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高重复频率铌酸锂电光调QNd∶YVO4激光器
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(1南开大学 物理科学学院,天津300071)
(2南开大学 教育部弱光非线性光子学重点实验室,天津300457)

(3山西大学 极端光学协同创新中心,太原030006)
(4中国电子科技集团公司第二十七研究所,郑州450000)

摘 要:研制了一种基于铌酸锂(LN)电光调Q的高重复频率窄脉宽短腔激光器.通过测量激光穿过置

于正交偏振镜间的电光晶体后,透射强度随晶体上施加的脉冲高压的变化情况,探究了不同尺寸LN晶

体中的压电振铃效应,并与磷酸钛氧铷(RTP)晶体中的压电振铃效应进行了比较.实验发现,块状LN
晶体中的压电振铃效应严重,而小尺寸LN晶体中的压电振铃效应和RTP晶体中的相似,基本可以忽

略.结合压电效应理论得出,压电振铃效应的强弱与外加电压大小及晶体固有的压电共振频率有关,电

压越低,压电共振频率越大,压电振铃效应越弱.在此基础上,制备了可高重频应用的尺寸为1.2mm×
9mm×9.4mm的LN调Q开关,并实现了LN晶体的高重频调Q运转.激光增益介质采用具有较大受

激发射截面和较短荧光寿命的Nd∶YVO4晶体,其一端镀有1.064μm的全反膜,另一端沿布儒斯特角

切割,从而省去了全反镜和偏振镜,缩短了腔长。泵浦源采用中心波长为808nm的光纤耦合激光二极

管.设计的激光器谐振腔长度仅为20mm。在退压式电光调Q运转下,获得了最大重复频率为15kHz、
脉宽为5.4ns、峰值功率为2.94kW的稳定的激光输出.
关键词:固体激光器;脉冲激光;电光器件;铌酸锂;脉冲重复频率;电光Q开关;压电效应;窄脉冲宽度
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Abstract:WithaLiNbO3crystalastheelectro-opticQ-switch,acompactQ-switchedlaserwithahigh
repetitionrateandanarrowpulsewidthwasdeveloped.Thecrystalwassandwichedbetweentwocrossed
polarizers,thenthevariationofthelasertransmittedintensitywiththepulsedhighvoltageappliedtothe
crystalwasmeasuredtoinvestigatethepiezoelectricringingeffectsinLiNbO3crystalswithdifferent
dimensions.Additionally,thepiezoelectricringingeffectsinLiNbO3crystalswerecomparedwiththatof
aRbTiOPO4 crystal.Theresultsshow thattheblock LiNbO3 crystalsuffersenormouslyfrom
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piezoelectricringing,whilethepiezoelectricringingintheminiaturizedLiNbO3crystalissimilartothat
oftheRbTiOPO4crystalandisnegligible.Combiningwiththepiezoelectriceffecttheory,itisderived
thattheacousticringingisinfluencedbytheappliedvoltageandthepiezoelectricresonancefrequency,the
acousticringingdecreaseswiththedecreasingofappliedvoltageandtheincreasingofpiezoelectric
resonancefrequency.Basedontheseresults,aminiaturizedLNelectro-opticQ-switchthatcanoperateat
ahighrepetitionratewasprepared,itsdimensionsis1.2mm×9mm×9.4mm.TheminiatureLN
crystalwassuccessfullyusedforhighrepetitionrateelectro-opticQ-switching.A Nd∶YVO4crystal
possessingalargeemissioncross-sectionandashortfluorescencelifetimewasusedasthegainmedium.
OnesideoftheNd∶YVO4crystalwashigh-reflectioncoatedat1064nm,andanothersidewascut
alongtheBrewsterangle,thenareflectingmirrorandapolarizerwassavedandthecavitylengthwas
shortened.Thepumpsourcewasafiber-coupledlaserdiodewithacentralwavelengthof808nm.Based
ontheabovedesign,acompactcavitywithalengthofonly20mmwasachieved.Inthepulse-offQ-
switchingoperation,astablepulsedlaseroperatingatamaximumrepetitionrateof15kHzwithapulse
widthof5.4nsandapeakpowerof2.94kWwasobtained.
Keywords:Solidstatelasers;Pulsedlasers;Electro-opticaldevices;Lithiumniobate;Pulserepetition
rate;Electro-opticQ-switching;Piezoelectriceffects;Shortpulsewidth
OCISCodes:140.3538;140.3540;130.3730;230.2090;140.3480

0 Introduction
Laserswithahighrepetitionrateandanarrowpulsewidthhaveattractedconsiderableattentiondue

totheirextensiveapplicationssuchasmicromachining,laserranging,remotesensing,medicaltreatment,
etc[1-2].AcommonwaytorealizesuchpulsedlasersistoQ-switchadiode-pumpedsolidstateoscillator.
TheQ-switchingcanbeclassifiedintopassiveandactivetypes.ThepassiveQ-switchingisbeneficialto
achievenarrowpulsewidthowingtotheabsenceofadditionalpolarizingopticalelements.Unfortunately,
itspoorstabilityhaslimiteditsapplicationsinmanyfields[3].ActiveQ-switchingenablesastablepulse
energyandlowtemporaljitterattherepetitionrate[4].TherearetwomainactiveQ-switchmodes,the
Acousto-Optic(AO)andtheElectro-Optic(EO)Q-switching.TheAOQ-switchingislimitedinmany
applicationsbecauseofitstendencytoproducealongpulse[5].ComparedwithAOQ-switching,EOQ-
switchinghastheadvantagesofbetterhold-offabilityandfasterswitchingrate[6],whichenablethe
productionofmuchshorterpulses.

Recently,severalEOcrystalssuchasβ-BaB2O4 (BBO),RbTiOPO4(RTP),periodicallypoled
LiNbO3(PPLN),La3Ga5SiO14(LGS)havebeensignificantlyinvestigated,andhighrepetitionrateQ-
switchedlasersbasedontheseEOcrystalshavebeenachieved.In2010,BAIY,etal.demonstrateda
532nmgreenlaserwitharepetitionrateof10kHzandapulsewidthof58.5nsbyusingaBBOcrystalas
theEOQ-switchandaLBOcrystalforfrequencydoubling[7].In2013,YUYJ,etal.reportedaRTPEO
Q-switchedNd:GdVO4laserwitharepetitionrateashighas280kHzandapulsewidthof18.4ns[8].In
2003,anovelEO Q-switchbasedonPPLNcrystalwasreported,themaximumrepetitionrateofthe
pulsedlaseris7kHzwithapulsewidthof12nsandapeakpowerof0.74kW[9].Recently,MASH,etal.
reportedaLGSQ-switchedlaseroperatingatarepetitionrateof200kHzwithapulsewidthofonly
5.1ns[10].However,someintrinsicproblemslimittheirfurtherengineeringapplications,suchthesmall
EOcoefficientofBBO,thelow-symmetrystructureandnaturalbirefringenceofRTP,thedifficultyof
achievinguniformperiodicstructureofPPLNandtheopticalactivityofLGS[11].

LiNbO3(LN)crystalisoneofthefewEOcrystalsthathavebeenpractical,ithastheadvantagesof
largeEOcoefficient,broadbandtransmissionspectralrange,lowinsertloss,nowater-solubilityinair,
etc.Additionally,LNcrystalscanoperatestablyinawidetemperaturerange[12].Unfortunately,LN
suffersenormouslyfrompiezoelectricringing,andaconventionalblockLNPockelsCell(PC)typically
cannotberunatrepetitionratesexceed1kHz[13].Thepiezoelectricringingeffects,though much
influencedbythepiezoelectriccoefficient,isalsoinfluencedbytheappliedelectro-field[10].CHENYH,et
al.haddemonstratedafastQ-switchedlaserwitharepetitionrateof7kHzbyusingalow-voltagePPLN
crystal,anditwasfoundthatthelowswitchingvoltagetogetherwiththeuseofahigh-gainlasermedium
hashelpedtoreducethetransientelasto-opticringingeffect[9].Thus,motivationisprovidedtodesigna
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low-voltageLNPCandinvestigateitsQ-switchingperformanceinhighrepetitionratelasers.ForaLNPC
inatransverseconfiguration,thequarter-wavevoltagecanbeeffectivelyreducedbyenlargingtheaspect
ratio.

Inthiswork,inconsiderationofthesmallintracavitybeamsizeofmosttypicaldiode-pumpedlaser
cavities,weprepareaminiaturizedLNPCwithalowQuarter-WaveVoltage(QWV).Thepiezoelectric
ringingeffectintheminiaturizedLNPCisfirstinvestigated,anditiscomparedwiththoseofablockLN
PCandaRTPPC.TheresultsindicatethatthepiezoelectricringingeffectintheminiaturizedLNPCis
negligible.Besides,thepiezoelectricringingeffectisfoundtobeinfluencedbytheappliedvoltageandthe
piezoelectricresonancefrequencyofPCs.Thehighrepetitionrate Q-switchingperformanceofthe
miniaturizedLNPCisresearchedinaLD-pumpedsolidstateoscillatorwithaNd∶YVO4crystalasthe
gainmedium.Astablepulsedlaseroperatingatarepetitionrateof15kHzwithapulsewidthof5.4nsand
apeakpowerof2.94kWisobtained,whichrepresentsthehighestrepetitionrateandminimumpulse
widthachievedsofarinaLNQ-switchedlaser.

1 Experiments
1.1 Measurementofpiezoelectricringing

Alow-voltageLNPCwasfirstlyprepared.TheLNcrystalwascutalongtheZ-axiswithdimensions
of1.2mm×9mm×9.4mm (X×Y×Z).ThetransmissionsurfacewaspolishedpreciselyandAnti-
Reflection(AR)coatedat1064nm,theXsurfacewasfinelygroundandplatedwithgoldandchrome.
ThenthepiezoelectricringingeffectintheminiaturizedLNPCwasinvestigated.Ahorizontalpolarized
laserat1.06μmwaspassedthroughtheminiaturizedLNPCsandwichedbetweentwocrossedpolarizers.
TheLNwasswitchedtoitshalf-waveconfigurationusingahomemadePCdriverwitharisetimeof7ns.
Noapproachwastakentodampanyacousticresonances.Thetransmittedsignalwasdetectedusingan
InGaAsphotodetectorconnectedtoa400MHzdigitaloscilloscope.Besides,thedrivevoltagewaveform
wasalsorecordedsynchronouslyusingahighvoltageprobeconnectedtothesamedigitaloscilloscope.For
thesakeofcontrast,thepiezoelectricringingeffectsinablockLNPCwithdimensionsof7mm×7mm×
28mm(X×Y×Z)andaRTPPCwithdimensionsof3mm×3mm×10mm(Y×Z×X)werealso
measured.BothPCswereswitchedtotheirhalf-waveconfigurationwiththesamePCdriveratthe
appropriatehalf-wavevoltage.Additionally,apulse-offEOdriverwithafalltimeof20nsatvarious
repetitionratewasalsousedtoswitchtheminiaturizedLNPC.
1.2 ExperimentsoftheQ-switchedlaser
  WiththeminiaturizedLNPC,weconstructed
ahigh-repetition-rateLN Q-switchedlaser.The
laserconfigurationisshowninFig.1.A Nd∶
YVO4crystalpossessingalargeemissioncross-
sectionandarelativelyshortfluorescencelifetime
waschosenasthegainmedium,whichisbeneficial
forobtaininghighrepetitionratelaseroutputwith
narrowpulsewidth.Thedopingconcentrationwas
1at%.OnesideoftheNd∶YVO4crystalwascut
alonga-axis,andtheothersidewasBrewster-cutto

Fig.1 SchematicdiagramoftheminiatureLNEO
Q-switchedNd∶YVO4laser

produceaπ-polarizedlaser.Thesectionaldimensionsis3mm 3́mmandthesizeofthelongeredgealong
a-axiswas5mm.Thea-cutsurfacewaspolishedandARcoatedat808nmandHigh-Reflection(HR)
coatedat1064nm.Afiber-coupledcontinuouswavelaserdiodewithacenterwavelengthof808nmanda
maximumoutputpowerof1.41Wwasusedaspumpsource,whichwasincidentonthea-cutsurfacedirectly.
Thefiberdiameteris50μmwithanumericalapertureof0.22.TheOutputCoupler(OC)isaplanemirrorwitha
transmissionat1064nmof20%.Thea-cutsurfaceoftheNd∶YVO4crystalandtheOCformedtheresonant
cavitywithalengthofabout20mm.TheminiatureLNQ-switchoperatedinthepulse-offQ-switchingmode,the
voltagewassuppliedwiththepulse-offEOdriver.Thesinglepulseenergywasmeasuredbyanenergymeterand
theaverageoutputpowerwasmeasuredbyapowermeter.TheQ-switchedlaserpulsesweredetectedbyan
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InGaAsfastphotodiodeconnectedtoa400MHzdigitaloscilloscope.

2 Resultsanddiscussion
2.1 Piezoelectricringing

AdramaticdemonstrationofthelowpiezoelectricringingintheminiaturizedLNPCisshownin
Fig.2,wheretheminiaturizedLNPCisdirectlycomparedtotheblockLNPCandtheRTPPC.BothPCs
wereswitchedwiththehomemadePCdriver.TheintensitytransmittedthroughtheconventionalblockLN
PCvariesgreatlyanditdoesnotfollowthedecayoftheappliedhighvoltagepulse.Whereasthepulse
switchedbytheminiaturizedLNPCcleanlyfollowstheappliedhighvoltagepulse,whichissimilartothat
oftheRTPPC.Thedifferenceisthoughttobeduetothedifferentintensityofpiezoelectricringinginthe
crystals.Foracrystalwithlargepiezoelectriceffects,whenitsubjectedtohighvoltagepulses,
piezoelectriceffectscangiverisetoacousticwavesinthecrystal,theacousticwavescontinuetomodulate
thecrystalbirefringencethroughtheelasto-opticeffectlongafterthehighvoltagepulseisapplied.Asa
result,there wasstillhighintensitytransmittedsignalslongafterthevoltagedroppedtozero.
Undoubtedly,thepiezoelectricringingeffectswillimpairtheperformanceofthePC.FromFig.2,itcanbe
derivedthattheblockLNPCsuffersenormouslyfrompiezoelectricringing,whilethepiezoelectricringing
intheminiaturizedLNPCissimilartothatoftheRTPPCandisveryweak.RTPcrystalsarewellknown
tobefreefromacousticringing[14],thusitisdeducedthatthepiezoelectricringingintheminiaturizedLN
PCisnegligible.

Fig.2 QualitativecomparisonofpiezoelectricringinginminiatureLN,blockLNandRTP

Inaddition,itisfoundthatanoscillationoccursonthetrailingedgeofthevoltagepulseonceitwas
appliedtoaPC.TheoscillationamplitudevarieswithPCs,asshowninFig.3.Underthesamevoltage,the
oscillationamplitudeofthevoltagepulseappliedtotheblockLNPCismuchhigherthanthatappliedto
theminiatureLNPC.ThevoltagewaveformappliedtotheRTPPCissmoothwithnoevidentoscillation.
TheoscillationfrequenciesfortheblockLNPCandtheminiatureLNPCweremeasuredtobe0.3MHz
and1.64MHz.Byusingtheexpressionandparametersgiveninliterature[15],thetheoreticalpiezoelectric
resonancefrequencyforthetwoPCswerecalculatedtobe0.27MHzand1.56MHz,whichdemonstrates
thattheoscillationwascausedbypiezoelectriceffects.Besides,itimpliedthattheoscillationamplitudecan
beanotherindicatorofpiezoelectricringingintensity.Toinvestigatethedependenceofthepiezoelectric
ringingonthedimensionsofLNcrystal,anothertwoLNcrystalswiththedimensionsof3.8mm×9mm
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×19mmand2.3mm×2.6mm×9.4mmwereemployed,theyarelabeledasLN1andLN2.Thevoltage
waveformsappliedtothesetwoLNcrystalsareshowninFig.3(e)andFig.3(f).Clearly,theoscillation
amplitudeofvoltagepulsesforthesetwocrystalsarehigherthanthatfortheminiatureLNandlowerthan
thatfortheblockLN,andthevoltageoscillationamplitudeforLN1ishigherthanthatforLN2.The
oscillationfrequenciesforLN1andLN2weremeasuredtobe0.55MHzand0.9MHz,whichareconsistent
withthetheoreticalpiezoelectricresonancefrequencyof0.5 MHzand0.83 MHz.Basedontheabove
results,itisderivedthatthepiezoelectricringingdecreaseswiththeincreasingofpiezoelectricresonance
frequency.Theamplitudeofthehighfrequencycomponentofthevoltagepulsedecreaseswiththe
increasingoffrequency[15].Thusasthepiezoelectricresonancefrequencyincreases,theamplitudeofthe
voltagecomponentthatinvolvesinpiezoelectricresonancedecreases,asaresult,thepiezoelectricringing
isweaker.Sincethepiezoelectricresonancefrequencyisdeterminedbythedimensionsofcrystals,the
piezoelectricringingvariedwiththedimensionsofLNcrystals.Thepiezoelectricringingintheminiature
LNPCisweakerduetoitslargerpiezoelectricresonancefrequency.

Fig.3 WaveformofvoltagesappliedtodifferentPCs

ThepiezoelectricringingintheminiaturizedLNPCwhichwasswitchedwiththepulse-offEOdriver
isalsonegligible,asshowninFig.4.Besides,therewasnodiscernablechangeinperformanceswhenthe
repetitionratevariedfrom1Hzto15kHz.

Fig.4 PiezoelectricringinginminiaturizedLNPCswitchedwithapulse-offEOdriver
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2.2 Q-switchedlaser
Thehigh-repetition-rateQ-switchingperformanceoftheminiaturizedLN PC wasexperimentally

researched.Atfirst,westudiedtheoutputperformanceoftheContinuousWave(CW)laserwithoutany
insertingelements.WithanOCtransmissionof20%,theoptimizedoutputpowerwasachieved.Fig.5(a)
showstheoutputpowerasafunctionoftheabsorbedpumpedpower.Atapumppowerof1.41W,the
maximumoutputpowerof352mW wasobtainedwithaconversionefficiencyof25%andathreshold
powerof0.6W.WhentheminiaturizedLNPCwasinsertedintothecavity,thethresholdpowerincreased
andtheoutputdecreasedslightly.ByapplyingahighvoltagepulsetotheLNPC,aQ-switchedlaseris
obtained.Itshouldbenotedthattheappliedvoltageisonly280V,whichismuchlessthanthequarter-
wavevoltage.Thisisbecausethehold-offstatecanbeachievedaslongasthecavitylossisslightlygreater
thanthegain,sothefull90°roundtrippolarizationrotationisusuallyunnecessaryatlowgainlevels[9],
whichmeansthatthefullquarter-wavevoltagemaynotalwaysberequiredinthepulse-offregime.The
dependenceoftheaverageoutputpoweronthepumppoweratvariousrepetitionrateisshowninFig.5(b).
Theoutputpowerincreasesbothwiththeincreaseofthepumppowerandrepetitionrate.Atarepetition
rateof15kHz,themaximumoutputpowerwasmeasuredtobe230mWwithapumppowerof1.41W,
correspondingtoadynamic-staticratioof65.3%.Theoutputenergywasstablewithavariationof6.3%.A
plotoftheoutputenergyversustherepetitionrateatapumppowerof1.41WispresentedinFig.5(c).
Theenergyisalmostinvariableunder5kHz,butdecreasedrapidlywiththeincreaseoftherepetitionrate
above5kHz.Asimilarchangingtendencycanbefoundinliterature[16].Theresultsareconsistentwiththe
theoreticalanalysis[17].

Fig.5 TheperformancesofCWandQ-switchedpulsedlasers

Thepulsebehaviorofthe Q-switchedlaser was measuredbyaphotodiodeconnectedtoan
oscilloscope.Nomultiple-pulseisformedatvariouspumppowersandrepetitionrates.Thepulsetrain
obtainedatarepetitionrateof15kHzisshowninFig.6(a).Itisclearthatboththepulsestrengthand
pulseintervalarestable,theinstabilityofpulsestrengthisapproximately6.8%.Itdemonstratesthatthe
Q-switchingperformancewasnotinfluencedbythepiezoelectricringingeffect.Thepulsewidthsatvarious
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repetitionratesareplottedversusthepumppowerinFig.5(d).Thedependenceofthepulsewidthonthe
pumppowerisnotobvious,whichmaybeexplainedbythefollowingreasons.Ontheonehand,the
decreaseinthenumberofroundtripsmaynotbesignificantduetothesmallincreaseinthepumppower.
Ontheotherhand,theround-triptimeissmallduetotheshortcavitylength,evenifthenumberofround
tripsisdecreasedslightly,thevariationinthepulsewidthisnotobvious.Theshortestpulsewidthatthe
repetitionrateof15kHzis5.4nswithapumppowerof1.41W,thepulseprofileisshowninFig.6(b).
Themaximumpeakpoweriscalculatedtobe2.94kWforarepetitionrateof15kHz.

Fig.6 PulsebehavioroftheQ-switchedlaser

  Thetypicalbeam profileoftheQ-switched
laseratarepetitionrateof15kHzwithapump
powerof1.41W wasmeasuredwithalaserbeam
analyzer (M2-200, Spiricon, Inc.). The
distributions of the laser intensity and the
measuredbeamdiameteratdifferentdistancefrom
alens(f=250mm)areshowninFig.7.Notethat
theimagescapturedbytheCCDwererotatedby
90°relative to the original beam.By fitting
Gaussianbeamstandardexpressiontothesedata,
thebeam-qualityfactorswereestimatedtobeM2

x=
3.31andM2

y =4.67.ThewaistradiusesoftheQ-
switchedlaserwereestimatedtobeωx=0.362mm
andωy=0.406mm.Thenon-circularsymmetryof
thelaserbeamisthoughttobecausedbythatone
sideoftheNd∶YVO4crystalwasBrewster-cut.
Additionally,byemployingarotating quarter-
waveplatemethod[18],thepolarizationdegreeof

Fig.7 Beamqualityfor15kHzQ-switchedlaserat
apumppowerof1.41W

thelaserwasestimatedtobe0.9721.Attheseconditions,therewasnodamageobservedinany
componentofthelasercavity.Thus,theminiatureLNPCcanbeexpectedtooperateinlaserswithhigher
peakpowerandhigherrepetitionrate.

3 Conclusion
WehaveinvestigatedthepiezoelectricringingeffectsinLNPCswithdifferentdimensionsandina

RTPPC.TheresultsdemonstratethatthepiezoelectricringingeffectsinLNPCsisinfluencedbythe
appliedvoltageandthepiezoelectricresonancefrequencyofPCs.Thepiezoelectricringingeffectinthe
miniatureLNPCarenegligibleowingtoitslowerswitchingvoltageandlargerpiezoelectricresonance
frequency.WiththeminiatureLNcrystalastheEOQ-switch,wehavesuccessfullydemonstratedahigh
repetitionrateQ-switchedNd∶YVO4laser.Atapumppowerof1.41W,astablepulsedlaseroperatingat
arepetitionrateof15kHzwithapulsewidthof5.4nsandapeakpowerof2.94kW wasobtained.This
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workrepresentsthehighestrepetitionrateandminimumpulsewidthachievedsofarinaLNQ-switched
laser.
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