdeux

spfins1/2,cequfitransfformeflecoupflageŕesonantenuncoupflageperturbatfiff.Cette

technfiquepermetflapŕeparatfiond’́etatsavecunefintrficatfionmaxfimafleentreflesdeux

atomes(́etatsdeBeflfl).

Chapfitre8 Cechapfitrepŕesenteuneŕeaflfisatfionavecnotresfimuflateurquantfique

dumod̀efleSu-Schrfieffer-Heeger(SSH)d́eveflopṕedansflesanńees80pourexpflfiquer

flesproprfiet́esdupoflym̀erepofly-aćetyflene.Cemod̀efleadepufisŕe-finterpŕet́edansfle

cadredeflacflassfificatfiondesphasestopoflogfiquesdeflamatfierecommeunexempfle

embflematfiqueòuunephasenon-trfivfiafleprot́eǵeeparunesyḿetrfieapparâıt.L’essence

duprobflemeorfigfinaflementconsfid́eŕeconsfisteenfl’aflternancedansflepoflym̀erede

flfiafisonssfimpflesetdoubflesqufiaffectefled́epflacementd’uńeflectronapport́eparun

dopant.Lemod̀efleSSHconsfid̀eredoncunepartficuflesed́epfla̧cantdesfiteensfite

d’unŕeseauA-B-A-B-A-B-...òuflecoupflageentredeuxvofisfinsaflterneentreJ′(A-B)

etJ(B-A).Undeuxfiemepofintcrucfiafldumod̀efleestfl’exfistenced’unesyḿetrfiede

sous-ŕeseaux(ousyḿetrfiechfirafle)qufid́ecoufledefl’absencedecoupflageentredeux

sfitesdum̂emesous-ŕeseau(A-AouB-B).Ceprobflemepeut̂etreŕeaflfiśeavecnotre

sfimuflateurquantfiqueenutfiflfisantunechâınedespfinsencoupflageXY,òuflapartficufle

estrepŕesent́eeparuneexcfitatfiondespfin.Afind’obtenfirfl’aflternancedecoupflageA-B

etB-Aetfl’annuflatfiondescoupflagesA-AetB-B,nousutfiflfisonsuneǵeoḿetrfieen

‘zfig-zag’etflad́ependanceanguflafireducoupflageJ(θ).NotréetudedeflachâıneSSH

peutaflorssedfivfiserendeux́etapes:(fi)v́erfifierflesproprfiet́estopoflogfiquesconnuesdu

mod̀efledansflecasd’uneseuflepartficufle,(fifi)expflorerfl’finfluencedeflacontrafintede

coeurdurflorsquepflusfieurspartficuflessontpŕesentesdansflachâıne.

L’aflternancedecoupflagesJetJ′apourconśequencequefleśetatsstatfionnafires̀a

unepartficuflesontregrouṕesendeuxbandesśepaŕeesparunebanded’́energfiefinterdfite

entre±(J−J′).Iflpeutńeanmofinsexfisterdeux́etatsd’́energfienuflfle,aumfiflfieudefla

bandefinterdfite,flocaflfiśesspatfiaflementsurflesbordsdeflachâıne,florsquecettedernfiere

setermfineparuneflfiafisonffafibfleJ′<J.Cesdeux́etatsd́eǵeńeŕessontfl’findficateur

d’unephasetopoflogfiquementnon-trfivfiafle.Nousavonsv́erfifieexṕerfimentaflement

fl’exfistenceetflesproprfiet́esdeceśetatsdebords.Nousavonsensufitemfiseńevfidence

fl’fimportancedeflasyḿetrfiedesous-ŕeseauxsurflad́eǵeńerescencedesdeux́etatsde
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bords:florsqueflaǵeoḿetrfiedeflachâıneestmodfifieepourcŕeeruncoupflageA-A

entreflepremfierettrofisfiemesfite(cequfibrfiseflasyḿetrfiechfirafle),nousobservonsune

dfifferenced’́energfieentreflesdeux́etatsdebords.Cedernfierpofintsfignafleflaffragfiflfit́e

deflaphasetopoflogfiquedumod̀efleSSH̀auneperturbatfionbrfisantflasyḿetrfiequfi

prot̀egecettephase.

Dansflasecondepartfiedecechapfitre,nousexpfloronsfleŕegfimed’finteractfion

fforteòuflachâıneestrempflfièamofitfieavecdesbosonsdecoeurdur.Noscoflflegues

th́eorficfiensdefl’́equfiped’HansPeterB̈uchflerontpŕedfitqueflad́eǵeńerescencede

fl’́etatffondamentafldeceprobflemèaNcorps(etnonpflus̀aunepartficufle)estaflors

robustèaflaperturbatfionappflfiqúeepŕećedemment.Motfiv́esparcettepŕedfictfion,nous

avonspŕepaŕefl’́etatffondamentaflenutfiflfisantunpassageadfiabatfiquemficro-onde,pufis

v́erfifieparspectroscopfieflad́eǵeńerescencedecet́etat,m̂emeflorsqueflasyḿetrfiede

sous-ŕeseauestbrfiśee.
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Derevfianko,A.,Ḱoḿar,P.,Topcu,T.,Kroeze,R.M.,andLukfin,M.D.,“Effectsoff

moflecuflarresonancesonRydbergbflockade,”PhysficaflRevfiewA92,063419(2015)

[cfitedfinpage118].

Deutsch,J.M.,“Quantumstatfistficaflmechanficsfinacflosedsystem,”PhysficaflRevfiew

A43,2046(1991)[cfitedfinpage78].

DfiLeonardo,R.,Iannfi,F.,andRuocco,G.,“Computergeneratfionoffoptfimaflhoflograms

fforoptficafltraparrays,”OptficsExpress15,1913(2007)[cfitedfinpages25,33,

and37].

DfiLfiberto,M.,Recatfi,A.,Carusotto,I.,andMenottfi,C.,“Two-bodyphysficsfin

theSu-Schrfieffer-Heegermodefl,”PhysficaflRevfiewA94,062704(2016)[cfitedfin

page189].

vanDfitzhufijzen,C.S.E.,Koenderfink,A.F.,Herńandez,J.V.,Robficheaux,F.,
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Tfitre : Sfimuflatfion quantfique de modèfles de spfins dans des matrfices d’atomes de Rydberg 

Mots cflés : pfinces optfique, atomes findfivfiduefls, finteractfion dfipoflafire, modèfles de spfins, sfimuflatfion 
quantfique 

Résumé : Des atomes findfivfiduefls pfiégés dans des 
matrfices de pfinces optfiques et excfités vers des états 
de Rydberg fforment une pflatefforme expérfimentafle 
prometteuse pour fla sfimuflatfion quantfique de 
modèfles de spfins. Lors de cette thèse, nous avons 
d’abord résoflu fle probflème du chargement afléatofire 
des pfièges, seuflement 50 % d’entre eux étant 
chargés avec un atome. Nous avons dévefloppé une 
technfique pour préparer des matrfices 2D, pufis 3D, 
d’atomes de 87Rb en fles dépflaçant un par un avec 
une pfince optfique mobfifle contrôflée par ordfinateur. 
Nous avons ensufite réaflfisé fle modèfle d’Isfing en 
excfitant de manfière cohérente fles atomes depufis 
fleur état éflectronfique ffondamentafl vers un nfiveau 
de Rydberg. Après avofir trouvé un régfime optfimafl 
où fl’finteractfion dfipoflafire entre deux atomes de 
Rydberg se rédufit à une énergfie de van der Waafls, 
nous avons tenté de préparer adfiabatfiquement fl’état 
de Néefl qufi mfinfimfise fl’énergfie d’finteractfion. Nous 
avons montré que fl’effffficacfité de préparatfion étafit 

flfimfitée par fla décohérence findufite par fles flasers 
d’excfitatfion. Nous avons ensufite utfiflfisé un autre 
régfime d’finteractfion, fle coupflage dfipoflafire 
résonant, pour étudfier des modèfles de spfins de type 
XY, dont fle modèfle Su-Schrfieffffer-Heeger, connu 
pour sa phase ffermfionfique topoflogfique protégée 
par une symétrfie chfirafle. Icfi, nous avons rempflacé 
fles ffermfions par des partficufles effffectfives de type 
b̀oson de cœur dur’, ce qufi modfifffie fles proprfiétés 
de cette phase. Nous avons d’abord retrouvé fles 
proprfiétés à une partficufle, comme fl’exfistence 
d’états de bords à énergfie nuflfle. Nous avons ensufite 
préparé fl’état ffondamentafl à N corps pour un 
rempflfissage mofitfié, et observé sa dégénérescence 
causée par fles états de bords, même en présence 
d’une  perturbatfion  qufi  flèverafit cette 
dégénérescence dans fle cas ffermfionfique. Nous 
avons expflfiqué ce résufltat par fl’exfistence d’une 
symétrfie pflus générafle, qufi protège fla phase 
bosonfique. 

 

 

Tfitfle : Quantum sfimuflatfion off spfin modefls wfith assembfled arrays off Rydberg atoms 

Keywords : optficafl tweezers, sfingfle atoms, dfipofle-dfipofle finteractfion, spfin modefls, quantum sfimuflatfion 

Abstract : Sfingfle atoms trapped fin arrays off 
optficafl tweezers and excfited to Rydberg states are 
a promfisfing experfimentafl pflatfform ffor the 
quantum sfimuflatfion off spfin modefls. In thfis thesfis, 
we fffirst soflved a flong-standfing chaflflenge to thfis 
approach caused by the random floadfing off the 
traps, wfith onfly 50% off them fffiflfled wfith sfingfle 
atoms. We have engfineered a robust and easy-to-
use method to assembfle perffectfly fffiflfled two-
dfimensfionafl arrays off 87Rb atoms by movfing them 
one by one wfith a moveabfle optficafl tweezers 
controflfled by computer, a technfique ffurther 
enhanced to trap, fimage and assembfle three-
dfimensfionafl arrays. We then fimpflemented the 
quantum Isfing modefl by coherentfly coupflfing 
ground-state atoms to a Rydberg flevefl. Affter 
fffindfing experfimentafl parameters where the dfipofle-
dfipofle finteractfion takes the fideafl fform off a van der 
Waafls shfifft, we perfformed adfiabatfic preparatfion off  

the  Néefl state. We showed that the coherence tfime 
off our excfitatfion flasers flfimfited the effffficfiency off 
thfis technfique. We then used a dfifffferent type off 
finteractfion, a resonant dfipoflar coupflfing, to 
fimpflement XY spfin modefls and notabfly the Su-
Schrfieffffer-Heeger modefl, known ffor fits ffermfionfic 
topoflogficafl phase protected by the chfirafl 
symmetry. Here, we used effffectfive hard-core 
bosons, whfich modfiffy the propertfies off the 
topoflogficafl phase. We fffirst recovered known 
propertfies at the sfingfle partficfle flevefl, such as the 
exfistence off flocaflfized zero-energy edge-states. 
Then, preparfing the many-body ground state at 
haflff-fffiflflfing, we observed a surprfisfing robustness off 
fits ffour-ffofld degeneracy upon appflyfing a 
perturbatfion. Thfis resuflt was expflafined by the 
exfistence off a more generafl symmetry protectfing 
the bosonfic phase.  
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