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应用于光抽运铯原子钟的小型稳频激光器

石浩1,2,马杰1,李孝峰1,刘杰1,张首刚1

(1中国科学院国家授时中心 中国科学院时间频率基准重点实验室,西安,710600)

(2中国科学院大学,北京,100049)

摘 要:设计了一种应用于光抽运铯原子钟的稳频激光器,用小型化的饱和吸收装置对激光进行稳频,
用于产生饱和吸收谱的泵浦光的偏振方向与检测光的偏振方向相互垂直,通过调节激光的偏振方向增

大铯原子的跃迁几率.相对于一般简化的饱和吸收装置,小型化的饱和吸收装置产生的用于锁频的参考

信号的幅度更大.当激光频率被锁定在铯原子的6S1/2,F=4→6P3/2,F=5能级跃迁线上时,对激光器

的稳定度进行了测量,百秒稳定度为1.88×10-11.该稳频激光器的体积较小,有利于光抽运铯原子钟的

小型化和工程化应用.
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CompactFrequencyStabilizedLaserforOpticallyPumpedCsBeamClocks
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Abstract:Afrequencystabilizedlaserusedinopticallypumpedcesiumbeamclocksisdesigned.The
concisesaturatedabsorptionfrequencystabilizationsystem,in whichthepolarizationdirectionof
pumpinglaserisperpendiculartothepolarizationdirectionofprobinglaser,isutilizedtolocklaser
frequency.Thetransitionprobabilityofthecesiumatomisimprovedbytheadjustmentofthepolarization
directionofpumpinglaser.Theamplitudeofreferencesignalproducedbytheproposedsystemishigher
thanthesignalproducedbythesimplifiedsaturatedabsorptionfrequencystabilizationsystem.Whenlaser
islockedatthefrequencyofthecyclingtransition6S1/2,F=4→6P3/2,F=5ofcesium,thefrequency
stabilityismeasuredas1.88×10-11at100s.Thesetupofthesystemiscompact,whichisbeneficialto
theminiaturizationandengineeringoftheopticallypumpedcesiumbeamclocks.
Key words: Optical design; Laser frequency stabilization; Semiconductor lasers; Absorption
spectroscopy;Frequencystability
OCISCodes:140.4050;020.1335;300.6210;120.3930;120.4570

0 Introduction
Steadysinglemodediodelasersemittingat852nmaresignificantcomponentsforsystemssuchas
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atomicclocks,lasercooling,laserpumpingandatominterferometer[1-3].Generally,laserislockedatthe
frequencyofthecyclingtransition6S1/2,F=4→6P3/2,F=5ofCesium (Cs)[4].Saturatedabsorption
frequencystabilizationasanavailabletechnologyiswidelyappliedtolockthefrequencyoflaser.Optically
pumpedCsbeamclockmakesthestateselectionbymeansofopticalmethodsotherthanmagneticstate
selection[5-7].Itisapotentialfrequencystandardintheextensiveengineeringapplications.Thepreparation
efficiencyofatomicstatecouldbeimprovedbytheopticalpumping.Thefrequencystabilizedlaseristhe
foremostdeviceforopticallypumpedCsbeamclock[8-10].

FrequencystabilityoftheopticallypumpedCsbeamclocksiscloselyrelatedtothestabilityofthe
laser.ThepumpingefficiencyoftheCsatomdependsonthepurityofthelaser.Thenumberoftheun-
pumpedatomswillincreasewhenpoorlaserisusedtopumpCsatominthepumpingregionoftheCsbeam
tube.Thefluorescencesignalproducedinthedetectingregioncouldbeinfluencedbytheatomsretainedin
theF=4levelofthegroundstateoftheCsatom.TheSignal-to-NoiseRatio(SNR)ofRamseysignalused
tolockthequartzcrystaloscillatorandtheaccuracyoftheatomicclockcouldbecomepoor.Thestabilityof
theopticallypumpedCsbeamclockcouldbeimprovedwhenthefrequencystabilizedlaserwithexcellent
propertyisutilizedtoirradiateCsatoms[11].

ObservatoiredeNeuchâtel(ON)hasdevelopedopticallypumpedspaceCsatomicresonatorwithonly
oneopticalfrequency[12].ON,ThalesandtheSYRTEObservatoiredeParishavejoint-developedspaceCs
atomicclockwiththeDistributedBraggReflector (DBR)laserat894nm[13].Peking Universityhas
developedthefrequencystabilizedlaserlockedbyfluorescencesignalfortheopticallypumpedCsbeam
clock[9].NationalTimeServiceCenter (NTSC)ofChinsesAcademyofScienceshasdevelopedthe
saturatedabsorptionfrequencystabilizationlaserforengineeringopticallypumpedCsbeamclock[7].

ThelaserdeviceusedinopticallypumpedCsbeamclockshouldhavetheabilitytoemittwolaser
lights,simultaneously.Oneofthemisthepumpinglaserwiththestabilizedfrequency,theotheristhe
detectinglaserwiththestabilizedfrequencywhichhasthefrequencyshift,250MHz,withpumpinglaser.
Besides,inordertopromotetheminiaturizationoftheopticallypumpedCsbeamclock,thevolumeofthe
laserdeviceshouldbereducedasmuchaspossible[14].TheDoppler-freeSaturationAbsorptionSpectrum
(SAS)asreferencesignalhashigherSNR [9].But,thesetup,especiallylightpath,ofthissaturated
absorptionfrequencystabilizationiscomplexanditisagainsttheminiaturizationandengineeringofthe
equipment,especiallyaerospaceapplication.Thesimplifiedsaturatedabsorptionfrequencystabilization,
onlywithapumpinglaserandaprobinglaser,canovercometheshortcomingsmentionedabove.The
polarizationdirectionsofthetwolasersareparalleltoeachotherinthissetup[15].However,theSNRof
thetraditionalSASandthepeakvalueofthereferencesignalarelower.TheamplitudeandtheSNRofthe
referencesignalcouldbeincreasedbyadjustingthepolarizationdirectionsofthetwoprobinglasers.

Inthispaper,acompactfrequencystabilizedlaserusedinopticallypumpedCsbeamclocks,which
couldsimultaneouslyoutputtwolasers,isreported.Thedependenceofthereferencesignalamplitudeon
thepolarizationdirectionsofthetwoprobinglasersisdescribedandthecomparisonoftwodifferent
mechanismsismade.Wesuggestaconcisesaturatedabsorptionfrequencystabilization methodthat
producehigherreferencesignalcomparedwithsimplifiedsaturatedabsorptionfrequencystabilizationand
hassimplersetupcomparedwithDoppler-freesaturatedabsorptionfrequencystabilizationsetup.

1 Principleandexperiment
AsimplifiedinteractiondiagramoftheCsbeamtubeandlaserusedintheopticalpumpedCsbeam

clockisshowninFig.1.Thedirectionoflightbeamsisperpendiculartothedirectionofatomicbeam.The
atomicbeamspraysoutfromthecollimatorofaCsoven.Beforeinteractingwiththedetectlaser,the
atomicbeamhaspassedthroughthepumpingandmicrowavearea.Inthepumpingarea,Csatomsare
pumpedtothe6S1/2,F=3levelthroughthe6S1/2,F=4→6P3/2,F=4transitionbythepumpinglaser.In
themicrowavearea,Csatomsaretransferredtothe6S1/2,F=3,mF=0bythemicrowavetunedto
9192631770Hz.Inthedetectingarea,theatomsinthe6S1/2,F=4levelisdetectedbythedetecting
laserturnedto6S1/2,F=4→6P3/2,F=4transitionline.Thefluorescenceemittedbytheatomic
spontaneousradiationiscollectedbyfluorescencecollector,andthentheRamseyisproducedbyPhoto
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Diode(PD).ThelaserproducedbytheDistributedFeedback(DFB)diodelaserislockedinthe6S1/2,F=
4→6P3/2,F=5transitionline.ThelaserbeamisseparatedbythePolarizingBeamSplitter(PBS).One
laserbeamservesasthepumpinglaserwhiletheotherlaserbeamservesasthedetectinglaser.And,the
frequencyofthepumpinglaserisshifted250MHzbytheAcousticOpticalModulator(AOM).

ThelaserproducedbytheDFBdiodelasercouldbestabilizedbyusingtheSASdevice.Thegeneration
mechanismofSAScanbedescribedbythetheoryofvelocityselectiveopticallypumping.TheDoppler-free
SAScanbeunderstoodbythecombinedeffectsofthevelocity-selectiveopticalpumping,thesaturation
andtheresonantlightpressure[16-17].ThetraditionalSAScanbeobtainedbytheconcisesaturated
absorptionfrequencystabilizationsystemwithouttheotherprobinglaser.Theamplitudeofthereference
signalproducedbythecyclingtransition6S1/2,F=4→6P3/2,F=5ofCsdependsontheprobabilitiesof
transitionscorrespondingtothepumpinglaser,theprobinglaserandthespontaneousemissionfromthe
6P3/2,F=5bythepumpinglaser,respectively.

Fig.1 InteractiondiagramofthelaserandCsbeamtube Fig.2DiagramofhyperfineenergylevelinvolvedinCsD2line

  AstheFig.2shows,thereare3peaksinvolvedwithprincipalresonancesand3peaksinvolvedwith
cross-overresonancesintheCsD2SAS.Thesolidlines(L1,L2,L3)indicateprincipalresonancesandthe
dottedlines(C1,C2,C3)indicatecross-overresonances.Thetransitionprobabilityamplitudesofthe
stimulatedemissionareproportionaltothetransitionprobabilityamplitudesofthespontaneousemission,
showninFig.2,intheinteractionoflaserandCsatoms.

Theamplitudeofthereferencesignalisgivenby[5]

Ψ ∝ ηp 2· ηb
2· -δsp+ ηsp 2/Γ[ ] (1)

where|ηp|2isthetransitionprobabilitycorrespondingtothepumpinglaser,|ηb|2isthetransition
probabilitycorrespondingtotheprobinglaserand|ηsp|2isthetransitionprobabilityofspontaneous
emissionfromthe6P3/2,F=5bythepumpinglaser.Kronecker’sδsymbolindicatesthedepopulationof
the6S1/2,F=4inducedbythepumpinglaser.|ηsp|2/Γshowsthebranchingratioofthespontaneous
emissionfromthe6P3/2,F=5andindicatesaugmentationofthe6S1/2,F=4populations.

TheamplitudeofthereferencesignalproducedbyCs6S1/2,F=4→6P3/2,F=5transitioncouldbe
improvedbyadjustingthepolarizationdirectionspumpinglaserandtheprobinglaser.Fig.3(a)showsthe
interactionbetweenthepumpinglaserandtheprobinglaserinthetraditionalSASexperiment.The
polarizationdirectionsofthetwolasersareparalleltoeachother.Fig.3(b)showstheinteractionbetween
thepumpinglaserandtheprobinglaserintheconciseSASexperiment.Thepolarizationdirectionsofthe
twolasersareperpendiculartoeachother.Thedirectionofmagneticfieldisparalleltothepolarization
directionofthepumpinglaser.ThetemperaturevariationamplitudeoftheDFBcouldbelimitedinthe
1mKwhenthelaserislocked.

Fig.3 ComparisonoftraditionalSASexperimentwithconciseSASexperimentarrangement
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  TheSAS,astheFig.4shows,isproducedbythetraditionalsimplifiedSASsetupandtheconciseSAS
setup,respectively.Themeasurementiscarriedoutwhenthelaseristurnedtothe852nmatroom
temperature.Thefrequencyofthescanningsignalimportedtothelaseris12Hz.Thelaserpowerandthe
magnificationtimesofthesignal-amplifierareunchanged.AstheFig.4shows,thereisacleardistinction
inthepeakamplitudeofreferencesignalwhichisproducedbythecyclingtransition6S1/2,F=4→6P3/2,F
=5betweenFig.4(a)and(b).ThepeakamplitudeofreferencesignalofFig.4(b)ismuchbiggerthan
thatofFig.4(a).Itisbecauseofthechangesoftheprobabilitiesoftransitionscorrespondingtothe
pumpinglaserandtheprobinglaser,whichiscausedbythechangesofpolarizationofthepumpinglaser
andtheprobinglaser.

Fig.4 SASsignalamplitudeversusscanningtime

  TheSNRofthereferencesignalshowninFig.4(b)isimprovedbytheincreaseofthepeakamplitude
ofreferencesignal.Thenoise,introducedintothefrequencystabilizationcircuit,couldbereducedgreatly
withthesamerestrictionofsupplyvoltagewhenthereferencesignalisusedtolockthefrequencyoflaser.
Futhermore,theslopeoftheerrorsignal,usedtocorrectthesupplycurrentofthelaser,couldbe
improvedtomakelaserlockedmorequickly.Therefore,thestabilityofthefrequencystabilizedlaser,
lockedbythisreferencesignal,couldbeimproved.

Fig.5 Designedconcisesaturatedabsorptionfrequencystabilizationlightpath

  Asthestrikingfeaturesmentionedabove,wedesigntheconcisesaturatedabsorptionfrequency
stabilizationlightpathasFig.5shows.ThecombinationofthePBSandtheλ/2waveplateisusedto
adjustthelaserpowerofthepumpinglaser.PDisusedtodetectthelaserpoweroftheprobinglaser.The
λ/4waveplateisusedtoadjustthepolarizationdirectionoftheprobinglaser.Thereflectivityofthe
PartiallyReflectingMirror(PRM)is10%tolightat852nm.ThepumpinglasershootsintotheCscell
throughtheλ/2waveplateandthePBS.Thepolarizationdirectionoftheprobinglaser,adjustedbytheλ/
4waveplate,isperpendiculartothepolarizationdirectionofthepumpinglaser.Theprobinglaserreflected
bythePRMisreflectedtothePDandtheSASisobtained.Inordertoreducethevolmeofexperimental
arrangement,theelementswithsmallsizeisusedintheexperiment.ThedimensionsoftheCscellareL=
25mmandϕ=16mm.Thediameteroftheusedlensis12.7mmandthedimensionofthePBSis12.7mm
×12.7mm×12.7mm.
Fig.6showstheconcretestructureofthedesignedlaserdevice.Toachievetherequirementsforthe

opticallypumpedCsbeamclock,thefrequencystabilizationdiodelasercanemittwolasersatthesame
time.AsshowninFig.6,aDFBservesasalightsource,operatingat852nmwitha2MHzline-width.
Thecollimatinglensandcylinderlensesareusedtocollimatelaser.AnopticalIsolator(ISO)isusedto
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preventtheopticalfeedbackfromthesaturated
absorptionsetup andthe main outputofthe
system.Byusingacombinationofahalf-wave
plateandaPBS,avariablepartofthelaserpower
isdividedforspectroscopy,andthenalightbeam
shootsintoSASlightpathsystem,asFig.5
shows,whiletheotherlaserbeamshootsintothe
nexthalf-waveplateandPBS.Thelaserbeamis
splitintotwobeams.Oneofthelightbeamsis
reflectedby mirrorandshootsintotheconcave
lensandconvexlens.Byusingacombinationofa
concave lens and convex lens,a laser with
expanded spotisformed.It shootsinto the
detectingareaoftheopticallypumpedCsbeam
clocktodetectatomsinthe6S1/2,F=4level.The
otherlightbeamshootsintotheAOMandthelaser

Fig.6Compositiondiagramofthefrequencystabilizedlaser
deviceusedinopticallypumpedCsbeamclock

frequencyisshifted250MHzbyAOM.ItshootsintothepumpingareaoftheopticallypumpedCsbeam
clocktopumpatomstothe6S1/2,F=4levelthroughthe6S1/2,F=4→6P3/2,F=4transition.

ThesignalgeneratorcontrolledbyMicro-programControlUnit(MCU)outputsreferencesignaland
modulatingsignal.A25kHzsinusoidalmodulatingsignalisaddedtothelaserinjectioncurrentandinputted
intolaserandSASopticalpart.TheSASsignalis
amplifiedbypre-amplifierandinputtedintomixer
whereitismixedwithrefsignal.Thereisonlythe
referencesignalproducedbythecyclingtransition
6S1/2,F=4→6P3/2,F=5ofCswhenthesupply
currentofthelaserandthescanningcurrentare
appropriately adjusted,respectively.Thelaser
couldbelockedinthereferencefrequencyofthe
cyclingtransition6S1/2,F=4→6P3/2,F=5ofCs
afterinputting the errorsignal,produced by
mixingthereferencesignalwiththemodulating
signal, into the Proportion Integration
Differentiation(PID)whichstabilizesthesupply
currentofthelaser.

Fig.7 Measuredfrequencystabilityoffrequency
stabilizedlaser

  Thefrequencystabilityofthelaser,lockedatthefrequencyofthecyclingtransition6S1/2,F=4→
6P3/2,F=5ofCs,ismeasuredbymixingitwiththelaser,lockedatthefrequencyofthecrossover
transition6S1/2,F=4→6P3/2,F=4andF=5ofCs.Thistwolasersarebothlockedbyconcisesaturated
absorptionfrequencystabilizationsetup.Themeasuredfrequencystabilityofthefrequencystabilizedlaser
isshowninFig.7.TheAllandeviationis1.03×10-10at1sandreachestheminimumvalue1.31×10-11at
64s.Thefrequencystabilityis1.88×10-11at100s.Thedesignedfrequencystabilizedlaserhasworkedfor
aboutoneandahalfyearswithoutlosinglock.

2 Discussion
Thepropertyofthecompactfrequencystabilizedlasermeetstherequirementoftheminiaturized

opticallypumpedCsbeamclock[18-20].Thelaserisaportabledevice.Itcouldbewidelyusedinengineering
application.Itissmallandthedimensionofthelaserdeviceis36.5cm×15cm×5cm.Inordertoimprove
theanti-seismicpropertyofthelaserdevice,opticalelementsareinstalledonthebaseboardmilledfroma
wholepieceofaluminum.Furthermore,theautomaticfrequencystabilizationlaserisamoreusefuldevice.
Self-recoverycapacityandtheabilityofautomaticpeak-seekingareaddedtothelaser.However,the
qualityofthelaserspotispoor,whichimpactsthelaser-atominteractionintheCsbeamtube.Itneedsto
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beimprovedintheexperiment.
Laserissensitivetothedisplacementcausedbythevibrationoftheopticalelement.Thesimplification

ofthelightpathisbeneficialtoimproveanti-vibrationcharacterofthefrequencystabilizationsystem.The
structureoftheconcisesaturatedabsorptionfrequencystabilizationsetupiscompact.Itcanbesetupwhen
onlyaλ/4waveplateisintroducedintothetraditionalsimplifiedsaturatedabsorptionsetup.However,the
SNRofthereferencesignalproducedbytheconcisesaturatedabsorptionfrequencystabilizationsetupis
higherthanthereferencesignalproducedbythetraditionalsimplifiedsaturatedabsorptionfrequency
stabilizationsetup.Inaddition,itssetupissimplercomparedwithDoppler-freesaturatedabsorption
frequencystabilization.Therefore,theconcisesaturatedabsorptionfrequencystabilizationsetupwillhave
betteranti-vibrationperformancecomparedwithDoppler-freesaturatedabsorptionfrequencystabilization
setup.Thecompactsetupisbeneficialtotheminiaturizationandengineeringofthesaturatedabsorption
frequencystabilization.

Theconcisesaturatedabsorptionfrequencystabilizationlightpathisinstalledonthemountingplate,
milledbyaluminum block.Theanti-vibrationcharacterofthelightpathcouldbeimprovedandit
contributestotheengineeringofthistechnology.Pony-sizeopticalelementsareemployedtoenhancingthe
miniaturizationofthesetup.Thefrequencystabilityofthelaser,lockedbytheconcisesaturated
absorptionfrequencystabilizationsetup,isimprovedfortheincreaseofthepeakamplitudeofthereference
signal.But,thefrequencystabilitystartstoturnbadon64s.ItisduetothetemperaturevariationofCs
cell.Thelong-termstabilitycouldbeimprovedbyaddingtemperaturecontrolonCscell.

ThedistinctionbetweenthetraditionalSASandtheDoppler-freeSASiswhetherornotithasthe
Dopplerbackground.Structurally,Doppler-freesaturatedabsorptionlightpathhasthreelaserbeamsand
thetraditionalsaturatedabsorptionlightpathhastwolasers.TheprincipleoftheDoppler-freeSAS
mentionedin Refs.[5-6]couldbeappliedtothetraditionalSAS.Theprobabilitiesoftransitions
correspondingtothepumpinglaser,theprobinglaserandthespontaneousemissionfromtheexcitedstate
varywiththepolarizationofthepumpinglaserandtheprobinglaser.Thepeakamplitudeofthereference
signalcouldbeincreasedbyadjustingthepolarizationdirectionsofthepumpinglaserandtheprobinglaser.
Magnificationtimesofsignalcouldbereducedtointroducelessnoiseintothefrequencystabilization
system.Thefrequencystabilityofthestabilizedlaserlockedbythesystemcouldbeimproved.The
frequencystabilityismeasuredbybeatingfrequencyoftwolaserslockedbyemployingthesamewayof
frequencystabilization.Thismethodcouldgiveabetterviewoftheresultofameasurement.

Theinteractionmechanismofthelaserintheconcisesaturatedabsorptionfrequencystabilizationsetup
alsocouldbeusedintheDoppler-freesaturatedabsorptionfrequencystabilizationexperimentat852nm
underlabconditions.Itonlyneedstointroduceaλ/2waveplatetochangethepolarizationdirectionofthe
probinglaser.Thepeakamplitudeofthereferencesignal,producedbythetransition6S1/2,F=4→6P3/2,
F=5ofCscouldbeincreasedandthefrequencystabilityoflaserlockedbytheDoppler-freesaturated
absorptionfrequencystabilizationsystemcouldbeimprovedaccordingtotheprinciple.

Exceptfortheelectricalparametersofthefrequencystabilizationcircuit,someopticalelements
parameterscouldbeoptimizedtoimprovetheexperimentresults.Intheexperiment,theintensityofthe
probinglaser,thepressureofbuffergasintheCscell,thediameterofthelaserbeamandthesizeofCs
cellcouldbeadjustedtoimprovetheamplitudeofthesignalandthefrequencystability.

3 Conclusion
WepresentacompactfrequencystabilizedlaserusedinopticallypumpedCsbeamclocks,whichcould

simultaneouslyoutputtwolasers.Thefrequencyofthelaserisstabilizedinthe6S1/2,F=4→6P3/2,F=5
transitionlineofCsbytheconcisesaturatedabsorptionfrequencystabilizationdevice.Thepeakamplitude
ofthereferencesignalisincreasedbyadjustingthepolarizationdirectionofthepumpinglaserandthe
probinglaser.Thefrequencystabilityofthelaserlockedbythefrequencystabilizationsystemcouldbe
improvedbyincreasingtheamplitudeofthereferencesignal.Thefrequencystabilityofthedesignedlaser
issatisfiedwiththerequirementofstabilityoftheopticallypumpingCsbeamclock.Throughexperimental
measurements,theSNRofRamseysignalusedtolockthequartzcrystaloscillatorisabout1.0×104when

6-2004140



SHIHao,etal:CompactFrequencyStabilizedLaserforOpticallyPumpedCsBeamClocks

thedesignedlaserisusedintheopticallypumpedCsbeamclocks.Thecompactsetupcouldcontributeto
theminiaturizationandengineeringoftheopticallypumpedCsbeamclocks.
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