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Intr oduction

Theideaof quantuminformationprocessingttractednuchattentionin recentyears.A quantum
computemwvorkswith qubits,which,asopposedo classicabits with only two de ned statesare
ary coherensuperpositiomf two states Quantumcomputingopensanew rangeof possibilities,
especiallyparallelprocessingf information. Recentlydevelopedquantumalgorithms[Shor94]
shav that quantumcomputerscan solve speci ¢ problemswithin polynomialtime for which
classicacomputergake exponentialtime.

The experimentalrealizationof suchsystemshowever, encountersevere technicalprob-
lems. First, onemustbe ableto control quantumsystems.Someexampleswhich arerelatedto
our eld areions[Lieb03], neutralatoms,even “arti cial” atoms(quantumdots). Besidesthe
experimentakhallengeo storethem,we needto controltheir quantumstates Here, thegreatest
dif culty is the preseration of quantumcoherence Any coherentsuperpositiorof statesmust
last muchlongerthanthe computationtime. This meansthat the dissipationandthusthe in-
teractionwith the ernvironmentmustbe suppressedThe chage of the ions leadsto Coulomb
interactionwith theervironmentwhich quickly destrgsthe coherenceQuantundotsareincor-
poratednto solid materialandsuffer the sameproblem.

Our experimentis an approachto an implementatiorusing individual neutralatoms. The
advantageof unchaged particlesmight be the longercoherencdime. The requiredability to
storeindividual atomsandto controltheir externalandinternaldegreesof freedomwasrealized
in our groupwithin thelastyears.We areableto storea desirednumberof neutralCsatoms,to
move themwith sub-micrometeprecisionandto manipulateheirinternalquantunstates Also,
the coherencdime of internal stateswas measuredKuhr03. The next steptowardsquantum
informationprocessings the interactionbetweentwo atoms. In this casethe lack of Coulomb
interactionrequiresadditionaleffort to establishsuchinteraction. In free space neutralatoms
interactconsiderablystrongly only at very shortdistances.Our approachis to usean optical
resonatoin which the atom-atoninteractionis mediatedvia the exchangeof a photon.

The subjectof this work is the preparatiorof suitableoptical resonatomwhich continueshe
work of Y. Miroshrnychenlo [Mir02]. In orderto performexperimentswith atomsin a cavity,
thesystemmustful Il theconditionof strongcoupling wherethe cohereninteractionbetween
theatomandtheintracavity eld dominatesover the dissipation. The dissipationis dueto the
limited lifetime of photonsin the cavity andatomicdecay Quantitatve understandingf the
interactionof an atomwith photonswithin the cavity requiresadvancedtheoreticaltreatment.
By solving the masterequationof a two level atominteractingwith the single modecavity in
presencef dissipationl have calculatedhe spectrunof the system.
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Theexperimentakhallengas to achieve a strongatom-photonnteractionwhile keepingthe
dissipationlow. The interactionincreasesvhenthe photonsarecon ned to a smallervolume,
whereaghe photonlifetime in the cavity canbe improvedby increasingthe re ectivity of the
mirrors. Altogether theresonatomusthave a microscopianodevolumeandhigh mirror re ec-
tivity.

In orderto sortout mirrors with bestre ectivity from our setwe needa quick methodof
mirror characterization For thesemeansl have implementeda cavity ring-dowvn setupwhich
measureghelifetime of a photonin a cavity.

Theprecisecontrolof interactionparametersequiregheability to tunethe cavity resonance
frequeny andto keepit stablefor the time of the experiment. Sincethe resonancdrequeny
dependson cavity lengthchangesn a picometerscale,an active feedbackschemes required
to achiare the necessargtability. Our schemads basedon stabilizationof the cavity to a laser
andincorporateghe Pound-Drger-Hall method. This schemewas completed,optimizedand
characterized.



Chapter 1

Theory

1.1 Optical resonators

An opticalresonators a“container”for light, it is ableto storephotongfor a certaintime within
its volume.

1.1.1 Basicproperties

An optical resonatorbasically consistsof two opposingmirrors. First we considera simple
model,thesocalledFabryPerotresonatoof two planemirrors, g. 1.1.It describesnostof the
propertiesof realresonators.

The relevant parametersre the resonatodength L andthe mirror re ectivities Ry Ry and
transmission3; T». For corveniencewe setR RR, T TiTo

Ein
EinV/TiT,
- En/Ry -
I — —if
EmTl\/ﬁzelf Ein T1T2 Rlee
S iof
EnTy/RARReE | EnTiRRRe

T R L R, T,

Figurel.l: Fabry-PerotresonatarAn incidentelectromagnetigvave leadsto a seriesof partial
re ections.
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A laserbeamof frequeng w andwave-vectork ¥ %F—’ incidenton onemirror is partially
transmittecandpartially re ected. Thetransmittedoartentergheresonatoandis re ectedforth
andbackmary times.Oneachre ection afractionescapesheresonatgrsee g. 1.1. Sincethis
processs coherenttheamplitudesof there ectionswill interfere.

Thetransmittedeld amplitudeis the sumof all amplitudesafterthesecondmirror:

i i T
E. EnT TRe TR En T mar
wheref 2Lk is theround-trip phaseof thelight wave in theresonatar
Similarly, there ected eld is

[

EE En R Tie' RR Ti RRéE" Bn g R (1.2)
Thetransmittedntensityis proportionalto the squareof the eld:
T T? 1
i E? E2 T = — (1.2)
1 Re 1 R2]_ 14RR23|n2§
A P >
g Dw.,
‘»
8%
= —>lle=
8 DV\LWHM
L JU
Wes frequency  Wes

Figurel.2: Transmissiorof anopticalresonatar

. . . 2 . .
Maximaltransmissiorof ﬁ occursattheresonancérequenciesvies whenall re ections
interfereconstructvely, i.e. theroundtrip phasds a multiple of 2p:

%W f!2pq qg 12

Theresonancérequenciesrethen

C
Wres ZPZq :Dwsr g q 12

Thespectrunis periodic,with aperiodof Dwksr:  2p4r- , calledthefr eespectral range.
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Fromeq. (1.2) we calculatethe linewidth Dwwym Of theresonances:

1 R DWes
DWewHM DWesp——= R
p R F
Thefactor
p R DWesr

F: (1.3)

1 R Dwwhm

is calledthe nesse of theresonatgranddepend®nly onthemirror re ectivity.

The eld in theresonatois a standingwave. We considerthe caseof resonancéor a sym-
metricresonator:R; R, R T; T, T. At ananti-nodeall forth and backre ections
interfereconstructvely andgive theresonanintra-cavity eld strength

T1 R
1 R
For ahighre ectivity withoutlossesvehaveR 1 T 1 Randthus

Eaty En T1 R 1 R R Ein

2
Eca/ity Ein ﬁ

Theresonantntra-cavity intensity in ananti-nodes then

4 F
Ca/lty n l R p n ( )

Thecavity enhancetheintensityby afactor2F . Thisis onereasorfor theusageof cavities
in experimentswith atoms.If oneis ableto obtaina high nesse,theinteractionof atomswith a
laserbeamis enhancedby severalordersof magnitudecomparedo interactionin freespace.
If anatomis not localizedto an anti-nodealongthe resonatoraxis (aswill be the casein our
setup)it will seeanaverageintensityoveroneor severalperiodsof the standingwave:

I mean 2 F

cavity —lin

1.1.2 Eigenmodes

Realresonatorsaretypically built with sphericallyconcae mirrors. Here,the eld is con ned
in threedimensiongo amodeof a nite volume.
We considera symmetricresonatoof two identicalmirrors. Theresonators radially symmetric,
hasthelengthL andmirror curvatureradiusR.. We call theresonatoaxiszandsetz 0in the
centerseeg. 1.3.

The eld insidetheresonators the solutionof Maxwell equationswith boundaryconditions
(mirrors). The eigenmodegan be describedn the paraxialapproximationby standingwave
Hermite-Gaussiamodegseee.q.[Sie86]):



1.1. OPTICAL RESOMTORS 9

Figurel.3: FundamentalEMgo mode.

Emn XYzt EgXmxzYoyze KZzdW cg

1 e X2 k2 2m 1
——H 2— ex i i

Xm X Z wz T “wz P wz 2Rz ‘T2 V?
1 —y vy k¥ 2n 1

Y, —H 2— X

nyz? wz " “wz P W2 z I2Rz ! 2 y 2
with
. z .
Wo: modewaist wz wp 1 = 2. moderadius (1.5)

Zr IBW(Z) : Rayleighrange

Rz ZZR

z > : wavefrontcurvature

y z arctani : Guoy phase

HereHj x j 012 arethecorrespondingiermite polynomialsof the orderj. The so-
lutions for differentm n have different eld distribution in radial directionandarecalled

TEMmn transersalmodes.
Theboundaryconditionis, thaton re ection the cunvatureradii of the wavefrontandthe mirror

mustbeequal,.e.R % ! Rc.. This determineshewaistwp:

L

w6 Re 5 (1.6)

NI

L
p
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Themostimportantmodeis TEMgg or fundamentamode:

r2 i kr2
W2 z 2Rz

withr?: x2 y2. Thiscorrespond$o two counterpropagatingsaussiarbeams We will work
with this modein theresonatossinceit hasthe mosthomogeneousadial intensity distribution
without nodes.

Becauseof the Guoy phasethe differenttrans\ersalmodesare non-dgenerate.The round
trip phasds

1 | |
Eooxyz Eo—exp iyz ekZ3i cc (1.7)

L
fam 2Lk 2m n 1yE y

2p
Dwesr

w 2m n 1 arccosl

gU||— NI

Theresonanceonditionis f , ! 2pgg 12 .Weget

1 L
Wnm Dwesr Bm n 1 arccosl R (1.8)

Theresonancdrequencief trans\ersalmodesareequidistant.q is the longitudinalorder
i.e. thenumberof antinodesn theresonatarThemodeswith equal m n aredegenerateThe
modeseparatioepend®nthelengthof theresonatgrwe will usethisrelationlaterto measure
themirror distanceof anassembledavity.

In the experimentwe often scanthe mirror distanceandnot the laserfrequeng. A change
of li in the distancecorresponds$o Dw:sgr. For DL li L we have Dwp DL in very good

approximation.

1.1.3 Quantization of the electromagnetic eld

Up to now we dealtwith classicaklectromagneticelds in theresonatarin orderto understand
the quantumoptical phenomenave needa treatmenton a single photonlevel. The quantum
eld will be usedto analyzethe interactionof an atomwith the cavity mode. The methodfor

introducingphotonss the canonicaleld quantizationseee.g.[Sho90],[Scu97]).

We considemrmonochromatidight of thefrequeng w in thefundamentaimodeof the cavity.
Supposeit is linearly polarized thenthereareonly two mutuallyorthogonakcomponent& and
B of the eld. Theideaof the quantizations thatfor the standingwave elds in the resonator
this problemhasthe structureof a harmonicoscillator E playstherole of the“position” andB
is the“momentum”.

The quantummechanicaformalismexpresseghe eld operatorsn termsof creation and
annihilation operatorsa' anda:

Exyz Epxyz & a
Bxyz iBopxyz &

Q>
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wherethe spatialpartsEqg X y z andBgg X y z arethesameasin eq. (1.7).

Theoperatorsd! 4 addandremove monochromaticpolarizedphotonsin theresonatarThe
guantummechanicaéxpressiorfor theenegy is
a1
H wa'a 5
Theoperatorda countsthenumberof photons, w is theenegy of asinglephoton.Theenegy
eigenstatearephotonnumberstates

0O 1 2

In this picturethe eld in the resonatorconsistsof photonswhich arere ected forth and back
betweerthe mirrors.

1.1.4 Photonlifetime

Sincethe re ectivity of the mirrorsis limited, the photonwill stayin the resonatoronly for a
limited periodof time. We can nd it asfollows:

The roundtrip time of the photonis tyi; &  5a%-. Theintensity loss during half a
round-trip(onere ection) is:

Lt 1t f LR SDWsr
Lt _pb F
2'trip Dwksr

|t RDWewnm |t Dwewhm
Sincethecavity is traversedat the velocity of light, ty, is smallandthus

It Stwp |t dl

— |t DWewHm
%ttrip dt
|t lge DWwhmt  oe ¢ (1.9)
Theintensitydecaysxponentiallyand
1 F
t: (2.10)

Dwewnm — DWesr
is the photon lifetime.
Onede nesthephoton lossrate as

1
k: n (1.12)
ThemeannumberN of re ectionsin thecavity is givenby:
N 2 t 2[)\/\42792 F

trp  2PDVEwnm P
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1.2 Atom-cavity interaction

With the basicpropertiesof the resonatomwe cannow analyzewhathappenswith atomsin the
cavity.

1.2.1 Atom-cavity coupling strength

To describethe atomin a way similar to the photon picture we usethe secondguantization
formalism. We considera two level atomwith groundandexcited statesg e andintroduce
theoperator$’: e g and$: g e whichcreateandannihilateatomicexcitation.

Supposéhe atomis placedin anantinodeof the standingwave, suchthatthe spatialdepen-
denceof the interactioncan be omitted. The dominatingpartis the interactionof the atomic
dipolemomentwith theelectric eld componen{dipoleapproximation).
TheinteractionHamiltonianin the Heisenbeg pictureis

Hne d E d§TdWt ge Mot E g™t ge W

wherew is theatomictransitionfrequeng, w. is thecavity photonfrequeng, &' 4 create/annihilate
cavity photonsd is theelectricaldipole momentof theatom,andE is a constaniwhich depends
onthemodevolumeV (see[Scu97]):

We
E
2eqV
p I L L
Vo oSwilk -L = =
gt gt R 5
Theexpressiorfor themodevolumeis valid for L~ zg.
In therotatingwave approximationwg  We Wo W. theHamiltonianreducego:

Hiw dE §%a 8a" gsTa sa'

where
. dE d2w
9 2 eV

istheatom-cavity coupling rate. ThisinteractionrHamiltonianis alsoknown asJaynes-Cummings
Hamiltonian[Jay63].

(1.12)

1.2.2 Jaynes-Cummingsmodel

In the Jaynes-Cummingsodelwe considerthe interactionof a two level atomwith a single
modeoptical cavity. The systemshallbeideal,theatomcannot decayspontaneousljrom the
excited stateto the groundstate andalsophotonsdo not escapeheresonatar
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Thefull Hamiltonianincludingthe atomicandcavity enegy is givenby:

A a1 A aa
S wcaTaé gsta sa'

(7o}

H WoS

Theatomcanbeexcitedby absorbinga cavity photonor go to the groundstategiving its excita-
tion to the cavity. Since

T At

s'a s engn 1 gn 1 en
the interactioncouplesthe statesgn 1 and e n for eachphotonnumbern. In the sub-

manifold of thesetwo stateswve canwrite the Hamiltonian:

n 1g We  Wp

which canbeeasilydiagonalizedjiving theenegy eigervalues 5 W Wo2 4n 1¢2

The interactionlifts the degenerag betweenthe atomandthe cavity. The eigenstatesire
split, see g. 1.4, which is called vacuum Rabi splitting. In resonancei.e. w, Wp, the
splittingis2 n 1 g. Thecoupledatomandcavity becomeonesystemwith two resonances.

s E

1 x
N —=(lefi1fi+ |gii2f)
V29 2

=

g

' %(Ieﬁlﬁ- lgfi2f)

—— (leflofi+ |gi1R)
g 2
g

Y1 (ef0f-
E(|eﬁ0n lgf1n

()

S

5

lefi |17

|4;
»>

lgriof
combined and coupled

atom 4 cavity = atom-cavity system

Figurel.4: Eigenstatesf theresonanatom-caity system.
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1.2.3 Dissipationand strong coupling

In therealatom-caity systemthemirrorshave alimited re ectivity andtheatomicexcitedstate
hasa nite lifetime. Thereare3 importantprocesses

1. coherenatom-photorinteractionattherateg,
2. incoherenphotonleakagefrom the cavity attheratek,

3. incoherenspontaneoudecayof theatomicexcitedstateattherateG

Figurel.5: Parametersf atom-caity system.

Thetwo lastprocessekeadto lossof coherenceln acavity QED experimentoneoftenwants
to studyor to usethe coherentnteractionwith aslittle dampingaspossible.It meanghatthe
coherentvolution mustbe fastcomparedo the decoherencprocessesOnehasto getinto the
regimeof strong coupling:

g kG

Thisenablexoherenenegy exchangebetweeratomandcavity within thelifetime of theatom-
cavity system.For alarge g the modevolumehasto be smallaccordingto eq. (1.12). A low
photonlossratek is achiezedby a highre ectivity of themirrors.

1.2.4 Density matrix approach

Thedissipatiordoesnotonly make theexperimentdif cult, itstheoreticatreatmentlsorequires
adwancedtools. Onehasto considerthe interactionof the systemwith the environmentwhich
leadsto athermalstatisticalequilibrium. This canbe donein the densitymatrix formalism.

Our atom-caity systemis now coupledto the ervironment. The evolution of the whole
systemincluding the ervironmentcanbe describedy a Schibdingerequation.Sincethe exact
guantumstateof the ervironmentis not known, onetraces(takesthe meanvalue)over erviron-
mentalstatesandobtainsthe masterequationCar93:

K oot atan  mata "
Hr EZérT faf rfa'a S (1.13)
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Here,r is thedensitymatrix for theatom-caity systemk arecavity lossesGis the decayrate
of the atomicexcited state. The rst partof the masterequationdescribesoherentevolution,
thetermswith k andG areresponsibldor the dissipationprocessesvhich leadto decoherence.
TheHamiltoniancontaingheatomandcavity enegies,theatom-caity interactionandcoherent
driving of the cavity by alaser eld of frequeng w;

51

T ea

51

§ w. waa gsf

H Wo W S a

In the presenceof decoherencéhe masterequationhasa steadystate%r ' 0. Thisis a
systemof (in nitely mary) homogeneoubnearequationsNumericaltoolsfor solvingthemas-
ter equationexist, e.g. [Tan02]. They provide the spectraof the systemandexpectationvalues
of atomandcavity statesby restrictingthe dimensionof the Hilbert spaceto a computationally
affordablevalue. The structureof the solution,however, remainshiddenin this approach.

My goalwasto nd ananalyticalsolutionof the problemin a reasonabl@pproximation.|

have solvedthe masterequationanalyticallyin the caseof aweakdriving eld. For detailssee

AppendixA.
In caseof resonanceéetweeratomandcavity, we W, theresultis
2 w
11 12 2 2 kG 22
w2k @ 22w 2 g
g’

= wholk2 @ 22w K& 22
wherer 11 is the probability of nding a photonin the cavity andr »2 is the populationof the
excited stateof the atom. The photon ux from the cavity is thenkr 17. The approximation
requireshatthedriving laser eld e mustbesmall,suchthatr 17 ro» 1.

The gure 1.6shavstheRabisplittingin thissolution. Thetwo curvesarer 11 W oo w; ,
i.e. the populationsof cavity andatomexcited statesasfunctionsof the driving laserdetuning
to atomicresonanceThe rst oneis equialentto the transmissiorspectrumof the cavity with
anatominside,whenprobedby aweaklaser Thewidth of thelinesis a signof the presencef
dissipation.

Analysis

To connectthis resultto the Jaynes-Cummingsiodel,we determinethe splitting of the peaks
andthelinewidth of the cavity transmissionFor this purposewe rewrite the expressiorfor r 11
into two separatgeaks:

f a w a w
2d w b2 & w b2 @
wherea b g dareexpressionsn termsof g k G Thepeaksareasymmetricallyoroadenedbut

in theregime of strongcouplingstill well separatedThe vacuumRabisplitting canbefoundby
determiningthe positionsof the maxima.The approximatesxpressions

N1 w
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0.01+
0.008-

0.006+

population

0.004+

0.002+

+150  +100 +50 0 50 100 150
laser detuning [MHz]

Figure 1.6: Rabisplitting in densitymatrix solution. Shawn is the caseof cavity resonantith
theatom(centeredttheorigin). Theparameterare g k G 2p 40 14 52 MHz. Thedark
curweis the cavity populationvs. laserdetuningthegrey curve shavs theatomicexcitation.

kG

Drabi 2 @2 7

whichfor strongcoupling(k G g) become®g asin Jaynes-Cummingsiodel.
Becausef the peakasymmetryan effective linewidth is de ned asthe areaunderthe peak
dividedby the peakheight:

pef . 2 area
FWHM" b height
For a Lorentzianfunctionthis expressioryieldsthe FWHM linewidth. Usingthis de nition we
obtainthe approximate=xpression:

k G
Dr -

Anotherimportantpropertyis thedependencef enegy eigenstatesnthedetuningof cavity
with respectto atomic resonance.Figure 1.7 shows the eigenstate®f the Jaynes-Cummings
model (a) comparedo the cavity spectra(b). The x axisis the cavity detuningfrom atomic
resonancethey axisis the enegy (a), or detuningof the probelaser(b). Onecanseethatthe
behaior of enepgy stateds similarin bothmodels.
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150+
100+

50+

+150 +100 +50 0 50 : 50
Vity detuning [MHz]

energy [MHz]

(@)

1504

1009

laser detuning [MHz]

+150 +100 +50 50 100 150
= cavity detuning [MHz]

(b)

Figure 1.7: (a) Enegy levels of the Jaynes-Cummingmodelvs. cavity detuning. (b) Cav-
ity photonnumberof densitymatrix solutionvs. cavity- andprobelaserdetuning. The white
areacorrespondso 0 photons,black areato 0 02 photonsin the cavity fore 1. The atomic
resonances centeredattheorigin. Theparameterare g k G 2p 40 14 52 MHz.
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1.2.5 Interaction betweentwo atoms

Two atomswhich simultaneouslygoupleto the samecavity modebecomeanutually coupledand
canexchangesnegy (information)via a cavity photon.

Supposéhe atomsareat differentpositionswithin the modeandthushave in generadiffer-
entcouplingsg: g2. TheinteractionHamiltonianwith the cavity is the sumof two single-atom
interactions:

+

2\ 02 §2é §2AT

Hint 01 éIé S1
If the cavity is tunedfar from the atomicresonancethe exchangeof excitation betweenatom
andcavity becomesegligible. Two atomscanstill exchangeheir excitationvia the cavity. The

effective secondrderinteractionHamiltonianis

2 0102

ata T
Hic We Wo S1S2 S1S,
This is a two-photonprocesswhereone atom emits a (virtual) photoninto the cavity mode
andthe otheroneabsorbst. Both processesiappensimultaneouslythe excited statepopula-
tion remainssmall and canbe adiabatically eliminated. Onegetsa cavity inducedatom-atom

interaction.

|9.971A

Figure 1.8: Cavity which is detunedfar from the atomic resonanceouplestwo atomsvia a
virtual cavity excitation.

Theinteractiondescribedabove hasalong rangebecauseheradiationis concentratedhto a
singlemode.For closedistancebetweertheatomsit is alsopossibleto obsene cavity ampli ed
dipole-dipoleor vanderWaalsinteraction(seefor example[Osn01).

This schemas only onepossibilityfor couplingof two atomsvia the cavity. Thereexist dif-
ferentschemesvhich proposeo usethe cavity for conditionalquantumogic andentanglement
(e.g.[Yi02]). Thegoalof futurework in our groupwill beto implementoneof thoseschemes
to entangleéwo atoms.



Chapter 2

Cavity setup

The taskto achiese strongcouplingrepresentan experimentalchallenge.In orderto perform
experimentswith Cs atoms,wherethe excited statedecayrateis G 2p 5 2MHz, to achiere
g GweneedamodevolumeV 78 10° um 3. To minimizethephotonlossratek, themirror
re ectivity shouldbeashigh aspossible We have setup aresonatowith thegoalto ful Il these
requirementsAt the sametime, theresonatohasto be combinedwith our setupwhich delivers
singlecold Csatoms.A suitablemechanicamountingsystemwasbuilt up andtestedtogether
with the cavity.

2.1 Resonatorassembly

The rst resonatomwasbuilt for testingpurposedy Y. Miroshnychenlo in [Mir02]. Our next
taskwasto setup a new resonatowhich canbeintegratedin our setup.

2.1.1 High re ectivity mirr ors

Themirrorsaremanufcturedoy thecompaly ResearclitlectroOptics,Boulder USA. Thehigh
re ectivity is achiezed by a stackof severaltendielectricl 4 layers. The speci edre ectivity
of themirrorsisR 99 997%for thewavelengthof the CsD> line (852nm), correspondingo a
nesseof 104000.Thesphericakoncae surfacehasa diameterof 1 mmandradiusof curvature
of R  10mm,seegq. 2.1. Thespecialconicalshapeof the substrates neededecaus®f the
limited spacdn our setupasshovnin sec.2.3.4.

We have ordereda setof 30 mirrors. In [Mir02] two resonatorsvere built shoving a -
nesseof 77000and94000,both belov speci cation. This shaws that a carefulinspectionand
characterizationf the mirrorsis neededeforeassemblingaresonatar

At this point the tools for sucha characterizationvere quite limited. At the beginningwe
inspectedhe mirrorsvisually with a 100x microscopelt provideslight- eld anddark- eld ob-
senation. Using this microscopewe have seenspotsof differentsizeson almostall mirrors.
Thosewererangingfrom macroscopidustor glassparticlesdown submicrometersurfacede-
fects. By illuminating the surfacefrom the sidewe werealsoableto seethin scratche®n mary

19
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Figure2.1: High re ectivity mirror, manugcturedoy the REO compayy.

mirrors. Thenwe usedanothemicroscopewith 500x magni cation which provideslight- eld,

dark- eld andbetterresolution.Thecloserlook revealedmorescratchesandevenmorespotsof
sub-micrometesize,oneexampleis shavnin g. 2.2. All visible defectsreducethe nesseby
scatteringor absorbindight.

Figure2.2: Microscopepictureof themirror surface, 500xmagni cation,dark- eld obsenration.
Oneseesthin scratchpneclearlyvisible spotonthelowerleft and3 smallerspotsontheupper
right. Thedarkobjectsin thelower partaredefectsof thecamera.

In orderto achieve the best nesse, we looked for mirrors which werefree from defectsin
the centerpart of the mirror surface( 0 25mm radius). Sincethe TEMgg modewill have a
radiusof about15um this shouldguarantedhat the defectsdo not limit the nesse. Sinceall
mirrors have at leastseveral spotsin the centerpart, we chosemirrors without scratchesn this
region. Scratchesre permanentywhile spotscanbe small dustor glassparticles,thusit might
be possibleto remove them. Due to the smallmirror sizeandsensitvity of the mirror coating,
specialcarehasto betakenwhentrying to cleanthe surface.
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We investigatedhefollowing methodsor remaoving spots:

OptiClean:adropletof specialpolymer(manufcturedoy MerchanTek Inc., SanDiego,

USA) is placedon the surfaceand coveredwith a pieceof cleaningtissue. The polymer
0 ws over the surfaceasa homogeneoukyerandembedghe particles.After thedrying

(15-20min) the tissueis easilyremovedtogetherwith the polymer Bigger particlescan

beremovedthisway. Only a partof smallerparticlesis removed,severalrepetitionsof the

procedureareneededandit doesnot guaranteeheremoval of all particles.In rarecases
the polymercanstick to the sideof the mirror if too muchwasused this residuehasthen

to be removed with acetone.ln generalusingthe polymeris fastandsafe,sincethereis

almostno risk of damaginghe surface.

mechanicaktleaning: a pieceof lenscleaningtissueis folded, wet in acetoneand swept
with a tweezerfrom the centerto the borderof the mirror. This methodis dif cult and
dangerousinceit is possibleto produceadditionalscratche®y dragginga pieceof glass
over the surface. We tried this methodbut decidednot to useit becausét hadnearlyno
effecton smallerspots.

bathingin acetoner methanolthemirroris placednto warmacetoner methanobf ultra
high purity. After about5 minutesthe mirror is takenout holdingthe surfaceverticalsuch
thatnoliquid drop canstayon thesurface.If someliquid would dry out on the surface, it

would leave the dissolhed dirt behind. This methodis ableto remove someof the spots,
evensmallonesbut it canalsoaddspotson somecaseslt alsoremovestheresidueof the
OptiCleanpolymerwhich couldstick to thesideof themirror andcausegoroblemswith the
ultra high vacuumneededn theexperiment.

ultrasonicbath:themirror is placedinto asmallvessellled with pureacetonendputinto

anultrasonicbathfor about5 min. Thisdeviceis lled with waterandproducesultrasonic
vibrationsof the liquid which remove particlesfrom the surface. However particlescan
producescratchesSmallspotsarenotremoved.

After consideringall methodsve decidedo cleanselectednirrorsby applyingOptiCleanseveral
timesandthendoing both an acetoneanda methanolbath. The surfaceswereinspectedafter
cleaningwith the 500x microscopeandthe procedurevasrepeatedvhennecessaryBy these
meanswe wereableto nd a mirror pair with no visible scratchesandalmostno spotsin the
centerregion of thesurface.

2.1.2 Assembly
Piezoelements

For precisecontrol of the resonatoidengththe mirrors are glued onto piezoelements.We use
shearpiezos(PI Ceramic,6x6x1 mm), which performa shearmovementof 300nm whena
voltageof 500V is applied. This is enoughto scanover a free spectralrangeof li 426nm
evenwhenonly onepiezois used.
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Holder

The holderfor the mirrors is designedor precisepositioningof the cavity in our setup. It is
describedn all detailin sec.2.3.4.

The procedureof assemblyis almostthe sameas describedn the diplomathesis[Mir02].
First, the piezo elementsare glued onto the holder The holderalso provides electric ground
contact.Beforegluing, themirrorsare x edto the piezosurfaceswith a positioningtool which
alignsthemcoaxiallyin aV-groove,see g. 2.3. This ensureghatthe modeis well centeredo
theaxisof bothmirrors.

Thenext stepis gluing of themirrorsto the piezoelementsThe previousmethodwasto puta
gluedropletunderthe mirror, whereit distributesasathin layer. The problemof thisapproachs
thatthegluedsurfaceis big. Whentheglue curesit cancontractintroducingmechanicatension
to themirror substrateThis tensionleadsto a birefringenceandshouldbe avoided. Thegeneral
rule is to reducethe contactareaof the glue, presumablyto only oneor two points. Theidea
is to put the glue not directly betweenthe mirror andthe piezobut ratherto usean additional
glasscylinder (glass ber) of few hundredmicrometerdiameterying parallelto themirror side.
It is gluedwith onesideto the piezoandwith the othersideto the mirror (see gure). Using
the cylinder hasalsoanadditionaladvantagethatit might be possibleto remove a gluedmirror.
Whenglueddirectly, theremoval destrgs the mirror andthe piezo,becaus®f thelarge contact
areawith theglue. Figure2.4 shavs theassembledavity ontheholder

view from
above

- positioning tool

/

V-grogve mlrror

\\\\

glass cylinder
(optional) =~

—

\ /_——glue

shear piezo
side view

caV|ty holder

Figure2.3: Assemblyof the cavity.
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Figure2.4: Assemblectavity in theglasscell of thetestvacuumsetup.

2.2 Characterization of the cavity

Themostimportantparametersf theresonatoareits lengthandthe linewidth. Knowing them
onecancalculatethe valuesof g andk which areimportantfor future cavity QED experiments.

Cavity testsetup

For characterizatiomndtestingpurposeshe cavity wasplacedinsidea vacuumchambemhich
is geometricallyidenticalto the vacuumchamberof the main experiment. By doing sowe are
ableto testthe interplayof the cavity holderwith the chambergeometry This is importantfor
later integrationof the resonatoiinto the main setup,for detailsseesection2.3.4. The optical
partof thesetupis shavnin g. 2.5.

Therearetwo lasersin the setup the probelaser(852nm) andthelock laser(836nm). The
probelaseris resonantvith the Csatom,the seconds usedfor cavity stabilizationasdescribed
in thenext chapter Bothlasersaredeliveredby thesameber in orthogonapolarizationsandare
thusperfectlyoverlappedvhich reduceghe amountof work for couplingtheminto the cavity.

The laserbeamspassa speciallydesignedmode matchingtelescopegsee[Mir02], p. 23)
which tailors their waistto matchthe fundamentalTEMgg cavity mode. The geometricakou-
pling into the cavity modeis donewith two mirrors. Thetransmittedight isimagedontoa CCD
camerawhich enableausto distinguishtrans\ersalmodes.The transmittedoower is measured
with a photo-multiplier(HamamatsuH7712-03). In orderto reducethe straylight,a 200pum
pinholeis placedin front of the detector

There ected beampassedackthroughthe telescopejs coupledout with an unpolarizing
beam-splittelandis focussedonto a fastphotodiode(Newport ampli ed silicon PIN, 818-BB-
21A). Its signalis usedfor the Pound-Drger-Hall stabilizationof the QED cavity.

Thevoltagefor thepiezoelementss atrianglescanwith variableamplitudeandoffset,which



24 CHAPTERZ2. CAVITY SETUP

probe laser,
lock laser

fastPD @Ml q.......ccccc heerriee S
for locking " \

glass cell

cavity

adoosalal
Buiyorew apow

] I X

observation
lens
\ N s ]
CCD
camera

| photodiode:
hol | transmission
pinhole

Figure2.5: Opticalsetupfor characterizatioandstabilizationof the cavity.

is ampli ed to the necessarpigh voltage( 400V) by alow noiseampli er (FLC Electronics,
A800-40).

Mode matching

In orderto achiere the couplingof the laserinto the fundamentakavity modeit is necessary
to adjustthe focus and the geometricalposition of the beamto matchthe mode. The piezos
arescannedat an amplitudeof about100V at 10Hz. The incidencepositionandangleof the
beamare changedwith a mirror and one tries to seesometransmissioron the camera. The
lasercan be approximatelyadjustedto the centerof the cavity mirror. If no transmissions
seen the voltageoffset for the piezois changedandthe procedurds repeated.If atleastone
highertrans\ersalmodeis visible, onecanlook in its vicinity for the neighboringlower mode
by slightly changingthe couplingangle. For identifying the individual trans\ersalmodes,the
scanamplitudeis reduced.By thesemeansonemovesdown to the fundamentamodewhich is
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thenoptimizedwith bothmirrors. A couplingef ciency of 50%in thefundamentamodecanbe
usuallyreachedvithout additionaleffort. For a bettercouplingonecanalsoadjustthetelescope
with andchangets focus.

2.2.1 Voltage-travel relation of piezoelements

For precisecontrolof thecavity resonancé&equeng onehasto know preciselyhow thepiezoel-
ementschangeheresonatofengthwith appliedvoltage. Theirvoltage-trael correspondencs
in generahonlineayrgivenby thepropertieof thepiezomaterial. As we know from eq. (1.8)the
trans\ersalmodesof theresonatoare equidistanandthusde ne afrequeng scale.Therefore,
we canmeasureghevoltagescorrespondingo resonancef differenttrans\ersalmodes.

In orderto get someintensityinto the highertrans\ersalmodes,the coupling of the laser
into the cavity wasslightly misaligned. The piezovoltagewasscannedlowly (1Hz) over the
maximalrange( 400V) andthetransmissiorpeakswererecorded.

Thetransmissiorcurve is shovn in the gure 2.6, (a). It shavs two free spectralrangesof
the resonatar One canidentify a large numberof clearly visible trans\ersalmodesandassign
themcorrespondindrequenciegtransersalmodenumbers).Due to the large scanrange,the
time duringwhich the intensityof eachmodeis recordeds small,resultingin strongvariations
of the peakheight.

The resultingresponsecurve is shavn in 2.6, (b). The displacemenits slightly non-linear
anddependgjuadraticallyon the voltagewithin this scanrange. Additionally it hasa hystere-
sisfeature.Anotherimportantparameters the voltagedistanceof two neighboringtrans\ersal
modesfor a smallscanrange(i.e. of the orderof the modeseparationtself). This distancewas
measuredo be constantjts slopeis shavn in the curve. This is animportantresult,sincethe
voltage-frequengrelationis thenlinear and constantfor small scanrangesusedin the experi-
mentor for stabilization.

2.2.2 Resonatorlength

The control of the mirror distanceduring the assemblyprocesss not very precise. The nal

distanceis only known after the assemblyis nished. It can, however, be deducedwith high
precisionfrom the free spectrarangeor thefrequeng distancebetweertransersalmodes.The
latter alternatve is easierto measuresincethe transersalmodedistanceis small andthusstill
in the linear rangeof the piezoresponse One problemis thatthe correspondencketweerthe
voltagescanandthefrequeng is unknown at this point. To getthe absolutescaleof frequeng
the laserbeamis modulatedoy an AOM which producesa sidebancdhat a de ned distancefrom
themainline,seeg. 2.7.

The procedureof measuringhe distancebetweentrans\ersalmodesis the following: both
piezoelementsarescannedn parallelat about50Hz, the scanamplitudeis adjustedo be just
above the spacingbetweemeighboringmodes. Thenthe modedistanceis measuredtogether
with the AOM sidebandlistance Settingbothvaluesin relationonegetstheresultin frequeng
units. We measuredhefollowing value:
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Figure2.6: Measuremenof the voltage-trael relationof the piezoelements.Figure(a) shovs
thetransmissiorof trans\ersalmodesvs. mirror scan, gure (b) shovstheresponseurve. The
y-axisin (b) is proportionalto theresonatotengthchangesFor a smallscanrangebetweerntwo
neighboringnodesoneobtainsa differentresponsewhichis alsoshown.
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Figure2.7: Measurementf the trans\ersalmodedistance(schematic).Oneseeghe transmis-
sionof two neighboringrans\ersalmodesandthe AOM sidebands.

DWyans 2p 7038GHz

Theerrorof thismeasuremens dueto thelimited resolutionof theoscilloscopelt is of theorder

of1 2%. A possiblesystematierrormightbecausedy thenon-linearityof thepiezoelements
atthe smallscanrange.This effect could not be measuredsincethereareno transmissionines

betweerthe neighboringranswersalmodes.

In orderto calculatethe cavity lengthL we useeq. (1.8)to get

1 L C L
DWrans BvapgRarccosl @ Earccosl @

Thistranscendergquationis solvednumericallyfor L. Theresultingcavity lengthis:

L 922um

andthefreespectrarangeis Dwesp  2p 1 63THz.

Theobtainedvaluel is theeffectivecavity length. Sincethe mirror surfaceis a stackof dielectric
layers thelight penetrateabout2 yminto the mirror, thusthephysicalmirror distancas slightly
shorter

2.2.3 Cavity linewidth and nesse

In orderto obtainthephotonlossratek and nesseF, we haveto determinghespectralinewidth
of the cavity. The cavity is scannedver theresonancef the TEMgg modeandthe AOM side-
band,see g. 2.8. Similar to the previous measurementhe FWHM linewidth is comparedo
thedistanceof the AOM sidebandKnowing the AOM frequeng, we directly getthelinewidth.
Themaindif culty of thismeasuremens therequiredstability of theresonatarAll kindsof
mechanica(acousticalandelectronicahoisemake theline move, uctuate or changadts shape.
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Figure2.8: Cavity transmissiorshaving the TEMqg line andits AOM sidebandaveragedover
64 measurements.

Partsof the equipmentgspeciallythosewhich producevibrations(e.g. vacuumpumps) have to
be switchedoff.
We obtainedthefollowing values:

k DWewHmMm 2p 1377MHz

DWesr
DWewHMm
Theerrorsproducedy thereadingof theinstrumentareagainl 2%. Theervironmentaloise,
however, hasa substantialmpacton thelinewidth. Performingthis measuremenh a somevhat
noisiersituationwe obtaineda largerlinewidth of aboutl6 MHz.

The nesseis justabove thespeci cationof themanuhcturer(Fspec  104000)andis higher
thanthe nesseachiezedby the previousresonatorgF 77000 94000 66000).Theshift of the
resonancérequeny of Dwesgr correspondso a resonatotengthchangeof only Ii % 36pm,

thusthe lengthstability becomesanimportantissue.

F 118000

2.2.4 Resulting parameters

Knowing the mirror distanceof L  92um we can calculatethe waistwg andthe coupling pa-
rameterm.

Accordingto eq. (1.6): w3 '5 SR. 5.Forl 852nmL 92pm R 10mmwe
get
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Wo 135pum

ThemodevolumeisV %\A%L for our parametersve get

V 13 10° pm?®

Finally we calculatethe couplingparameteaccordingto eq. (1.12):

d2w
2 eV

usingthevalues(seg[Ste98]):
d 2698 10 °Cm w 2p 3517THzweobtain

g 2p 403MHz

Altogetherwe have:
gk G 2p 403 138 52 MHz
ie.
2
g
= 226
kG

which indicateshatwe shouldbe ableto achiese the strongcouplingregime.

2.3 Single-atomssetup

Our main experimentalsetupallows us to deterministicallydeliver single cold Cs atomsto a
de ned position[Kuhr01]. Furthermorat is capableof preparationcoherentmanipulationand
measuremerdf theatomichyper ne statessee[K uhr03.

2.3.1 Single-atomMOT

Our sourceof singlecold Csatomsis amagneto-opticairap (MOT). It consistsf threepairsof
counterpropagatinged detunedaserbeamswhich constitutea so calledopticalmolassesThe
atomsfrom the dilute backgroundCs gasare Dopplercooledto a temperaturef about100uK.
A high-gradientmagneticquadrupoleeld creategositiondependenZeemansplitting of the
atomichyper ne sub-levels. Togetherwith the circular polarizationof the beamshis givesthe
position dependentestoringforce neededfor trapping. Details of the MOT are describedn
[Kuhr03. The uorescencdight of theatomsin thetrapis monitoredby anavalanchephotodi-
ode.This enablesisto countthe exactnumberof atoms.
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Figure2.9: Experimentabetupof our mainexperimentfor the manipulationof singleCsatoms.

2.3.2 Optical corveyor belt

In orderto control the position of the atoms,a secondirap wassetup. It is a far red-detuned
dipoletrapwhereatomsareattractedo regionsof highlaserintensity It consistf two counter
propagatingGaussiarbeamsof Nd:YAG laser(1064nm 4 W) which createa standingwave
interferencepatternwith periodical potentialwells of 532nm separation. The dipole trap is
overlappedwith the MOT andthe atomscan be ef ciently transferedoetweenthe two traps.
Thus,we canloadthe dipole trapwith a desirednumberof atoms,from oneto severalten. By
changingthe frequencief the beamsby meansof two AOMSs, the interferencepatternis set
into motion andcarriesthe atoms. This optical “conveyor belt” is ableto transportatomsover
macroscopidistancegup to 10mm) with sub-micrometeprecision.Detailsaboutthe corveyor
beltcanbefoundin [SchO1].

The atomsin the dipole trap canbe obsered spatiallyresohed by meansof anintensi ed
CCD cameralt obsenestheatomsvia diffractionlimited imagingopticsenablingusto resole
atomswhich are separatedby morethan2 um. With this tool it becomegossibleto determine
the positionof anatomon the camergpictureandto programthe transporfparametersuchthat
it is movedto ade ned position. This realizesan absolutepositioncontrolwhichis onecurrent
work topicin our group.
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2.3.3 Manipulation and measurementof internal states

The Cs atomhastwo hyper ne groundlevels, 6S; ,F 3 and6S, ,F 4, which cansene
as a storageof quantuminformation (see g. 2.10). The atomscan be initially preparedn
eitherstatein the MOT andthenloadedinto the dipole trap. For cavity QED experimentsone
mustalsocoherentlymanipulateatomichyper ne states.This is performedwith microwvavesat
the hyper ne splitting frequeng of 9 2GHz By applying resonanimicrowave pulseswe can
obsenre transitionsbetweenthe groundstates alsocoherentsuperpositionsf the statescanbe
obtainedthis way. Anothertechniquewhich we useareadiabaticpassagesyherea microvave
frequeng sweepef ciently transfersatomsfrom onestateto theother Alternatively we canalso
useopticalRamarntransitions(see[Dot02]).

6F,,
| =852.3 nmi
o8 e 681/2 F=4
681/2 < 9.2 GHz
or 09.F=3

Figure2.10: Csatomasathree-level system.Shovn aretwo long-livedhyper ne statesandthe
excitedstateof the D» line. Hyper ne splitting of the P; , stateis omitted.

The measurementf the hyper ne stateis performedby applyinga laserwhich is resonant
with the transitionof one of the groundstatesto an excited level, removing the atomsin this
statefrom the dipole trap. Details aboutmicrowave manipulationof the statesand coherence
propertieof theatomsin the dipoletrap canbe foundin [Kuhr03.

The manipulationtechniqueslescribedaborve affect all atomssimultaneouslyCurrentwork
in our groupaimstowardsindividual addressingf atomsin the dipole trap. With the help of
microwave adiabaticpassages a magnetic eld gradientit is possibleto changethe internal
stateof anatomon a de ned positionwithout affecting atomson otherpositions. Using these
methodsve will prepareseveralatomsin differentstatesTheirinteractionwithin thecavity can
thenrealizequantumlogical operations.
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2.3.4 Integration of the cavity into current setup

The goalis to combineour setupwith the cavity suchthat the atomscanbe transportedrom
thesource(MOT) into theinteractionzonewithin theresonatoby the optical corveyor belt. In
orderto transporthe atomsinto the cavity onehasto align the corveyor beltlaserfrom the side
throughtheslit betweerthemirrorsthroughthe cavity mode.By properlyadjustingthetransport
parameterghe atomswill be movedinto the centerof the modewhich hasaradiusof 14um.

be top
probe laser, ;
lock laser view
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Figure2.11: Plannedsetupgeometry The atomswill betransportedverthe distanceof 5 mm
from the MOT into the cavity modethroughthe slit betweenthe mirrors. The conical mirror
shapdeavesmorespacefor thex-y MOT laser
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vacuum chamber cavity
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Figure2.12: Top view of thechamber
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Theintegrationshallfollow thetacticsof minimalinvasion,.e. thecavity hasto beaddednto
the setupwithoutchangingor disturbingthe otherparts.We aim a distanceof 5mm betweerthe
MOT centerandthecavity center Thetransportatioftnasanef ciency over80%for thisdistance
andtheconically shapednirrorswill notblocktheMOT lasersseeg. 2.11.

The positionof the MOT within the setupis x edby themagneticeld zeroandcannotbe
changedThepositionanddirectionof the opticalcorveyor beltalsocannot bechangedvithout
mucheffort. Thusthe cavity hasto be placedin the glasscell leaving the ability to changeits
positionwith high precision.

For thesemeanghe cavity is assembledn a speciallydesignecholder Its taskis to transfer
the movementof a precision3D motionalvacuumfeed-througho the cavity. This positioning
unit is controlledfrom outsidethe vacuumchambergiving the possibility to adjustthe cavity
position. The geometryis shavn in g. 2.12. The handlingof the cavity with the holderis
relatively tricky becausef limited spacen thevacuumchamberandtheglasscell. Still, thisis
the only possibility to integratethe resonatomwithout retuilding the whole experiment. Figure
2.4shavsthecavity in theglasscell.

top view cavity

cardan
joint

3D

positioner

support base
(movable) (fixed)
side view

Figure2.13: Kinematicsof the cavity holder

The holderconsistsof two partswhich areconnectedy a cardanjoint (seeg. 2.13). The
partwhich holdsthe cavity restson asupportin theglasscell, theotherpartis attachedo the 3D
positioner Thesupporthasthe possibilityto move alongthebasewhichis x edin theglasscell.
The 2 axes of movementof the positionerwhich are orthogonalto the cell axis aretranslated
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aroundthe supportpoint by 1:5. The movementalong the axis togetherwith the supportis
translatedL:1.

The speci ed precisionof the 3D positioner(ThermionicsNorthwestXY-B450/T275-1.39
precisionXY manipulator+ FLMM133 precisionZ feed-through)s 10um. Thusthe position
of the cavity with respectio the MOT shouldbe adjustablewith precisionof 10um alongthe
cell axisandwith a precisionof 2 um alongthe two otheraxes. To avoid eventualcontactof the
holderwith thewalls of thechambeiror glasscell which mightleadto jamminganddamagethe
positionerfeaturesacustomizabléravel limit. We wereableto testthefunctionof theholderand
positioningof the cavity. The cavity couldbe movedalongall threeaxesand x edto ade ned
position.

Thealignmentof thedipoletrapbeamthroughtheslit betweerthemirrorsis a critical point.
Sincethe mirrors are curved, the slit is smallerthanthe measuredffective resonatotengthL.
Knowing themirror surfaceradiusr andtheradiusof cunatureR; (seeg. 2.1)onecancalculate
its sizedgjit:

deit L 2R Rg r2 L @

Forr 05mm, R; 10mm, theslit is 25um smallerthanthe resonatar For L~ 92um its
sizeis dgit 67pm. The dipole trap laserhascurrently the waist diameterof 2wg ~ 40um,
with the focusin the centerof the cavity the beamsize on the slit is thenabout42um. First
measurementshoved that about95% of the power of the beamcanbe put throughthe cavity
slit andglasswindowsin thetestchamberThe power absorbedy mirror edgescauses strong
thermalexpansionof the mirrors which makesthe spectrallines shift by a distanceof several
trans\ersalmodes~vhenthelaseris switchedon. This hasto befurtherexaminedandoptimized.

2.4 Conclusion

We have setup andcharacterize cavity with alengthL  92um anda nesseF  118000.
The cavity wasassembledn a holderwhich enablests integrationinto our main experimental
setup.

To achieve the bestperformancen cavity QED experimentsthe % parametethasto be
maximal. The currentresonatowith g k G 2p 403 138 52 MHz hasthe ability to
achieve the strongcouplingregime. To furtherimprove the performancepnehasto increasehe
couplingg andto decreasehe photonlossratek. As we have seenin the previous sectionthe
high powercorveyor beltlaserhasto t throughtheslit betweerthemirrorsandthussetsalower
boundaryto the mirror distance.The currentslit sizeof dg;y  67um alreadycausegroblems
with power absorbedy the mirrors. Thusthe couplingrateg cannot beincreased.The only
parametewhich canbe improvedis k, by increasingthe mirror re ectivity. In this respecta
quick andreliablemethodof characterizingnirrors beforecould be useful. Sucha methodwiill
be presentedn chapters.



Chapter 3

Active stabilization of the cavity

Cavity QED experimentgequireprecisecontrol of the cavity resonancérequeng with respect
to anatomictransition.This requiresa very high mechanicastability of theresonatarsincedue
to high nesse, uctuations of the cavity lengthshift the resonancérequeng by morethanits
width. The uctuations arecausedy thermaldrifts andinevitable mechanicavibrations. The
passve mechanicaktability is not sufcient, anactve feedbackschemas requiredto compen-
satefor the uctuations. In this chaptera schemas presenteavhichis capableof stabilizingthe
cavity lengthto afractionof apicometer

Active stabilizationimplies the useof a stablereferencdrequeng (e.g. thatof a laser). A
seno loop thenholdsthe cavity resonantvith the laserthusstabilizingits resonancérequeny
to the laserfrequeng. In orderto achieve this, an error signalmustbe extracted. This signal
containgheinformationaboutmagnitudeandsignof deviation of theresonancérequeng from
thedesiredvalue. After suitable ltering andampli cation thesignalis fed backto the cavity. In
our setupthe extractionof theerrorsignalis accomplishedisingthe Pound-Drger-Hall method
[Dre83].

3.1 Pound-Drever-Hall method

Thebasicideaof this methodis to usethe propertyof thelaserbeamre ectedfrom the cavity to
derive anerrorsignal,see g. 3.1. Thephaseof thisre ection is dispersve,i.e. it changesign
aroundresonanceWhenthelaserfrequeny matcheshecavity resonancethe phasas zero;for
smalldeviationsit is proportionalo the differenceof thelaserandcavity resonancéequencies.
This propertyis usedfor anerror signal,which canthenbe usedto stabilizea cavity to a stable
laser or vice versa.

The PDH methodextractstherelative phaseof threedifferentfrequenciesvhich will experi-
encedifferentphasechangesA PDH setupfor stabilizinga cavity to a stablereferencdaseris
shovnin g. 3.2. Thelaserfrequeny w is modulatedvith thefrequeng W, generatedby alocal
oscillator The eld amplitudeof the modulatedaserbeamis then:

Et uexpiw asinWt

35
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Figure3.1: Intensityandphaseof alaser eld re ectedfrom the cavity.
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Figure3.2: BasicPDH setupfor stabilizationof a cavity to alaser

To rst orderit producegdwo sidebandsvith oppositephasesat frequenciesv W, for corve-
niencewe settheamplitudesf the sidebandgqualto the carrieramplitude:

E t uei""t eint eiWWt

This laser eld is sentto the cavity. The cavity hasa free spectralrangeDwesgr (which for
smalllengthchangexanbe considereatonstant)jts resonancérequenciegfrew,es Dwesrg,
g 12 . Supposdhelaserfrequeng is nearoneof theresonancesye call the detuningof
thelaserfrequeng from thecavity resonanc®w: w wes Fromeq.(1.1)we know

— eiDVi:SRDW

A Dw : RT

2
1 ReIDWFSRDW

the complex responsdrom the cavity. There ected amplitudeis then

EpADWE™ ADw WeW Wt Apw wewW Wt
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Theresultingintensityis measuredby afastphoto-detector:

lLE E,pu ADW? ADw W?2 ADw W?
ADWA Dw We ™ ADwA Dw W™ ADw WA Dw WeM cc
For phasedetectionthis signalis multiplied by themodulationfrequeny € M 9 wheregis

thephaseof thelocal oscillatorrelative to the photodiodesignal. Thenon-oscillatingcomponents
of theresultare:

™9 ue9ADWA Dw W A DwADw W
i 2p i 2p
eigR T eIDWFSRDW 1T e ' Duesr Dw W
i~22—Dw is22 - Dw W
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Figure 3.3: Realpartof PDH signalfor g 099 p (left) andg %p (right) vs. therelative
detuningDw

The real part of the resultingsignalis shovn in the gure 3.3. AroundDw O it hasa
dispersve featurewhich we wantfor the errorsignal. Its shapedepend®n the phasegwhich is
in experimentdeterminedy the pathlengthof the signalsfrom the generatoendphotodiodeo
themixer (multiplier). Thesteepesslopeis obtainedfor g §; gcanbeadjustedby varyingthe
cablelengthfrom thelocal oscillatorto the mixer.

The resultingerror signal canbe usedfor stabilization. After necessarampli cation it is
appliedto the cavity piezo,closingthe feedbacKkoop. Thisloop (lock) stabilizesthe resonance
frequeng of thecavity to thelaserfrequeng. Sincethesignaldepend®nly onthedifferenceof
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thelaserandcavity frequenciespnecanuseit aswell for stabilizingthe laserfrequeng to the
resonancef astablecavity.
Forthecaseg 5 we areinterestedn the steepnessf the slope. For Dw ~ Wandsmall
cavity linewidth (high nesse)thesidebandsrefarfrom the cavity resonanceandthus
ig2— Dw W

e Dwesr
0

i
1 Re IDWFSR Dw W

Furthermorewve notethatfor Dwnear0O oneobtainsin the rst order

i=22_Dw 2
Te 'O T1 22-Dw 2
SR Dwesr R p Dw

1 Re 'oweD? 1 R? Disr

SettingT 1 Rfor thecaseof nolossesthelinearpartof the signalnearresonances

D
PDHDw W 4——» 3.1)

DWewHM

As expectedthe sensitvity of the errorsignalincreasesvith decreasinginewidth. This means
that a high nesse cavity producesa more sensitve error signal and can be stabilizedmore
accurately

3.2 Stabilization setup

For theapplicationof thePDH methodfor cavity stabilizationastablereferenceaseris required.
Onepossibility would be to usethe laserat 852nm, which is stabilizedto a atomicresonance.
But the presencef sucha laserwithin the cavity would continuouslyexcite the atomandthus
disturbits interactionwith the cavity mode.Continuousstabilizationrequiresafar detunedock
laseratlow intensitywhich interactsonly weaklywith theatomsinsidethe cavity.

Thereforea stablelaseris requiredwhich is far detunedrom the 852nm Csresonanceln
orderto provide accuratestabilization the mirrors shouldstill have ahigh nessefor this laser
seeeq. (3.1). This limits the possibledetuningto few tensof nm. Thereis no simple method
of stabilizingthe laserto an atomicresonancen this wavelengthrange(e.g. RoD; 794nmis
alreadytoofaraway). Ourwayto solvethis problemis to take alaserat836nmandto stabilizeit
to the stableresonanB52nm laservia anadditional(transfer)cavity. This solutionincorporates
a“chain” of 3 locks.

The gure 3.4 showns a simpli ed schemeof the lock chain. It begins with the resonant
“probe” laserwhichis alreadystabilizedto the atomictransitionby meansof polarizationspec-
troscofy andsenesasa stablereferencdor thelock chain.

In the rst stepthe probelaserstabilizesthe transfercavity. The laseris phasemodulated
with anEOM at 20MHz andits re ection off thecavity is detectedvith PD1.

The secondstepis the stabilizationof thelock laser Thesidebandsreproducedy adirect
modulationof thelaserdiodecurrentat86MHz. There ection of thelock laserfrom thetransfer



3.3. IMPROVEMENT OF THE STABILIZATION SYSTEM 39

probe-

yi N
Jeser | aom [N eom 2 e l—

detuning 20 MHz -
modulation transfer cavity

PD1 length: 1.23 m
finesse: 250

laser current
modulation 86 MHz

QED cavity laser
lock- | PZT
g \ laser %

836 nm

resonance
matching

PD 2

Figure3.4: Stabilizationschemeof the QED cavity usinganoff-resonantock laser PDH elec-
tronicsareomitted.

cavity is detectedby the samedetectorPD1. Sincethe modulationfrequencie®f thetwo laser
beamsaredifferent,thetwo signalsdo notinterfere.

Finally, thelock laseris usedfor stabilizationof the QED cavity. Thefrequeng modulation
is thesameB86MHz asfor the stabilizationof thelock laseritself andis detectedvith PD2.

Beforeenteringthe QED cavity the lock laserpassesan additionalAOM. This AOM shifts
thefrequeng of thelock laserto matchthe QED cavity resonanceWhenthe transfercavity is
stabilizedto the probelaserits resonancérequenciesare x ed. Sincethelock laseris continu-
ouslytunablewith thecurrentwithin awiderange onecantuneit into resonancevith thetransfer
cavity. But atthesametimeit mustberesonantvith the QED cavity whoseresonancérequeny
is de ned by theatom. The solutionis the big lengthof transfercavity (1 23m) which leadsto
afree spectrarangeof only about120MHz. Thenonecan nd alock laserfrequeng whichis
resonantvith thetransfercavity andatmost60MHz away from the QED cavity resonanceThis
remaininggapis bridgedby the AOM.

This setupwas alreadyimplementedn the previous work [Mir02]. It wasshavn thatthe
individual stabilizationsvork, but the systemwasnot testedasa whole.

3.3 Impr ovementof the stabilization system

In orderto achieve the performancef thestabilizationsystemwhichis requiredoy future cavity

QED experimentsseveral problemshadto be overcome.The two mostimportantissueswvere
the mechanicaresonancef the piezo elementsandthe reductionof the necessaryock laser
powerin orderto minimizeits in uence upontheatomsin the QED cavity.
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3.3.1 Compensationof resonances

Resonanceis theresponsef afeedbackoop canbeeitherelectronicalbetweersomeparasitic
capacitanceandinductivities) or mechanical.At a resonancehe gainpro le of the feedback
loophasap phasgump,which cause®scillationsof theloop. Additionally, any driving (includ-
ing noise)attheresonancérequeny is enhancedby alargefactor We encounterea signi cant
mechanicatesonancef thepiezoelementsatafrequeng of 40kHz.

QED cavity
diode

LR
670 nm
PD

A fringes T
c
IS offset
3 ‘
=
2 lifi
< amplitier
= 7y
: - > freq. sweep
off-set cavity scan

network Analyzer

\ 4

Figure 3.5: Setupfor measuringthe piezo resonance.The interferencefringes of the cavity
transmissiomprovide a measurdor theresponsef the piezoto a givensignal.

In orderto measurehe frequeng responsef the piezo elementwe usedthe setupshovn
in g. 3.5. A beamof adiodelaser(670nm) is sentthroughthe cavity. For this wavelength
themirrorsarepracticallytransparenfonly few % re ection). Thus,by scanninghe cavity one
obsenresbroadinterferencdringesinsteadof narrav resonancdéines. Applying a voltageoffset
to onepiezoonecansettheworking point atthe slopeof afringe.

After this, a smallsignalof a certainfrequeng is appliedto the otherpiezo. Thechangesn
thetransmittedntensityarethenproportionatlto the displacementf the mirror. The advantage
of afardetunedaseris thatthesechangesrenot assensitve asaresonancdine. Theresponse
can be measurechutomaticallywith the help of a network analyzer This device generatesa
sweepof frequenciesinjectsit into a given“network” andmeasureghe amplitudeandphaseof
the outputfor eachfrequeng. Figure3.6 shaws the power spectrumaroundthe resonanceThe
resonancéasasigni cant enhancemendf about30dB at40kHz.

Oncethe parametersf theresonancareknown, thetaskis to compensaté. Theresonance
is anintrinsic propertyof thepiezoelementueto its geometryandmaterial. Changingheshape
of the piezoelementss not anoptionwith anassembledesonatolandalsowould only change
theresonancérequeny but notavoid it completely The only way of compensatiots to reduce
the gainof thefeedbacKoop in therangeof resonanenhancemeriy electronicmeans.

Onepossiblesolutionis to usealow-passlter , cuttingoff all frequenciemearandabovethe
resonanceThedisadwantagds thatit limits the bandwidthof thefeedbackoop. A betterway is
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Figure3.6: Resonancef the piezoelement.The uppercurve shows the responsef the piezo.
Thelower curve shavs theresponseompensatewith anotch lter .

theuseof asocallednotch Iter. This Iter blocksfrequencie®nly within a certainrange.We
useasimplepassve designshovn in the gure 3.7.
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Figure3.7: Schematicof a notch Iter andcalculatedrequeng responsdor the parameteset
R 470W,L 1mHC 163nFR. 4W

Theideais to usea seriesLC circuit, wherethe resonancef the coil andcapacitormakes
their joint resistancego to zerofor ade ned frequeny wies. Theconditionfor theresonances
I 1
0w —
Wrel res LC

Theresidualresistancés givenby theohmicresistancd?, of thecoll. It determinesheresonant

IWred-
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dampingfactorandthewidth of theresonanceThe dampingis givenby:

Uout W Wres R

Uout W O R

Insertingthe Iter afterthe high voltageampli er beforethe piezoelementremovesall 40kHz
signals,includingnoiseof theampli er. We have choserthe parameters:

R 470WL 1mHC 163nF

The coil hasanintrinsic resistancef R, 4W. Figure 3.6 showvs the responsevith the notch
Iter; theresonanceés verywell compensated.

To reduceminor electronicakresonancewe have addeda resistor(10kW) in serieswith the
piezoelement.lts purposes to damptheresonancesf the piezocapacitancandinductivities
in theampli er andcables.Theseresonancessuallyhave high frequenciesbut still in uence
the feedback.Theresistorreducegheir Q factorsmakingthe gainpro le of the feedbackoop
smootherThecompletdoopis shavnin the g. 3.8.

APD QED cavity

lock

servo N laser
g 836 nm
amplifier

H\_/_ notch-
amplifier filter

A 4
A 4

Figure3.8: QED cavity lock with resonanceompensation.

3.3.2 Resonantlyamplied APD

Thelaserstabilizationof the QED cavity mustoperatewithout disturbingthe actualexperiment.
This limits the maximal power of the lock laserwhich canbe presentwithin the cavity before
its in uence upontheatomsbecomesigni cant despitets detuning.Onecriterionis thatatoms
shouldnot scattemorephotonsof thelock laserthanof thedipoletraplaser(whichis inevitable
for transportingthe atomsinto the cavity). The detuningD of the lock laser(836nm) from
the atomic resonanc€852nm) is 13 times smallerthanthe detuningof the dipole trap laser
(1064nm). The scatteringrate Gsc é gainsa factorof 169. Additionally, the intensity of

thelock laseris enhancedvithin the cavity by thefactor%F, seeeq.(1.4). To be surethatthe
scatteringecriterionis ful lled evenfor a nesseof F  500000,the lock laserpower mustbe
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about5 10’ timessmallerthanthe power of the dipole trap. For a4 W dipoletrap, thelimit is
80nW. Thisrequiresasensite detectomwith a high signal-to-noiseatio.

We decidedto usea resonantlyampli ed APD. This is an avalanchephoto-detectorvith
frequeng selectve ampli cation. The outputsignal of the detectoris sentto an LC circuit
which is tailoredto be resonantwvith the Pound-Dreer-Hall modulationfrequeng of 86 MHz.
This makesthe detectorsensitve especiallyto this frequeng, andat the sametime suppresses
all othersignalsourcesat otherfrequenciesespeciallynoise.

Theperformancef thehome-huilt resonanAPD prototypewascomparedo the previously
usedcommercialphoto-detecto(Newportampli ed silicon PIN, 818-BB-21A).With a400nW
laserpower the commercialphoto-detectoproducesan error signalwith a signal-to-noiseatio
of 1. Thestabilizationworkedinsufciently undersuchconditions.

The resonantAPD, however, is ableto performa lock with lessthan200nW coupledinto
the fundamentaimodeof the cavity andlessthan100nW at the detector The nal versionof
the detectowill have animprovedelectronicgpartandit will alsousea photodiodewith better
characteristicsWith theseimprovementst will ful Il the requiremenof low lock laserpower
for future cavity QED experiments.

3.4 Performanceof the stabilization system

After implementatiorof the improvementsdescribedabove, the lock chainis nally complete
andwe areinterestedn theresultingperformance As we have alreadyseen the requirements
for thesystemare:

frequeng stability: the residual uctuations of the cavity resonancdrequeny mustbe
well below thelinewidth

low lock laserintensity: to keepthein uence on the atomssmall, the lock laserpower at
the cavity shouldbebelowv 80nW

robustnessthelock shouldbe ableto withstandconsiderablexternaldistortions,includ-
ing thethermaleffect of thedipoletraplaser

In this sectionwe presenthe currentstateof the system.

3.4.1 Characterization of the chain of locks

Our methodto measurdahe frequeng stability is to obsene the uctuations of the error signal
while the feedbackoop is active. They aredirectly relatedto the resonancdrequenyg uctu-

ations. For this measuremenine scansthe cavity anddisplayssimultaneouslyhe error signal
andthe transmissiorof the correspondindaseron an oscilloscope. Onemeasureshe width of
the transmissiorine togetherwith the slopeof the errorsignal,see g. 3.9. Thesetwo values
allow usto relatethe errorsignalto thefrequeng deviation. Finally the stabilizationis activated
andtheresidualroot-mean-squar@ms) uctuations of the error signalaremeasuredWith the
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known linewidth it is thenpossibleto determinghereal cavity resonancéequeng uctuations
via the uctuations of theerrorsignal.

2] FWHM
£ W‘ " L Kl MW’
’ M slope

cavity scan [arb. units]

Figure3.9: Transmissioranderrorsignalof the QED cavity at200nW lock laserpower.

Thelock chainwascharacterizedccordingo theproceduralescribedibore. We beganwith
thelock of thetransfercavity to the probelaser Then,thelock laserwasmeasuredavith locked
transfercavity and, nally, the QED cavity with therestof thelock chainactive. We obtained
thefollowing values:

Transfercavity to the probelaser(linewidth 480kHz):

frequenyg uctuationrms:32 6kHz

Lock laserto thetransfercavity:

frequeng uctuationrms:27 3kHz

QED cavity to thelock laser(linewidth 16 MHz):
frequeng uctuationrms:2MHz 12 5% of FWHM

which correspondso resonatotength uctuations of only 450fm.

Thelaserpower usedfor the QED cavity stabilizationwas200nW coupledinto thefundamental
modeand100nW arriving attheresonanAPD (seealso g. 2.5).

Oneshouldnotethatthegivenvaluesdependn ervironmentalconditions.Acousticalnoise,
vibrations, etc. increasethe frequeny uctuations. The valueswere measuredn a typical
situation,with peopleworking in the lab and variousdevices switchedon. Additionally, the
QED cavity lock suffersfrom 50Hz noiseaswill bediscussedater.
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3.4.2 Scanningof the stabilized cavity

With the completelock chainactive onehasthe possibilityto tunethelock laserfrequeng with
an AOM beforeit entersthe QED cavity. This is necessaryo achiare ary desireddetuningof
thelocked cavity with respecto the atomicresonancelf the detuningprocesss slow enough,
the cavity will follow the changingock laserfrequeng while stayingstabilized,see g. 3.10.

probe-
laser
852 nm

PD QED cavity
lock-

........... \ 836 nm

laser
] res. resonance
filter APD matching
PDH

lock

Figure3.10: Schemeof cavity detuning.Thelockedcavity followsthedetuningof thelock laser

As atestof this statementve scannedhe QED cavity over the probelaserline. In order
to do this we adjustedthe currentof the lock lasersuch,thatit wasresonanwith the transfer
cavity andits line in the QED cavity wasonly few MHz apartfrom the probelaserline. Then
thelock laserwasstabilizedto the transfercavity andthe QED cavity to thelock laser Finally,
by scanninghe AOM we have scannedhe stabilizedQED cavity overthe probelaserline with
thefrequeny of 100Hz. Theprobelasertransmissiorduringthis scanis givenin g. 3.11.

Thescanrangeis notthefull AOM rangesincethetransmittecoower is notconstanbverthe
detuning. Sincethe changingintensity of the lock laserchangegshe error signaloffsetit is not
possibleto maintainthelock understrongintensityvariations( 50%).

Thelinewidth in this pictureis about20MHz. It is largerthanthe 14MHz measurecatarlier
andalsotheline shapas asymmetricpossiblydueto strongaveragingandlimited photo-detector
speedSitill, thesystemis ableto compensatexternalperturbation®venif scannedvith 100Hz
overa60MHz detuningrangefor over 30 minutes.

3.5 Conclusion

The stabilizationsystemwascompletedandoptimizedto matchthe experimentakequirements.
It is capableof reducingtheresonancérequeng uctuationsof the QED cavity to afew percent
of its linewidth. The systemworks at 200nW lock laserpower alreadywith the rst prototype
of theresonanAPD. Therequiredvalueof 80nW for future cavities with higher nessewill be
realizedwith the improvedresonantAPD. Thelock is alsoableto restoretheinitial resonance
frequeng evenafterstrongknockson theopticaltableandloud acousticalistortions.
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Figure3.11: Scanof thelocked cavity over the probelaserresonanceThe scanrateis 100Hz,
theaverageof 64 trackswastaken.

Oneof themainproblemss the effect of the corveyor beltlaser Having large power (4 W),
evena small partof the beamabsorbedy the mirrors disturbsthe stabilizationdueto thermal
effects. Preliminaryexperimentsin the testchambershoved that the lock wasunableto com-
pensatdor themirror expansiorwhenthelaserwasswitchedon. It hasto befurtherconsidered.

Anotherissueremainsthe 50Hz noise. It canbe producedby practically any device in
thelab andis inducedelectronicallyover groundloops. Beinginducedonto the error signalit
causegperiodic uctuations of theresonancérequeng on the orderof 10% of thelinewidth. A
possiblewvay to solve this problemis the propergroundingof all involvedelectronicdevices.We
groundedmostof the devicesin directvicinity of the setupandswitchedoff unnecessargnes,
this reducedhe noisebut thisissuestill hasto beimproved.



Chapter 4
Cavity ring-down

In orderto achieve thebestexperimentaparameterfor our cavity, we haveto selectmirrorswith
the bestpossiblere ectivity. As we have seenthe characterizatioof the mirrors by measuring
thelinewidth requiresa stableresonatoendatime-consumin@ssemblyprocessin our casethe
mirrorsaregluedontopiezoelementandthuscannotbereusedin view of thestrongvariations
of themirror quality, a quicker andsimplermethodfor measuringhe nessewould be of great
adwantage In this chapter presenta methodwhich enablesusto quickly testthemirror nesse
andsortoutgoodmirrors before theresonators assembled.

4.1 Basicprinciple

Thetaskof measuringhe nesseof amirror pairis equivalentto measuringhe photonlifetime

within the cavity. Usinganassembledesonatort wasdoneby measuringhe spectralinewidth

togetherwith the free spectralrange,seesec. 2.2.3. However, this methodrequiresa stable
resonatgr mechanicaland electronicnoise sourcesmake the line move or changeits shape.
Another possibility to infer the nesse quickly, is to directly measurethe photonlifetime by

observingthe decayof cavity transmission.The cavity is lled with photonsby tuningit into

resonancevith the laserbeforewe switch the laseroff. The photonsstartto leak out andthe
cavity eld decaysxponentially Thetime evolution of theintensityleakingout of the cavity is

givenby eq. (1.9):

t

It It Oet

wheret % is the (resonatotengthdependentphotonlifetime. As alreadyshovnin eq.(1.10),
t is directly connectedo the nesse:

C
F Dwesrt pft

Thus,theobsenationof theintensitydecayof the cavity transmissiorallows usto determinghe
time constant andthe nesseF.

47
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The mainadwantageof this methodis its insensitvity to externalperturbationsMirror dis-
tance uctuations of 10 ° fraction of the wavelengthmale the linewidth measuremerdif cult
(seesec.2.2.3).0Ontheotherhand,thelifetime changecausedy such uctuationsis neggligible
becauseheselengthchangesaresmallcomparedo thetotal cavity length. Thereforeonedoes
not needto stabilizetheresonatofor this measurement.

4.2 Setup

The experimentaltaskis to couplethe laserinto the cavity, to switchit off andto obsere the
decayof transmission.

For thispurposd have built thesetupis shavnin g. 4.1. Thelaserbeam(852nm) passesn
AOM whichsenesasafastswitch. Thebeamis led to the setupvia anopticalsingle-modeber
which additionally senesasa spatialmode Iter . Two mirrors couplethe laserbeaminto the
cavity. Thelastelementeforethe cavity isalens(f 80mm) which modematchegshe beam
with thefundamentamode(waist35um). Thecavity transmissiolis obseredby acameranda
fastAPD, theobsenationopticsconsistofalens(f 100mm). Thecameras asimplecompact
CCD, it enableausto distinguishthe differenttrans\ersalmodes.The APD hasa bandwidthof
9MHz, whichis fully sufcient to performmeasurementsn amicrosecondime scale.

Themirror distances choserto be 10mm to ensurea lifetime in therangeof microseconds
which canbe measuredvithout especiallyfastdetectorsandelectronics.Giventhe mirror cur-
vatureR; 10mm, thewaistof thefundamentamodeis then35um andits radiuson the mirror
is about50um.

mode matching observation
lens 10mm lens BS

> ]

camera

) coupling
fiber coupler  mirrors fast APD
piezo
voltage fast storage
laser scan oscilloscope
852 nm AOM

fiber coupler

trigger

h

driver

" switch off

Figure4.1: Cavity ring-dowvn setup.

The whole optical setupexceptfor the AOM ts on a 30x30cm breadboarandis placed
undera o w-boxto avoid pollution of themirrors. To avoid asetup of anadditionalAOM | used
thelaserandAOM from the cavity stabilizationsetup( g. 3.4,“detuning” AOM).
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4.2.1 Mirr or holder

Speciakarewastakento designthemirror holder In orderto simplify thecouplinginto themode
it shouldbepossibleto placethe mirrorscoaxiallywithout mucheffort. This canbeachiezedby
puttingtheminto a V-groove. Additionally, onemustalsobe ableto scanthe mirror distanceo
tunethe cavity in resonancevith thelaser

The designandview of the holderareshavnin g 4.2. It is analuminumblock in which
aslit of 5mmi s cut. The slit almostcutsthe whole block, only a smallrestof metalholdsthe
two halvestogether On onesidea smalllayer of the lower partis removed, suchthatthis part
canbetilted. In orderto scanthe mirror distancea piezoelementis x edin theslit, whichis
ableto pushthetwo halvesapart.This piezoelement(PiezomechanilPSt150/2x3/5)is pressed
with ascrav againsonewall of theslit suchthatif thepiezocontractsthetwo halvesapproach.
For betterforce transmissiorio the screv it hasa sphericalcorundumendpiece. The maximal
stroke is 7um for 150V andwith 10V onecanscanaboutlpm which coverstwo freespectral
ranges.

The main part of the holder the V-groove, is cut in the last fabricationstepto go straight
throughbothhalves. Now the mirrors canbe simply putinto the groove andarelying coaxially,
assumingheir shapeis well cylindrical. If the mirrors hadto be placedon separatéoldersit
would increasethe degreesof freedomby 2x2, makingmodematchingnearlya hopelessask.
With our coaxially positionedcavity mirrorsthemodematchingis doneusingtwo mirrorswhile
scanninghe piezovoltage,which constituteb degreesof freedomin total.

«— 50 mm

mII’I’OI’S

5 mm
piezo 5

V groove

38 mm

5__slit

15 mm

Figure4.2: Holderfor mirrors.

In orderto scanthe cavity we applyto the piezoatrianglesignalwith variableamplitudeand
offset(max. 10V). By thesemeanswve cantunethecavity in resonancevith thelaser

Whenputtingmirrorsinto theholdertheir distancds setmanuallyto 10mmwith the help of
two referencenarksonthesideof theholder Thisdistanceof 10mmis alsocorvenient,because
1 usdecaytime correspondapproximatelyto a nesseof 100000.Themanualadjustmenof the
distancdimits the precisionof the nessemeasuremerto 5%, thiswill bediscussedater.
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4.2.2 Laser switching

In orderto obsene photondecayonehasto bringthecavity in resonanceiith thelaserandswitch
it off muchfasterthanthe photonlifetime. Thisis accomplishedby scanninghe cavity distance
slowly (10 100Hz) overthelaserresonanceresultingin anincreaseof the transmission.The
transmissiorsignal of the APD is sentto a storageoscilloscope.Whenits level reachessome
de ned threshold,the oscilloscopegenerates trigger signal. This signalis a standardTTL

voltagestepfrom 0 V to +5 V. It is sentto aninverting unit (DM74LS00logical NAND) and
becomesa stepfrom +4 V to 0 V. This voltageis fed throughan buffer ampli er (Buf634),
whichis againl1 ampli er for high power. Its outputsignalcontrolsthe driver (NeosN21125-
1AMVCO) of the AOM (Neos23125)which senesasa fastswitch.

Vv

to AOM driver
+
+4
0 t 0 —t
INO— NOT BUF —Oout
logical inverter buffer amplifier
Figure4.3: Inverterfor laserswitching.
switching time
180 < »
160 %
< 160-
£,
= 140 60
2 120
- delay E
g '™ T 0
% 804_N 2
5 60 laser on ?L( 20
2]
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Figure4.4: Laserswitch-of behaior. Overview of the procesontheleft, zoomin ontheright.

Figure4.4shavstheswitchingprocesstakenwithoutcavity. It shavsthetransmissiorsignal
of the APD andthe signalone obtainswithout laser(zerolevel). Switchingtime belov 100ns
is achieved, which is fully sufcient for our purpose.Two parametersn uence the switching
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time. Firstis the speedof electronicg(inverterunit). Theinverting unit wasmeasuredo give
switchingtime belov 25ns. Theseconds the speedf the AOM driver andtherelaxationin the
AOM crystalitself. Therea sonicwave createsa refractionindex Bragggrating. This moving
patterndiffractsthe laserbeam,the rst orderdiffractioncanbe controlledby the power of the
sonicwave. After the power is switchedoff, the gratingstartsto fade. The fading crosseghe
siteof thebeamfocusatthesonicvelocity. For typical parametersf 30um waistand3 ‘%“ sonic
velocity it takesabout20nsfor thewave to traversethefocus.

One can seethe delay of aboutl pys betweenthe trigger signal and the beginning of the
switchingprocesslt resultsfrom thefactthatthefadinghasto traversea partof the crystal(few
mm) to reachthe beamfocussite. Additionally thereis asmallruntime in thecables.
Thelaseris notcompletelyextinguishedthereis aresidualintensityof lessthan3%. Thisis due
to voltageoffsetproducedby the invertingunit, suchthatthe AOM controlvoltagedoesnot go
to zero.

Additionally the APD producesnegative offsetof 7mV. Anotherfeatures thatthetransmission
signalatsomepointfalls belov thethezerolevel. Thisis dueto the APD which hasabandwidth
of 9MHz andis workingatits speedimit in this case During the actualexperimentwith fall off
timesin amicrosecondaangethis effect doesnot occur

4.3 Measurements

4.3.1 Procedure

After the mirrorsareputinto the holder therearetwo tasksto accomplish.modematchingand
theobsenationof decay

Mode matching: We work with thefundamentaimodeof thecavity, whichilluminatesawell
de ned spoton the mirror surfacein ahomogeneouway. In orderto do this we needto couple
mostof the intensityinto this modeto ensurehigh transmissionlt is achiezed by meansof two
mirrorsplacedbeforetheresonatoandcontrollingbeampositionandangle. Thetransmissions
obsenedwith acameramakingpossibleto distinguishbetweerthe differenttrans\ersalmodes.

Practically we switchto a smallscanrangeandslow scanrate(at 10Hz theeye canseeeven
weakmodetransmissiorblinks). We changethe offsetslowly, moving throughthe free spectral
rangeand observingthe transmissiorwith the camera. Usually at leastone highertrans\erse
modeshouldbe visible without adjustmentsThenwe canoptimizethis modeusingonemirror
andlook in its vicinity for the neighboringlower trans\ersalmode. We optimizethis modeand
moveson. By thesemeansonecanproceedo the fundamentamode. The scanis switchedto
100Hz andthefundamentamodecouplingis thenoptimizedwith bothmirrors.

This procedurerequiressomeexperience,the time neededfor one measuremenstrongly
depend=n how easyonecan nd andoptimize the fundamentaimode. Typical timesrange
betweerb and20 minutes.

Observation of ring-down: After optimizingthe coupling,thetriggerof the storageoscillo-
scopeis setto a possiblyhigh value. This meanghatthe transmissiorof the fundamentamode
whenscanningover the resonancehouldhardly reachthis level. This providesa high signal
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level andalsothe othermodesdo not triggerthe measuremengachtime thetransmissiorgoes
beyond trigger level the laseris switchedoff. The decayof the transmissions recordedwith
thestorageoscilloscopeandaveragedver 64 measurement® increasehesignalto noiseratio.
Recordings4 decaycurvestakeslessthanoneminute.

Accumulatingandtakingthemeanvalueover severalmeasurementsith (in principle)vary-
ing intensityandtriggertime is possiblebecaus®f the propertiesof the exponential:

and

t tp 1 1o t t

le ™ Je T e T le T

Thereforethe measurementf the time constanis notin uenced by the absoluteintensityand
thetime of the trigger The residualintensityof the laserproducesa (constant)offsetwhich is
againof noimportancegor themeasurement.

4.3.2 Analysis

Figure4.5 shavs a typical measurediecaycurve, averagedover 64 measurementslhetrigger
signalis sentatt 0 andafter aboutl us the transmissiorbeginsto decay As expected,the
decayingpartof the curve hasanexponentialshape.

180 - laser switched off

160 |

Equation: y = A1*exp(-x/t1) + yO
140

Chi*2/DoF = 1.1294E-7
120 + RA2 = 0.9999

100 4 yo 0.00058 +0.00003
A1 0.43965 +0.00043

t 1.0999E-6 +8.3638E-10

80

60

transmission signal [mV]

40

20+

0 —— : :
0 1 2 3 4 5
time [us]

Figure4.5: Decayof thetransmissionThebig pointsshow the exponential t.

We t afunctionoftheformft A et Yo to the decay whereyg countsfor the APD
offsetandresiduallaserintensity Therangeof the t begins about500ns after the switch-of
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to excludethe switchingprocessandto obsere puredecay Theresultingquality of the t is
extremelyhighanddoesnotlimit theprecisionaswe will seelater.

4.3.3 Precisionlimits and reproducibility

In thefollowing we will considerthefactorswhichin uence the measuremerthelifetime.

Mirr or distance Sincethe distanceof 10mm betweernthe mirrorsis adjustedmanually
with the help of referencemarkson the holder variationson the distancewill occur To
estimatethis error, the decaytime t wasmeasuredeveraltimes,onemirror beingmoved
a bit andthenreadjustedhgainto the 1.0mmdistance.

# 1 2 3 4 5 A S
t ns | 855|833 | 833 | 883 | 942 | 869.2| 40.7

Table4.1: Distancereproducibilitymeasuremer(bB3vsbA3).

Onecanseethat the reproducibilityin this caseis pretty high. The standarddeviation of this
setiss 40 7nswhichis about5% of the meanvalue. This corresponds$o lengthdeviation of
0 5mm. Still, thisis themainlimit of theprecisionof the nessemeasuremensincethe t error
is orderof amagnitudesmaller

Mirr or rotation: If the mirrors arenot perfectly coaxialwithin the groove, the modeis
not exactly centered Thusthe mirror rotationexposesa differentspoton the surface.Our
experiencewith thesemirrorsshows, thatthe surfacequality is extremelyinhomogeneous
(scratchesgdustparticles,etc.). The measuremenbelon shavs an exampleof repeated
measurementafterrotationsof oneof the mirrors(about30 ).

( # | 1]2][3[4]5] & ] s |
|t ns | 925|886 913| 354 | 806 || 776.8| 215.4]

Table4.2: Measuremenwith rotationof onemirror, mirror pair bB3vsbA3.

Thelarge spreadn thevaluesshaws thatdifferentspotsof the mirror surfacehave different
quality. Sincethemirrorsarenotexactly coaxial,therotationof onemirror movesthepositionof
the surfacea bit, which canalsobe seenwith thecameraTheresultingdifferencein nessecan
belargerthan50% for a mirror pair. It canbe dueto the presencef singlelarger dustparticles
onthesurfacewithin themode but alsoalargernumberof smallspotsmayhave thesameeffect.

We repeatedhemeasurememnwith anothemirror pair. Herethe spreads very smallandlies
within thelengthprecision.Thesemirrorshave better nessetogethera betterhomogeneity
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| # [ 1 ]2 ]3] 4]5] & |s |
[t ns [ 1020] 1019] 1050] 1064] 1119 1054.4] 36.6]

Table4.3: Measuremeniith rotationfor the mirror pair bD3vsbB3.

Oneimportantobsenationis the correlationof transmissiorand nesse: in mostcasedigh
transmissiorwasaccompaniedby better nesse. The absolutetransmissiordependsn the de-
greeof modematching sothis effectwasnot obseredsystematicallyOn the otherhandmirror
pairswith low transmissiorusuallyshow relatively low nesse.Thisindicatesghatthe dominat-
ing factorfor the nessearethe losses.Thesecould be eitherinherent(within the coating)or
dueto surfacedamageor pollution.

4.3.4 Characterization of a mirr or set

Now we applythe methodto our setof mirrors. We posses4.8 mirrors which werecleanedoy
themanufcturer We dividedtheminto 3 setsof 6 mirrors,eachsetin aseparatédox. Theboxes
contain5x5 grid of holeswheremirrorscanbeplaced. Theboxesaresigneda b gandthegrid
chess-board-li&A-E, 1-5.

The rst stepis to inspectthe mirror surfacewith the help of a microscope(500x, dark-
eld). Thisis necessaryo nd amirror with ashomogeneousurfaceaspossible.This mirror
canthenbe usedasareferencej.e. we canmeasurall the othermirrorswith this one. Finesse
variationsdueto differentmodespotpositionswill thenmostlydependntheothertestedmirror.
Anotherreasonfor visual inspectionis to try nding the dependencef measurednesse on
visible surfacecondition. Theinspectiorshovedthatmostof themirrorshave mary smallspots
and/orscratchesn the centerregion (radius 0 25mm). Many of themhadevenmacroscopic
particles.All mirrorshadat leastafew spotsin the center Accordingto our previouscriteriaof
theold visualmethodeventhe bestmirrorsareimperfect.Still we founda mirror with only few
spotsin the centerregion which alsoweremoreor lessequallydistributed. We took this mirror
bE3 asareference.

In thebox b eachof the veremainingmirrorswastestedwith thereferencamirror 4 times,
rotatingthe mirror after eachmeasurementThe mirrors with the bestperformancen this test
werethenmeasuredogether Theresultsareshavnin tah 4.4.

As discussedbove, the error of this measuremens about5%. We see thatthe mirror bE3
shaving goodsurfacequality whichwaschoserasthereferenceloesnothave thebest nessein
this case.This shavsthatthevisualinspectionof the mirror surfacegivesonly a coarsemeasure
for the nesse.

Thenwe testedthe boxesa andg versusthe referencamirror. Theresultsaregivenin the
tables.As onecansee,10out 18 mirrorsarefar below thespeci cationof 100000.If it is dueto
biggerdustparticleson the surfacewhich werevisible underthe microscopethe situationmay
beimprovedby cleaning.

Thepair aE1 aD2 yieldsa nesseof 180000.This is 50% betterthanthe mirrorswhich
arecurrentlyassembleh our testvacuumsetup.
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bA3 | bB3| bC3 | bD3| bE3 bA4
bA3 83500
bB3 94100
bC3 98500
bD3 111900 108500| 117000
bE3 -
bA4 89200
Table4.4: Best nessefor mirror setl
aAl |aCl | aEl | aB2| aD2 |aA3| bE3
aAl 106400
aC1 44600
aEl 182900 111000
aB2 46900
aD2 131800
aA3 51500
Table4.5: Best nessefor mirror seta
0Al| oCl |gE1|0B2|gD2|gA3| bE3
oAl 82400
ol 111200
oEl 81200
oB2 63200
gD2 51500
0A3 118900 103900

Conclusion

Table4.6: Best nessefor mirror setg
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| haveimplementedh compaciandeasyto usesetupfor fastmirror characterizationlt is capable
of measuringhe mirror nesse quickly andwith precisionof about5%. Applying it to the set
of our mirrors| founda mirror pair with a considerablybetter nesse,thanwe currentlyhave in

our assembledesonatar The procesf nding goodmirrorsfor future resonatorsvill be fast

andreliable.



Summary and outlook

The goal of this work wasto preparea high nesse optical resonatorfor cavity QED experi-
ments.The preparatiorincludes nding mirrors of bestre ectivity, building andcharacterizing
theresonatoandachiearing the necessargtability for future experimentalconditions.

Consideringhe amountof work for visually inspectingthe mirrorsandassemblingheres-
onatorwe neededa methodto characterizéhe mirrors quickly. | have implementedhe setup
for cavity ring-dovn, which measuresghelifetime of photonsin the cavity. It hasthe adwantage
thatit doesnot requirea stableassembledesonatarinsteadthe mirrorsareputinto a specially
designedholderwhich allowsto alignthemreducingtheamountof work substantially With this
setupwe characterizedur whole mirror setwithin a shorttime. It allows usto sortout mirrors
with the bestre ectivity andwill beof agreatadvantageor settingup new resonators.

We have setup andcharacterizedresonatowith lengthL  92pum and nesseF  118000.
The obtainedparametesetis g k G 2p 403 14 52 MHz, which meansthat we can
achieve the regime of strongcouplingwherethe coherentatom-photoninteractiong is larger
thantheincoherentossprocessek G

Continuingthe work of Y. Miroshnychenlo [Mir02], we completed optimizedandcharac-
terizedthe cavity stabilizationscheme.We have solved the problemof mechanicatesonances
of the piezoelementandimplementedheresonantlyampli ed APD whichis ahighly sensitve
detectorfor stabilizationpurposesFinally we have shavn thatthe systemis ableto stabilizethe
cavity to 12%of thelinewidth underconditionsof low lock laserpower (200nW).

Thenext stepswill betheplacemenbf thecavity into themainsetupandtransporof anatom
into the cavity. Thedetectionof anatomin theresonatocanbe performedoy a measuremeruf
the Rabi splitting of atomand cavity resonancesA major dif culty of this experimentwill be
thealignmentof thecorveyor beltlaserwhichmust t throughthesmallslit betweerthemirrors
andconnectthe MOT with the cavity modewhich have both a sizeof only about30um andare
5mm apart.Finally, afterthe deterministidransportof two atomsinto the cavity mode,we will
be ableto realizea controlledatom-atominteractionwhich is a steptowardsa quantumlogic
gate.
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Appendix A

Solution of the master equation

Enter the matrix
We begin with the masterequation(1.13).

d 1 kK ... tan ot G ot mn ot a
~r Z“Hr = 2ara’ a'ar ra'la = 25rsT s§%sr rsTs
dt i 2 2
with
H @ w w388 w wa'a gsfa sa' ea' a

Now we usetheweak eld approximation. In thisregimethedriving eld eis sosmall,that
at mostone excitationin the systemis present. Thereforewe consideronly threestatesof the
system:

g1l e 0 go
Here,g e aretheatomicgroundandexcitedstate,0 1 arestatesvith zeroandonephoton
in the cavity.
Callingthesestatesl, 2, 3 respectrely, we de ne the 3 by 3 densitymatrix:

MNa ri2 ras

21 22 ras

31 rs2 ras
Thismatrixis Hermitian,i.e.rmn  r ymr
Thecorrespondingreationandannihilationoperatorsare:

00

aa g1go a g0gl1

s e0go § g0eoO

R OO OO0OO

OO oo
OO oo
OFrO OOk
oNoNolN el
oNeoNolleNele)
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58 APPENDIXA. SOLUTION OF THE MASTER EQUATION

Thedissipationin the systemleadsto a stationary statewith
d r
dt

This leadsto a systemof 9 homogeneousomplex equationgrom which 6 areindependent:

0

kri1 iQgri2 rqo €eriz rq3 0
igri2 rqgp Grapx O

kri1 Grpp ierqz rq3 O

G kr12 igrll I22 €rog Wo Wg 12 0

NI =

k .
§r13 iergy ras groz we wriz O

G .
Er23 I griz €erqp,  Wo W o3 0

Now we separatéhe real andimaginaryparts,r mn  Rnn  ilmn, getting9 real equations,
which canbewritten asa matrix:

K0 0 0 g 0 e 0 0 Ri1 0
0 ¢ o 0 g 0 0 0 0 Roo 0
K& o0 0 0 0 e 0 0 Rs3 0
0 0 0 & K Wo We 0 0 0 e Riz 0
g g 0 w W c K 0 0 e 0 lio 0
0 0 O 0 0 K We W 0 g Ri3 0
e 0 e 0 0 We W K g 0 l13 0
0 0 O 0 e 0 g & Wo W Ro3 0
0 0 O e 0 g 0 Wo W s l23 0

This systemwassolvedwith the help of a mathematicprogram.The resultingexpressions
arelong and containdifferentcombinationsof the matrix coefcients. We do not write them
down here.In the next stepall termswhich containe in ahigherthan rst orderareconsequently
neglected.

To obtainthe populationsof atomandcavity we needonly R1; Ro2 andRs3. We seethatin
ourapproximatiorR;; Ry Rss, thuswe cannormthedensitymatrix by settingr 11 g—; and

R
r2 g2
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Theresultis then:

GZ
f1 e 2 W
k2 G2 2 G2 kG G2
wt o 2wew? €% 22 wiw 2¢2 2T wew L9222 Zwe
202
oz 2 : 2 2
k2 G 2 ) 2 2 G kG 22 G442
w o 2wew? £ 02 22 w2 w2 22 2" wew £ g w2

This resultis valid in the weak- eld limit, i.e. thedriving eld e mustbe soweak,that both
populationsarewell below 1.
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