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  Abstract: Highpowerpulsedfiberlasersareattractiveforlightdetectionandranging(lidar)systems.
However,theamplifiedspontaneousemission(ASE)noiseofthehighpowerpulsedfiberlaserdegradesthe
systemperformance.AmethodtomeasuretheASEnoiseinheritedinthehighpowerpulsedlaserisproposed.
Usingthisnewmethod,thehighpowerlaserisattenuatedfirstly,andthentherelativeenergiesoftheASE
noiseandthelaserpulsearemeasuredandcalculatedseparatelyintimedomain.TheattenuatedASEnoisepro-
filesaswellastheratiosoftheASEnoiseenergytothelaserpulseenergyarepresentedatdifferentpumpcon-
ditions.
  Keywords: highpowerpulsedfiberlaser; amplifiedspontaneousemission; ASEratio; ASEprofile;

 lidar
  PACS: 42.55.Wd; 42.68.Wt
  CLCnumber: TN958.98    Documentcode: A  doi:10.11884/HPLPB201527.051006

  Outstandingperformanceofhighpowerpulsedfiberlasershavebeendemonstratedinatmosphericlight
detectionandranging(lidar)systems,attractingconsiderableattentionstoatmosphericwindmeasurements
(includingwakevortices,windshear,clearairturbulence[1-4]),densityandtemperaturemeasurements[5-6],
aswellasthegasconcentrationmeasurements[7-8].Furthermore,theincreasingpower,excellentbeamquali-
ty,compactpackaging,stablenarrowlinewidthandhighoverallefficiency,makehighpowerpulsedfiberla-
serspopularforatmosphericremotesensingfromground-basedtoairborne-basedsystems[9-10].

Thehighpowerpulsedfiberlaserusuallyemploysthemasteroscillatorpoweramplifier(MOPA)
scheme[11].Foratypicalpulsedpoweramplifier,thegainfibersarepumpedcontinuouslyandseededbyan
opticalpulse.Inprinciple,storedenergywouldbuildupinthegainfiberaspopulationinversionandthenre-
leasewhenstimulatedbytheseeder.Infact,thepoweramplifierwillemitphotonsspontaneouslywithinthe
opticalgainbandwidthevenwithoutseedpulse.Inaddition,theemittedphotonsareamplifiedbystimula-
tingtheemissionofmorephotonswhiletravellingthroughthegainfiber.Consequently,thesephotons,

generallyknownastheamplifiedspontaneousemission(ASE)noise,leakoutbetweenseedpulses,which
producebackgroundnoiseaddingtothelaserpulseandreducetheefficiencyofthepoweramplifier[12].Inthe
applicationoflidarsystems,forexample,thesystem measurementaccuracyisdegradedduetotheASE
noiseofthepulsedfiberlaser.Insuchsystems,thesuppressionoftheASEnoiseiscrucialtoaccuratemeas-
urements[1-7].Therefore,measuringtheASEnoiseaccuratelyisofgreatimportancetoevaluatepulsedfiber
lasersaswellasenhancetheirapplicationsinlidarsystems.

TheASEnoiseofthepulsedfiberlaserhasbeenstudiedtheoreticallyandexperimentallybyseveralre-
searchgroups[12-18].Theinternalgainandthespontaneousemissionfactorofthepoweramplifierwerede-
ducedwithnoseedsignalapplied[13].Ameasurementusinganopticalspectralanalyzerandapolarizerwas
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introducedbasedontheassumptionthatthelasersignalwaspolarizedandthedegreeofpolarizationwas
100%[14].Inthiscase,forapulsedfiberlaserwithapeakpowerofabout405Wandapolarizationextinction
ratio(PER)of20dB[15],acorrespondingASEnoisemeasurementof4.05Wwillbeintroduced.Someother
measurementsetups,whichusealasersourcemodulationorachoppertodiscriminatethelaserpulsefrom
theASEnoise,areonlypracticableonlowpowerconditionsuptohundredsofmilliwatt[17-18].Tomeasure
theASEnoiseofhighpowerpulsedfiberlasers,amethodbasedontheseparationoftheASEnoiseandthe
laserpulseintimedomainisproposedinthispaper.

1 Experimentalsetup
TheexperimentalsetupofatypicalpulsedfiberlaserisshowninFig.1.Thecontinuous-wave(CW)la-

serfromaseedlaserissplitbyapolarization-maintainingfibersplitter(PMFS)intotwobeams.Onebeam
isusuallyusedasalocaloscillatorforcoherentdetection,andtheotherismodulatedtoaquasi-Gaussian
shapedpulseusinganacousto-opticmodulator(AOM)andthenamplifiedbyatwo-(orevenmore)stagefi-
berpoweramplifier.ThefirstpulsesignalfromtheArbitraryFunctionGenerator(AFG)islinkedtothe
driveroftheAOM,andthesecondoneisfedtotheelectro-opticintensitymodulator(EOM,Thorlabs
LN56S-FC).Thepulsedfiberlaseremitsahighpowerlinearpolarizedlaserthroughthelargemodeareapo-
larization-maintainingfiberwhichisconnectedtoalargebeamfibercollimator(LBFC),expandingthelaser
beamintofreespace.Afterattenuatedbyanirisandaneutraldensityfilter(NDF,Newport5241)inse-
quence,thelaseriscoupledintoasingle-modefiber(SMF)byanachromaticdoublet.Theattenuationofthe
iriscanbeadjustedcontinuouslybyturningitsdiaphragmandtheNDFcanberemovedfromthelaserbeam
pathconveniently.ThepolarizationstateofthelaserintheSMFisalignedtotheslow-axisoftheinputPM
fiberpigtailoftheEOMbyusingapolarizationcontroller(PC).DrivenbytheAFG,theEOM modulates
theintensityofthelaserintimedomain.Themodulatedlaserisdetectedbyaphotodetector(PD,Thorlabs
PDB130C),andtheoutputvoltagesarerecordedonadigitalstorageoscilloscope(DSO).

AsillustratedinFig.2,themeasurementcanbecarriedoutinthefollowingtwosteps.

Fig.1 Experimentsetupof
atypicalpulsedfiberlaser

Fig.2 Timingsequenceofmeasurement.PT(t)isthetotallaser

power.PP(t)isthelaserpulsepower.PASE(t)istheASEnoise

power.TEOMisthetransmittancebythemodulationoftheEOM.

Step1.InserttheNDFbetweentheirisandthedoublet.Byadjustingthepulsewidthandtimedelayof
thedrivingsignal,theEOMproducesatransmissionprofile,allowingthetransmissionofthelaserpulse
whereasblockingtheASEnoise.

Step2.RemovetheNDFfromthelaserbeampath.Byadjustingthedrivingsignal,theEOMproduces
atransmissionprofile,allowingthetransmissionoftheASEnoisewhereaseliminatingtheopticalpulse.

ThetotalpowerofthepulsedfiberlaserissupposedtobePT(t),includingthelaserpulsepowerPP(t)

andtheASEnoisepowerPASE(t).Instep1,thelaserpulsepowerdetectedbythePDiswrittenas
PP_D ( )t =ηTTNDFPP ( )t (1)

whereηTisthetotalopticalefficiencyincludingthetransmittanceoftheLFBC,iris,achromaticdoublet,

EOMandthecouplingefficiencyoftheachromaticdoublet,TNDF=3.02%standsforthetransmittanceofthe
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NDF,whichiscalibratedinadvance.Instep2,duetotheabsenceoftheNDFandtheeliminationofthela-
serpulsebyvirtueoftheEOM,theASEnoisepowerdetectedbythePDiswrittenas

PASE_D ( )t =ηTPASE ( )t (2)
ThevoltagesinducedbythelaserpulseandtheASEnoisearegivenby

VP_D ( )t =GRPP_D ( )t (3)
and

VASE_D ( )t =GRPASE_D ( )t (4)
respectively,whereGisthetransimpedancegain,andRisthephotodetectorresponsivity.Fromequations
(1)-(4),therelationshipsbetweenthevoltageandthepoweroflaserpulseandtheASEnoiseisdeducedas

PP_D ( )t = VP_D ( )t
GRηTTNDF

(5)

and

PASE_D ( )t =VASE_D ( )t
GRηT

(6)

respectively.
TheASEratio,definedastheratiooftheASEnoiseenergyEASEtothetotallaserenergyET,canbeex-

pressedas

RASE=EASE

ET
= EASE

EP+EASE
= ∫T

PASE ( )tdt

∫T
PP ( )t +PASE ( )[ ]t dt

= ∫T
VASE_D ( )tdt

∫T
VP_D ( )t/TNDF+VASE_[ ]D dt

(7)

whereTisthepulserepetitioninterval.ThetotallaserenergyETcanbedeterminedbyanenergymeter,
thusthetotalASEnoiseenergycanbecalculatedbyET×RASE.

2 Measurementresults
TheexperimentalconfigurationisshowninFig.1.ThefiberlaseremploystheMOPAscheme,emit-

tingapeakpowerof360Wwithapulsewidthof300nsandapulserepetitionfrequency(PRF)of20kHz.
Thepumpcurrentofthefirstamplifierisfixedat1.7A.Thepumpcurrentofthesecondamplifierisadjust-
ableandthemaximumisrecommendedtobe8.0A.Inthefirststep,withtheattenuationoftheNDFand
theeliminationoftheASEnoise,thevoltagesresultingfromtheattenuatedlaserpulseatthepumpcurrents
of6.0A,7.0Aand8.0AareplottedinFig.3.Inthesecondstep,duetotheremovaloftheNDFandthe
eliminationofthelaserpulse,voltagesresultingfromtheattenuatedASEnoiseinmultiplepulserepetition
periods(PRD)atthesamepumpcurrentsareplottedinFig.4.Asonecanseefromthisfigure,curves
wherevoltagesprickabove0.7mVarerelatedtotheleakageofthelaserpulsepassingthroughtheEOM.
SuchvoltageswillbedeletedwhencalculatingtheattenuatedASEnoiseenergyinthefollowingstep.

Fig.3 Voltagesresultingfromtheattenuatedlaserpulse
atpumpcurrentsof6.0,7.0,and8.0A

Fig.4 VoltagesresultingfromtheattenuatedASEnoise
inmultiplePRDsatpumpcurrentsof6.0,7.0,and8.0A.
Curvesabove0.7mVareresiduallaserpulseswhichare
notperfectlyeliminatedbythemodulationoftheEOM
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InsteadoftheASEnoiseenergyEASEandthelaserenergyEPin(7),wedefinetworelativequantities,
E′ASEandE′P,byintegratingtheattenuatedASEnoisevoltagesVASE_D(t)andlaserpulsevoltagesVP_D(t),
respectively,

E′ASE=∫T
VASE_D ( )tdt and E′P=∫T

VP_D ( )tdt (8)

CalculatedfromFig.3andFig.4,accordingto(7)and(8),themeasurementresultsoftheASEnoiseat
pumpcurrentsof6.0A,7.0Aand8.0AarelistedinTable1.

Table1 MeasurementresultsofASEnoise

pumpcurrent/A attenuatedlaserpulseenergy*/a.u. attenuatedASEnoiseenergy*/a.u. ASEratio/%
6.0 3.707×10-8 2.356×10-9 0.19
7.0 4.557×10-8 6.459×10-9 0.43
8.0 4.984×10-8 9.613×10-9 0.58

  *:ThelaserpulseenergyandtheASEnoiseenergyareattenuatedatthesamefactorexceptthetrans-
mittanceTNDFoftheNDF,sobotharecalculatedinrelativequantities.

3 Conclusion
AmethodformeasuringtheASEnoiseofthehighpowerpulsedfiberlaserbyseparatingtheASEnoise

fromthelaserpulseintimedomainisproposedanddemonstrated.BecausetheEOMdeviceispolarization
dependent,thepolarizationstateofthefiberlaserundertestisassumedtobelinear.Otherwise,apolarizer
shouldbeaddedbetweentheirisandtheachromaticdoublet.Itisworthmentioningthatthelaserpoweraf-
tertheattenuationbytheirisandtheNDFshouldbeinthelinearresponsivityrangeofthePDwhenmeasur-
ingthelaserpulse.ThemeasurementaccuracyofourmethodreliesontheaccuracyoftheNDFtransmit-
tanceTNDF.ThereforetheTNDF mustbecalibratedaccuratelyinadvance.Obviously,forlaserswithvery
highPRF,theEOMisbetterthanthemechanicalchoppertodiscriminatethelaserpulsefromtheASE
noise.Withtheproposedmethod,theASEnoiseofahighpowerpulsedfiberlaserisanalyzedatdifferent
pumpcurrents.Suchmeasurementresultsareimportantforengineerstoinspectthehighpowerpulsedfiber
laserassellasresearchtheimpactoftheASEnoiseontheperformanceoflidarsystems.

References:
[1] KameyamaS,AndoT,AsakaK,etal.Compactall-fiberpulsedcoherentDopplerlidarsystemforwindsensing[J].ApplOpt,2007,46

(11):1953-1962.
[2] XiaHaiyun,SunDongsong,ShenFahua,etal.OptimizationofetalonparametersindirectdetectionDopplerwindlidar[J].HighPower

LaserandParticleBeams,2006,18(11):1774-1778.
[3] BouteyreAD,CanatG,VallaM,etal.Pulsed1.5μmlidarforaxialaircraftwakevortexdetectionbasedonhigh-brightnesslarge-corefiber

amplifier[J].IEEEJSelTopQuantumElectron,2009,15(2):441-450.
[4] AkbulutM,HwangJ,KimpelF,etal.Pulsedcoherentfiberlidartransceiverforaircraftin-flightturbulenceandwake-vortexhazarddetec-

tion[C]//ProcSPIE.2011:80370R.
[5] CarlsonCG,DragicPD,PriceRK,etal.Anarrow-linewidth,Ybfiber-amplifer-basedupperatmosphericDopplertemperaturelidar[J].

IEEEJSelTopQuantumElectron,2009,15(2):451-461.
[6] ShangguanMingjia,XiaHaiyun,ShuZhifeng,etal.ScanningF-Petalonbasedhighspectralresolutionlidarforlow-stratospheretempera-

turemeasurement[J].HighPowerLaserandParticleBeams,2014,26:129002.
[7] SharmaU,KimCS,KangJU.Highlystabletunabledual-wavelengthQ-switchedfiberlaserforDIALapplications[J].IEEEPhoton

TechnolLett,2004,16(5):1277-1279.
[8] YongR,BarnesNP.Profilingatmosphericwatervaporusingafiberlaserlidarsystem[J].AppOpt,2007,49(4):562-567.
[9] LiuYuan,LiuJiqiao,ChenWeibiao.Eye-safe,single-frequencypulsedall-fiberlaserforDopplerwindlidar[J].ChinOptLett,2011,9:

090604.
[10] CariouJP,VallaM,CanatG.Fiberlaser:neweffectivesourcesforcoherentlidars[C]//ProcofSPIE.2007:675007.
[11] RichardsonDJ,NilssonJ,ClarksonWA.Highpowerfiberlasers:currentstatusandfutureperspectives[J].JOptSocAmB,2010,27

(11):63-92.
[12] DesurvireE.Erbium-dopedfiberamplifiers:Principlesandapplications[M].Hoboken:Wiley,2002.
[13] FoumierP,OrsalB,PeransmJM,etal.Spontaneousemissionfactorandgainevaluationofanopticalamplifierbyusingnoisemeasure-

强 激 光 与 粒 子 束



051006-5    

mentswithnoinputsignal[C]//ProcofSPIE.1995,2449:257-263.
[14] HuiR,SullivanMO.Fiberopticalmeasurementtechniques[M].Burlington:Elsevier,2009.
[15] LiuCH,GalvanauskasA,KhitrovV,etal.High-powersingle-polarizationandsingle-transverse-modefiberlaserwithanall-fibercavity

andfiber-gratingstabilizedspectrum[J].OptLett,2006,31(1):17-19.
[16] DesurvierE,SimpsonJR.Amplificationofspontaneousemissioninerbium-dopedsingle-modefibers[J].IEEEJLightwaveTechnol,

1989,7(5):835-845.
[17] PedersenB,DybdalK,HansenCD,etal.Detailedtheoreticalandexperimentalinvestigationofhigh-gainerbium-dopedfiberamplifier

[J].IEEEPhotonicsTechnolLett,1990,2(12):863-865.
[18] LamingRI,ZervasMN,PayneDN.Erbium-dopedfiberamplifierwith54dBgainand3.1dBnoisefigure[J].IEEEPhotonicsTechnol

Lett,1992,4(12):1345-1347.

高功率光纤激光器中ASE噪声的测量方法
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  摘 要: 高峰值功率脉冲光纤激光器在激光雷达系统中有着广泛的应用。然而,光纤激光器中放大自发辐射噪声(ASE)
严重影响了系统的探测性能。提出一种测量高峰值功率脉冲光纤激光器中ASE噪声的方法。在该方法中,首先对高峰值功率

的激光脉冲衰减,然后在时域分别测量和计算ASE噪声和激光脉冲的相对能量。给出了光纤激光器在驱动电流分别为6A,7A
和8A时衰减后的ASE噪声廓线以及ASE噪声占激光脉冲能量的比例。

  关键词: 高功率光纤激光器; 放大自发辐射; ASE比例; ASE廓线; 激光雷达
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