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Abstract　Ho:Sc２SiO５(Ho:SSO)crystalasanewsaturableabsorberwasfirstlyexploitedinthe
passivelyQＧswitchedoperationofTm:YAlO３(Tm:YAP)laser．Underendpumpingof７９３nmlaＧ
serdiode,Ho:SSOpassivelyQＧswitchedTm:YAPlasercangeneraterobustmicrosecondpulse
outputat１．８８μmwavelength．The１３０mWofaverageoutputpowerand５．２μJofpulseenergy
wereobtainedwiththepulsedurationof１．８７μsandrepetitionrateof２５kHz．FurtherbyincorＧ
poratinganacoustoＧoptic(AO)modulator,Ho:SSOＧbasedhybridQＧswitchedTm:YAPlaserwas
designedtocompresspulsedurationathundredsofnanoseconds．Theminimumpulsedurationof
２１３nswasachievedwiththemaximumpulseenergyof３４μJat４kHzrepetitionrate．Thiswork
suggestsanimportantapplicationpotentialofHo:SSOcrystalassaturableabsorberat１．９μmreＧ
gion．
Keywords　Ho:SSOcrystal;Tm:YAPlaser;passivelyQＧswitched;hybridQＧswitched
CLCnumber　O４４１．４ Documentcode　A

０　Introduction
SolidＧstatelasersat１．９μmeyeＧsafebandhavewideapplicationsforlaserranging,remotesensingand

spacecommunicationinatmosphereenvironment[１,２]．TmＧdopedmaterialsarethemostwidelyusedgain
mediatoproduce１．９μmlasing,whichcanbeefficientlypumpedbycommerciallaserdiodes(LDs)[３Ｇ５]．ReＧ
cently,alotofTmＧdoped materialsweredeveloped,suchasTm:YAP,Tm:YLF,Tm:LSOandTm:

YAG[６Ｇ９]．Inparticular,Tm:YAPcanperformefficientoperationat１．９μmregionwithlinearpolarization
outputowingtoitsnaturalbirefringence[１０,１１]．PassivelyQＧswitchedoperationcanprovideasimplewayto
obtainpulseoutput．ComparedwithactivelyQＧswitchingmethods,passivelyQＧswitchingwithsaturable
absorbershasadvantagesofcompactness,simplicityandreliability[１２Ｇ１５]．Severalkindsofmaterials,suchas
grapheneＧliketwoＧdimensional(２D)nanomaterials,semiconductorsaturableabsorptionmirrors(SESAMs)

andHoＧdopedcrystals,havebeenusedasthesaturableabsorbersfor１．９μmpulsegeneration[１６Ｇ２０]．In
２０１７,LanetalreportedthediodeＧpumpedcontinuousＧwavelaseroperationofanaＧcutTm:CaYAlO４crysＧ
talinatwoＧmirrorconfigurationat１８５０nm,byuseofaMoS２saturableabsorberdepositeddirectlyonto
thesurfaceofoutputcoupler．TheMoS２passivelyQＧswitchedlasergeneratedamaximumoutputpowerof
４９０mW withanarrowestpulsewidthof０．４８μs

[２１]．In２０２０,SharbirinpresentedaMoWS２saturableabsorber
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forpassivelyQＧswitchedthuliumＧdopedfiberlaseroperatingat１８６０nmand１９３０nm．TheMoWS２thin
filmwaspreparedaspassiveQＧswitchingelement．TheMoWS２passivelyQＧswitchedlasercanoperateat
１９３０μmwitharepetitionrateof６６．３kHzandpulsewidthof２．１μs．FurtherbyemployingaholmiumＧfilＧ
ter,thelasingwavelengthshiftedto１８６０nmwhileretainingmaximumrepetitionrateof４８．９kHzandnarＧ
rowestpulsewidthof２．３μs

[２２]．Specifically,thegraphenesaturableabsorbershavelowdamagethreshold
andunstablechemicalpropertiessothattheyarehardlyappliedtohighpoweroperation[１７]．TheSESAMs
areexpensiveandcomplexinpreparation,buthavefastrelaxationtimeofintrabandthermalizationandinＧ
terbandtransitionwhicharepreferableforultrafastmodelockingoperation[１８]．TheHoＧdopedcrystals,inＧ
cludingHo:CaF２,Ho:YVO４andHo:YLF,wereearlyusedassaturableabsorbersfor１．９ mmpulselaＧ
ser[２０,２３,２４]．Theyhavehighdamagethresholdandstability,andaresuitableforthegenerationofhighpower
shortpulseoutputatsubＧmicroseconddurationwhichisdesirableinthelidarsystems．Veryrecently,anew
kindofholmiumdopedsilicatecrystal,Ho:Sc２SiO５(Ho:SSO),wassuccessfullypreparedandshowedinＧ
fraredbroadbandabsorptionat１．９μm,highthermalconductivityandlargeenergysplittingduetostrong
crystallinefield[２５,２６]．TheHo:SSOcrystalhasnegativerefractivecoefficientinthermallyinducedindex
change,whichishelpfultolimitthermallenseffect,crystallographicsitesdistortionandbirefringence
effects．Ho:SSOcrystalhasbeensuggestedasapromisinggainmediumtoproduce２．１μmlaseroutＧ
put[２６Ｇ３２]．However,thenewHo:SSOcrystalasnonlinearsaturableabsorberhasnotbeenreportedforpasＧ
sivelyQＧswitchedTmＧdopedlaseryet．

Inthepaper,Ho:SSOcrystalasanewsaturableabsorberwasfirstlyexploitedinthepassivelyQＧ
switchedoperationofTm:YAPlaser．Inexperiment,theHo:SSOsaturableabsorberperformedrobustQＧ
switchingoperation,andtheendＧpumpedTm:YAPlasergeneratedstablemicrosecondpulseoutputat１．８８
mm wavelength．FurtherbyincorporatinganacoustoＧopticmodulator(AOM),hybridHo:SSO/AOM QＧ
switchedTm:YAPlaserwasdesignedtocompresspulsedurationathundredsofnanoseconds．TheQＧ
switchedlasercharacteristicswerediscussedtosupporttheimportantpotentialofHo:SSOcrystalassatuＧ
rableabsorber．

Figure１　Schematicofexperimentalsetups(a) Ho:SSOpassively

QＧswitchedTm:YAPlaser;(b) HybridQＧswitchedTm:YAP

laserwithHo:SSOandAOmodulator

１　Experimental
Figure１showstheschematicofexperiＧ

mentalsetupswithcompactlinearresonator
configurations． Ho:SSO passively QＧ
switchedTm:YAPlaserwascarriedoutunＧ
dertheschemeofFig．１(a)．Hybrid QＧ
switchedTm:YAPlaserwithHo:SSOand
AO modulatorwasbuiltasthedesignof
Fig．１(b)．AfiberＧcoupledLDat７９３nm
wavelength was employed as the pump
sourcewith３０WofmaximumoutputpowＧ

er．Thecorediameterofthefiberis４００μmwithanumericalapertureof０．２２．Thepumpbeamwasfocused
intoTm:YAPcrystalbyacoupleoflenseswithhightransmissionat７８０Ｇ８００nm．ThecＧcutTm:YAPlaser
crystalwith３at．％dopanthasthedimensionof３×３×８mm３．BothendfacesofthecrystalwereantiＧreＧ
flectioncoatedatboth１．９μmand７９３nmbands．Thecrystalwaswrappedinindiumfoilandmountedina
waterＧcooledcopperheatsinkwithaconstanttemperatureof２９３Kforheatdissipation．A０．５at．％doped
Ho:SSOcrystalwasusedassaturableabsorber,withthedimensionof５×５×３０mm３．The４８％initial
transmissionoftheHo:SSOsamplewasmeasuredbya１．９μmlasersource．Notethatthelongcrystal

９３第５期 白冰,等:Ho:Sc２SiO５可饱和吸收体被动 Q开关 Tm:YAlO３ 激光器 　



lengthhaseffectonthelaserperformanceinvolvingtheincreaseofpumpthresholdandthereductionoflaＧ
seroutputefficiency．Ho:SSOcrystalwaswrappedinindiumfoilandplacedinanotherwaterＧcooledcopper
heatsinkwithconstanttemperatureof２８６Kforheatdissipation．Theinputplanemirror(M１)wasantiＧ
reflectioncoatedat７８０Ｇ８００nm (R＜０．５％)ononesurface．TheothersurfacewashighＧreflectioncoatedat
１．９μmband(R＞９９．８％),meanwhilewithhightransmission(T＞９９．８％)at７８０Ｇ８００nm．Theoutput
coupler(M２)isaplanＧconcavemirrorwithacurvatureradiusof１５０mm,whichwascoatedat１．９μmband
with９８％reflectance．NotethatinFig．１(a),theHo:SSOsaturableabsorberwasplacedinaresonator
with１４０mmcavitylength．InFig．１(b),thehybridQＧswitchedTm:YAPlaserhasasharedresonator
with１４５mmcavitylengthforpassivelyandactivelyQＧswitchedoperation．TheAOM wasantiＧreflection
coatedat１．９μmbandonbothfacesanddrivenat１Ｇ９０kHzradiofrequency．ThelaseroutputwasmeasＧ
uredbyaCoherentFieldMaxlllaserpowermeterandanInGaAsphotodiode．ThepulsetrainswererecorＧ
dedbya５００Mdigitaloscilloscope．Thespectraweremonitoredbyaninfraredmonochromatorwith０．１
nmresolution．

Figure２　Thelaseroutputpowerversuspump

powerinpassivelyQＧswitchedTm:YAPlaser．

Theinset:singlepulseprofilerecordedby
digitaloscilloscope,with１．８７μsduration

atmaximumoutputpowerof１３０mW

２　Resultsanddiscussion
Firstly,Ho:SSOpassivelyQＧswitchedoperationinanendＧ

pumpedTm:YAPlaserwasimplemented withtheschemeof
Fig．１(a)．AsshowninFig．２,thelaseroutputpowersversus
pumppowersweremeasured．Thelasercavityandthepositionof
Ho:SSOsaturableabsorberwereoptimizedinexperiment．Under
theabsorbedpumppowerof１５．４ W,theoutputpowerof１３０
mW wasobtainedexperimentally．TheslopeefficiencywasevalＧ
uatedabout５％ withlinearfitting．ThepowerthresholdisaＧ
round１２．６W,whichishigherthanthethreshold(~１．６W)of
continuouswaveoperationwithoutHo:SSOsaturableabsorber．
NotethattheoutputpowerofcontinuouswaveTm:YAPlaser
wasmeasuredtobe４．９Wunder１４Wpumpabsorptionpower,withaslopeefficiencyof４０％．ThisindiＧ
catesthenotableinsertionlossofHo:SSOcrystal,whichresultsfromthestronglinearabsorptionlimited
bythepreparationprocessofnewsilicatecrystalandlongcrystallength．Underthemaximumoutputof
１３０mW,thepulsedurationwasmeasuredtobearound１．８７μswithlittletemporalfluctuation．Figure３
showsthetypicalpulsestraininHo:SSOpassivelyQＧswitchedoperation．Beyondthepumpthreshold,a
trainofoutputpulseswithfulldepthofmodulationwasobservedconstantly,withtherepetitionratevarＧ
yingwiththepumppower．AsshowninFig．３,therobustQＧswitchedpulseswererecordedbyadigitalosＧ
cilloscopeunderthemaximumoutputof１３０mW．Therepetitionrateisabout２５kHzandthepulseprofiles
arehighlysymmetricintemporalshape．

Figure３　Thetemporalprofilesofoutputpulsetrainsrecordedbydigitaloscilloscope,

witharepetitionrateof２５kHzatmaximumoutputpowerof１３０mW
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　　Figure４showstheexperimentaldataofthepulsedurationandrepetitionrateversusthepumppower,

aswellassinglepulseenergyversuspumppower．TheresultsofFig．４(a)indicatethatthepulseduration
variesfrom６．０μsdownto１．８７μswiththepumppowerincreasingfrom１２．８Wto１５．４W．Meanwhile,

therepetitionrateincreasesfrom９．３kHzto２５kHz．Figure４(b)showstheincreaseofsinglepulseenerＧ

gieswiththepumppower．Themaximumpulseenergyof５．２μJwasachievedunderthepumppowerof
１５．４W．

Figure４　Theexperimentaldataof(a)thepulsedurationandrepetitionrateversusthepumppowerand
(b)singlepulseenergyversuspumppower

　　Figure５showsthespectrameasurementoflaseroutputandbeamprofile．Theresultsshowthatthe
Ho:SSOpassivelyQＧswitchedTm:YAPlaseroperatedat１．８８μm withthespectrawidthof１．６nm．
ComparedtothecontinuouswaveTm:YAPlaserwithoutHo:SSOsaturableabsorber,thelasingwaveＧ
lengthofpassivelyQＧswitchedoperationmadeanotableshiftawayfromthecentralwavelengthofTm:

YAPgainspectra．ThisiscloselyassociatedwiththeabsorptionpropertyofHo:SSOat１．９μmregion[２６]．
Thebeamprofilemeasurementasshownbytheinsertsindicatesgoodqualityoffundamentaltransverse
modeTEM００intheoperation．

Figure５　Thespectrameasurementoflaseroutput

centeredat１８８６nm．Theinsets:twoandthree

dimensionalprofileofoutputlaserbeam

FurtherbyincorporatinganAOM,hybridHo:SSO/AOM
QＧswitchedTm:YAPlaserwasdesignedtocompresspulseduＧ
rationathundredsofnanoseconds[５,３３]．NotethattheintroducＧ
tionof AOM activeelementcanimprovethe Ho:SSO QＧ
switchedTm:YAPoperationduetothefastacoustoＧopticswitcＧ
hingregime．Thisishelpfultoobtainshortpulseoutputat１８８６
nmandkeepstableinherentlybytheabsorptionpropertyof
Ho:SSOcrystal[２６]．ThehybridQＧswitchedoperationwasimＧ

plementedwiththeschemeofFig．１(b)．Theexperimentaldata
ofaverageoutputpower,pulseenergyandpulsewidtharesumＧ
marizedinFig．６．AsshowninFig．６(a),theslopeefficiencies
ofaverageoutputpowerwerelinearlyfittedtobe２．０ ％,２．２％,２．４％ atvariousAOMfrequenciesof４
kHz,５kHzand６kHz,respectively．ThepumpthresholdsinthehybridQＧswitchedoperationwerearound
１６．８W．Themaximumoutputpowerof１４０mW wasobtainedunderthepumppowerof１９．１W,withthe
pulsedurationof２１３ns．InFig．６(b),singlepulseenergieswereplottedasafunctionofpumppowerat
variousAOMfrequencies．Themaximumpulseenergyof３４μJwasobtainedattheAOMfrequenciesof４
kHz．NotethattheincreaseofAOMfrequencyfrom４kHzto６kHzresultedinthereductionofoutput
pulseenergy．Meanwhile,thepulsedurationsweremeasuredwiththevariationofpumppoweratdifferent
AOMfrequencies,asshowninFig．６(c)．Theresultssuggestthatalowmodulationfrequencyishelpfulto
suppresspulseduration．Theminimumpulsewidthof２１３nswasachievedat４kHzrepetitionrate．ThisinＧ
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dicatesthatwiththehelpofanAOM,Ho:SSOＧbasedhybridQＧswitchedlasercanproduceshortpulsesat
hundredsofnanoseconds．Additionally,thelasingspectraweremonitoredinexperiment,whichkeptthe
samewavelengthat１．８８μmasthatshowninFig．５．

Figure６　(a)Theoutputlaserpower;(b)singlepulseenergy;(c)thepulsedurationversuspumppower

atvariousAOMfrequenciesinhybridQＧswitchedTm:YAPlaser．Theinset:singlepulseprofile

recordedbyoscilloscopeatmaximumoutput

　　ItisworthpointingoutthatunderthehybridQＧswitchingoperation,theactiveQＧswitchingcanreＧ
stricthighrepetitionrateofHo:SSOpassiveQＧswitchinganditsdependenceonpumppower．ThisishelpＧ
fultoimprovepulseenergy．Meanwhile,thefastacousticＧopticresponseofAOMelementcanrestrictthe
QＧswitchingduration,whichishelpfultosuppressthepulsewidth．IntheactiveQＧswitchingexperiment
withoutHo:SSOsaturableabsorber,thereductionofcavityabsorptionlossesresultedinthedecreaseof

pumpthresholdandtheincreaseofpulseenergy．Thethresholdofpumpabsorptionpowerwasmeasuredto
be３．６W,whichismuchlowerthanthatofhybridHo:SSO/AOM QＧswitchingoperationabout１６．８W．
Butthepulsedurationwasnotshortenednotably．Thelasingwavelengthdidnotkeepstableat１８８６nm
anymore,andmadeanotableshifttowardslongwavelengthwithpoorwavelengthstabilityduetothelack
ofHo:SSOabsorptionstabilizationregime[２６]．TherebythisindicatesthatHo:SSOcrystalhaspositive
effectonimprovingtheQＧswitchingwavelengthstability;anditcooperateswithactiveQＧswitchingtonarＧ
rowthepulsewidth,showingtheadvantagesofhybridQＧswitchingschemes[５]．

３　Conclusions

Inconclusion,wehavepresentedthatHo:SSOcrystalcanbeusedassaturableabsorbertoperform

passivelyQＧswitchingoperationinTm:YAPlaserat１．９μmregion．Underendpumpingof７９３nmlaser
diode,Ho:SSOpassivelyQＧswitchedTm:YAPlasergeneratedrobustpulseoutputat１．８８μm waveＧ
length．Themaximumoutputpowerandpulseenergywereobtainedabout１３０mWand５．２μJ,respectiveＧ
ly,withthepulsedurationof１．８７μsandrepetitionrateof２５kHz．Furthermore,hybridHo:SSO/AOM
QＧswitchedTm:YAPlaserwasdesignedtocompresspulseduration．Theminimumpulsewidthof２１３ns
wasachievedwiththepulseenergyof３４μJat４kHzrepetitionrate．ThisworkshowsanimportantappliＧ
cationpotentialofHo:SSOcrystalassaturableabsorber．
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