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Intr oduction

Theideaof quantuminformationprocessingattractedmuchattentionin recentyears.A quantum
computerworkswith qubits,which,asopposedto classicalbitswith only two de�ned states,are
any coherentsuperpositionof two states.Quantumcomputingopensanew rangeof possibilities,
especiallyparallelprocessingof information.Recentlydevelopedquantumalgorithms[Shor94]
show that quantumcomputerscan solve speci�c problemswithin polynomial time for which
classicalcomputerstakeexponentialtime.

The experimentalrealizationof suchsystems,however, encounterssevere technicalprob-
lems. First, onemustbeableto controlquantumsystems.Someexampleswhich arerelatedto
our �eld areions [Lieb03], neutralatoms,even “arti�cial” atoms(quantumdots). Besidesthe
experimentalchallengeto storethem,weneedto controltheirquantumstates.Here,thegreatest
dif�culty is thepreservationof quantumcoherence.Any coherentsuperpositionof statesmust
last muchlonger thanthe computationtime. This meansthat the dissipationandthusthe in-
teractionwith the environmentmustbe suppressed.The charge of the ions leadsto Coulomb
interactionwith theenvironmentwhichquickly destroysthecoherence.Quantumdotsareincor-
poratedinto solidmaterialandsuffer thesameproblem.

Our experimentis an approachto an implementationusing individual neutralatoms. The
advantageof unchargedparticlesmight be the longercoherencetime. The requiredability to
storeindividualatomsandto controltheir externalandinternaldegreesof freedomwasrealized
in our groupwithin thelastyears.We areableto storea desirednumberof neutralCsatoms,to
movethemwith sub-micrometerprecisionandto manipulatetheir internalquantumstates.Also,
the coherencetime of internalstateswasmeasured[Kuhr03]. The next steptowardsquantum
informationprocessingis the interactionbetweentwo atoms.In this casethe lack of Coulomb
interactionrequiresadditionaleffort to establishsuchinteraction. In free space,neutralatoms
interactconsiderablystronglyonly at very shortdistances.Our approachis to usean optical
resonatorin which theatom-atominteractionis mediatedvia theexchangeof aphoton.

Thesubjectof this work is thepreparationof suitableoptical resonatorwhich continuesthe
work of Y. Miroshnychenko [Mir02]. In orderto performexperimentswith atomsin a cavity,
thesystemmustful�ll theconditionof strongcoupling, wherethecoherentinteractionbetween
theatomandthe intracavity �eld dominatesover the dissipation.The dissipationis dueto the
limited lifetime of photonsin the cavity andatomicdecay. Quantitative understandingof the
interactionof an atomwith photonswithin the cavity requiresadvancedtheoreticaltreatment.
By solving the masterequationof a two level atominteractingwith the singlemodecavity in
presenceof dissipationI havecalculatedthespectrumof thesystem.
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Theexperimentalchallengeis to achieveastrongatom-photoninteractionwhile keepingthe
dissipationlow. The interactionincreaseswhenthe photonsarecon�ned to a smallervolume,
whereasthe photonlifetime in the cavity canbe improvedby increasingthe re�ectivity of the
mirrors.Altogether, theresonatormusthaveamicroscopicmodevolumeandhighmirror re�ec-
tivity.

In order to sort out mirrors with bestre�ectivity from our setwe needa quick methodof
mirror characterization.For thesemeansI have implementeda cavity ring-down setupwhich
measuresthelifetime of aphotonin acavity.

Theprecisecontrolof interactionparametersrequirestheability to tunethecavity resonance
frequency andto keepit stablefor the time of the experiment. Sincethe resonancefrequency
dependson cavity lengthchangeson a picometerscale,an active feedbackschemeis required
to achieve the necessarystability. Our schemeis basedon stabilizationof the cavity to a laser
and incorporatesthe Pound-Drever-Hall method. This schemewascompleted,optimizedand
characterized.



Chapter 1

Theory

1.1 Optical resonators

An opticalresonatoris a “container”for light, it is ableto storephotonsfor acertaintimewithin
its volume.

1.1.1 Basicproperties

An optical resonatorbasicallyconsistsof two opposingmirrors. First we considera simple
model,thesocalledFabryPerotresonatorof two planemirrors,�g. 1.1. It describesmostof the
propertiesof realresonators.

The relevant parametersarethe resonatorlengthL andthe mirror re�ectivities R1 � R2 and
transmissionsT1 � T2. For conveniencewesetR �

�

R1R2 � T �

�

T1T2 �

Ein

Ein

i f

R1

Ein T1T2

Ein T1T2 R1R2
i f

Ein T1T2R1R2
i f2

Ein

R2T1 T2

Ein R1R2

L

1R

R2e1
e

ef2i
e

T

T R21

-

Figure1.1: Fabry-Perotresonator. An incidentelectromagneticwave leadsto a seriesof partial
re�ections.
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1.1. OPTICAL RESONATORS 7

A laserbeamof frequency w andwave-vectork �

w
c �

2p
l incidentononemirror is partially

transmittedandpartiallyre�ected.Thetransmittedpartenterstheresonatorandis re�ectedforth
andbackmany times.Oneachre�ection a fractionescapestheresonator, see�g. 1.1.Sincethis
processis coherent,theamplitudesof there�ectionswill interfere.

Thetransmitted�eld amplitudeis thesumof all amplitudesafterthesecondmirror:

Et � Ein �

T � TReif
� TR2ei2f

�

�����	�

� Ein
T

1 
 Reif
�

wheref � 2Lk is theround-trip phaseof thelight wave in theresonator.
Similarly, there�ected�eld is

Er � Ein �




�

R1 � T1eif �

R2 � T1
�

R2Re2if
�

�������

� Ein �

T1

�

R2eif

1 
 Reif 


�

R1 ���

(1.1)

Thetransmittedintensityis proportionalto thesquareof the�eld:

It 
��

Et �

2
� E2

in

�

�

�

�

T
1 
 Reif

�

�

�

�

� E2
in

T2

�

1 
 R
�

2
1

1 �

4R
�

1 � R�

2 sin2
�

f
2 �

�

(1.2)
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Figure1.2: Transmissionof anopticalresonator.

Maximal transmissionof T2
�

1 � R�

2 occursat theresonancefrequencieswreswhenall re�ections
interfereconstructively, i.e. theroundtrip phaseis amultipleof 2p:

2L
c

w � f !
� 2p � q � q � 1 � 2 �

�������

Theresonancefrequenciesarethen

wres � 2p
c

2L
q � : DwFSR � q � q � 1 � 2 �

�������

Thespectrumis periodic,with aperiodof DwFSR : � 2p c
2L , calledthefr eespectral range.



8 CHAPTER1. THEORY

Fromeq.(1.2)wecalculatethelinewidth DwFWHM of theresonances:

DwFWHM � DwFSR
1 
 R

p
�

R
� :

DwFSR

F �

Thefactor

F : �

p
�

R
1 
 R

�

DwFSR

DwFWHM
(1.3)

is calledthe�nesseof theresonator, anddependsonly on themirror re�ectivity.
The �eld in theresonatoris a standingwave. We considerthecaseof resonancefor a sym-

metric resonator:R1 � R2 � R� T1 � T2 � T. At an anti-nodeall forth and back re�ections
interfereconstructively andgivetheresonantintra-cavity �eld strength

Ecavity � Ein

�

T
�

1 �

�

R
� �

1 � R � R2
�

�����	�

� Ein

�

T
�

1 �

�

R
�

1 
 R �

For ahigh re�ectivity without losseswehaveR � 1 � T � 1 
 Randthus

Ecavity � Ein
2

�

1 
 R
�

Theresonantintra-cavity intensity in ananti-nodeis then

Icavity � Iin
4

1 
 R
� 4

F
p

Iin �

(1.4)

Thecavity enhancestheintensityby afactor 4
pF . This is onereasonfor theusageof cavities

in experimentswith atoms.If oneis ableto obtainahigh �nesse,theinteractionof atomswith a
laserbeamis enhancedby severalordersof magnitudecomparedto interactionin freespace.
If an atomis not localizedto an anti-nodealongthe resonatoraxis (aswill be the casein our
setup)it will seeanaverageintensityoveroneor severalperiodsof thestandingwave:

I
�

mean�

cavity � 2
F
p

Iin �

1.1.2 Eigenmodes

Realresonatorsaretypically built with sphericallyconcave mirrors. Here,the �eld is con�ned
in threedimensionsto amodeof a �nite volume.
Weconsiderasymmetricresonatorof two identicalmirrors.Theresonatoris radiallysymmetric,
hasthelengthL andmirror curvatureradiusRc. We call theresonatoraxisz andsetz � 0 in the
center, see�g. 1.3.

The�eld insidetheresonatoris thesolutionof Maxwell equationswith boundaryconditions
(mirrors). The eigenmodescanbe describedin the paraxialapproximationby standingwave
Hermite-Gaussianmodes(seee.g.[Sie86]):
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Figure1.3: FundamentalTEM00 mode.
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with

w0 : modewaist� w
�

z
�

� w0 �

1 ���

z
zR  

2 : moderadius (1.5)

zR �

p
l

w2
0 : Rayleighrange

R
�

z
�

� z �

z2
R
z

: wavefrontcurvature

y
�

z
�

� arctan�

z
zR  

: Guoy phase
�

HereH j
�

x
�

� j � 0 � 1 � 2 �

�����

arethe correspondingHermitepolynomialsof the order j. The so-
lutions for differentm� n !#" have different�eld distribution in radial directionandarecalled
TEMm� n transversalmodes.
Theboundaryconditionis, thaton re�ection thecurvatureradii of thewavefrontandthemirror

mustbeequal,i.e. R
�

L
2 �

!
� Rc. Thisdeterminesthewaistw0:

w2
0 �

l
p

�

L
2

� Rc 


L
2

 

�

(1.6)
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Themostimportantmodeis TEM00 or fundamentalmode:

E0 � 0
�

x � y� z
�

� E0
1

w
�

z
�

exp
� 


r2

w2
�

z
�


 i
kr2

2R
�

z
�

� iy
�

z
� �

e� ik
�

z�

L
2 �

� c
�

c
�

(1.7)

with r2 : � x2
� y2. This correspondsto two counter-propagatingGaussianbeams.Wewill work

with this modein the resonatorsinceit hasthemosthomogeneousradial intensitydistribution
withoutnodes.

Becauseof the Guoy phasethe differenttransversalmodesarenon-degenerate.The round
trip phaseis

f n � m � 2Lk 
 2
�

m � n � 1
�

� y
�

L
2 �


 y
�




L
2 �

 

�

�

2p
DwFSR

w 
 2
�

m � n � 1
�

arccos
�

1 


L
Rc

���

Theresonanceconditionis f n � m
!

� 2pq � q � 1 � 2 �

�����

. Weget

wn � m � DwFSR � q �

1
p �

m � n � 1
�

arccos
�

1 


L
Rc

�
�

�

(1.8)

Theresonancefrequenciesof transversalmodesareequidistant.q is the longitudinalorder,
i.e. thenumberof antinodesin theresonator. Themodeswith equal

�

m � n
�

aredegenerate.The
modeseparationdependsonthelengthof theresonator, wewill usethisrelationlaterto measure
themirror distanceof anassembledcavity.

In theexperimentwe often scanthe mirror distanceandnot the laserfrequency. A change
of l

2 in the distancecorrespondsto DwFSR. For DL $

l
2 %

L we have Dwµ DL in very good
approximation.

1.1.3 Quantization of the electromagnetic�eld

Up to now wedealtwith classicalelectromagnetic�elds in theresonator. In orderto understand
the quantumoptical phenomenawe needa treatmenton a singlephotonlevel. The quantum
�eld will be usedto analyzethe interactionof an atomwith the cavity mode. The methodfor
introducingphotonsis thecanonical�eld quantization(seee.g.[Sho90],[Scu97]).

We considermonochromaticlight of thefrequency w in thefundamentalmodeof thecavity.
Suppose,it is linearlypolarized,thenthereareonly two mutuallyorthogonalcomponentsE and
B of the �eld. The ideaof thequantizationis that for thestandingwave �elds in theresonator
this problemhasthestructureof a harmonicoscillator. E playstherole of the“position” andB
is the“momentum”.

The quantummechanicalformalismexpressesthe �eld operatorsin termsof creation and
annihilation operators â† andâ:&

E
�

x � y� z
�

� E00 �

x � y� z
�

�

â†
� â

�

�

&

B
�

x � y� z
�

� iB00 �

x � y� z
�

�

â†

 â

�

�
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wherethespatialpartsE00 �

x � y� z
�

andB00 �

x � y� z
�

arethesameasin eq. (1.7).
Theoperatorŝa†

� â addandremovemonochromatic,polarizedphotonsin theresonator. The
quantummechanicalexpressionfor theenergy is

&

H �(' w
�

â†â �

1
2 ���

Theoperatorâ†â countsthenumberof photons,' w is theenergy of asinglephoton.Theenergy
eigenstatesarephotonnumberstates

�

0)

�

�

1)

�

�

2)

�

�������

In this picturethe �eld in the resonatorconsistsof photonswhich arere�ected forth andback
betweenthemirrors.

1.1.4 Photon lifetime

Sincethe re�ectivity of the mirrors is limited, the photonwill stay in the resonatoronly for a
limited periodof time. Wecan�nd it asfollows:

The round trip time of the photonis ttrip �

2L
c �

2p
DwFSR

. The intensity loss during half a
round-trip(onere�ection) is:

I
�

t
�


 I
�

t �

1
2ttrip �

1
2ttrip

� I
�

t
�

1 
 R
p

DwFSR

� I
�

t
�

�

�

R
DwFSR

F
�

� I
�

t
�

�

�

RDwFWHM � I
�

t
�

� DwFWHM �

Sincethecavity is traversedat thevelocityof light, ttrip is smallandthus

I
�

t �

1
2ttrip �


 I
�

t
�

1
2ttrip

�

dI
dt

� I
�

t
�

� DwFWHM

* I
�

t
�

� I0e� DwFWHMt
� I0e�

t
t

�

(1.9)

Theintensitydecaysexponentiallyand

t : �

1
DwFWHM

�

F
DwFSR

(1.10)

is thephoton lifetime.
Onede�nesthephoton lossrate as:

k : �

1
t �

(1.11)

ThemeannumberN of re�ectionsin thecavity is givenby:

N � 2
t

ttrip
� 2

DwFSR

2pDwFWHM
�

F
p �
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1.2 Atom-cavity interaction

With thebasicpropertiesof theresonatorwe cannow analyzewhathappenswith atomsin the
cavity.

1.2.1 Atom-cavity coupling strength

To describethe atom in a way similar to the photonpicture we usethe secondquantization
formalism. We considera two level atomwith groundandexcitedstates

�

g)

�

�

e) andintroduce
theoperatorŝs† : �

�

e),+ g
�

andŝ : �

�

g),+ e
�

which createandannihilateatomicexcitation.
Supposetheatomis placedin anantinodeof thestandingwave,suchthatthespatialdepen-

denceof the interactioncanbe omitted. The dominatingpart is the interactionof the atomic
dipolemomentwith theelectric�eld component(dipoleapproximation).
TheinteractionHamiltonianin theHeisenberg pictureis&

Hint �

&

d �

&

E � d
�

ŝ†eiw0t
� ŝe� iw0t

�

� E
�

â†eiwct
� âe� iwct

�

�

wherew0 is theatomictransitionfrequency, wc is thecavity photonfrequency, â†
� â create/annihilate

cavity photons,d is theelectricaldipolemomentof theatom,andE is aconstantwhichdepends
on themodevolumeV (see[Scu97]):

E �

' wc

2e0V

V �

p
4

w2
0L �

l
4

L �

L
2 �

Rc 


L
2 ���

Theexpressionfor themodevolumeis valid for L
%

zR.
In therotatingwaveapproximation

�

w0 
 wc �

%

�

w0 � wc �

theHamiltonianreducesto:
&

Hint � dE
�

ŝ†â � ŝ â†
�

��' g
�

ŝ†â � ŝ â†
�

�

where

g : �

dE
'

�

d2w
2 ' e0V

(1.12)

is theatom-cavity coupling rate. ThisinteractionHamiltonianisalsoknownasJaynes-Cummings
Hamiltonian[Jay63].

1.2.2 Jaynes-Cummingsmodel

In the Jaynes-Cummingsmodelwe considerthe interactionof a two level atomwith a single
modeopticalcavity. Thesystemshallbe ideal, theatomcannot decayspontaneouslyfrom the
excitedstateto thegroundstate,andalsophotonsdonot escapetheresonator.
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Thefull Hamiltonianincludingtheatomicandcavity energy is givenby:
&

H �(' w0ŝ†ŝ �-' wc �

â†â �

1
2 �

�-' g
�

ŝ†â � ŝ â†
�

�

Theatomcanbeexcitedby absorbingacavity photonor go to thegroundstategiving its excita-
tion to thecavity. Since

ŝ†â � ŝ â†
�

�

e� n)�+ g � n � 1
�

�

�

g � n � 1).+ e� n
�

�

the interactioncouplesthe states
�

g � n � 1) and
�

e� n) for eachphotonnumbern. In the sub-
manifoldof thesetwo stateswecanwrite theHamiltonian:

&

Hn �

'

2

/01

�

wc 
 w0 �

2
�

n � 1 � g

2
�

n � 1 � g 


�

wc 
 w0 �

2.3

4

�

whichcanbeeasilydiagonalizedgiving theenergy eigenvalues576 2

�

�

wc 
 w0 �

2
� 4

�

n � 1
�

g2.

The interactionlifts the degeneracy betweenthe atomandthe cavity. The eigenstatesare
split, see�g. 1.4, which is called vacuum Rabi splitting. In resonance,i.e. wc � w0, the
splitting is 2

�

n � 1 �8' g. Thecoupledatomandcavity becomeonesystemwith two resonances.
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Figure1.4: Eigenstatesof theresonantatom-cavity system.
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1.2.3 Dissipationand strongcoupling

In therealatom-cavity system,themirrorshavealimited re�ectivity andtheatomicexcitedstate
hasa �nite lifetime. Thereare3 importantprocesses:

1. coherentatom-photoninteractionat therateg,

2. incoherentphotonleakagefrom thecavity at theratek,

3. incoherentspontaneousdecayof theatomicexcitedstateat therateG.

G

k g

Figure1.5: Parametersof atom-cavity system.

Thetwo lastprocessesleadto lossof coherence.In acavity QEDexperimentoneoftenwants
to studyor to usethecoherentinteractionwith aslittle dampingaspossible.It meansthat the
coherentevolution mustbefastcomparedto thedecoherenceprocesses.Onehasto get into the
regimeof strongcoupling:

g 9 k � G
�

Thisenablescoherentenergy exchangebetweenatomandcavity within thelifetime of theatom-
cavity system.For a large g the modevolumehasto be small accordingto eq. (1.12). A low
photonlossratek is achievedby ahigh re�ectivity of themirrors.

1.2.4 Densitymatrix approach

Thedissipationdoesnotonlymaketheexperimentdif�cult, its theoreticaltreatmentalsorequires
advancedtools. Onehasto considerthe interactionof thesystemwith theenvironmentwhich
leadsto a thermalstatisticalequilibrium.This canbedonein thedensitymatrix formalism.

Our atom-cavity systemis now coupledto the environment. The evolution of the whole
systemincludingtheenvironmentcanbedescribedby a Schr̈odingerequation.Sincetheexact
quantumstateof theenvironmentis not known, onetraces(takesthemeanvalue)overenviron-
mentalstatesandobtainsthemasterequation[Car93]:

d
dt

&

r �

1
i ';:

&

H �

&

r <,�

k
2 �

2âr̂ â†

 â†âr̂ 
 r̂ â†â

�

�

G
2 �

2ŝ r̂ ŝ†

 ŝ†ŝ r̂ 
 r̂ ŝ†ŝ

���

(1.13)



1.2. ATOM-CAVITY INTERACTION 15

Here,

&

r is thedensitymatrix for theatom-cavity system,k arecavity losses,Gis thedecayrate
of the atomicexcited state. The �rst part of the masterequationdescribescoherentevolution,
thetermswith k andGareresponsiblefor thedissipationprocesseswhich leadto decoherence.
TheHamiltoniancontainstheatomandcavity energies,theatom-cavity interactionandcoherent
driving of thecavity by a laser�eld of frequency wl&

H ��'

�

w0 
 wl �

ŝ†ŝ �-'

�

wc 
 wl �

â†â �=' g
�

ŝ†â � ŝ â†
�

�=' e
�

â†
� â

���

In the presenceof decoherencethe masterequationhasa steadystate d
dt

&

r !
� 0. This is a

systemof (in�nitely many) homogeneouslinearequations.Numericaltoolsfor solvingthemas-
ter equationexist, e.g. [Tan02]. They provide thespectraof thesystemandexpectationvalues
of atomandcavity statesby restrictingthedimensionof theHilbert spaceto a computationally
affordablevalue.Thestructureof thesolution,however, remainshiddenin thisapproach.

My goalwasto �nd ananalyticalsolutionof theproblemin a reasonableapproximation.I
have solvedthemasterequationanalyticallyin thecaseof a weakdriving �eld. For detailssee
AppendixA.

In caseof resonancebetweenatomandcavity, wc � w0, theresultis
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e2
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2
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l �

�
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�

2
�

wherer 11 is the probability of �nding a photonin the cavity andr 22 is the populationof the
excited stateof the atom. The photon�ux from the cavity is then kr 11. The approximation
requiresthatthedriving laser�eld emustbesmall,suchthatr 11 � r 22

%

1.
The�gure 1.6showstheRabisplitting in thissolution.Thetwo curvesarer 11

�

wl �

� r 22
�

wl �

,
i.e. thepopulationsof cavity andatomexcitedstatesasfunctionsof thedriving laserdetuning
to atomicresonance.The�rst oneis equivalentto thetransmissionspectrumof thecavity with
anatominside,whenprobedby a weaklaser. Thewidth of thelinesis a signof thepresenceof
dissipation.

Analysis

To connectthis result to the Jaynes-Cummingsmodel,we determinethe splitting of the peaks
andthelinewidth of thecavity transmission.For this purposewe rewrite theexpressionfor r 11
into two separatepeaks:

r 11 �

wl �

�

e2

2d
�

a � wl

�

wl 
 b
�

2
� g2 �

a 
 wl

�

wl � b
�

2
� g2 �

�

wherea � b � g� d areexpressionsin termsof g � k � G. Thepeaksareasymmetricallybroadenedbut
in theregimeof strongcouplingstill well separated.ThevacuumRabisplitting canbefoundby
determiningthepositionsof themaxima.Theapproximateexpressionis
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Figure1.6: Rabisplitting in densitymatrix solution. Shown is thecaseof cavity resonantwith
theatom(centeredattheorigin). Theparametersare
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DRabi � 2 � g2
�

kG
4

�

which for strongcoupling(k � G
%

g) becomes2g asin Jaynes-Cummingsmodel.
Becauseof thepeakasymmetry, aneffective linewidth is de�ned astheareaunderthepeak

dividedby thepeakheight:

D
�

eff �

FWHM: �

2
p

area
height�

For a Lorentzianfunctionthis expressionyieldstheFWHM linewidth. Usingthis de�nition we
obtaintheapproximateexpression:

D
�

eff �

FWHM �

k � G
2 �

Anotherimportantpropertyis thedependenceof energy eigenstatesonthedetuningof cavity
with respectto atomic resonance.Figure1.7 shows the eigenstatesof the Jaynes-Cummings
model (a) comparedto the cavity spectra(b). The x axis is the cavity detuningfrom atomic
resonance,they axis is theenergy (a), or detuningof theprobelaser(b). Onecanseethat the
behavior of energy statesis similar in bothmodels.
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Figure 1.7: (a) Energy levels of the Jaynes-Cummingsmodel vs. cavity detuning. (b) Cav-
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1.2.5 Interaction betweentwo atoms

Two atomswhichsimultaneouslycoupleto thesamecavity modebecomemutuallycoupledand
canexchangeenergy (information)via acavity photon.

Supposetheatomsareatdifferentpositionswithin themodeandthushave in generaldiffer-
entcouplingsg1 � g2. TheinteractionHamiltonianwith thecavity is thesumof two single-atom
interactions:

&

Hint �(' g1 �

ŝ†
1â � ŝ1â†

�

�-' g2 �

ŝ†
2â � ŝ2â†

���

If the cavity is tunedfar from the atomicresonance,the exchangeof excitation betweenatom
andcavity becomesnegligible. Two atomscanstill exchangetheir excitationvia thecavity. The
effectivesecondorderinteractionHamiltonianis

&

H
�

2�

int ��'

g1g2

�

wc 
 w0 �

�

ŝ†
1ŝ2 � ŝ1ŝ†

2 ���

This is a two-photonprocess,whereone atom emits a (virtual) photoninto the cavity mode
andthe otheroneabsorbsit. Both processeshappensimultaneously, the excited statepopula-
tion remainssmall andcanbe adiabaticallyeliminated. Onegetsa cavity inducedatom-atom
interaction.

|e,gñ ñ|0 | ,g e |0ñ ñ

| ,g g |1ñ ñ

g
1

g
2

w w-
0 c

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

Theinteractiondescribedabovehasa longrangebecausetheradiationis concentratedinto a
singlemode.For closedistancesbetweentheatomsit is alsopossibleto observecavity ampli�ed
dipole-dipoleor vanderWaalsinteraction(seefor example[Osn01]).

Thisschemeis only onepossibilityfor couplingof two atomsvia thecavity. Thereexist dif-
ferentschemeswhichproposeto usethecavity for conditionalquantumlogic andentanglement
(e.g. [Yi02]). Thegoalof futurework in our groupwill be to implementoneof thoseschemes
to entangletwo atoms.



Chapter 2

Cavity setup

The taskto achieve strongcouplingrepresentsan experimentalchallenge.In orderto perform
experimentswith Cs atoms,wherethe excited statedecayrateis G � 2p � 5

�

2MHz, to achieve
g 9 GweneedamodevolumeV $ 7

�

8 � 105
�

µm
�

3. To minimizethephotonlossratek, themirror
re�ectivity shouldbeashighaspossible.Wehavesetuparesonatorwith thegoalto ful�ll these
requirements.At thesametime, theresonatorhasto becombinedwith oursetupwhich delivers
singlecold Csatoms.A suitablemechanicalmountingsystemwasbuilt up andtestedtogether
with thecavity.

2.1 Resonatorassembly

The �rst resonatorwasbuilt for testingpurposesby Y. Miroshnychenko in [Mir02]. Our next
taskwasto setup anew resonatorwhichcanbeintegratedin oursetup.

2.1.1 High re�ecti vity mirr ors

Themirrorsaremanufacturedby thecompany ResearchElectroOptics,Boulder, USA.Thehigh
re�ectivity is achievedby a stackof several tendielectricl > 4 layers.Thespeci�ed re�ectivity
of themirrorsis R � 99� 997%for thewavelengthof theCsD2 line (852nm), correspondingto a
�nesseof 104000.Thesphericalconcavesurfacehasadiameterof 1mmandradiusof curvature
of Rc � 10mm, see�g. 2.1. Thespecialconicalshapeof thesubstrateis neededbecauseof the
limited spacein oursetupasshown in sec.2.3.4.

We have ordereda set of 30 mirrors. In [Mir02] two resonatorswerebuilt showing a �-
nesseof 77000and94000,both below speci�cation. This shows that a careful inspectionand
characterizationof themirrorsis neededbeforeassemblinga resonator.

At this point the tools for sucha characterizationwerequite limited. At the beginning we
inspectedthemirrorsvisually with a 100xmicroscope.It provideslight-�eld anddark-�eld ob-
servation. Using this microscopewe have seenspotsof differentsizeson almostall mirrors.
Thosewererangingfrom macroscopicdustor glassparticlesdown submicrometersurfacede-
fects.By illuminating thesurfacefrom thesidewe werealsoableto seethin scratcheson many

19
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Figure2.1: High re�ectivity mirror, manufacturedby theREOcompany.

mirrors. Thenwe usedanothermicroscopewith 500xmagni�cationwhich provideslight-�eld,
dark-�eld andbetterresolution.Thecloserlook revealedmorescratchesandevenmorespotsof
sub-micrometersize,oneexampleis shown in �g. 2.2. All visible defectsreducethe�nesseby
scatteringor absorbinglight.

Figure2.2: Microscopepictureof themirror surface,500xmagni�cation,dark-�eld observation.
Oneseesathin scratch,oneclearlyvisiblespotonthelowerleft and3 smallerspotsontheupper
right. Thedarkobjectsin thelowerpartaredefectsof thecamera.

In orderto achieve thebest�nesse,we lookedfor mirrors which werefree from defectsin
the centerpart of the mirror surface(




0
�

25mm radius). Sincethe TEM00 modewill have a
radiusof about15µm this shouldguaranteethat the defectsdo not limit the �nesse. Sinceall
mirrorshave at leastseveralspotsin thecenterpart,we chosemirrorswithout scratchesin this
region. Scratchesarepermanent,while spotscanbesmalldustor glassparticles,thusit might
bepossibleto remove them. Due to thesmallmirror sizeandsensitivity of themirror coating,
specialcarehasto betakenwhentrying to cleanthesurface.
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We investigatedthefollowing methodsfor removing spots:

? OptiClean:a dropletof specialpolymer(manufacturedby MerchanTek Inc., SanDiego,
USA) is placedon thesurfaceandcoveredwith a pieceof cleaningtissue.Thepolymer
�o ws over thesurfaceasa homogeneouslayerandembedstheparticles.After thedrying
(15-20min) the tissueis easilyremovedtogetherwith thepolymer. Biggerparticlescan
beremovedthisway. Only apartof smallerparticlesis removed,severalrepetitionsof the
procedureareneededandit doesnot guaranteetheremoval of all particles.In rarecases
thepolymercanstick to thesideof themirror if too muchwasused,this residuehasthen
to beremovedwith acetone.In general,usingthepolymeris fastandsafe,sincethereis
almostno risk of damagingthesurface.

? mechanicalcleaning:a pieceof lenscleaningtissueis folded,wet in acetoneandswept
with a tweezerfrom the centerto the borderof the mirror. This methodis dif�cult and
dangeroussinceit is possibleto produceadditionalscratchesby dragginga pieceof glass
over thesurface. We tried this methodbut decidednot to useit becauseit hadnearlyno
effecton smallerspots.

? bathingin acetoneor methanol:themirror is placedinto warmacetoneor methanolof ultra
highpurity. After about5 minutesthemirror is takenoutholdingthesurfaceverticalsuch
thatno liquid dropcanstayon thesurface.If someliquid would dry out on thesurface,it
would leave thedissolveddirt behind. This methodis ableto remove someof thespots,
evensmallones,but it canalsoaddspotsonsomecases.It alsoremovestheresidueof the
OptiCleanpolymerwhichcouldstickto thesideof themirror andcauseproblemswith the
ultrahighvacuumneededin theexperiment.

? ultrasonicbath:themirror is placedinto asmallvessel�lled with pureacetoneandputinto
anultrasonicbathfor about5 min. Thisdevice is �lled with waterandproducesultrasonic
vibrationsof the liquid which remove particlesfrom the surface. However particlescan
producescratches.Smallspotsarenot removed.

After consideringall methodswedecidedtocleanselectedmirrorsbyapplyingOptiCleanseveral
timesandthendoing both an acetoneanda methanolbath. The surfaceswereinspectedafter
cleaningwith the 500x microscopeandthe procedurewasrepeatedwhennecessary. By these
meanswe wereableto �nd a mirror pair with no visible scratchesandalmostno spotsin the
centerregionof thesurface.

2.1.2 Assembly

Piezoelements

For precisecontrol of the resonatorlengththe mirrors aregluedonto piezoelements.We use
shearpiezos(PI Ceramic,6x6x1 mm), which performa shearmovementof 5 300nm whena
voltageof 5 500V is applied. This is enoughto scanover a freespectralrangeof l

2 � 426nm
evenwhenonly onepiezois used.
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Holder

The holder for the mirrors is designedfor precisepositioningof the cavity in our setup. It is
describedin all detail in sec.2.3.4.

The procedureof assemblyis almostthe sameasdescribedin the diplomathesis[Mir02].
First, the piezoelementsaregluedonto the holder. The holderalsoprovideselectricground
contact.Beforegluing, themirrorsare�x edto thepiezosurfaceswith a positioningtool which
alignsthemcoaxially in a V-groove,see�g. 2.3. This ensuresthatthemodeis well centeredto
theaxisof bothmirrors.

Thenext stepis gluingof themirrorsto thepiezoelements.Thepreviousmethodwasto puta
gluedropletunderthemirror, whereit distributesasathin layer. Theproblemof thisapproachis
thatthegluedsurfaceis big. Whenthegluecuresit cancontractintroducingmechanicaltension
to themirror substrate.This tensionleadsto abirefringenceandshouldbeavoided.Thegeneral
rule is to reducethe contactareaof the glue, presumablyto only oneor two points. The idea
is to put the glue not directly betweenthe mirror andthe piezobut ratherto usean additional
glasscylinder (glass�ber) of few hundredmicrometerdiameterlying parallelto themirror side.
It is gluedwith onesideto the piezoandwith the othersideto the mirror (see�gure). Using
thecylinder hasalsoanadditionaladvantagethatit might bepossibleto removea gluedmirror.
Whenglueddirectly, theremoval destroys themirror andthepiezo,becauseof thelargecontact
areawith theglue.Figure2.4shows theassembledcavity on theholder.

cavity holder

shear piezo

glue

mirror

positioning tool

view from
above

glass cylinder
(optional)

V-groove

side view

Figure2.3: Assemblyof thecavity.
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Figure2.4: Assembledcavity in theglasscell of thetestvacuumsetup.

2.2 Characterization of the cavity

Themostimportantparametersof theresonatorareits lengthandthelinewidth. Knowing them
onecancalculatethevaluesof g andk whichareimportantfor futurecavity QED experiments.

Cavity test setup

For characterizationandtestingpurposesthecavity wasplacedinsidea vacuumchamberwhich
is geometricallyidenticalto thevacuumchamberof themainexperiment.By doing sowe are
ableto testthe interplayof thecavity holderwith thechambergeometry. This is importantfor
later integrationof the resonatorinto the main setup,for detailsseesection2.3.4. The optical
partof thesetupis shown in �g. 2.5.

Therearetwo lasersin thesetup,theprobelaser(852nm) andthelock laser(836nm). The
probelaseris resonantwith theCsatom,thesecondis usedfor cavity stabilizationasdescribed
in thenext chapter. Bothlasersaredeliveredby thesame�ber in orthogonalpolarizationsandare
thusperfectlyoverlappedwhich reducestheamountof work for couplingtheminto thecavity.

The laserbeamspassa speciallydesignedmodematchingtelescope(see[Mir02], p. 23)
which tailors their waist to matchthe fundamentalTEM00 cavity mode. The geometricalcou-
pling into thecavity modeis donewith two mirrors.Thetransmittedlight is imagedontoaCCD
camera,which enablesusto distinguishtransversalmodes.Thetransmittedpower is measured
with a photo-multiplier(HamamatsuH7712-03). In order to reducethe straylight, a 200µm
pinholeis placedin front of thedetector.

The re�ected beampassesbackthroughthe telescope,is coupledout with an unpolarizing
beam-splitterandis focussedonto a fastphotodiode(Newport ampli�ed silicon PIN, 818-BB-
21A). Its signalis usedfor thePound-Drever-Hall stabilizationof theQED cavity.

Thevoltagefor thepiezoelementsis atrianglescanwith variableamplitudeandoffset,which
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Figure2.5: Opticalsetupfor characterizationandstabilizationof thecavity.

is ampli�ed to thenecessaryhigh voltage( 5 400V) by a low noiseampli�er (FLC Electronics,
A800-40).

Mode matching

In order to achieve the couplingof the laserinto the fundamentalcavity modeit is necessary
to adjustthe focusand the geometricalpositionof the beamto matchthe mode. The piezos
arescannedat an amplitudeof about100V at 10Hz. The incidencepositionandangleof the
beamare changedwith a mirror and one tries to seesometransmissionon the camera. The
lasercan be approximatelyadjustedto the centerof the cavity mirror. If no transmissionis
seen,the voltageoffset for the piezois changedandthe procedureis repeated.If at leastone
highertransversalmodeis visible, onecanlook in its vicinity for theneighboringlower mode
by slightly changingthe couplingangle. For identifying the individual transversalmodes,the
scanamplitudeis reduced.By thesemeansonemovesdown to thefundamentalmodewhich is
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thenoptimizedwith bothmirrors.A couplingef�ciency of 50%in thefundamentalmodecanbe
usuallyreachedwithoutadditionaleffort. For abettercouplingonecanalsoadjustthetelescope
with andchangeits focus.

2.2.1 Voltage-travel relation of piezoelements

For precisecontrolof thecavity resonancefrequency onehasto know preciselyhow thepiezoel-
ementschangetheresonatorlengthwith appliedvoltage.Their voltage-travel correspondenceis
in generalnonlinear, givenby thepropertiesof thepiezomaterial.As weknow from eq.(1.8)the
transversalmodesof theresonatorareequidistantandthusde�ne a frequency scale.Therefore,
wecanmeasurethevoltagescorrespondingto resonanceof differenttransversalmodes.

In order to get someintensity into the higher transversalmodes,the couplingof the laser
into thecavity wasslightly misaligned.The piezovoltagewasscannedslowly (1Hz) over the
maximalrange( 5 400V) andthetransmissionpeakswererecorded.

The transmissioncurve is shown in the �gure 2.6, (a). It shows two freespectralrangesof
the resonator. Onecanidentify a large numberof clearly visible transversalmodesandassign
themcorrespondingfrequencies(transversalmodenumbers).Due to the large scanrange,the
time duringwhich theintensityof eachmodeis recordedis small,resultingin strongvariations
of thepeakheight.

The resultingresponsecurve is shown in 2.6, (b). The displacementis slightly non-linear
anddependsquadraticallyon thevoltagewithin this scanrange.Additionally it hasa hystere-
sis feature.Anotherimportantparameteris thevoltagedistanceof two neighboringtransversal
modesfor a smallscanrange(i.e. of theorderof themodeseparationitself). This distancewas
measuredto be constant,its slopeis shown in the curve. This is an importantresult,sincethe
voltage-frequency relationis thenlinearandconstantfor small scanrangesusedin theexperi-
mentor for stabilization.

2.2.2 Resonatorlength

The control of the mirror distanceduring the assemblyprocessis not very precise. The �nal
distanceis only known after the assemblyis �nished. It can,however, be deducedwith high
precisionfrom thefreespectralrangeor thefrequency distancebetweentransversalmodes.The
latteralternative is easierto measuresincethe transversalmodedistanceis small andthusstill
in the linear rangeof thepiezoresponse.Oneproblemis that thecorrespondencebetweenthe
voltagescanandthefrequency is unknown at this point. To get theabsolutescaleof frequency
the laserbeamis modulatedby anAOM which producesa sidebandat a de�ned distancefrom
themainline, see�g. 2.7.

The procedureof measuringthedistancebetweentransversalmodesis the following: both
piezoelementsarescannedin parallelat about50Hz, thescanamplitudeis adjustedto be just
above the spacingbetweenneighboringmodes.Thenthe modedistanceis measured,together
with theAOM sidebanddistance.Settingbothvaluesin relationonegetstheresultin frequency
units.Wemeasuredthefollowing value:
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(a)

(b)

Figure2.6: Measurementof thevoltage-travel relationof thepiezoelements.Figure(a) shows
thetransmissionof transversalmodesvs. mirror scan,�gure (b) shows theresponsecurve. The
y-axisin (b) is proportionalto theresonatorlengthchanges.For asmallscanrangebetweentwo
neighboringmodesoneobtainsadifferentresponse,which is alsoshown.
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Figure2.7: Measurementof the transversalmodedistance(schematic).Oneseesthe transmis-
sionof two neighboringtransversalmodesandtheAOM sidebands.

Dwtrans � 2p � 70
�

38GHz
�

Theerrorof thismeasurementis dueto thelimited resolutionof theoscilloscope.It is of theorder
of 1 
 2%. A possiblesystematicerrormightbecausedby thenon-linearityof thepiezoelements
at thesmallscanrange.This effect couldnot bemeasured,sincethereareno transmissionlines
betweentheneighboringtransversalmodes.
In orderto calculatethecavity lengthL weuseeq. (1.8)to get

Dwtrans �

1
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DwFSRarccos
�
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�

�

c
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arccos
�
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L
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���

This transcendentequationis solvednumericallyfor L. Theresultingcavity lengthis:

L � 92
�

2µm �

andthefreespectralrangeis DwFSR � 2p � 1
�

63THz.
TheobtainedvalueL is theeffectivecavity length.Sincethemirror surfaceis astackof dielectric
layers,thelight penetratesabout2µm into themirror, thusthephysicalmirror distanceis slightly
shorter.

2.2.3 Cavity linewidth and �nesse

In ordertoobtainthephotonlossratek and�nesseF, wehavetodeterminethespectrallinewidth
of thecavity. Thecavity is scannedover theresonanceof theTEM00 modeandtheAOM side-
band,see�g. 2.8. Similar to the previousmeasurement,the FWHM linewidth is comparedto
thedistanceof theAOM sideband.Knowing theAOM frequency, wedirectly getthelinewidth.

Themaindif�culty of thismeasurementis therequiredstabilityof theresonator. All kindsof
mechanical(acoustical)andelectronicalnoisemaketheline move,�uctuate or changeits shape.
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Figure2.8: Cavity transmissionshowing theTEM00 line andits AOM sideband,averagedover
64 measurements.

Partsof theequipment,especiallythosewhichproducevibrations(e.g.vacuumpumps),have to
beswitchedoff.
Weobtainedthefollowing values:

k � DwFWHM � 2p � 13
�

77MHz �

F �

DwFSR

DwFWHM
� 118000

�

Theerrorsproducedby thereadingof theinstrumentareagain1 
 2%. Theenvironmentalnoise,
however, hasasubstantialimpacton thelinewidth. Performingthismeasurementin asomewhat
noisiersituationweobtaineda largerlinewidth of about16MHz.

The�nesseis justabovethespeci�cationof themanufacturer(Fspec � 104000)andis higher
thanthe�nesseachievedby thepreviousresonators(F � 77000� 94000� 66000).Theshift of the
resonancefrequency of DwFSR correspondsto a resonatorlengthchangeof only l

2 �

1
F � 3

�

6pm,
thusthelengthstabilitybecomesanimportantissue.

2.2.4 Resultingparameters

Knowing themirror distanceof L � 92µm we cancalculatethewaist w0 andthecouplingpa-
rameterg.

Accordingto eq. (1.6) : w2
0 �

l
p @

L
2 �

Rc 


L
2 �

. For l � 852nm� L � 92µm � Rc � 10mm we
get
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w0 � 13
�

5µm
�

Themodevolumeis V �

p
4w2

0L � for ourparametersweget

V � 1
�

3 � 104
�

µm
�

3
�

Finally wecalculatethecouplingparameteraccordingto eq. (1.12):

g �

d2w
2 ' e0V

usingthevalues(see[Ste98]):
d � 2

�

698 � 10� 29Cm� w � 2p � 351
�

7THz weobtain

g � 2p � 40
�

3MHz
�

Altogetherwehave:

�

g � k � G
�

� 2p �

�

40
�

3 � 13
�

8 � 5
�

2
�

MHz �

i.e.

g2

kG
� 22

�

6
�

which indicatesthatweshouldbeableto achieve thestrongcouplingregime.

2.3 Single-atomssetup

Our main experimentalsetupallows us to deterministicallydeliver singlecold Cs atomsto a
de�ned position[Kuhr01]. Furthermoreit is capableof preparation,coherentmanipulationand
measurementof theatomichyper�ne states,see[Kuhr03].

2.3.1 Single-atomMOT

Oursourceof singlecoldCsatomsis amagneto-opticaltrap(MOT). It consistsof threepairsof
counter-propagatingreddetunedlaserbeamswhich constitutea socalledopticalmolasses.The
atomsfrom thedilute backgroundCsgasareDopplercooledto a temperatureof about100µK.
A high-gradientmagneticquadrupole�eld createspositiondependentZeemansplitting of the
atomichyper�ne sub-levels. Togetherwith thecircularpolarizationof thebeamsthis givesthe
positiondependentrestoringforce neededfor trapping. Detailsof the MOT are describedin
[Kuhr03]. The�uorescencelight of theatomsin thetrapis monitoredby anavalanchephotodi-
ode.Thisenablesusto counttheexactnumberof atoms.
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Figure2.9: Experimentalsetupof ourmainexperimentfor themanipulationof singleCsatoms.

2.3.2 Optical conveyor belt

In orderto control the positionof the atoms,a secondtrap wassetup. It is a far red-detuned
dipoletrapwhereatomsareattractedto regionsof highlaserintensity. It consistsof two counter-
propagatingGaussianbeamsof Nd:YAG laser(1064nm� 4W) which createa standingwave
interferencepatternwith periodicalpotentialwells of 532nm separation.The dipole trap is
overlappedwith the MOT and the atomscan be ef�ciently transferedbetweenthe two traps.
Thus,we canloadthedipole trapwith a desirednumberof atoms,from oneto several ten. By
changingthe frequenciesof the beamsby meansof two AOMs, the interferencepatternis set
into motionandcarriestheatoms.This optical “conveyor belt” is ableto transportatomsover
macroscopicdistances(upto 10mm) with sub-micrometerprecision.Detailsabouttheconveyor
belt canbefoundin [Sch01].

The atomsin the dipole trap canbe observedspatiallyresolved by meansof an intensi�ed
CCD camera.It observestheatomsvia diffractionlimited imagingopticsenablingusto resolve
atomswhich areseparatedby morethan2µm. With this tool it becomespossibleto determine
thepositionof anatomon thecamerapictureandto programthetransportparameterssuchthat
it is movedto a de�ned position.This realizesanabsolutepositioncontrolwhich is onecurrent
work topic in ourgroup.
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2.3.3 Manipulation and measurementof internal states

The Cs atomhastwo hyper�ne groundlevels, 6S1A 2 F � 3 and6S1A 2 F � 4, which canserve
as a storageof quantuminformation (see�g. 2.10). The atomscan be initially preparedin
eitherstatein theMOT andthenloadedinto thedipole trap. For cavity QED experimentsone
mustalsocoherentlymanipulateatomichyper�ne states.This is performedwith microwavesat
the hyper�ne splitting frequency of 9

�

2GHz. By applyingresonantmicrowave pulseswe can
observe transitionsbetweenthegroundstates,alsocoherentsuperpositionsof thestatescanbe
obtainedthis way. Anothertechniquewhich we useareadiabaticpassages,wherea microwave
frequency sweepef�ciently transfersatomsfrom onestateto theother. Alternatively wecanalso
useopticalRamantransitions(see[Dot02]).

|eñ

|g ñ1

|g ñ2

6S  F=3
1/2

6S  F=4
1/2

6P1/2

6S
1/2

l =852.3 nm

9.2 GHz

Figure2.10:Csatomasa three-level system.Shown aretwo long-livedhyper�ne statesandthe
excitedstateof theD2 line. Hyper�ne splitting of theP1A 2 stateis omitted.

Themeasurementof thehyper�ne stateis performedby applyinga laserwhich is resonant
with the transitionof oneof the groundstatesto an excited level, removing the atomsin this
statefrom the dipole trap. Detailsaboutmicrowave manipulationof the statesandcoherence
propertiesof theatomsin thedipoletrapcanbefoundin [Kuhr03].

Themanipulationtechniquesdescribedaboveaffect all atomssimultaneously. Currentwork
in our groupaimstowardsindividual addressingof atomsin the dipole trap. With the help of
microwave adiabaticpassagesin a magnetic�eld gradientit is possibleto changethe internal
stateof an atomon a de�ned positionwithout affectingatomson otherpositions.Using these
methodswewill prepareseveralatomsin differentstates.Their interactionwithin thecavity can
thenrealizequantumlogical operations.
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2.3.4 Integration of the cavity into curr ent setup

The goal is to combineour setupwith the cavity suchthat the atomscanbe transportedfrom
thesource(MOT) into theinteractionzonewithin theresonatorby theopticalconveyor belt. In
orderto transporttheatomsinto thecavity onehasto align theconveyor belt laserfrom theside
throughtheslit betweenthemirrorsthroughthecavity mode.By properlyadjustingthetransport
parameters,theatomswill bemovedinto thecenterof themodewhichhasa radiusof 14µm.

5 mm
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probe laser,
lock laser

conveyor
belt 100mm

MOT

cavity

piezo

MOT
laser
z-axis

top
view

M
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las
er
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Figure2.11: Plannedsetupgeometry. Theatomswill betransportedover thedistanceof 5 mm
from the MOT into the cavity modethroughthe slit betweenthe mirrors. The conicalmirror
shapeleavesmorespacefor thex-y MOT laser.
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Figure2.12:Top view of thechamber.
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Theintegrationshallfollow thetacticsof minimalinvasion,i.e. thecavity hastobeaddedinto
thesetupwithoutchangingor disturbingtheotherparts.Weaimadistanceof 5mmbetweenthe
MOT centerandthecavity center. Thetransportationhasanef�ciency over80%for thisdistance
andtheconicallyshapedmirrorswill notblock theMOT lasers,see�g. 2.11.

Thepositionof theMOT within thesetupis �x edby themagnetic�eld zeroandcannot be
changed.Thepositionanddirectionof theopticalconveyor beltalsocannotbechangedwithout
mucheffort. Thusthecavity hasto be placedin the glasscell leaving the ability to changeits
positionwith highprecision.

For thesemeansthecavity is assembledona speciallydesignedholder. Its taskis to transfer
themovementof a precision3D motionalvacuumfeed-throughto thecavity. This positioning
unit is controlledfrom outsidethe vacuumchambergiving the possibility to adjustthe cavity
position. The geometryis shown in �g. 2.12. The handlingof the cavity with the holder is
relatively tricky becauseof limited spacein thevacuumchamberandtheglasscell. Still, this is
theonly possibility to integratethe resonatorwithout rebuilding thewholeexperiment.Figure
2.4shows thecavity in theglasscell.

3D
positioner

base
(fixed)

support
(movable)

cavity

cardan
joint

top view

side view

base

Figure2.13:Kinematicsof thecavity holder.

Theholderconsistsof two partswhich areconnectedby a cardanjoint (see�g. 2.13). The
partwhichholdsthecavity restsonasupportin theglasscell, theotherpartis attachedto the3D
positioner. Thesupporthasthepossibilityto movealongthebasewhich is �x edin theglasscell.
The 2 axesof movementof the positionerwhich areorthogonalto the cell axis aretranslated
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aroundthe supportpoint by 1:5. The movementalong the axis togetherwith the supportis
translated1:1.

The speci�ed precisionof the 3D positioner(ThermionicsNorthwestXY-B450/T275-1.39
precisionXY manipulator+ FLMM133 precisionZ feed-through)is 10µm. Thustheposition
of the cavity with respectto the MOT shouldbe adjustablewith precisionof 10µm alongthe
cell axisandwith a precisionof 2µm alongthetwo otheraxes.To avoid eventualcontactof the
holderwith thewallsof thechamberor glasscell whichmight leadto jamminganddamage,the
positionerfeaturesacustomizabletravel limit. Wewereableto testthefunctionof theholderand
positioningof thecavity. Thecavity couldbemovedalongall threeaxesand�x edto a de�ned
position.

Thealignmentof thedipoletrapbeamthroughtheslit betweenthemirrorsis acritical point.
Sincethemirrorsarecurved, theslit is smallerthanthemeasuredeffective resonatorlengthL.
Knowing themirror surfaceradiusr andtheradiusof curvatureRc (see�g. 2.1)onecancalculate
its sizedslit:

dslit � L 
 2
�

Rc 


@

R2
c 
 r2

�

� L 


r2

Rc
�

For r � 0
�

5mm, Rc � 10mm, the slit is 25µm smallerthanthe resonator. For L � 92µm its
size is dslit � 67µm. The dipole trap laserhascurrently the waist diameterof 2w0 � 40µm,
with the focus in the centerof the cavity the beamsizeon the slit is thenabout42µm. First
measurementsshowed thatabout95% of the power of the beamcanbe put throughthe cavity
slit andglasswindows in thetestchamber. Thepowerabsorbedby mirror edgescausesastrong
thermalexpansionof the mirrors which makesthe spectrallines shift by a distanceof several
transversalmodeswhenthelaseris switchedon. Thishasto befurtherexaminedandoptimized.

2.4 Conclusion

We have setup andcharacterizeda cavity with a lengthL � 92µm anda �nesseF � 118000.
Thecavity wasassembledon a holderwhich enablesits integrationinto our mainexperimental
setup.

To achieve the bestperformancein cavity QED experimentsthe g2

kG parameterhasto be
maximal. The currentresonatorwith

�

g � k � G
�

� 2p �

�

40
�

3 � 13
�

8 � 5
�

2
�

MHz hasthe ability to
achieve thestrongcouplingregime.To furtherimprovetheperformance,onehasto increasethe
couplingg andto decreasethephotonlossratek. As we have seenin theprevioussectionthe
highpowerconveyorbelt laserhasto �t throughtheslit betweenthemirrorsandthussetsalower
boundaryto themirror distance.Thecurrentslit sizeof dslit � 67µm alreadycausesproblems
with power absorbedby the mirrors. Thusthe couplingrateg cannot be increased.The only
parameterwhich canbe improved is k, by increasingthe mirror re�ectivity. In this respecta
quick andreliablemethodof characterizingmirrorsbeforecouldbeuseful.Sucha methodwill
bepresentedin chapter4.



Chapter 3

Active stabilization of the cavity

Cavity QED experimentsrequireprecisecontrolof thecavity resonancefrequency with respect
to anatomictransition.This requiresaveryhighmechanicalstabilityof theresonator, sincedue
to high �nesse,�uctuations of thecavity lengthshift the resonancefrequency by morethanits
width. The �uctuations arecausedby thermaldrifts andinevitablemechanicalvibrations.The
passive mechanicalstability is not suf�cient, anactive feedbackschemeis requiredto compen-
satefor the�uctuations. In thischapteraschemeis presentedwhich is capableof stabilizingthe
cavity lengthto a fractionof apicometer.

Active stabilizationimplies theuseof a stablereferencefrequency (e.g. thatof a laser). A
servo loop thenholdsthecavity resonantwith the laserthusstabilizingits resonancefrequency
to the laserfrequency. In orderto achieve this, an error signalmustbe extracted. This signal
containstheinformationaboutmagnitudeandsignof deviationof theresonancefrequency from
thedesiredvalue.After suitable�ltering andampli�cation thesignalis fedbackto thecavity. In
oursetuptheextractionof theerrorsignalis accomplishedusingthePound-Drever-Hall method
[Dre83].

3.1 Pound-Drever-Hall method

Thebasicideaof thismethodis to usethepropertyof thelaserbeamre�ectedfrom thecavity to
derive anerrorsignal,see�g. 3.1. Thephaseof this re�ection is dispersive, i.e. it changessign
aroundresonance.Whenthelaserfrequency matchesthecavity resonance,thephaseis zero;for
smalldeviationsit is proportionalto thedifferenceof thelaserandcavity resonancefrequencies.
This propertyis usedfor anerrorsignal,which canthenbeusedto stabilizea cavity to a stable
laser, or viceversa.

ThePDHmethodextractstherelativephaseof threedifferentfrequencieswhichwill experi-
encedifferentphasechanges.A PDH setupfor stabilizinga cavity to a stablereferencelaseris
shown in �g. 3.2.Thelaserfrequency w is modulatedwith thefrequency W, generatedby a local
oscillator. The�eld amplitudeof themodulatedlaserbeamis then:

E
�

t
�

µ exp
�

i
�

w � a sin
�

Wt
�

t
���

35
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Figure3.1: Intensityandphaseof a laser�eld re�ectedfrom thecavity.
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Figure3.2: BasicPDHsetupfor stabilizationof acavity to a laser.

To �rst orderit producestwo sidebandswith oppositephasesat frequenciesw 5 W, for conve-
niencewesettheamplitudesof thesidebandsequalto thecarrieramplitude:

E
�

t
�

µ eiwt
� ei

�

w B W� t

 ei

�

w � W� t
�

This laser�eld is sentto the cavity. The cavity hasa free spectralrangeDwFSR (which for
small lengthchangescanbeconsideredconstant),its resonancefrequenciesarewres � DwFSRq,
q � 1 � 2 �

�����

. Supposethe laserfrequency is nearoneof theresonances,we call thedetuningof
thelaserfrequency from thecavity resonanceDw: � w 
 wres. Fromeq.(1.1)weknow

A
�

Dw
�

: �

�

R
�

T
ei 2p

DwFSR
Dw

1 
 Rei 2p
DwFSR

Dw

 1

�

�

thecomplex responsefrom thecavity. There�ectedamplitudeis then

Er µ A
�

Dw
�

eiwt
� A

�
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�

ei
�

w B W� t
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�
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�
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�
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Theresultingintensityis measuredby a fastphoto-detector:

Ir µ Er � E Cr µ
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For phasedetection,thissignalis multipliedby themodulationfrequency ei
�

Wt B g� , wheregis
thephaseof thelocaloscillatorrelativeto thephotodiodesignal.Thenon-oscillatingcomponents
of theresultare:
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Figure3.3: Realpart of PDH signal for g � 0
�
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detuningDw
�

The real part of the resultingsignal is shown in the �gure 3.3. Around Dw � 0 it hasa
dispersive featurewhich we wantfor theerrorsignal.Its shapedependson thephasegwhich is
in experimentdeterminedby thepathlengthof thesignalsfrom thegeneratorandphotodiodeto
themixer (multiplier). Thesteepestslopeis obtainedfor g �

p
2; gcanbeadjustedby varyingthe

cablelengthfrom thelocal oscillatorto themixer.
The resultingerror signalcanbe usedfor stabilization. After necessaryampli�cation it is

appliedto thecavity piezo,closingthefeedbackloop. This loop (lock) stabilizestheresonance
frequency of thecavity to thelaserfrequency. Sincethesignaldependsonly on thedifferenceof
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the laserandcavity frequencies,onecanuseit aswell for stabilizingthe laserfrequency to the
resonanceof astablecavity.

For the caseg �

p
2 we areinterestedin the steepnessof the slope. For Dw

%

W andsmall
cavity linewidth (high �nesse)thesidebandsarefar from thecavity resonanceandthus

eE
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�
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0
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Furthermorewenotethatfor Dwnear0 oneobtainsin the�rst order
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 R for thecaseof no losses,thelinearpartof thesignalnearresonanceis
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�
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W
�

� 4
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�

(3.1)

As expected,thesensitivity of theerrorsignalincreaseswith decreasinglinewidth. This means
that a high �nesse cavity producesa more sensitive error signal and can be stabilizedmore
accurately.

3.2 Stabilization setup

For theapplicationof thePDHmethodfor cavity stabilizationastablereferencelaseris required.
Onepossibilitywould be to usethe laserat 852nm, which is stabilizedto a atomicresonance.
But thepresenceof sucha laserwithin thecavity would continuouslyexcite theatomandthus
disturbits interactionwith thecavity mode.Continuousstabilizationrequiresa far detunedlock
laserat low intensitywhich interactsonly weaklywith theatomsinsidethecavity.

Thereforea stablelaseris requiredwhich is far detunedfrom the852nm Csresonance.In
orderto provide accuratestabilization,themirrorsshouldstill have a high �nessefor this laser,
seeeq. (3.1). This limits the possibledetuningto few tensof nm. Thereis no simplemethod
of stabilizingthe laserto anatomicresonancein this wavelengthrange(e.g. Rb D1 � 794nm is
alreadytoofaraway). Ourwayto solvethisproblemis to takealaserat836nmandto stabilizeit
to thestableresonant852nmlaservia anadditional(transfer)cavity. This solutionincorporates
a “chain” of 3 locks.

The �gure 3.4 shows a simpli�ed schemeof the lock chain. It begins with the resonant
“probe” laserwhich is alreadystabilizedto theatomictransitionby meansof polarizationspec-
troscopy andservesasastablereferencefor thelock chain.

In the �rst stepthe probelaserstabilizesthe transfercavity. The laseris phasemodulated
with anEOM at20MHz andits re�ection off thecavity is detectedwith PD1.

Thesecondstepis thestabilizationof thelock laser. Thesidebandsareproducedby a direct
modulationof thelaserdiodecurrentat86MHz. There�ection of thelock laserfrom thetransfer
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Figure3.4: Stabilizationschemeof theQED cavity usinganoff-resonantlock laser. PDH elec-
tronicsareomitted.

cavity is detectedby thesamedetectorPD1. Sincethemodulationfrequenciesof thetwo laser
beamsaredifferent,thetwo signalsdo not interfere.

Finally, thelock laseris usedfor stabilizationof theQED cavity. Thefrequency modulation
is thesame86MHz asfor thestabilizationof thelock laseritself andis detectedwith PD2.

BeforeenteringtheQED cavity the lock laserpassesanadditionalAOM. This AOM shifts
thefrequency of the lock laserto matchtheQED cavity resonance.Whenthetransfercavity is
stabilizedto theprobelaserits resonancefrequenciesare�x ed. Sincethe lock laseris continu-
ouslytunablewith thecurrentwithin awiderange,onecantuneit into resonancewith thetransfer
cavity. But at thesametimeit mustberesonantwith theQEDcavity whoseresonancefrequency
is de�ned by theatom. Thesolutionis thebig lengthof transfercavity (1

�

23m) which leadsto
a freespectralrangeof only about120MHz. Thenonecan�nd a lock laserfrequency which is
resonantwith thetransfercavity andatmost60MHz awayfrom theQEDcavity resonance.This
remaininggapis bridgedby theAOM.

This setupwasalreadyimplementedin the previous work [Mir02]. It wasshown that the
individualstabilizationswork, but thesystemwasnot testedasawhole.

3.3 Impr ovementof the stabilization system

In orderto achievetheperformanceof thestabilizationsystemwhich is requiredby futurecavity
QED experiments,severalproblemshadto beovercome.The two mostimportantissueswere
the mechanicalresonanceof the piezoelementsandthe reductionof the necessarylock laser
power in orderto minimizeits in�uence upontheatomsin theQEDcavity.
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3.3.1 Compensationof resonances

Resonancesin theresponseof a feedbackloopcanbeeitherelectronical(betweensomeparasitic
capacitancesandinductivities) or mechanical.At a resonancethe gain pro�le of the feedback
loophasap phasejump,whichcausesoscillationsof theloop. Additionally, any driving (includ-
ing noise)at theresonancefrequency is enhancedby a largefactor. Weencounteredasigni�cant
mechanicalresonanceof thepiezoelementsata frequency of 40kHz.

diode
laser

670 nm

QED cavity

network Analyzer

amplifier

PD

freq. sweep
cavity scan

tr
an

sm
is

si
on

offset

fringes

offset

Figure 3.5: Setupfor measuringthe piezo resonance.The interferencefringes of the cavity
transmissionprovidea measurefor theresponseof thepiezoto agivensignal.

In orderto measurethe frequency responseof the piezoelementwe usedthe setupshown
in �g. 3.5. A beamof a diodelaser(670nm) is sentthroughthe cavity. For this wavelength
themirrorsarepracticallytransparent(only few % re�ection). Thus,by scanningthecavity one
observesbroadinterferencefringesinsteadof narrow resonancelines.Applying avoltageoffset
to onepiezoonecansettheworkingpointat theslopeof a fringe.

After this,a smallsignalof a certainfrequency is appliedto theotherpiezo.Thechangesin
thetransmittedintensityarethenproportionalto thedisplacementof themirror. Theadvantage
of a far detunedlaseris thatthesechangesarenot assensitiveasa resonanceline. Theresponse
canbe measuredautomaticallywith the help of a network analyzer. This device generatesa
sweepof frequencies,injectsit into a given“network” andmeasurestheamplitudeandphaseof
theoutputfor eachfrequency. Figure3.6shows thepower spectrumaroundtheresonance.The
resonancehasasigni�cant enhancementof about30dB at40kHz.

Oncetheparametersof theresonanceareknown, thetaskis to compensateit. Theresonance
is anintrinsicpropertyof thepiezoelementdueto its geometryandmaterial.Changingtheshape
of thepiezoelementsis not anoptionwith anassembledresonatorandalsowould only change
theresonancefrequency but notavoid it completely. Theonly wayof compensationis to reduce
thegainof thefeedbackloop in therangeof resonantenhancementby electronicmeans.

Onepossiblesolutionis to usea low-pass�lter , cuttingoff all frequenciesnearandabovethe
resonance.Thedisadvantageis thatit limits thebandwidthof thefeedbackloop. A betterway is
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Figure3.6: Resonanceof thepiezoelement.Theuppercurve shows theresponseof thepiezo.
Thelowercurveshowstheresponsecompensatedwith a notch�lter .

theuseof a socallednotch�lter . This �lter blocksfrequenciesonly within a certainrange.We
useasimplepassivedesignshown in the�gure 3.7.
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Figure3.7: Schematicof a notch�lter andcalculatedfrequency responsefor theparameterset
R � 470W, L � 1mH � C � 16
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3nF� RL � 4W
�

The ideais to usea seriesLC circuit, wherethe resonanceof thecoil andcapacitormakes
their joint resistancego to zerofor ade�ned frequency wres. Theconditionfor theresonanceis

iwresL 


i
wresC

!
� 0 * wres �

1
�

LC
�

Theresidualresistanceis givenby theohmicresistanceRL of thecoil. It determinestheresonant
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dampingfactorandthewidth of theresonance.Thedampingis givenby:

Uout
�

w � wres�

Uout
�

w � 0
�

�

RL

R �

Insertingthe �lter after thehigh voltageampli�er beforethepiezoelementremovesall 40kHz
signals,includingnoiseof theampli�er. Wehavechosentheparameters:

R � 470W� L � 1mH � C � 16
�

3nF
�

Thecoil hasan intrinsic resistanceof RL � 4W. Figure3.6 shows theresponsewith thenotch
�lter; theresonanceis verywell compensated.

To reduceminor electronicalresonanceswe have addeda resistor(10kW) in serieswith the
piezoelement.Its purposeis to damptheresonancesof thepiezocapacitanceandinductivities
in theampli�er andcables.Theseresonancesusuallyhave high frequencies,but still in�uence
the feedback.Theresistorreducestheir Q factorsmakingthegainpro�le of thefeedbackloop
smoother. Thecompleteloop is shown in the�g. 3.8.

lock
laser

836 nm

QED cavity

HV
amplifier

notch-
filter

R

res.
APD

PDH

servo
amplifier

Figure3.8: QEDcavity lock with resonancecompensation.

3.3.2 Resonantlyampli�ed APD

Thelaserstabilizationof theQEDcavity mustoperatewithoutdisturbingtheactualexperiment.
This limits the maximalpower of the lock laserwhich canbe presentwithin the cavity before
its in�uenceupontheatomsbecomessigni�cant despiteits detuning.Onecriterionis thatatoms
shouldnotscattermorephotonsof thelock laserthanof thedipoletraplaser(which is inevitable
for transportingthe atomsinto the cavity). The detuningD of the lock laser(836nm) from
the atomic resonance(852nm) is 13 times smallerthan the detuningof the dipole trap laser
(1064nm). The scatteringrateGsc 


1
D2 gainsa factorof 169. Additionally, the intensityof

the lock laseris enhancedwithin thecavity by the factor 2
pF, seeeq.(1.4). To besurethat the

scatteringcriterion is ful�lled even for a �nesseof F � 500000,the lock laserpower mustbe
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about5 � 107 timessmallerthanthepower of thedipole trap. For a 4W dipoletrap, the limit is
80nW. This requiresasensitivedetectorwith ahighsignal-to-noiseratio.

We decidedto usea resonantlyampli�ed APD. This is an avalanchephoto-detectorwith
frequency selective ampli�cation. The output signal of the detectoris sent to an LC circuit
which is tailoredto be resonantwith thePound-Drever-Hall modulationfrequency of 86MHz.
This makesthedetectorsensitive especiallyto this frequency, andat thesametime suppresses
all othersignalsourcesatotherfrequencies,especiallynoise.

Theperformanceof thehome-built resonantAPD prototypewascomparedto thepreviously
usedcommercialphoto-detector(Newport ampli�ed silicon PIN, 818-BB-21A).With a 400nW
laserpower thecommercialphoto-detectorproducesanerrorsignalwith a signal-to-noiseratio
of 1. Thestabilizationworkedinsuf�ciently undersuchconditions.

The resonantAPD, however, is ableto performa lock with lessthan200nW coupledinto
the fundamentalmodeof the cavity andlessthan100nW at the detector. The �nal versionof
thedetectorwill have animprovedelectronicspartandit will alsousea photodiodewith better
characteristics.With theseimprovementsit will ful�ll the requirementof low lock laserpower
for futurecavity QED experiments.

3.4 Performanceof the stabilization system

After implementationof the improvementsdescribedabove, the lock chainis �nally complete
andwe areinterestedin theresultingperformance.As we have alreadyseen,the requirements
for thesystemare:

? frequency stability: the residual�uctuations of the cavity resonancefrequency mustbe
well below thelinewidth

? low lock laserintensity: to keepthein�uence on theatomssmall, thelock laserpower at
thecavity shouldbebelow 80nW

? robustness:thelock shouldbeableto withstandconsiderableexternaldistortions,includ-
ing thethermaleffectof thedipoletraplaser

In this sectionwepresentthecurrentstateof thesystem.

3.4.1 Characterization of the chain of locks

Our methodto measurethe frequency stability is to observe the �uctuations of theerrorsignal
while the feedbackloop is active. They aredirectly relatedto the resonancefrequency �uctu-
ations. For this measurementonescansthecavity anddisplayssimultaneouslytheerrorsignal
andthe transmissionof thecorrespondinglaseron anoscilloscope.Onemeasuresthewidth of
the transmissionline togetherwith theslopeof theerrorsignal,see�g. 3.9. Thesetwo values
allow usto relatetheerrorsignalto thefrequency deviation. Finally thestabilizationis activated
andtheresidualroot-mean-square(rms) �uctuations of theerrorsignalaremeasured.With the



44 CHAPTER3. ACTIVE STABILIZA TION OF THE CAVITY

known linewidth it is thenpossibleto determinetherealcavity resonancefrequency �uctuations
via the�uctuationsof theerrorsignal.
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Figure3.9: Transmissionanderrorsignalof theQED cavity at200nW lock laserpower.

Thelock chainwascharacterizedaccordingto theproceduredescribedabove. Webeganwith
thelock of thetransfercavity to theprobelaser. Then,thelock laserwasmeasuredwith locked
transfercavity and,�nally , theQED cavity with the restof the lock chainactive. We obtained
thefollowing values:

? Transfercavity to theprobelaser(linewidth 480kHz):

frequency �uctuationrms:32
�

6kHz
�

? Lock laserto thetransfercavity:

frequency �uctuationrms:27
�

3kHz
�

? QED cavity to thelock laser(linewidth 16MHz):

frequency �uctuationrms:2MHz
�

12
�

5%ofFWHM
���

whichcorrespondsto resonatorlength�uctuationsof only 450fm.

Thelaserpowerusedfor theQEDcavity stabilizationwas200nW coupledinto thefundamental
modeand100nW arriving at theresonantAPD (seealso�g. 2.5).

Oneshouldnotethatthegivenvaluesdependonenvironmentalconditions.Acousticalnoise,
vibrations,etc. increasethe frequency �uctuations. The valueswere measuredin a typical
situation,with peopleworking in the lab andvariousdevicesswitchedon. Additionally, the
QED cavity lock suffersfrom 50Hz noiseaswill bediscussedlater.
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3.4.2 Scanningof the stabilizedcavity

With thecompletelock chainactiveonehasthepossibilityto tunethelock laserfrequency with
anAOM beforeit enterstheQED cavity. This is necessaryto achieve any desireddetuningof
the lockedcavity with respectto theatomicresonance.If thedetuningprocessis slow enough,
thecavity will follow thechanginglock laserfrequency while stayingstabilized,see�g. 3.10.

lock-
laser

836 nm
res.
APD

AOM

QED cavity

probe-
laser

852 nm

resonance
matching

lock
PDH

PD

filter

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

As a testof this statementwe scannedthe QED cavity over the probelaserline. In order
to do this we adjustedthe currentof the lock lasersuch,that it wasresonantwith the transfer
cavity andits line in theQED cavity wasonly few MHz apartfrom theprobelaserline. Then
thelock laserwasstabilizedto thetransfercavity andtheQED cavity to thelock laser. Finally,
by scanningtheAOM we havescannedthestabilizedQED cavity over theprobelaserline with
thefrequency of 100Hz. Theprobelasertransmissionduringthis scanis givenin �g. 3.11.

Thescanrangeis not thefull AOM rangesincethetransmittedpower is notconstantoverthe
detuning.Sincethechangingintensityof the lock laserchangestheerrorsignaloffset it is not
possibleto maintainthelock understrongintensityvariations(




50%).
Thelinewidth in this pictureis about20MHz. It is largerthanthe14MHz measuredearlier,

andalsothelineshapeis asymmetric,possiblyduetostrongaveragingandlimitedphoto-detector
speed.Still, thesystemis ableto compensateexternalperturbationsevenif scannedwith 100Hz
overa60MHz detuningrangefor over30 minutes.

3.5 Conclusion

Thestabilizationsystemwascompletedandoptimizedto matchtheexperimentalrequirements.
It is capableof reducingtheresonancefrequency �uctuationsof theQEDcavity to afew percent
of its linewidth. Thesystemworksat 200nW lock laserpower alreadywith the �rst prototype
of theresonantAPD. Therequiredvalueof 80nW for futurecavities with higher�nessewill be
realizedwith the improvedresonantAPD. The lock is alsoableto restorethe initial resonance
frequency evenafterstrongknockson theopticaltableandloudacousticaldistortions.
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Figure3.11: Scanof thelockedcavity over theprobelaserresonance.Thescanrateis 100Hz,
theaverageof 64 trackswastaken.

Oneof themainproblemsis theeffect of theconveyor belt laser. Having largepower (4W),
evena small partof thebeamabsorbedby themirrors disturbsthestabilizationdueto thermal
effects. Preliminaryexperimentsin the testchambershowed that the lock wasunableto com-
pensatefor themirror expansionwhenthelaserwasswitchedon. It hasto befurtherconsidered.

Another issueremainsthe 50Hz noise. It can be producedby practically any device in
the lab andis inducedelectronicallyover groundloops. Being inducedonto the errorsignalit
causesperiodic�uctuationsof theresonancefrequency on theorderof 10%of thelinewidth. A
possiblewayto solvethisproblemis thepropergroundingof all involvedelectronicdevices.We
groundedmostof thedevicesin directvicinity of thesetupandswitchedoff unnecessaryones,
this reducedthenoisebut this issuestill hasto beimproved.



Chapter 4

Cavity ring-down

In orderto achievethebestexperimentalparametersfor ourcavity, wehaveto selectmirrorswith
thebestpossiblere�ectivity. As we have seen,thecharacterizationof themirrorsby measuring
thelinewidth requiresastableresonatorandatime-consumingassemblyprocess.In ourcasethe
mirrorsaregluedontopiezoelementsandthuscannotbereused.In view of thestrongvariations
of themirror quality, a quicker andsimplermethodfor measuringthe�nessewould beof great
advantage.In this chapterI presenta methodwhich enablesusto quickly testthemirror �nesse
andsortoutgoodmirrorsbefore theresonatoris assembled.

4.1 Basicprinciple

Thetaskof measuringthe�nesseof a mirror pair is equivalentto measuringthephotonlifetime
within thecavity. Usinganassembledresonatorit wasdoneby measuringthespectrallinewidth
togetherwith the free spectralrange,seesec. 2.2.3. However, this methodrequiresa stable
resonator, mechanicaland electronicnoisesourcesmake the line move or changeits shape.
Anotherpossibility to infer the �nesse quickly, is to directly measurethe photonlifetime by
observingthe decayof cavity transmission.The cavity is �lled with photonsby tuning it into
resonancewith the laserbeforewe switch the laseroff. The photonsstart to leak out andthe
cavity �eld decaysexponentially. Thetime evolutionof theintensityleakingout of thecavity is
givenby eq. (1.9):

I
�

t
�

� I
�

t � 0
�

e�

t
t

�

wheret �

1
k is the(resonatorlengthdependent)photonlifetime. As alreadyshown in eq.(1.10),

t is directlyconnectedto the�nesse:

F � DwFSRt � p
c
L

t
�

Thus,theobservationof theintensitydecayof thecavity transmissionallowsusto determinethe
timeconstantt andthe�nesseF.

47
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Themainadvantageof this methodis its insensitivity to externalperturbations.Mirror dis-
tance�uctuationsof 10� 5 fractionof thewavelengthmake the linewidth measurementdif�cult
(seesec.2.2.3).On theotherhand,thelifetime changecausedby such�uctuationsis negligible
becausetheselengthchangesaresmallcomparedto thetotal cavity length.Thereforeonedoes
notneedto stabilizetheresonatorfor thismeasurement.

4.2 Setup

The experimentaltaskis to couplethe laserinto the cavity, to switch it off andto observe the
decayof transmission.

For thispurposeI havebuilt thesetupis shown in �g. 4.1.Thelaserbeam(852nm) passesan
AOM whichservesasafastswitch.Thebeamis led to thesetupvia anopticalsingle-mode�ber
which additionallyservesasa spatialmode�lter . Two mirrors couplethe laserbeaminto the
cavity. Thelastelementbeforethecavity is a lens( f � 80mm) which modematchesthebeam
with thefundamentalmode(waist35µm). Thecavity transmissionis observedby acameraanda
fastAPD, theobservationopticsconsistsof alens( f � 100mm). Thecamerais asimplecompact
CCD, it enablesusto distinguishthedifferenttransversalmodes.TheAPD hasa bandwidthof
9MHz, which is fully suf�cient to performmeasurementson amicrosecondtimescale.

Themirror distanceis chosento be10mm to ensurea lifetime in therangeof microseconds
which canbemeasuredwithout especiallyfastdetectorsandelectronics.Giventhemirror cur-
vatureRc � 10mm, thewaistof thefundamentalmodeis then35µm andits radiusonthemirror
is about50µm.

laser
852 nm

fast storage
oscilloscopeAOM

camera

voltage
scan

fast APD

10 mm

trigger

switch off

piezo

mode matching
lens

coupling
mirrors

driver

observation
lens BS

fiber coupler

fiber coupler

Figure4.1: Cavity ring-down setup.

The whole optical setupexceptfor the AOM �ts on a 30x30cm breadboardandis placed
undera�o w-boxto avoid pollutionof themirrors.To avoid asetupof anadditionalAOM I used
thelaserandAOM from thecavity stabilizationsetup(�g. 3.4,“detuning”AOM).
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4.2.1 Mirr or holder

Specialcarewastakentodesignthemirrorholder. In ordertosimplify thecouplinginto themode
it shouldbepossibleto placethemirrorscoaxiallywithoutmucheffort. Thiscanbeachievedby
puttingtheminto a V-groove. Additionally, onemustalsobeableto scanthemirror distanceto
tunethecavity in resonancewith thelaser.

The designandview of theholderareshown in �g
�

4.2. It is an aluminumblock in which
a slit of 5mm is cut. Theslit almostcutsthewholeblock, only a small restof metalholdsthe
two halvestogether. On onesidea small layerof the lower part is removed,suchthat this part
canbe tilted. In orderto scanthemirror distance,a piezoelementis �x ed in theslit, which is
ableto pushthetwo halvesapart.Thispiezoelement(PiezomechanikPSt150/2x3/5)is pressed
with ascrew againstonewall of theslit suchthatif thepiezocontracts,thetwo halvesapproach.
For betterforce transmissionto thescrew it hasa sphericalcorundumendpiece.Themaximal
stroke is 7µm for 150V andwith 5 10V onecanscanabout1µm whichcoverstwo freespectral
ranges.

The main part of the holder, the V-groove, is cut in the last fabricationstepto go straight
throughbothhalves.Now themirrorscanbesimplyput into thegrooveandarelying coaxially,
assumingtheir shapeis well cylindrical. If the mirrors hadto be placedon separateholdersit
would increasethedegreesof freedomby 2x2, makingmodematchingnearlya hopelesstask.
With ourcoaxiallypositionedcavity mirrorsthemodematchingis doneusingtwo mirrorswhile
scanningthepiezovoltage,whichconstitute5 degreesof freedomin total.

mirrors
piezo

V - groove

50 mm

5 mm

slit

15 mm

38
 m

m

Figure4.2: Holderfor mirrors.

In orderto scanthecavity weapplyto thepiezoatrianglesignalwith variableamplitudeand
offset(max. 5 10V). By thesemeanswecantunethecavity in resonancewith thelaser.

Whenputtingmirrorsinto theholdertheirdistanceis setmanuallyto 10mmwith thehelpof
two referencemarksonthesideof theholder. Thisdistanceof 10mmis alsoconvenient,because
1µsdecaytimecorrespondsapproximatelyto a�nesseof 100000.Themanualadjustmentof the
distancelimits theprecisionof the�nessemeasurementto 5 5%,thiswill bediscussedlater.
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4.2.2 Laser switching

In ordertoobservephotondecayonehastobringthecavity in resonancewith thelaserandswitch
it off muchfasterthanthephotonlifetime. This is accomplishedby scanningthecavity distance
slowly (10 
 100Hz) over thelaserresonance,resultingin anincreaseof thetransmission.The
transmissionsignalof the APD is sentto a storageoscilloscope.Whenits level reachessome
de�ned threshold,the oscilloscopegeneratesa trigger signal. This signal is a standardTTL
voltagestepfrom 0 V to +5 V. It is sentto an invertingunit (DM74LS00logical NAND) and
becomesa stepfrom +4 V to 0 V. This voltageis fed throughan buffer ampli�er (Buf634),
which is a gain1 ampli�er for high power. Its outputsignalcontrolsthedriver (NeosN21125-
1AMVCO) of theAOM (Neos23125)whichservesasa fastswitch.

in outNOT BUF
logical inverter buffer amplifier

t

V

0

+5
TTL trigger pulse

t

V

0

+4

to AOM driver

Figure4.3: Inverterfor laserswitching.

0,0 0,5 1,0 1,5 2,0
-20

0

20

40

60

80

100

120

140

160

180

A
P

D
si

gn
al

,t
rig

ge
rs

ig
na

l[
m

V
]

time [ms]
0 50 100 150 200

-20

0

20

40

60

80

time [ns]

A
P

D
si

gn
al

[m
V

]

laser off

laser on

delay

trigger signal/10
switching time

Figure4.4: Laserswitch-off behavior. Overview of theprocesson theleft, zoomin on theright.

Figure4.4showstheswitchingprocess,takenwithoutcavity. It showsthetransmissionsignal
of theAPD andthesignaloneobtainswithout laser(zerolevel). Switchingtime below 100ns
is achieved,which is fully suf�cient for our purpose.Two parametersin�uence the switching
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time. First is the speedof electronics(inverterunit). The invertingunit wasmeasuredto give
switchingtimebelow 25ns.Thesecondis thespeedof theAOM driverandtherelaxationin the
AOM crystalitself. Therea sonicwave createsa refractionindex Bragggrating. This moving
patterndiffractsthe laserbeam,the�rst orderdiffractioncanbecontrolledby thepower of the
sonicwave. After the power is switchedoff, the gratingstartsto fade. The fadingcrossesthe
siteof thebeamfocusat thesonicvelocity. For typicalparametersof 30µm waistand3 km

s sonic
velocity it takesabout20nsfor thewave to traversethefocus.

One can seethe delay of about1µs betweenthe trigger signal and the beginning of the
switchingprocess.It resultsfrom thefactthatthefadinghasto traverseapartof thecrystal(few
mm) to reachthebeamfocussite.Additionally thereis asmallrun time in thecables.
Thelaseris notcompletelyextinguished,thereis a residualintensityof lessthan3%. This is due
to voltageoffsetproducedby the invertingunit, suchthat theAOM controlvoltagedoesnot go
to zero.
Additionally theAPD producesanegativeoffsetof 7mV. Anotherfeatureis thatthetransmission
signalatsomepoint fallsbelow thethezerolevel. This is dueto theAPD whichhasabandwidth
of 9MHz andis workingat its speedlimit in thiscase.Duringtheactualexperimentwith fall off
timesin amicrosecondrangethiseffect doesnotoccur.

4.3 Measurements

4.3.1 Procedure

After themirrorsareput into theholder, therearetwo tasksto accomplish:modematchingand
theobservationof decay.

Mode matching: Wework with thefundamentalmodeof thecavity, whichilluminatesawell
de�ned spoton themirror surfacein a homogeneousway. In orderto do this we needto couple
mostof theintensityinto this modeto ensurehigh transmission.It is achievedby meansof two
mirrorsplacedbeforetheresonatorandcontrollingbeampositionandangle.Thetransmissionis
observedwith acameramakingpossibleto distinguishbetweenthedifferenttransversalmodes.

Practically, weswitchto asmallscanrangeandslow scanrate(at10Hz theeyecanseeeven
weakmodetransmissionblinks). We changetheoffsetslowly, moving throughthefreespectral
rangeandobservingthe transmissionwith the camera.Usually at leastonehigher transverse
modeshouldbevisible without adjustments.Thenwe canoptimizethis modeusingonemirror
andlook in its vicinity for theneighboringlower transversalmode.We optimizethis modeand
moveson. By thesemeansonecanproceedto the fundamentalmode.Thescanis switchedto
100Hz andthefundamentalmodecouplingis thenoptimizedwith bothmirrors.

This procedurerequiressomeexperience,the time neededfor one measurementstrongly
dependson how easyonecan �nd andoptimize the fundamentalmode. Typical times range
between5 and20 minutes.

Observation of ring-down: After optimizingthecoupling,thetriggerof thestorageoscillo-
scopeis setto a possiblyhigh value.This meansthatthetransmissionof thefundamentalmode
whenscanningover the resonanceshouldhardly reachthis level. This providesa high signal
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level andalsotheothermodesdo not triggerthemeasurement.Eachtime thetransmissiongoes
beyond trigger level the laseris switchedoff. The decayof the transmissionis recordedwith
thestorageoscilloscopeandaveragedover64measurementsto increasethesignalto noiseratio.
Recording64decaycurvestakeslessthanoneminute.

Accumulatingandtakingthemeanvalueoverseveralmeasurementswith (in principle)vary-
ing intensityandtriggertime is possiblebecauseof thepropertiesof theexponential:
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Thereforethemeasurementof the time constantis not in�uenced by theabsoluteintensityand
the time of the trigger. The residualintensityof the laserproducesa (constant)offsetwhich is
againof no importancefor themeasurement.

4.3.2 Analysis

Figure4.5shows a typical measureddecaycurve,averagedover 64 measurements.Thetrigger
signal is sentat t � 0 andafter about1µs the transmissionbegins to decay. As expected,the
decayingpartof thecurvehasanexponentialshape.

Figure4.5: Decayof thetransmission.Thebig pointsshow theexponential�t.

We �t a functionof theform f
�

t
�

� A � e�

t
t

� y0 to thedecay, wherey0 countsfor theAPD
offsetandresiduallaserintensity. The rangeof the �t begins about500nsafter the switch-off
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to excludethe switchingprocessandto observe puredecay. The resultingquality of the �t is
extremelyhighanddoesnot limit theprecisionaswewill seelater.

4.3.3 Precisionlimits and reproducibility

In thefollowing wewill considerthefactorswhich in�uence themeasurementthelifetime.

? Mirr or distance: Sincethedistanceof 10mm betweenthemirrors is adjustedmanually
with thehelp of referencemarkson the holder, variationson thedistancewill occur. To
estimatethis error, thedecaytime t wasmeasuredseveraltimes,onemirror beingmoved
abit andthenreadjustedagainto the10mmdistance.

# 1 2 3 4 5 Åt s
t

:

ns< 855 833 833 883 942 869.2 40.7

Table4.1: Distancereproducibilitymeasurement(bB3vsbA3).

Onecanseethat the reproducibility in this caseis pretty high. The standarddeviation of this
setis s � 40

�

7nswhich is about5% of themeanvalue.This correspondsto lengthdeviationof
0

�

5mm. Still, this is themainlimit of theprecisionof the�nessemeasurement,sincethe�t error
is orderof a magnitudesmaller.

? Mirr or rotation: If the mirrors arenot perfectlycoaxialwithin the groove, the modeis
notexactly centered.Thusthemirror rotationexposesa differentspoton thesurface.Our
experiencewith thesemirrorsshows,thatthesurfacequality is extremelyinhomogeneous
(scratches,dustparticles,etc.). The measurementbelow shows an exampleof repeated
measurementsafterrotationsof oneof themirrors(about30J ).

# 1 2 3 4 5 Åt s
t

:

ns< 925 886 913 354 806 776.8 215.4

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

Thelargespreadin thevaluesshows thatdifferentspotsof themirror surfacehave different
quality. Sincethemirrorsarenotexactlycoaxial,therotationof onemirror movesthepositionof
thesurfaceabit, which canalsobeseenwith thecamera.Theresultingdifferencein �nessecan
belargerthan50%for a mirror pair. It canbedueto thepresenceof singlelargerdustparticles
onthesurfacewithin themode,but alsoalargernumberof smallspotsmayhavethesameeffect.

Werepeatedthemeasurementwith anothermirror pair. Herethespreadis verysmallandlies
within thelengthprecision.Thesemirrorshavebetter�nessetogetherabetterhomogeneity.
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# 1 2 3 4 5 Åt s
t

:

ns< 1020 1019 1050 1064 1119 1054.4 36.6

Table4.3: Measurementwith rotationfor themirror pair bD3vsbB3.

Oneimportantobservationis thecorrelationof transmissionand�nesse: in mostcaseshigh
transmissionwasaccompaniedby better�nesse. Theabsolutetransmissiondependson thede-
greeof modematching,sothiseffectwasnotobservedsystematically. On theotherhandmirror
pairswith low transmissionusuallyshow relatively low �nesse.This indicatesthatthedominat-
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 applythemethodto our setof mirrors. We possess18 mirrorswhich werecleanedby
themanufacturer. Wedividedtheminto 3 setsof 6 mirrors,eachsetin aseparatebox. Theboxes
contain5x5grid of holeswheremirrorscanbeplaced.Theboxesaresigneda � b � gandthegrid
chess-board-likeA-E, 1-5.

The �rst stepis to inspectthe mirror surfacewith the help of a microscope(500x, dark-
�eld). This is necessaryto �nd a mirror with ashomogeneoussurfaceaspossible.This mirror
canthenbeusedasa reference,i.e. we canmeasureall theothermirrorswith this one.Finesse
variationsdueto differentmodespotpositionswill thenmostlydependontheothertestedmirror.
Another reasonfor visual inspectionis to try �nding the dependenceof measured�nesse on
visiblesurfacecondition.Theinspectionshowedthatmostof themirrorshavemany smallspots
and/orscratchesin thecenterregion (radius




0
�

25mm). Many of themhadevenmacroscopic
particles.All mirrorshadat leasta few spotsin thecenter. Accordingto ourpreviouscriteriaof
theold visualmethodeventhebestmirrorsareimperfect.Still we founda mirror with only few
spotsin thecenterregion which alsoweremoreor lessequallydistributed.We took this mirror

�

bE3
�

asa reference.
In thebox b eachof the� ve remainingmirrorswastestedwith thereferencemirror 4 times,

rotatingthemirror aftereachmeasurement.Themirrors with the bestperformancein this test
werethenmeasuredtogether. Theresultsareshown in tab. 4.4.

As discussedabove, theerrorof this measurementis about5%. We see,thatthemirror bE3
showing goodsurfacequalitywhichwaschosenasthereferencedoesnothavethebest�nessein
thiscase.Thisshowsthatthevisualinspectionof themirror surfacegivesonly acoarsemeasure
for the�nesse.

Thenwe testedthe boxesa andg versusthe referencemirror. The resultsaregiven in the
tables.As onecansee,10out18mirrorsarefarbelow thespeci�cationof 100000.If it is dueto
biggerdustparticleson thesurfacewhich werevisible underthemicroscope,thesituationmay
beimprovedby cleaning.

Thepair
�

aE1 � aD2
�

yieldsa �nesseof 180000.This is 50%betterthanthemirrorswhich
arecurrentlyassembledin 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 setß

aA1 aC1 aE1 aB2 aD2 aA3 bE3
aA1 106400
aC1 44600
aE1 182900 111000
aB2 46900
aD2 131800
aA3 51500

Table4.5: Best�nessefor mirror seta

gA1 gC1 gE1 gB2 gD2 gA3 bE3
gA1 82400
gC1 111200
gE1 81200
gB2 63200
gD2 51500
gA3 118900 103900

Table4.6: Best�nessefor mirror setg

Conclusion

I haveimplementedacompactandeasyto usesetupfor fastmirror characterization.It is capable
of measuringthemirror �nessequickly andwith precisionof about5%. Applying it to theset
of our mirrorsI founda mirror pairwith a considerablybetter�nesse,thanwecurrentlyhave in
our assembledresonator. Theprocessof �nding goodmirrors for futureresonatorswill be fast
andreliable.



Summary and outlook

The goal of this work was to preparea high �nesse optical resonatorfor cavity QED experi-
ments.Thepreparationincludes�nding mirrorsof bestre�ectivity, building andcharacterizing
theresonatorandachieving thenecessarystability for futureexperimentalconditions.

Consideringtheamountof work for visually inspectingthemirrorsandassemblingtheres-
onatorwe neededa methodto characterizethe mirrors quickly. I have implementedthe setup
for cavity ring-down, which measuresthelifetime of photonsin thecavity. It hastheadvantage
thatit doesnot requireastableassembledresonator. Instead,themirrorsareput into a specially
designedholderwhichallowsto alignthemreducingtheamountof work substantially. With this
setupwe characterizedour wholemirror setwithin a shorttime. It allows usto sortout mirrors
with thebestre�ectivity andwill beof agreatadvantagefor settingupnew resonators.

Wehavesetupandcharacterizedaresonatorwith lengthL � 92µm and�nesseF � 118000.
The obtainedparameterset is

�

g � k � G
�

� 2p �

�

40
�

3 � 14� 5
�

2
�

MHz, which meansthat we can
achieve the regime of strongcouplingwherethe coherentatom-photoninteractiong is larger
thantheincoherentlossprocessesk � G.

Continuingthework of Y. Miroshnychenko [Mir02], we completed,optimizedandcharac-
terizedthecavity stabilizationscheme.We have solved theproblemof mechanicalresonances
of thepiezoelementsandimplementedtheresonantlyampli�ed APD which is ahighly sensitive
detectorfor stabilizationpurposes.Finally wehaveshown thatthesystemis ableto stabilizethe
cavity to 12%of thelinewidth underconditionsof low lock laserpower (200nW).

Thenext stepswill betheplacementof thecavity into themainsetupandtransportof anatom
into thecavity. Thedetectionof anatomin theresonatorcanbeperformedby ameasurementof
theRabisplitting of atomandcavity resonances.A majordif�culty of this experimentwill be
thealignmentof theconveyor belt laserwhichmust�t throughthesmallslit betweenthemirrors
andconnecttheMOT with thecavity modewhich have botha sizeof only about30µm andare
5mm apart.Finally, afterthedeterministictransportof two atomsinto thecavity mode,we will
be ableto realizea controlledatom-atominteractionwhich is a steptowardsa quantumlogic
gate.
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Appendix A

Solution of the masterequation

Enter the matrix

Webegin with themasterequation(1.13).

d
dt
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1
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Now we usetheweak �eld approximation. In this regime thedriving �eld e is sosmall, that
at mostoneexcitation in the systemis present.Thereforewe consideronly threestatesof the
system:

�

g)

�

1)

�

�

e)

�

0)

�

�

g)

�

0)

�

Here,
�

g)

�

�

e) aretheatomicgroundandexcitedstate,
�

0)

�

�

1) arestateswith zeroandonephoton
in thecavity.
Calling thesestates1, 2, 3 respectively, wede�ne the3 by 3 densitymatrix:

/

1

r 11 r 12 r 13
r 21 r 22 r 23
r 31 r 32 r 33

2

4

�

Thismatrix is Hermitian,i.e. r mn � r
Cnm.

Thecorrespondingcreationandannihilationoperatorsare:
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� â �

�

g)

�

0)L+ g
�

+ 1
�

�

/

1

0 0 0
0 0 0
1 0 0

2

4

�

ŝ†
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58 APPENDIXA. SOLUTIONOFTHE MASTEREQUATION

Thedissipationin thesystemleadsto astationary statewith

d
dt

&

r � 0
�

This leadsto asystemof 9 homogeneouscomplex equationsfrom which6 areindependent:
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Now we separatethe real andimaginaryparts,r mn � Rmn � iImn, getting9 real equations,
whichcanbewrittenasamatrix:
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This systemwassolvedwith thehelpof a mathematicsprogram.Theresultingexpressions
are long andcontaindifferentcombinationsof the matrix coef�cients. We do not write them
down here.In thenext stepall termswhichcontainein ahigherthan�rst orderareconsequently
neglected.

To obtainthepopulationsof atomandcavity we needonly R11 � R22 andR33. We seethat in
ourapproximationR11 � R22

%

R33, thuswecannormthedensitymatrixby settingr 11 �

R11
R33

and

r 22 �

R22
R33

.
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Theresultis then:
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This result is valid in the weak-�eld limit, i.e. the driving �eld e mustbe so weak, that both
populationsarewell below 1.
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