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光纤中三角斯托克斯脉冲的受激布里渊散射慢光

雷景丽,闻博,侯尚林,王道斌,李晓晓,武刚
(兰州理工大学 理学院,兰州730050)

摘 要:采用龙格库塔法和特征线法对光纤中受激布里渊散射耦合方程组进行数值求解,研究斯托克斯

脉冲的增益、能量和半高全宽对时延和脉冲展宽的影响.结果表明:三角脉冲的增益、能量和宽度对时延

和脉冲展宽都有影响,最大时延随着脉冲能量的减小而增加.脉冲宽度越窄,时延会越大.优化三角斯托

克斯脉冲的增益、能量和宽度,可以获得最大时延和小的脉冲形变.该研究可为光通信和传感器件设计

提供参考.
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SBSSlowLightofTriangularWaveStokesPulsesinOpticalFibers

LEIJing-li,WENBo,HOUShang-lin,WANGDao-bin,LIXiao-xiao,WUGang
(SchoolofScience,LanzhouUniversityofTechnology,Lanzhou730050,China)

Abstract:ThecoupledamplitudeequationsofstimulatedBrillouinscatteringinopticalfibersare
numericallysolvedwithfourth-orderRunge-Kuttaformulaandcharacteristicsmethods,theinfluencesof
gain,energy,andFullWidthatHalfMaximum (FWHM)ofinjectedtriangularwaveStockspulseson
timedelayandpulsebroadeningareinvestigated.Theresultsshowthatthetimedelayandpulse
broadeningdependonthegain,energyandFWHMofthetriangularpulses.Themaximumtimedelay
increaseswiththeinjectedpulsesenergydecreasing.SmallerFWHMofpulseinduceslargerrelativetime
delay.Themaximumtimedelayandlesspulsebroadeningcanbeobtainedbyoptimizingthegain,
energy,andFWHM ofinjectedtriangularwaveStockspulses.Theseresultsprovidereferencefor
designingnovelopticalcommunicationorsensingcomponents.
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0 Introduction
Itiswellknownthatall-opticalbufferisthekeytechnologyforall-opticalrouters.Althoughoptical

FiberDelayLine(FDL)isusedtodelaytheopticalsignal,butitisdifficulttotailorthedelaytime.In
recentyears,slow lightoperatingin solid-state materialatroom-temperature was demonstrated
extensively[1],thistechnologyincludesStimulated Brillouin Scattering (SBS),Stimulated Raman
Scattering(SRS),CoherentPopulation Oscillations (CPO)anddispersiveslowlight (conversion/
dispersion)(C/D),andopticalfibergratingandsoon.HereinSBSslowlighthasbeenpaidmuchmore

1-5006030



光 子 学 报

attention duetoits much more advantages,such astunable operating atroom temperature,
compatiblenesswithopticalcommunicationsystem,sensitivetotemperatureorstrain,etc[2,3].

SlowlightviaSBSwasfirstproposedbyGauthier[4]in2004,ResearchersinSwitzerlandandAmerica
experimentallypresentedcontrollableslowlightviaSBSinopticalfiberin2005[5-6],respectively.Herraze
etal.[7]increasedtheSBSgainbandwidthofsinglemodefiberfrom40MHzto325MHzbymodulating
thepumpinjectioncurrentwithaGaussionnoisesource.ThenZhuetal.[8]extendedthebandwidthupto
12.6GHz.Songetal.[9]achievedabandwidthof25GHzbyusingasecondbroadenedpumpseparated
fromthefirstonebytheacousticwavefrequency,which madeitpossibletoapplySBSslowlight
techniquestoopticalcommunicationsystemwithspeedofdozensGbit/s.M.D.Stenneretal.[10]presented
techniquesfordesigningpulsesforlinearslow-lightdelaysystemsandS.Chinetal.[11]experimentally
demonstratedtheeffectofapropershapingofthetemporalenvelopeofisolatedpulsesinslow-light
systemsbasedonstimulatedBrillouinscatteringinopticalfibers.Ourgroup[12]reportedtheinfluenceof
super-GaussionshapedpulsesonSBSslowlightinopticalfibersandthattimedelayandpulsebroadening
dependonshape,energyanddurationofinjectedpulses,the maximumtimedelayandlesspulse
broadeningcanbeobtainedfromoptimizingshapeofsuper-Gaussionshapedpulses.

Inthispaper,thethreecoupledamplitudeequationsofSBSinfibersaresolvedbyfourth-order
Runge-Kuttaformula[13]andcharacteristicslinemethod[14-15].Theinfluencesofthegain,energy,andthe
FullWidthatHalfMaximum(FWHM)ofinjectedtriangularwaveStockspulsesontimedelayandpulse
broadeningarestudied,someinterestingresultsareobtainedandthemechanismisanalyzed.

1 Theoryanalysis
SupposedtheStokeswavetransmittingalongthe+zdirection,andthepumplightalongthe-z

directioninopticalfiber,byusingtheslowlyvaryingenvelopeamplitudeapproximation,thethreecoupled
amplitudeequationswhichquantitativelydescribestheinteractionbetweenthepumpandStokesfields
throughanacousticwave,canbeexpressedas[16-17]
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whereEpandEsaretheamplitudesofpumpwaveandStokeswaverespectively,ρisacousticmatter-
densityfield,cisthevelocityofthelightinvacuum,αisthelosscoefficientofthefiber,ΓBdenotesthe
FWHMofthegainspectrumrelatedtothephononlifetimeTBasΓB=1/TB,Δω=(ωp-ωs)-ΩBisthe
angularfrequencydeviationfromthecenteroftheSBSgain,alsocalledfrequencydetuning,ΩBisthe
Brillouinfrequency,ωpandωsaretheangularfrequencythepumpwaveandStokeswave,g1=γε0ΩB/
(4v2

a)isthecouplingcoefficientbetweenpumpwaveandStokeswave,g2=γωp/(4cnfρ0)isthecoupling
coefficientbetweenpumpwave(Stokeswave)andacousticfield,η=cnfε0/2,γistheelectrostrictive
constantofthefiber,ε0isthevacuumpermittivity,ρ0istheunperturbeddensityofmedium,nfisthe
phaserefractiveindexandnfgisthegrouprefractiveindexwithoutSBS.

SettingthatpumpwaveiscontinuouswaveandStokesfieldissufficientlyweak,accordingtothe
weaksignaltheory,thegroupindexisthefunctionoffrequency,andcanbewrittenas[14]

ns(ω)=nf+
cg0Ip

ω
δω/ΓB

1+4δω2/Γ2
B

(2)

whereIpdenotestheopticalintensityofpumpwave,δωisthemarginbetweentheangularfrequencyof

Stokespulseandthecenterangularfrequencyofthegainbandwidth,g0=
γ2
eω2

p

ngvBc3ρ0ΓB
representsthegain

factorwhichisassociatedwiththematerialphysicalproperties,vBisthevelocityofacousticwave,ngis
thegroupindexofthefibermode.

TimedelayTdisdefinedtodescribearrivaltimedifferenceofoutputStokespulsepeaksbetweenwhen
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SBShappensandwhenSBSdoesn'thappen.RelativetimedelayTrd=Td/T,whereTistheFWHMofthe
injectedStokespulse,pulsebroadeningfactorBrepresentsproportionofinputStokespulseFWHMand
outputStokespulseFWHM.Accordingtotheweaksignaltheory,timedelayTdandBaretakenthe
form18

Td=G/ΓB (3)

B= 1+
16ln2
T2Γ2

B
G (4)

whereG=gBIpListheweaksignalgainparameter,Listhefiberlength.Realgaindenoteshowmuchthe
pumpwaveenergyiscoupledtotheStokeswaveenergyandtaketheform

Gr=log(Pout/Pin) (5)
wherePoutandPinarepeakenergyoftheoutputandinputStokeswave,respectively.Iftheshapeof
outputpulseisdistortedfromtheinput,theymeantheaverageenergyofthepulses.

WeassumethatinjectedStokespulseisTrianglewavefunctionwhichcanbeexpressedas
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whereU (t)isnormalizedamplitude,T isthe
FWHMoftheinjectedStokespulse.Thetriangle
pulseisshowninFig.1.

By using the Slowly-Varying Envelope
Approximation(SVEA)forbothpumpandStokes
fields,thevaluesofρcanbeobtainedatagiven
time by solving Eq. (1) with Fourier
transformation and inverse Fourier
transformation[15,19]. Then Eq. (1 ) are
transformedintosinglevariablepartialdifferential
equationsbyusingcharacteristicslinemethod.At
last ,substitutingthevalueofρtothesingle

Fig.1 InjectedTriangularwave

variablepartialdifferentialequations,thevaluesofEpandEscanbecalculatedatnexttimebyusingthe
fourth-orderRunge-Kuttaformula.Wesettheseresultsastheinitialvaluetocalculatethevalueofρat
nexttime.Repeatingabovesteps,theoutputStokespulseatanytimecanbeobtained.

2 Numericalresultsanddiscussion
Inournumericalsimulations,weassumethatthepumpwaveisacontinuouswavewithoutfrequency

chirp,thetriangularwaveStokespulseisontheSBSlinecenter(δω=0),andsettingtheparametersas
follows:L=50m,ng=1.45,α=0.2dB/km,Aeff=50μm2,ΓB/2π=40MHz,ΩB/2π=10.8GHzandgB

=5×10-11m/W,Thepumplightpoweris20mW,thewavelengthofStokeswaveλ=1550nm.
2.1 InfluenceoftriangularwaveStokespulseslowlightoninputpower

ThecurvesoftimedelayandbroadeningfactoroftriangularwaveStokespulsevsthegainfor
differentpowerareshowninFig.2(a)and(b),respectively.FromFig.2(a),itcanbeseenthatthe
maximumdelaytimeandthecorrespondinggainatwhichmaximumdelaytimegeneratesarereducedwith
theincreasingofinputpower,butpulsedelaysaresubstantiallyequalbeforethegainreachestothe
saturation.Thisisbecausethepulsewithlargerpowergetssaturatedatsmallergain,andthetimedelay
andgainapproximatelyproportionalrelationshipinthesmallsignalregion.WecanseefromFig.2(b),
whenthegainislessthanthegainsaturation,pulsebroadeningfactorisbasicallyaroundat1.1.Butwith
thegradualincreasingofthegain,thepulsebroadeningfactorwiththelargestpowerpulsefirstlyappears
apeakvalue,andmorepeaksappearwithpowerdecreasing,theheightofthesepeaksislargerwiththe
gainincreasing.Thisshowsthattheaveragehighintensitypulsegetsmoreeasilysaturated.
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Fig.2 TimedelayandbroadeningfactorofoutputStokespulsevarieswiththegainfordifferentpower
2.2 Therelativedelaytimefordifferentwidthofthepulses

Fig.3showstherelativedelaytimeTrdvarieswiththegainforpulseswithdifferentFWHM,where
theinputpoweris0.1μW.Itcanbeseenthatthedelaytimeincreasestoreachamaximumvalueandthen
decreaseswiththeincreasingofthegain,evenbecomenegative(socalledfastlightphenomena)atlarger
gain.RelativelylargerdelaytimeisobtainedforsmallerFWHMpulse,forexample,ifFWHMislessthan
60ns,thedelaytimeofseveraltimesofpulsewidthisobtained,butwhenFWHMislessthan4ns,the
delaytimeoftenstimesofpulsewidthiseasilyobtained,andthegaincorrespondingwithmaximumdelay
timealsoincreasesgradually.Thisisbecauseforthepulsewithsamepeakpower,thetimedomainenergy
issmallerforthepulseswithsmallerFWHM,thuskeepingthepumppowerisconstant,thehigher
saturatedenergyisrequiredsoastothesaturategainincreasegradually.

Fig.3 RelativedelaytimeTrdandtimedelayTdofinjectedStokespulsevarieswiththegainforpulseswithdifferentFWHM
2.3 ThepulsebroadeningfactorBfordifferentwidthofthepulses

Fig.4showsthecurvesofthepulsebroadeningfactorBvaryingwiththegainforpulseswithdifferent
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FWHM.ItcanbeseenthatthepulsebroadeningfactorBincreaseswiththedecreasingofFWHM.When
FWHMislessthan4ns,pulsebroadeningfactorBisgreaterthan10,whichisbecausenarrowpulsehas
highpeakpowerandstrongnonlinearinteraction.Italsoshowsthatthepulsebroadeningfactorofsmall
FWHMpulseisverydifferentfromthoseofmorethan100ns,butitscurvesissimilartothatofGaussian
pulse.Becausewhenthepumppulseenergydecreases,thelossincreaseswiththeFWHMdecreasing,thus
theenergyofthebackwardpulsewithlargetheFWHMishigher,sothebackwardpulseisbroadened,and
thereisasteepfrontpulseduetopulsecompression.

Fig.4 PulsebroadeningfactorBvarieswiththegainforpulseswithdifferentFWHM
Fig.4(c)indicatesthatwhenFWHM=120ns,thepulsebroadeningfactorisbasicallyaround1.0,

andgraduallydecreasesthengraduallyincreasestothepeakatthegainofaboutmorethan13.5,then
decreaserapidlytobelow1.0,whichmeansthepulseiscompressed.WhentheFWHMisfrom100nsto
80ns,thepulsebroadeningfactorcorrespondingtothemaximumdelayislessthan1.2.Thisisalso
showedinFig.5.

Fig.5 WaveformofoutputStokespulsewithorwithoutSBSatdifferentgain
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Fig.5showsthenormalizedwaveformsofStokespulsesforfourdifferentpulsewidthwithSBSand
withoutSBSatthegain(a)Gr=5(farfromthegainsaturation)and(b)Gr=13(closetogainsaturation),
respectively.ItcanbeseenfromFig.5(a)thattheleadingandtrailingedgesbroadenforthosepulseswith
SBSwiththeincreaseofFWHM,soaccordingtoEq.(2),thevelocitydifferenceoftheleadingand
trailingedgesincreaseandthemorepowercontributesatleadingedge,sotheenergyofthetriangular
pulseswiththesamepeakvalueincreaseswiththeFWH Mincreasing,theenergyofthetrailingedgeis
relativelylowerduetothesmallergain,thisleadstoreducethepulsebroadeningfactor,andmakespulse
broadeningfactoriscloseto1beforeStokespulsesachievethegainsaturation.

Whenthegaingraduallyincreasestothegainsaturation,theenergyofthetrailingedgeincreasesto
broadenthetriangularpulses,thenpulsebroadeningfactorsincreasewiththeincreaseofFWHMasshown
inFig.5(b).Whenthegainincreasesbeyondthesmallsignalrange,thereisamajordistortionwaveform.
ThefrontiersofthepumpwavepulseandStokespulseencountertogetherandleadtoSBShappen,which
leadtotheasymmetricoftheleadingedgeandthetrailingedgeofoutputStokespulseasmentionedabove.
Thisprocessalsoincludesthepumpingloss,pulsedeformationdistortionandtimedelay.

3 Conclusion
Accordingtotheabovenumericalsimulationandtheoryanalysis,weconcludethatthegain,energy,

andtheFWHMofinjectedtriangularwaveStockspulseshavegreatinfluenceontimedelayandpulse
broadening.Thelargertimedelayandlesspulsebroadeningcanbeobtainedwhenthegainvalueis12,the
maximumtimedelayincreasewiththedecreasingofinjectedpulsesenergy.Fortriangularpulseswith
differentwidth,greaterrelativetimedelaycanbeobtainedforpulseswithsmallerFWHM.Theseresults
providereferencefordesigningnovelcomponentsforopticalcommunicationsoropticalsensing.
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