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The quadrupole  —

optical transitionof a single trapped

ion, well suitedfor encodinga

quantumbit of information,is coherentlycoupledto the standingwave eld of ahigh nessecavity. The
coupling is veri ed by observingthe ion’s responseto both spatial and temporal variations of the
intracavity eld. We alsoachieve deterministiccouplingof the cavity modeto the ion’s vibrational state
by selectivédy exciting vibrationalstate-changingransitionsandby controlling the positionof theion in

the standingwave eld with nanometeiprecision.

DOI: 10.1103/PhysRé ett.89.103001

The coherentcoupling of a single atom or ion to one
mode of the electromagneticeld inside a high nesse
optical resonatoiis of major interestfor the implementa-
tion of quantuminformation processingschemesSingle
atomsandions arewell suitedfor storingquantuminfor-
mation in long-lived internal states,e.g., by encodinga
quantumbit (qubit) of information within the coherent
superpositiorof the groundstateandthe metastable

excitedstateof [1]. Onthe otherhand,fastand
reliable transportof quantuminformation over long dis-
tancesis mosteasily achieved by using photonsas qubit
carriers.Theinterfacebetweenstaticandmovingqubitsis
representedby the controlledinteractionof a single atom
andasinglecavity mode beingthebasicbuilding block for
distributedquanturmetworkg2]. Deterministicion-cavity
coupling was demonstratedecently by using a single
trappedion asa nanoscopigrobeof an optical eld [3].
A secondapplicationof atom-cavitycoupling within the
eld of quantuminformationprocessings the realization
of adeterministicsourceof singlephotong4,5] or sequen-
ces of entangledsingle-photonwave packets[6]. More
generally trappedions that are cooled to their lowest
vibrationalstate[7,8] andinteractwith a quantizedcavity
eld mightallow for entanglinghreequantumsubsystems
[9,10], i.e., internal electronicstates quantumvibrational
mode,andsingle-modecavity eld. Anotherapplicationof
coupling a trappedion to a cavity modeis utilizing the
cavityinternalstandingwvave (SW) eld [11] or thecavity-
modi ed spontaneousmission[12] andcoherentscatter-
ing [13] for cooling the ion’s vibrational statewell belov
the Dopplerlimit.

In this paperwe demonstrateeoherentcoupling of the
quadrupole - qubit transitionof a single ion
to a mode of a high nesse optical cavity. The ion is
trappedand placed with high precisionat an arbitrary
positionin the SW eld of the cavity for several hoursof
interactiontime. We alsoachiese deterministiccouplingof
the cavity modeto theion’s vibrationalstateby selectiely
exciting state-changingransitionswith the cavity light
tunedto avibrationalsidebandfthe  — resonance.
Thesedemonstrationareimportantstepstowardsrealiza-
tion of the experimentsdiscusseabove.

103001-1 0031-9007 02 89(10) 103001(4)$20.00
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The ionis storedin asphericaPaul trap[14] placed
in the centerof a near-confocatesonatarTheion is laser
cooled to the Lamb-Dicke regime, con ning its spatial
wave packetto a region much smaller than the optical
wavelength.We detectthe couplingof ion andfundamen-
tal cavity modeby injecting an externallight eld
at 729 nm into the cavity andrecordingthe excitationon
the - transition. The excitation probability is
monitoredvia the electronshelvingtechnique[8,15], i.e.,
by probingthe uorescenceonthe  — dipole tran-
sition (seeFig. 1).

Theexperimentalsetupis schematicallyshovnin Fig. 1.
Thethree-dimensionaff-Paul trap consistf anelliptical
ring electrodewith averagediameterof 1.4 mm andtwo

Paj2 <
P12 X 854 nm
866 nm
PZT 2 . PZT1 ~ D,
d -
""" > D3,
4 397 nm
729 nm
Sy =
to
ccb
FIG. 1. Schematicexperimental setup (left) and level

scheme(right). PZT1 denotesthe offset piezo, and PZT2 the
scanpiezo (seetext). A photomultipliertube (PMT) is usedto

record uorescenceon the - transition, and the CCD

cameramonitors the ion’s position. The following stabilized
laser sourcesare usedin the experiment:two cavity-locked
diode lasersat 866 and 854 nm with linewidths of

andtwo Ti:Salasersat 729nm ( linewidth) and794nm

( linewidth), wherethe 794 nm laseris resonantly
frequencydoubledto obtain397 nm. The whole lasersystemis

describedn more detail elsavhere[1]. The dottedarrows indi-

catedirectionsof laserbeams729 nm excitation laseralongthe

direction of the cavity axis and 397 nm cooling laser 854 and
866nm auxiliary lasersat a certainangleto thetrap axis (shavn

only schematically).
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end capswith a spacingof 1.2 mm (material: 0.2 mm
molybdenumwire). The secularfrequencies
are atarf drive eld power of
1W. Here denoteghedirectionof thetrapaxis,whichis

to the cavity axis. The and radial directionsboth
include an angleof with the planespannedy the
cavityandtrapaxes.A magneticeld of 3G perpendicular
to the cavity axis provides a quantizationaxis and a fre-
quencysplitting of Zeemancomponent®of the  —
transition. Calcium ions are loadedinto the trap from a
thermalatombeamby a two-stepphotoionizationprocess
usingdiode lasersnear423 and 390 nm [16]. Thetrapis
placedin the centerof a near-confocalresonatorwith
nesse F at 729 nm, waist radius

, mirror separation , andradiusof cur

vature . Cylindrical piezoceramic¢PZT) al-
low ne-tuning of the cavity lengthacrossapproximately
1.5free spectralranges.

The coherentcoupling of the ion to the cavity eld is
measuredn threestepsasfollows.

(i) Prepamtion: First we use Doppler cooling on the

- transitionat 397 nm (seeFig. 1) to cool theion
into the Lamb-Dickeregime. A repumpefaserat 866 nm
inhibits opticalpumpinginto the level. Fromcoherent
dynamics(Rabi oscillations)on the carrierand rst mo-
tional sideband$8] we determineypical meanvibrational
quantum numbersafter Doppler cooling

. Fromthesemeanphononnumbers
and the secularfrequenciesgiven above we calculatean
rms extensionof the ion’s motionalwave packetof
in thedirectionof the cavity axis,muchsmallerthan
the wavelengthof 729 nm. After cooling, the ion is pre-
paredin the ( ) substatéoy opticalpumping
with radiationat 397 nm.

(i) Interaction: The laserat 729 nm is setto a xed

detuning  from the - ( to
) qubit transition.We inject the laserlight into the
mode of the cavity and scanthe cavity with a
voltage ramp applied to one of the PZTs (scan PZT).
When the cavity reachesresonancewith the laser fre-
quencyit lls with light andtheion is exdted. A constant
voltage is applied to the other PZT (offset PZT) that
determinegheion’s positionrelative to the SW eld.

(iii) State analysis: The nal stepis state detection
by electronshelving. Fluorescenceon the - di-
pole transition at 397 nm is usedto discriminatewith
high ef ciency ( ) betweenexcited state (elec-
tron shehed in , ho uorescence)and ground state
(uorescence).

In orderto obtain an excitation spectrum the 729 nm
laseris tuned over the quadrupoletransitionin stepsof
aboutl kHz. For any givenlaserdetuning thesequence
()—(iii) is repeatedl00 timesto determinethe excitation
probability.

In our rst experimentwe probethe ion’s responsdo
temporalvariationsof the intracavity eld by placing it

103001-2

closeto anodeof the SW eld [17] andvaryingthe cavity
scanrate. The sign of thevoltagerampappliedto the scan
PZT determineswhetherthe scanmirror moves towards
the offsetmirror or away from it. For a negative (positive)
scanrate, i.e., mirrors moving towardseachother (apart),
theintracavity eld is Dopplerblueshiftedredshifted)and
thus the excitation spectrumwill be redshifted (blue-
shifted),astheexdtation laserdetuninghasto compensate
for the Doppler shift. The scanvelocity is expressedn
units of a normalizedscanrate  [18,19], corresponding
to thefrequencyshift in unitsof HWHM cavity linewidths
per cavity storagetime: F , with laser
frequency , cavity length variation , and cavity (en-
ergy) storagdime F . Theexperimentalresults
for scanrates areshavn in Fig. 2. The
excitationspectreshav theexpectedblueshift(redshift)for
increasingpositive (negative) scanratesanda broadening

0.7
06 @
0.5
0.4
0.3
0.2
0.1

0.3

(b)

0.2

0.1

Excitation probability

0.3

(©

0.2

0.1

-0.2 -0.1 0 0.1 0.2

Excitation laser detuning (MHz)

FIG.2. Excitationspectreofthe  — transitionfor differ-
ent cavity scanrates: (a), (b), and
(c). Blueshiftedexcitation spectraaredrawnasgray lineson the
right handside of the diagrams,and superimposedolid lines
shav the theoreticalsimulation. The parametersused for the
simulations are excitation laser bandwidth s
naturallinewidth of the  — transition ,
maximum Rabi frequencyat the transition center wavelength
(a),11kHz (b), and25kHz (c), andthe cavity
parametergiivenin the text.
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due to the Doppler effect. An excitation probability of
more than 0.5 asin Fig. 2(a) clearly demonstrateshat
theion is coherentlyinteractingwith the intracavity eld.
We theoreticallymodel the excitatia for different laser
detunings by numerically integratingtwo-level Bloch
equationaisingthetime-dependerintracavity eld calcu-
lated from the pertaining differential equations[18,19].
The resultsof the theoreticalsimulationfor positive scan
ratesare shavn assolid lines superimposean the blue-
shiftedspectrain Fig. 2. The calculatedand experimental
spectra shav good agreementfor small scan rates
[Figs. 2(a) and 2(b)]. For larger scanrates[Fig. 2(c)] the
centersof the spectraareslightly shifted. We assumehat
this shift is causedy nonlinearitiesandhysteresisffects
of the PZT motion. Althoughwe keptthe excitationpower
constantin the experiments,we left the Rabi frequency
asa tparameteto accountfor variationsin excita-

tion dueto thermaldrift of the cavity shifting the nodeof
the SWaway from theion’s position.

Thesecondypeof experimentprobesheion’sresponse
to spatial eld variations.For this, we leawe the scanrate
x ed at a smallvalue,allowing for stablescanswith only
little perturbationsof the excitation spectrum, as in
Fig. 2(a). The intensity of the 729 nm laseris adjusted
suchthatthe exdtation is keptwell belov saturationThe
offset voltage of both scanPZT and offset PZT is then
varied simultaneouslyin sucha way that the SW in the
cavity is shiftedlongitudinally with respecto thelocation
of theion. The position-dependeraxcitation probabilityis
determinedby tting each excitation spectrumwith a
Lorentzianandadoptingthe peakvalue.Figure3 displays
thesevaluesasa function of the PZT offsetvoltage.Error
barsgiven for representatiedatapointsin Fig. 3 aredueto
PZT hysteresigabscissapndthe errorsof the ts to the
excitation spectra(ordinate). The excitation probability
variesspatiallywith the intensity of the SW [17]. A theo-

0.304 .

0.254

0.20

0.154

0.104

Excitation probability

0.054

0.00 T T T T T T
120 140 160 180 200 220 240

Piezo offset voltage (V)

FIG. 3. Excitationprobabilityonthe  — transitionof a
singletrapped ion asa function of the PZT offset voltage,
i.e., at variouspositionsin the intracavity standingwave eld.

Thesolid line representa function tted to thedatapoints.
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reticalBloch-equatioranalysisasdescribedbove predicts
anearlypure' " spatial variation, deviating by less
than1%. Froma t to the datapointswe obtainthe
contrastratio (visibility ) of the position-dependengx-
citation, . This very high visibility re-
sults from the strong con nement of the ion’s wave
function. The laser-cooledon, oscillatingwith its secular
frequenciegndwith thermallydistributedamplitudeshas
armsspatialextensioralongthe cavity axisof , leading
to a reductionof the exdtation contrastby a factor of

. From the measuredvisibility — we
nd . The small value of the extension
shaws thatin this experimentwe cool the ion closeto the
Dopplerlimit (13 nm).

A necessarycondition for all experimentsrelying on
ion-cavity modecouplingis the ability to placetheion at
a certain position of the intracavity SW eld with high
precisionand high reproducibility[3]. In our experiment,
the precisionof positioningthe centerof the ion’s wave
function,usingameasuremergsin Fig. 3, is limited by the
uncertaintyin the measuredexdtation probability This
uncertainty is due to a statistical error, i.e., the nite
numberof statedetectionmeasurementsand systematic
errors such as uctuations of laser intensity and wave-
length, drift, andjitter of scanPZT, etc. [20]. From the
uncertaintiesn excitation probability (errorbarsin Fig. 3)
we deducea spatialprecisionbetweer7 nm ( ) at
the positionof largestslopeand12 and36 nmatminimum
or maximum excitation, respectrely. We note, however,
that the precisioncan be enhancedby averagingover a
largernumberof statedetectionmeasurements.

Many schemesor quantuminformationprocessingvith
trappedonsrely on cohereninteractionnot only with the
internal statebut alsowith the motional degeesof free-
dom.A controlledcouplingto the motionalquantumstate
is a preconditionfor realizing suchschemesin orderto
demonstratehis motion-dependentoupling,we recorded
excitationprobabilitiesof theion ata xed cavity scanrate

), for different positionswithin the SW, and
with thelaserat 729nm now tunedto eitherthe carrier(no
changeof vibrationalquantunnumber ) or thered
axial sideband( , laserdetunedby ) of the

- transition.In bothcasestheintensityof thelaser
wasadjustedsuchthat the excitationsof carrierandside-
bandwere comparableand were kept well belov satura-
tion. In this experiment we determine the integral
excitation,i.e.,theareaof therespectie excitation spectra,
asthespectrashav an asymmetridine shapdcf. Figs.2(b)
and 2(c)]. As displayedin Fig. 4, carrier and sideband
excitations both map the SW spatial eld variation, but
the tracesare shifted by a phasefactor of . This phase
shift arisesdue to symmetrycharacteristicof the transi-
tion matrixelementf carrierandsidebandransitionsn a
SW eld [11,21]: The spatialpart of the quadrupoleran-

sition matrix elements proportionalto for
a travelingwave (TW) and ! for a SW with
103001-3
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FIG.4. Integralexcitationonthe carrier(triangles)andthered

axial sidebandcircles)of the  — transitionasa function
of the PZT offset voltage,i.e., at variouspositionsin the intra-
cavity standingwave eld. The solid linesrepresentts of
functionsto the datapoints.

the electric eld [17]. Here and arethe
vibrational quantumnumbersin the and levels,
respectiely, isthewave numberand istheion’s posi-
tionin the eld. For aTW, all vibrationalstates can

becoupledas containsgvenandoddpowersof
On the contrary for a SW ! hasto be ex-
pandedinto even or odd powersof  dependingon the

ion’s position,e.g., closeto anodeor close
to an antinode. Thus, transitions changingthe phonon
numberby even or odd integerscan be excited only at
differentpositionsin the SW. The red sidebandransition
( ) couplesmaximally at antinodesof the SW,
whereaghecarriertransition( ) coupleamaximally
atnodes.

The high-contrastorthogonalcoupling of carrier and
sidebandransitionsto the cavity modefacilitatesapplica-
tions suchas cavity-assistedooling in a SW [11] or the
Cirac-Zoller quantum-computing scheme [22]. Both
schemegely on driving vibrational sidebandtransitions
and bene t from suppressingff-resonantcarrier transi-
tions which inducemotionalheatingor imposea limit on
the attainablegate speed[23], respectiely. Furthermore,
the ion-cavity coupling allows for demonstratingand uti-
lizing cavity-modi ed spontaneousmissionwe calculate

the cooperativityparameter " , with our
experimental ion-eld coupling constant
, cavity decayrate! , andspon-

taneous emission rate
Becauseof the coupling,the spontaneousmlssmnrate is

enhanceddy the Purcell factor # , and
the fraction of spontaneougmissionfrom the Ievel

emittedinto the cavity modeis $

Thisis suf cient for demonstratingavity- assnsteatoollng
via destructve quantuminterferenceof heatingtransitions
[12], or triggeredsingle-photonemissionfrom the

103001-4

level. Improvementof the latter schemeandrealizationof
the atom-photoninterface[2] canreadily be achiesed by
employinganadiabatidransfertechniqug4,5] andusinga
cavity with higher nesse ( ).

In summarywe hawe demonstratedoherentouplingof
electronicand motional statesof a singletrappedion to a
single eld modeof a high nesse cavity. The positionof
theion within the standingwave canbe determinedvith a
precisionof up to . As the electronic quadrupole
transitionin is oneof thecandidate$or implementing
a quantumbit, our experimentsare a key step towards
realization of quantum-computingand communication
schemeswith trappedions that requirea controlledinter-
actionof ion andcavity eld.
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ABSTRACT We demonstete cohaent coupling of the quadru-
poleS; »  Ds » optical transition of a singletrapped “°Ca

ion to the standing wave eld of a high- nessecavity. The
dependence of the coupling on temporal dynamics and spa
tial variations of the intracavity eld is investigaed in detail.
By precisdy controlling the position of the ion in the cavity
standingwave eld and by selectively exciting vibrationd state-
changing transitions the ion’s quantized vibration in the trap
is deterministically coupled to the cavity mode We con rm
coheent interaction of ion and cavity eld by exciting Rabi
osdllations with shot resonant lase pulses injected into the
cavity, which is frequency-stabiliz ed to theatomic transition.

PACS 32.80.F; 03.67.8; 42.50.G

1 Intr oduction

Lasercooled trappedatoms or ions are ideally
suited systemsfor the investigation and implementationof
guantuminformation processing[1]. The combination of
a Paul-typeion trap [2] with laser cooling leadsto unique
propertiesof trappedcold ions, such as localizationof the
single particle to lessthan a few tensof nanometerscon-
trol of the motional state down to the zero-pointof the
trapping potentialand a high degree of isolation from the
ervironmentand thus a very long time available for ma-
nipulationsandinteractionsat the quantumlevel. The very
samepropertiesmake single trappedatoms and ions well
suitedfor storing quantuminformationin long-lived inter
nal states,e.g. by encodinga quantumbit (qubit) of infor-
mationwithin the coherentsuperpogion of the S; » ground
stateand themetasable Ds ; excitedstateof Ca [3]. How-
ever, this storedinformationis ‘ spatially static’ with regect
totrangortof quantuminformationover distancesxceeding
the trap dimensions.A much bettersuited carrier of quan-
tuminformationfor fast andreliabletransportover longdis-
tancesare photons An interfacebetweenstaticand moving
qubits requiresthe controlled coherentinteractionof a sin-
gle atom and a single cavity mode, this being the basic

E-mai: christophbecher@uik.acat
Presentaddress: Time and Frequency Division, National Institute of
Standardsand Technobgy, Boulder, CO 80305,USA

Coherent coupling of asingle*?Ca ion
to a high-Pnesseptical cavity

Ingtitut fir Experimentalphysk, Universitét Innsbruck,Technkerstrae25, 6020Innsbruck,Austria

building block for distributed quantumnetworks[4]. For an

experimentalimplementationof such a schemeone needs
to understandand control the dynamicsof the atom—caity

coupling. Thus,the demonstratiorof deterministiccoheent

coupling of a single ionic qubit to one mode of the elec-

tromagneticeld insidea high- nesseoptical resonatorand

the detailedinvedigation of this coupling [5] are of major
intereg for theimplementatiorof quantuminformationpro-

cesing with trappedons Determinigic excitation of cavity-

induced uorescenceontheshort-lived S, ,—P; , dipoletran-
sition in Ca was demongrated recently therebyutilizing

a single trappedion as a nanoscopicprobe of an optical
eld [6].

Anotherapplicationcloselyrelatedo theatom—photoiin-
terfaceis the triggeredemissionof single photonsfrom the
coupledatom—caity system7, 8] or sequencesf entangled
single-photorwave paclets[9]. Ef cientdeterministicemis-
sion of single photonsinto a well-de ned spatial mode is
aprerequisitdor quantunkey distribution[10] andlinearop-
ticsquantuncomputatior11].

Theability toprecigly placeanionat anarbitrarypostion
within astandingwave (SW) eld andthe highly orthogonal
couplingof differentvibrational-state-changingansitionso
the SW eld canbe utilized for cooling theion’s vibrational
state well below the Dopplerlimit [12]. If, in addition,the
couplingof atom and cavity modeis strongenougtto induce
a modi cation of the atom’s spontaneougmissionproper
ties[13], onecandemonstrateavity-assistedtoolingvia de-
structive guantuminterferencef heatingtransitiong14].

Finally, thestrongcouplingof trappedonsthatarecooled
to theirloweg vibrationalstate[15, 16] with aquantizeccav-
ity eld might allow for entanglingthree quantumsubsys-
tems[17,18], i.e. internalelectronic states,quantumvibra-
tionalmodeandsingle-modecavity eld.

In this papemwe demonstratémportantrst stepsowards
theabove experimentsy coherentlycouplingthequadrupole
S 2 Ds 2 trangtion of asingletrappedCa ion to amode
of ahigh- nesseopticalcavity. Weinvestigatehecouplingby
probingtheion’srespons#o dynamicalandspatialvariations
of theintracaity eld. Theion canbeplacedwith highpreci-
sionatanarbitrarypostion intheSW eld of the cavity. We
achieve determinisic couplingof thecavity modeto theion’s
vibrationalstateby selectively exciting state-changingrans-
tionswith the cavity light tunedto a vibrational sidebandof
theS 2 Ds» reonanceWe prove thatthe interactionof
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ion and cavity €ld is coherentby exciting Rabi oscillations
throughthe eldinthefrequeng-stabilizedcavity.

2
21

Experimental setup
Trapand cavity setup

The*°Ca ion is gored in a pherical Paul trap [2]
placedin the centerof a nearconfocalrenator Theionis
lasercooledto the Lamb-Dicle regime, con ning its spa-
tial wave packet to a region much smaller than the optical
wavelength. We detectthe coupling of ion andfundamental
TEMg cavity modebyinjectingalight eld at729nmintothe
cavity andrecordingheexcitationonthe S, , D5 , trans-
tion. Theexcitation probability is monitoredvia theelectron-
shelvingtechnique[16,19], i.e. by probingthe uorescence
onthe S ,— P; ;> dipoletranstion (seeFig. 1).

The following stabilized laser sourcesare used in the
experiment:two cavity-locked diode lasersat 866nm and
854nm with line widthsof  10kHz andtwo Ti:Sa lasers
at729nm(  1-kHzline width) and 794nm( 300-kHzline
width), of which the 794nm laseris resonantlyfrequeng-
doubledto obtain 397nm. The whole lasersystemis de-
scribedn moredetail elsevhere[3].

Theexperimentabetup of trapand cavity is schematically
shavnin Fig. 2. Thethree-dimensiondRF Paultrapconsists
of anelliptical ring electrodevith averagediameterof 1 4 mm
andtwo endcapswith aspacingof 1 2 mm (material:0 2-mm
molybdenumwire). Thesecularfrequencies x y . are
2 29 39 74 MHz ata RF drive eld power of 1 W.
Here, z denoteghedirectionof thetrapaxis whichis at45
to the cavity axis The x andy radialdirectionsbothinclude
anangleof 45 with the plane spannedby the cavity and
thetrapaxis. A magnetic eld of 3 Gperpendiculato thecav-
ity axisprovidesaquantizatiorexis and afrequeny splitting
of Zeemancomponentof the S » Ds , trangtion. Cal-
ciumionsareloadednto thetrapfrom athermalatom beam
by atwo-stepphotoionizatiorprocessusingdiodelasersnear
423nm and390nm [20]. Thetrapis placedin the centerof
anearconfocalresonatowith nesse 35000at729nm,
waig radius o 54 m, mirror separationL 21 mm and
radiusof curvatureRy  25mm. Cylindrical piezoceramics
(PZTs)alow netuningof the cavity lengthacrossapproxi-
matelyl.5freespectralrangesin thefollowingthis cavity is
denotedasthe'trapcavity’.

42P3/2 B

4OCa+
2
4 P1/2
2
3 D5/2
393nm 32D3/2
397nm
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732nm
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FIGURE1 “Ca level scheme

397 nm
866 nm
854 nm

729 nm

FIGURE 2 Schenatic experimental setup. PZT1 denotesthe offset piezo,
PZT2 the scanpiezo.A photonultiplier tube (PMT) is used to record uo-
rescenceonthe §; ,—P; 7 transtion and the CCD caneramonitorstheion’s
postion. The dottedarrowsindicatedirectionsof laser beans: a 729-nmex-
citation lager along the direction of the cavity axis and a 397-nmcooling
laser, 854-nmand866-nmauxiliary lasers at a certainangleto the trap axis
(only shown schenstically)

Theion canbe excited by a traveling wave using a free
729nm laser beamat a certainangleto the cavity axisor by
the SW built up in the cavity afterinjectinga 729-nm laser
beaminto the cavity mode.Thepostion of theion relative to
nodesandanti-node®f theSWcanbecontrolledby adjusting
theoffsetsof bothPZTs.

22 Frequencystabilization of thetrap cavity
In orderto study stationarycoherentnteractionof
anatomandacavity modeit is necesary to stabilizethecav-
ity reonancerequeng to theatomictranstion frequeng. In
orderto avoid that resonantight presentin the cavity per
turbsthecontrolledatom—caity interactionweusea785nm
diodelaserfor the stabilization,this beingfar off-resonanto
transtions at 729nm. The basc schemeof the trander lock
is asfollows: we frequeng lock the 785nm diode laserto
thesame ultra-stablereferencecavity (se€[3]) asthe729nm
Ti:Sa laer. By stabilizing the trap cavity to the diode laser
frequeng, thelengthsof thereferenceandthetrapcavity are
xedrelative to eachother Furthermorethelengthof thetrap
cavity is xedrelative to thewavelengthof the 729-nm Ti:Sa
laser By applyinganappropriatdrequeny shift to thediode
laser, thelengthof thetrapcavity is adjugedto achievereon-
ancefor 729nm.

Figure3 illustratesthe setup of thediodelaser at 785nm
andits stabilizationto the referencecavity. Thesingle-mode
laser diode (80-mW maximumoutputpower)is temperature-
stabilizedto afew millik elvin. An externalholographiagrat-
ing with 1800lines mm in Littrow con gurationcreatesan
extendeduneablaesonatarThegratingismountedonapre-
cision mirror holder; ne tuningis achieved by a PZT. The
elementgdegribed so far areenclosed in a stablealuminum
ca® keptat a conganttemperatureof 20 01 C by cir-
culatingwater After passingthroughan optical diode with
60-dB isolation the light is split by a polarizing beamsplit-
ter. The part of the light beingusedfor the Pound—-Dreer—
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FIGURE 3  Setup of the 785-nmdiodelaser with extendedcavity (Littrow
con guration) andfrequeng stabilization to the referencecavity. The laser
beam( 35mW) issplit into alockbeam( 2 mw, dashedline) and an ex-
periment beamthatis frequeng-shifted in adouble-pas con guration (solid
line). Laserlinewidth:  7gs 18 01 kHz. For moredetailssee text

Hall lock [21] to the referencecavity (FSR 750MHz) is
phase-modulatedith anelectro-opticamodulatof EOM) at
16MHz. Theerrorsignalis fedto a PI controller actingon
the laserdiode current(fastbranch)aswell ason the grat-
ing PZT (slow branch).The light not usedfor the lock is
directedthroughan acusto-opticamodulator(AOM) (dou-
ble pass),alowing for a continuousfrequeng shift of ap-
proximately 120MHz, and is sent to the trap cavity via an
optical ber.

Figure 4 shows the setup of the trap cavity lock to the
diodelaserat 785nm. The stabilized 785-nm light leaving
the optical ber is phase-modulatedy an EOM at 16 MHz
andis coupledinto the trap cavity (from therightin Fig. 4)
via a polarizing beamsplitter. The 729-nm light is coupled
into the cavity from the oppositeside (left in Fig. 4). On
the right-handside of the cavity, the light is dispersecby
a grating (1200lines mm) to separatethe 785nm re ected
light from the 729-nm transnitted light, which is monitored
by a CCD cameraand a photodiode.The rst-order grat-

fibre 785 nm

729 nm

trap cavity

grating PZT  pZT grating

PBS /4

v 785 nm

2

CCD/PD 785 nm
transmission

CCD/PD 729 nm
transmission

FIGURE 4 Setupof the trap-caity lock. The light at 785 and 729nm is
coupledinto the cavity from opposte directions Gratings(1200lines mm)
onbothsidesseparatethebeans and ensire clearcontrolof thetransmissions
onbothwavelengthswithout perturbatiorby re ections of theotherlight. For
more detailssee text

ing re ectionat 785nm is focusedonto a fast photodiodeto
obtaina Pound-Dreer—Hall error signal after mixing with
the modulationfrequeng. The error signal is processedn
a Pl controlleractingon oneof thetrap-caity PZTs.On the
left-handside, againa gratingis used to separatethe trans
mitted 785-nm light from the re ected 729nm light. The
785-nm transnission is monitoredon a CCD as well as on
aphotodiode.

The experimentaprocedureo achieze doubleresonance
of thetrap cavity is asfollows: by scanningthe trap cavity,
transmisson on the 729-nm TEMgo modeis recorded Now
the wavelengthof the diode laserhasto be chosenin such
awaythatthe785nmlight is alsoresonanfor boththerefer
enceandthetrapcavities within therangeof 120MHz, this
beingcovered by the double-pas®&OM. Usually, this canbe
achieved by currenttuningthediodeto oneof its longitudinal
modes.

3 Experimentson ionDavity coupling

In the following, we reportfour differentexperi-
mentsexploring variousaspectof the ion—cavity coupling:
First, we probethe ion’s responseo temporalvariations of
the cavity internal eld by scanningthe cavity over theres
onancewith theincidentlaserlight, thusimprinting a phase
andamplitudemodulatioronthecavity eld [22, 23].Second,
using the samescanningexcitation techniquewe detectthe
ion’srespons¢o spatialvariationsof theintracaity SW eld
(mappingof thelongitudinal elddistribution). Third, wein-
vestigatecouplingof theion’svibrationalmodesto the cavity

eld by comparingheexcitationon thecarriertrangtion and
onthe rst vibrationalsidebandat differentpostions in the
SW. Finally, we oberve cohereninteractionof ion andcav-
ity eld by exciting Rabioscillationswith shortresonantiaser
pulses coupledinto thefrequeng-stabilizedcavity.

31 Measurementprocedires

The generalprocedurefor all experimentsis the
following:

— Theion is Dopplercooledandpreparedn the electronic
groundstate.

— A sequencef lasempulsessappliedtotheion.

— The nalelectronicstateis detected.

Thes threestepsare desribedin detail in the following (cf.
Fig.5).
First, theion is Dopplercooledfor 1 9 ms onthe S »—

P; ; transition.During coolingthe 854nm laser is switched
onto remove ary populationin themetastableDs ; state.In
addition,weirradiatetheionwith alaserbeamat866nmatall
timesto preventshelvingin the metasable D3 ; state.From
coherentlynamics(Rabioscillations) on thecarrierand rst
motional sidebandg16], we determinetypical meanvibra-
tional quanturmumbersafter Dopplercooling ny ny n;

20 54 16 1.Fromthesemeanphononmumbersand
the secularfrequenciegiivenin Sect.2.1 we calculatearms
extensionof theion’s motionalwave packetof 25 5 nmin
thedirectionof the cavity axis muchsmallerthanthewave-
lengthof 729nm. At theendof thecoolingsequencéheionis
opticallypumpedntothe S, , (m 1 2) Zeemarsub-level
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FIGURE 5 Exanple of a5-ms pulse sequence.
Inthe rst 2msade ned‘starting’ stateis pre-

866

pared. Then this state is manipulated(2 ms to
2 5mes). Finally the outcone is detectedexcita-
tion or not) for the remaining time. The 10-ns

854

and20-ms pulse sequencedliffer only in alonger

729

manipulation window (up to 3ms) anda longer

counter

detectiontime

cavity

0 1 2 3
Time ( ms )

by applyinga 0 1-ms  -polarizedpulse at 397nm. After
that,al light at397nmis switchedoff.

Secondtheionis excitedonthe Sy, Ds 2 (m 12
tom 5 2) trangtion by afreelaserbeamor by light res
onantin the trap cavity. A time window of 0.5 to 3ms is
asignedto thisproces. Interactionof theion andlight within
the trap cavity canbe achieved by either frequeng locking
thecavity to thequadrupolédranstion or by acavity scanning
techniquelnthe rst caseweinjectshortresonankaserpulses
with variable pulselengthinto the frequeng-stabilizedcav-
ity in orderto studycoherenton— eld interactionThesecond
techniques usedfor investigatingthe ion’s responséo dy-
namicalor spatial variationsof the intracaity eld. Here,
the laser at 729nm is setto a x ed detuning from the
S Ds ; transtion. Weinjectthelaserbeaminto thecav-
ity TEMgo mode(cf. Fig. 4) andapply a voltagerampto the
scanPZT in orderto scanthe cavity length.Whenthe cavity
reachegeonancewith the laser frequeng it lls with light
andmay excite theion to the Ds , level. Thenthe light at
729nmis switchedoff andthe cavity mirror isrampeddown
toitsinitial postion.

Third, we determinethe excitation probability via the
electron-shelvingtechnique. The blue light at 397nm is
switchedon (866-nmlight isonaryway)andthe uorescence
is countedby thePMT for atimeintenal betweer? 3 msand
17msdependingon the durationof thetotal pulsesequence
(5,10 0r 20mg). ThePMT countratefor the uorescentionis

16kHz; the signal-to-backgroundatio  10. By compar

ing thenumberof countsin thetime intenal with athreshold
we candiscriminatewith very high probability(  99%) [16]
whetherexcitation happenedelectronshelved in Ds 2, no
uorescence)or theion remainsin the groundstate( uores-
cence) Note that athoughstatedetectionhappensa few ms
aftertheion-lightinteractiontheion’s stateis well preered
dueto thelonglifetime (1 9) of the Ds » level.

All threestepsaretypically repeated 00timestoyield the
averageexcitationprobability. After that,changesntheexci-
tationwindow may be applied,suchasa changein thelaser
frequeny (frequeny scan)or achangen theexcitationpulse
length(pulse-lengthscan).For example,to obtainan excita-
tion spectrumthe 729-nmlaseris tunedover the quadrupole
transtion in stepsof 1 kHz.

32 Temporal variation of theintracavity beld

In our rst experimentwe probetheion’'sresponse
totemporalariationsof theintracaity eld byplacingit close
toanodeoftheSW eld[24] andvaryingthecavity scarrate.

Figure 6 shows the excitation probability on the
S 2 Ds transtion for differentscanrates For negative
(postive) scan ratesthe mirrors move towards eachother
(apart)and therebyDopplershift the light to the blue (red).
The atomic transtion then seemsto be red (blue)-difted
as the excitation laserdetuninghasto compensatdor the
Dopplershift. Increasingscanrateincreasegheshift fromthe
line center(detuningzero),whichis foundby excitationwith
afreelaserbeam!naddition,fasterscanratesoroadertheline
becaus moreandmore frequeny componentsre addedto
thelight con nedinthecavity.
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FIGURE 6 Excitation spectrafor different cavity scanrates | 016

(@), 023(b)and 069 (c). On the blue-sifted spectra(gray lines), the-

oretical smulations are superinposed (solid line). The parametess for the

simulations are: laser bandwidth a6 kHz, naturalline width of the

S 2 Dsatrandtion gsp 017Hz, Rabifrequeny for zerodetuning:
o 155kHz(a), 11kHz (b) and 25kHz ()
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To put thes obsenetions in a more quantitatve form
it is corvenientto de ne a normalized scan rate |
2 L c . It correspondsto the resonancefrequengy
shift of the cavity in units of the HWHM cavity line width
c 4L  percavity enegy storagetime L c.To
modelthe couplingdynamicswe rst have to know theelec-
tric eld actingontheion. Theelectric eldamplitude Ecayin
acavity sweptover reonances a solution of thedifferential
equatior[22,23]:

d Ecav

1 i.tE i
ot Lt Ecav

Eo

wheet t | T isthetransmissiomf theinputcoup-
ling mirror and Eq is theamplitudeof theinput eld. Forslow

scanrates( | 1) we obtainthe quas-static ca®, whereas
for fag scanrates( | 1) theincominglight interfereswith

thelight storedin the cavity. Figure 7 shows the normalized
intracavity eld amplitudefor threedifferentscanrates

Theinteractionof this time-dependerglectric eld with
theion cannow be modeledby numericallyintegratingthe
Bloch equationsfor atwo-level system.Theresultfor ascan
rateof | 1andatypicallaser intengty is shownin Fig. 8.
The electronic trangtion (Fig. 8, top) is blue-difted and
broadene@¢omparedo theexcitationwith afreelaserbeam,
asexpected.

Figure 8 (bottom) illustrates for ve different detun-
ings , thetime evolution of the excitationto the Ds ; level
asthe cavity is sweptover resonancefor al detuningsthe
excitation probability shows a steeprising edgeat the mo-
mentthe cavity lls with light and subsequenRabi oscil-
lations with a dampingdependingon excitation power and
detuning.This excitation characteriic remainsqualitatvely
unchangeaver a large rangeof excitation powersand scan
ratesThe nalstationaryauesof theexcitationprobabilities
aretakento composeheexcitationspectrum(Fig. 8, top).

Thereaults of thetheoreticalsimulationfor postive scan
ratesare shown as solid lines superimpogd on the blue-
shifted spectrain Fig. 6. The calculatedand experimental
spectrashav goodagreementor smallscanrates(Fig. 6a,b).
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FIGURE 7 Calculatedtime-dependentormelized electric eld amplitude
in the cavity for threedifferentscanrates | . The solid line is thereal part;
the dashedline the imaginary part of the electric eld amplitude. For large
scanratesthe interferenceof incoming and storedlight becones visible
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FIGURE 8 Simulated excitation spectrumfor | 1 (top) and time evo-
lution of the excitation probability for differentdetunings (bottor). More
detailsaregivenin thetext

For lamger scanrates(Fig. 6¢) the centersof the spectraare
slightly shifted. We assumethatthis shift is causedoy non-
linearitiesand hyseresseffectsof thePZT motion. Although
we kept the excitation power congantin theexperimentswe
left the Rabifrequeny ¢ asa tting parametetto account
for variationsin excitation dueto thermaldrift of the cavity
shifting thenodeof the SW away fromtheion’s postion.

The investigationand theoreticalunderstandingf the
ion—cavity eld coupling dynamicsas discussecdibove are
important for realization of the atom—photoninterface in
quanturmetworks.Theexperimentaimplementatiorof such
a schemerequirescontrol over the shapeof the light pulse
emittedfrom the cavity and thus control over the dynamic
atom—caity coupling[4].

33 Spatial variation of theintracavity Peld

The trappedsingle ion is con ned to a region in
spaceof lessthan30nm, which is muchless thanthe excita-
tion wavelength (729nm). It thuscanbeusedasananoscopic
probeoftheSW eldspatialvariationas rstshownin [6, 25].
To probethis spatial variation,we againuse the cavity scan-
ning techniqueandleave thescanrate xedatasmall value,
allowing for stablescanswith only alittle perturbatiorof the
excitation spectrumas in Fig. 6a. The laser is scannedover
thequadrupoléranstion in stepsof 1 kHz to obtainan ex-
citation spectrumat a certainpostion in the SW. To use the
excitation probability asa measireof the €ld intensty, itis
importantto adjug the laser power such that the excitation
is kept well below saturationat al postionsin the SW. The
offsetvoltage of both scanPZT and offset PZT is thenvar-
ied smultaneouly in such a way thatthe SW in the cavity
is shifted longitudinally with regpect to the locationof the
ion. Repetitionof theproceduregyieldsanumberof excitation
spectrashawvn in Fig. 9. The position-dependengxcitation
probabilityis determinedby tting eachexcitation spectrum
with aLorentzianand adoptingthe peakvaue. Figure10 dis-
playsthesevaues as a function of the PZT offsetvoltage.
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FIGURE 10 ExcitationprobabilityontheS, 2  Ds » transtion of asingle
trappedCa ion as afunction of the PZT offset voltage,i.e. at variouspos
itions in theintracaity standingwave eld. Thesolid line representsa sin?
function ttedto thedatapoints
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Error barsgivenfor repregntative datapointsin Fig. 10 are
dueto PZT hyderess (abgissa) and the errors of the tsto
the excitation spectra(ordinate). The excitation probability
variesspatially with theintensgty of theSW [24]. A theoretical
Bloch-equatioranalyss as describedabove predictsa nearly
puresin? spatial variation, deviating by less than 1%. From
asir? ttothedatapointswe obtainthecontragratio (visibil-
ity V) of theposition-dependemcitation,V 963 2 6%.
This very high visibility results from the strongcon nement
of the ion’s wavefunction. The laser-cooledion, oillating
with its secularfrequenciesand with thermally distributed
amplitudeshasa rms spatial extensionalongthe cavity axis
of a.. This extensionleadsto a reductionof the excitation
contrastby a factorof exp 22 a. 2 comparedo the
excitation contrastexperiencedby a point-like atom at rest.
From the measiredvisibility V we nd a; 16 5 nm. The
smallvalueof theextensiona; showvs thatin this experiment
we cooltheioncloseto theDopplerlimit (13nm).

A necesary conditionfor all experimentgelyingonion—
cavity modecouplingis the ability to placetheion ata cer
tain postion of theintracavity SW eld with high precison
and high reproducibility [6]. In our experiment,the preci-
sionof positioningthecenterof theion’swavefunction,using
ameasirementas in Fig. 10, is limited by the uncertaintyin
the measired excitation probability. This uncertaintyis due
to a statigtical error, i.e. the nite numberof state-detection

15 half-waves

measirementsand systematicerrorssuch as uctuationsof

laser intensty and wavelength,drift and jitter of the scan
PZT, etc.[25]. Fromtheuncertainties$n excitationprobability

(errorbarsin Fig. 10) we deducea spatial precisionbetween
7 nm ( 100) at thepostion of larged slopeand12nmand
36 nm at minimumor maximumexcitation, repectively. We

note,however, thatthe precison canbeenhancedy averag-
ing over alargernumberof state-detectiomeasirements

34 Coupling of motional states

Many schemegor quantuminformation process-
ing with trappedionsrely on coherentinteractionnot only
with the internalstate but also with the motional degreesof
freedom.A controlledcoupling of atomic statesdressed by
vibrationalmodesto the cavity €eld is a preconditionfor re-
alizingsuchschemes

If onecomparescarrier (no changeof vibrational quan-

tumnumber n 0) and rst vibrationalsideband( n

1) trangtion probabilitiesin a SW, both show a postion-
dependentcoupling due to the SW pattern as shavn in
Sect.3.3. But wherethe couplingto the carrieris strongest,
nocouplingtothe rst (i.e.all odd)sidebandsccursandvice
versa,i.e. carrierand odd sidebandexcitationsmapthe SW
spatial eld variation, but the tracesare shifted by a phag
factorof . This phaseshift arisesdueto symmetrychar
acterigics of the transtion matrix elementsof carrier and
sidebandransitionsin aSW eld [1,12]: the spatialpart of
the quadrupoletranstion matrix elementis proportionalto
n exp ikx n foratravelingwave(TW)and n coskx n
for a SW with theelectric eld E  sin kx [24]. Heren and
n arethevibrationalguantumnmumbersn the S; , and Ds »
levels, repectively, k is the wavenumberand x is theion’s
postion in the ed. For a TW, all vibrational states n n
canbecoupledsinceexp ikx containsevenandoddpowers
of kx [26]. In contrastforaSW n coskx n hasto be ex-
pandednto even or oddpowersof kx dependingntheion’s
position,e.g.x  0closetoanodeor x 4 closeto an anti-
node.Thus transtions changingthe phononnumberby even
or oddintegerscanonly be excitedat differentpositionsn the
SW. The rst-sidebandtranstion ( n 1) couplesmaxi-
mally at anti-nodesof the SW, whereaghe carriertranstion
( n 0)couplesmaximallyatnodesin orderto demonstrate
thismotion-dependerpupling,werecordedxcitationprob-
abilities of theion at a xed cavity scanrate( | 023),
for differentpostions within the SW, andwith the laser at
729nm now tunedto either the carrieror the red axial side-
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transition.In bothcasestheintensityof thelasewasadjusted
suchthattheexcitationsof carrierandsidebandverecompa-
rableand werekept well below saturation.In this experiment
we determinethe integral excitation, i.e. the areaof there-
spective excitationspectraasthespectrashow anasgymmetric
line shape(cf. Fig. 6b,c). Thehigh-contrasbrthogonakoup-
ling of carrierandsidebandtranstions to the cavity modeis

demonstrateth Fig. 11.

This coupling facilitates applications such as cavity-
assistedcooling in a SW [12], the Cirac—Zoller quantum-
computingscheme[27] and entanglemeniof motional and
photonicstateswhencouplingto thecavity vacuumeld [17,
18]. In particular cavity-assisted cooling in a SW eld
meansthat sidebandcooling [16] on a red-detunedvibra-
tional sidebandis facilitatedby suppresion of off-resonant
carriertransitionawvhichinducemotionalheating.In asimilar
fashion, unwanted off-resonantcarrier excitations are sup-
pressedavhendriving sidebandransitiondn theCirac—Zoller
guanturmconputing schene. Here, off-resonantcarrier ex-
citationsimpos a limit on the attainable gate speed [28].
As electronicexcitation probabilities of the ion dependon
both the vibrational state and the postion within the cavity

eld, theinternalelectronicdegreesof freedomare coupled
to both the (in general:quantized)single-modecavity eld
andthevibrationaldegreesof freedom.This couplingallows
e.g.for generationof an entangledstateof a subsystenthat
canstorequantuminformation (vibration, electronicstates)
with asubsystenthatcanbeusedfor propagatiorof quantum
information(light).

35 Coherention-cavity coupling

Theapplicationof theion—cavity couplingforim-
plementationof quantumnetwork schemesrequiresa con-
trolled coheent interaction.To demonstratesuch coherent
coupling to the cavity eld we stabilize the trap cavity to
the § » Ds , carriertranstion frequeny as describedin

15 20 25

Time (us)

FIGURE 12 Rabi o<tillations driven by the light eld in the stabilized
cavity. The parangters for the theoreticalsimulation are: Rabi frequeng
o 895MHz, 2n 0049andlaerdetuning 0

10

0.5

0.0

Sect.2.2. We excite theion with resonantaserpulsesof dif-
ferentpulselengthsinjectedinto thetrapcavity. Startingfrom
apulselengthof zeroup to apulseof 3- sdurationwe deter
minetheaverageexcitationprobability from 100experiments
per pulse length. The reaulting coherentdynamics(Rabios-
cillations) are shown in Fig. 12 togetherwith a numerical
simulation(solid line). Thetheoreticakurweis calculatedss-
suming a thermaldistribution over harmonicoscillator states
n . The Rabi frequeny of any particular S n Dn

transtion dependson n 2, where is the Lamb-Dcke pa-
rameterThethermalmixtureof differentoscillation frequen-
cieswashesoutthe Rabi oscillations, which thereforesppear
damped.

4 Summary and outlook

In summarywe have demonstratedoherentoup-
ling of electronicand motionalstatesof a singletrappedion
toasingle eldmodeof ahigh- nessecavity. Thepostion of
theionwithin thestandingwave canbedeterminedvith apre-
cisionofupto 100 Astheelectronicquadrupoldranstion
in Ca is oneof the candidategor implementinga quantum
bit, ourexperimentsreakey steptowardsrealizatiorof quan-
tum computing and communicationschemeswith trapped
ionsthatrequirea controlledcoherentinteractionof ion and
cavity eld. Futureexperimentsim atdemonstratingnd uti-
lizing cavity-modi ed spontaneougmissiorfor applications
suchastriggeredsingle-photonemissionand realizationof
the atom—photorinterface.Anotherrouteis the extenson of
thecurrentcon gurationtowardstrappingof two or moreions
coupledto a commoncavity mode,thusallowing for imple-
mentationof quantumogical gateoperations.
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