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Abstract　Basedonthemodeldevelopedrecentlyfordescribingaspatialpowerspectrumfunctionofclearoceanic
waterandtheextendedHuygensＧFresnelintegralinlinearmedia,theeffectsofoceanicturbulenceonpropagation
propertiesofamultiＧGaussianSchellＧmodel(MGSM)beamisstudied．Theanalyticexpressionssuchasthespectral
density,thedegreeofcoherenceandthepropagationfactorM２ ofthebeamarederived．Numericalresultsshow
that,theoceanicturbulencehasasignificantinfluenceonpropagationpropertiesofaMGSMbeam．Withthesuitable
choiceofbeamparameters,thecenteroftheintensityprofilenotonlyformsaplateauinthefarＧfieldbutalsothe
formedplateaucankeepalongdistanceinoceanicturbulence．Furthermore,aMGSMbeam withalargesource
parameterNcouldfurtherreduceturbulenceＧinducedspreadingeffect．
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摘要　基于最近发展的描述海洋湍流的空间功率谱函数和线性介质中广义惠更斯Ｇ菲涅耳积分公式,推导了多高

斯Ｇ谢尔模型光束的光强、相干度及光束质量分子 M２ 的解析表达式,研究了海洋湍流对多高斯Ｇ谢尔模型光束传输

特性的影响.数值计算结果表明,海洋湍流对多高斯Ｇ谢尔模型光束传输特性有着重要影响.适当地选择光束参

数,在远场光强不仅可以形成平顶分布,而且这种平顶分布在湍流中能够保持相当长的距离,并且多高斯Ｇ谢尔模

型光束的级次 N 越大,湍流诱导的光束扩展越小.
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１　Introduction
　Thepropagationpropertiesofmanytypesoflaserbeamsinfreespaceandinturbulentmediahavebeen
studiedextensivelyduetotheirwideapplicationsuchaspolarizationremotesensing,coherentoptical
communication,etc．[１Ｇ８]．Itisshownthatpartiallycoherentbeamsarelesssensitivetothatoffully
coherentbeams[９Ｇ１０],somuchattentionhavebeenpaidtopropagationofpartiallycoherentbeamsthrough
atmosphereturbulence．Also,afew ofpapershavebeenfocusedonpropagationofbeamsinocean,
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biologicalissues,opticalfibers,chiralmedia,etc．[１１Ｇ２０]．However,amongpartiallycoherentbeamsinthe
previousliteratures,theone whichsatisfiesasetofphysically meaningfulconditionsandenjoysa
comprehensiveversionisGaussianSchellＧmodelbeams,theothermodelsofbeamshavejustremainedof
purelyacademicinterest．
　Recently,amultiＧGaussianSchellＧmodel(MGSM)beamhasbeenintroduced[２１],whoseintensityprofile
isGaussianfunctionbutthedegreeofspectralcoherenceisasumofsuitablyweightedGaussianfunctions
withdifferentvariancesandsignＧalternatingheights．TherealizableconditionforaMGSMbeamhasbeen
derived[２２]．Themostimportantpropertyofa MGSM beamisthattheinitialintensityhasaGaussian
profile,butitsintensitydistributionevolvesgraduallyintoaflatＧtoppedprofileinfarfield．Thebehavior
ofthepolarizationpropertiesofaMGSM beaminfreespaceandinimageＧformingopticalsystem were
reported,andpropagationofaMGSMbeamthroughABCDopticalsystemswasstudied[２３]．ThesecondＧ
ordermomentsofthe wignerdistributionfunctionofa MGSM beaminturbulentatmosphere were
investigated[２４]．ThescintillationindexofamultiＧGaussianSchellＧmodelbeaminturbulentatmospherewas
discussed[２５]．However,asfarasweknow,theissueconcerningthepropagationofaMGSM beamin
turbulentoceanhasnotyetbeenreported．Alaserbeamisusedinunderwater medium sometimes,

communicationamongthedivers,submarines,ships,sensorsandtheunmannedunderwatervehicles
requiringhigh dataratesbringsthenecessityofemployingopticalcommunicationsratherthanthe
acousticalcommunications．Hence,itbecomesimportanttoresearchhowoceanicturbulenceaffectsonthe
propagationpropertiesofaMGSMbeam．
　Inthispaper,weexplorepropagationpropertiesofaMGSMbeamthroughoceanicturbulence．Withthe
modeldevelopedrecentlyfor describing aspatialpowerspectrum function ofclearoceanic water
turbulence[１４,１５]andtheextendedHuygensＧFresnelintegralinlinearmedia,theanalyticexpressionsforthe
spectraldensityandthedegreeofcoherencearederived．Then,employingthesecondＧordermomentsof
beamsandsomemathematicalskills,thepropagationfactorofthebeamisobtained．Thetrendsofthe
beamcharacteristicswithnumericalexamplesareanalyzed．

２　PropagationofMGSMbeamthroughoceanicturbulence
２．１　MatrixelementsofaMGSMbeampropagatingthroughoceanicturbulence
　AdoptingoneＧdimensionalrepresentation,thecrossＧspectraldensityoftheMGSM beamcoveringtwo
distinctpointsofthesourceplanecanbeexpressedas
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wheretheparameterσisthetransversebeamwidthofthesource,δdenotesther．m．s．correlationwidth,
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λ２ , (２)

whereλisthe wavelengthofthesource,undertheparaxialapproximationandby HuygensＧFresnel
integral,thecrossＧspectraldensitythroughoceanicturbulenceforaMGSMbeaminthehalfＧspacez＞０
canbeexpressedas
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W(x１,x２,z)＝ k
２πz∬W (０)(x′１,x′２,０)ζ(x１,x２,x′１,x′２,z)dx′１dx′, (３)

wherekdenotesthewavenumber,ζisthepropagatorgivenbytheexpression[２６]intherandommedium:

ζ(x１,x２,x′１,x′２,z)＝exp －ik
(x１－x′１)２－(x２－x′２)２

２z[ ]expψ∗ (x１,x′１)＋ψ∗ (x２,x′２)[ ]m．(４)

equation(４)consistsoftwoterms,thefirsttermdescribestheeffectofthefreeＧspacediffractiononthe
beam,andsecondtermtakestheform[２７]

expψ∗(x１,x′１)＋ψ∗(x２,x′２)[ ]m ＝expT(z)(x１－x２)２＋(x１－x２)(x′１－x′２)＋(x′１－x′２)２[ ]{ }, (５)

whereT(z)＝π２k２z
３∫

∞

０
k３φn(k)dk,φn(k)isthespatialpowerspectrumofrefractiveＧindexfluctuations．

　Thepowerspectrum ofturbulencefluctuationsoftheoceanicwaterhasbeendevelopedrecentlyin
literaturesspecificallyforisotropicandhomogeneousoceanicturbulence,asalinearizedpolynomialoftwo
variables:thetemperaturefluctuationsandthesalinityfluctuations．Aparticularcaseisconsideredhere,

whentheeddythermaldiffusivityandthediffusionofthesaltareequal．Then

φn(k)＝０．３８８×１０－８ε－１
３k－１１
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whereεistherateofdissipationofturbulentkineticenergyperunitmassoffluidwhichmayvaryinthe
rangefrom１０Ｇ１to１０Ｇ１０ m２sＧ３,η＝１０Ｇ３mbeingtheKolmogorovmicroscale(innerscale),and

f(k,ζ,χT
)＝χT

ζ２ ζ２exp(－ATτ)＋exp(－ASτ)－２ζexp(－ATSτ)[ ], (７)

withχT beingtherateofdissipationofmeanＧsquaretemperaturetakingvalueintherangefrom１０Ｇ４to１０Ｇ１０

K２sＧ１,AT ＝１．８６３×１０Ｇ２,AS ＝１．９×１０Ｇ４,ATS ＝９．４１×１０Ｇ３,τ＝８．２８４(kη)４/３＋１２．９７８(kη)２,ζ (nonＧ
dimensional)beingtherelativestrengthoftemperatureandsalinityfluctuations,whichcanvaryinthe
intervalof[－５,０]intheoceanwaters,－５valuecorrespondingtothecasewhentemperatureＧinduced
opticalturbulenceisdominated,and０correspondingtothesituation whensalinityＧdriventurbulence
prevails．Inordertoillustratethesetypicaldependenceonoceanicparametersε,χT andζclearly,the
numericalresultsareplottedinFig．１．ItisseenthattheparametersofεandχT mainlyaffecttheattitude
ofthepowerspectrum,andthebalanceparameterζinfluencesitsshapeandheight．Figure１(a)reveals
thatthesmallerthevaluesofε,thelowertheheightforpowerthespectrum．Figures１(b)and１(c)show
thatthebiggerthevaluesofχT orζ,higherthealtitudeofit,andζalsoaffectsitsshape．Itmeansthere
arethelargervaluesofχT andζ,smallervaluesofε,andthestrongeroftheturbulence．

Fig．１ LogＧlogplotofthespatialpowerspectrumΦn(k)forseveralvaluesofε,χT andζ,calculatedfromEq．(６)and

normalizedbytheKolmogorovpowerＧlawk－１１/３．(a)ε＝１０－１０(solidcurves),ε＝１０－７(dashedcurves),ε＝１０－４

(dottedcurves)whileχT ＝１０－５andζ＝－２．５;(b)χT ＝１０－１０(solidcurves),χT ＝１０－６(dashedcurves),

χT ＝１０－４(dottedcurves)whileε＝１０－１０andζ＝－２．５;(c)ζ＝－４．９(solidcurves),ζ＝－２．５

(dashedcurves),ζ＝－０．１(dottedcurves)whileε＝１０－１０andχT ＝１０－５

　BysubstitutingEqs．(４)and(５)intoEq．(３)andperformingmathematicalcalculation,wecanobtaina
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formulaofthecrossＧspectraldensityforaMGSMbeampropagatinginturbulentoceanasfollows:
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２．２　Averagespectraldensityandspectraldegreeofcoherence
　Settingx１ ＝x２ ＝x,wederivetheaveragespectraldensityofaMGSM beampropagatingthrough
oceanicturbulence
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Accordingtotheunifiedtheoryofcoherenceandpolarization,thespectraldegreeofcoherenceforthebeam
atapairofcoordinatesx１andx２canbedefinedby

μ(x１,x２,z)＝ W(x１,x２,z)
S(x１,z)S(x２,z)

． (１２)

SubstitutingEqs．(８)Ｇ(１１)intoEq．(１２)andconsideringaspecificsituationwhenx１＝Ｇx２＝x,wehave
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２．３　SecondＧmomentsandpropagationfactor
　ThesecondＧorderintensity momentsfora monochromaticlightbeaminframeofoneＧdimensional
cartesiancoordinatearedefinedas
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　Inordertodescribethespreadingofa MGSM beamaffectedbyoceanicturbulence,weemploythe
propagationfactorwhichwasintroducedbySiegman[２８]andcanbedefineintermsofthesecondＧorder
momentsasfollow:

M２ ＝２k(x２[ ] u２[ ]－ xu[ ]２)
１
２ ． (１７)

　Aftertediousintegralbutstraightforwardcalculations,wecanobtain
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with
R１(z)＝ １＋ Q２
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３　Numericalexampleandanalysis
　Herethenumericalresultsofpropagationpropertiesofthe MGSM beampropagatingintheoceanic
turbulenceareillustratedbyusingtheanalyticalformulas．Thecommoncalculationparametersarechosen
asλ＝６３２．８nm,σ＝２cm,δ＝１mmunlesstheyarespecifiedintheparticularcondition．Onefindsfrom
Eq．(１１)thattheprofileoftheMGSMbeamisasuperpositionofdifferentweightedGaussianfunctions
withdifferentvariancesandsignＧalternatingamplitudesasexpected．Wecalculatethevariationofthe
spectraldensityversustransversecoordinatex attheplanez＝１km forseveralvaluesofoceanic
parametersε,ζandχT withdifferentbeamparameterNinoceanicturbulence．FormFigs．２~４,weclearly
seethat,whenN＝１,allsolidcurvesdescribeddistributionsofthespectraldensityofaGaussianＧschell
beam．Whenoceanicturbulencegraduallybecomesstrong,thatis,whenvaluesofζandχTincreaseor
valueofεreduces,thespectraldensitygoestoweakenduetospreadingeffectofthebeaminoceanic
turbulence．WiththeincreaseofparameterN,thecenteroftheintensityprofileappearsplateaus,andthe
largerthevalueofNis,thewidertheplateaubecomes．However,theinfluenceofoceanicturbulenceon
thedistributionofspectraldensityfora MGSM beamistodamagethecentralflatofintensity．The
strongertheoceanicturbulence,themoreobviousthedamage．Thedifferentoceanicparametersaffect
differentlyontheintensityprofile,theparametersζandχT playmoreofarolethantheparameterε．The
numericalresultsalsoshowthat,whenεchangesintherangefrom１０－１to１０－７,andζvaryiesinthe
interval[－５;－２．５],itisalmostthesameasthatofaMGSM beaminfreespaceforprofilesofthe
spectraldensity．Underthiscondition,theoceanicturbulenceissoweakthattheinfluenceonthebeam
canbeignored．

Fig．２ VariationofthespectraldensityofaMGSMbeamwithtransversecoordinatexatz＝１kmforseveralvalues

ofparametersεandN withζ＝２．５,χT ＝１０－１０inoceanicturbulence
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Fig．３ VariationofthespectraldensityofaMGSMbeamwithtransversecoordinatexatz＝１kmforseveralvalues

ofparametersχT andN withζ＝２．５,ε＝１０－３inoceanicturbulence

Fig．４ VariationofthespectraldensityofaMGSMbeamwithtransversecoordinatexatz＝１kmforseveralvalues

ofparametersζandN withχT ＝１０－１０,ε＝１０－３inoceanicturbulence

　Figure５illustratestheevolutionofspectraldegreeofcoherencefora MGSM beam atseveral
propagationdistancesinoceanicturbulence．From Fig．５,wecanfindthat,atrelativelyshortdistance
fromthesource[seeFigs．５(a)and(b)],forthelargerparameterN,spectraldegreeofcoherenceofthe
beamisnarrower．Withtheincreaseofthepropagationdistance,theeffectoftheoceanicturbulenceonthe
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beambecomesstrong,thespectraldegreeofcoherenceofthebeambroadensgradually．Whenpropagation
distanceisgreaterthan１km,allthecurvesevolveintoGaussianprofileswithmonotonicallyincreasing
variance[seeFigs．５(c)and(b)]．

Fig．５ SpectraldegreeofcoherenceofaMGSMbeamversustransversecoordinatexforseveraldifferent

distanceswithε＝１０－３,χT ＝１０－１０,ζ＝２．５inoceanicturbulence

　Figure６describestheeffectsofoceanicturbulenceonthespectraldegreeofcoherenceattheplanez＝

Fig．６ SpectraldegreeofcoherenceofaMGSMbeamversustransversecoordinatexatz＝１kmforseveralvaluesofoceanic

parameters(a)ζ,(b)χT
,(c)εand(d)differentcorrelationwidthsδwithN＝１０inoceanicturbulence
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１kmforseveraldifferentvaluesofoceanicparametersandsourceparameters．ItisshownfromFig．６that
thedistributionofspectraldegreeofcoherencenarrowsdownsharplyforalargevaluesoftheparametersζ
andχT

,inwhichtheoceanicturbulenceimpactsonthebeamstrongly,thebehaviorofspectraldegreeof
coherenceisthesameforsmallvaluesoftheparameterε,butforthelargecorrelationwidthsofthesource
δ,itisalittlenarrowforthespectraldegreeofcoherence．
　Figure７showsdependenceofnormalizedpropagationfactorM２ ofa MGSM beam ontheoceanic
turbulenceparametersandthebeamparameteratpropagationdistancez＝１km．Fortheconvenienceof
comparison,theparametersofaMGSMbeamwithN＝１０arechosenasε＝１０－３,χT ＝１０－１０,ζ＝－２．５,

δ＝１mm,andthenthechangeofpropagationfactorM２isanalyzedwhenoneparametervariesandthe
otherparametersarefixed．FromFig．７,wealsoseethatthepropagationfactorM２increasessharplyin
strongoceanicturbulencesuchaslargevaluesofχTandζ,orsmallvalueofε．However,forlargevalueof
correlationwidthδ,thepropagationfactorM２increasesrapidly．

Fig．７ NormalizedpropagationfactorM２(z)/M２(０)ofaMGSMbeamversuspropagationdistancezfor
severalvaluesofoceanicparameters(a)ζ,(b)χT

,(c)ε,and(d)different

correlationwidthsδwithN＝１０inoceanicturbulence

　Figure８plotsvariationofnormalizedpropagationfactorM２withpropagationdistancezandparameterN
inoceanicturbulenceforaMGSMbeam,respectively．FromFig．８(a),wecanfindthatpropagationfactor
M２increaseswithincreasingthepropagationdistancezquickly．Furthermore,theadvantageofpropagation
factorM２withsmallerparameterNoverthesewithlargerparametersNisenhanced,particularlyatalong
propagationdistance．Figure８(b)describeseffectoftheoceanicturbulenceparameterεonpropagation
factorM２atpropagationdistancez＝１km．Fromit,wecanalsofindthat,withtheincreaseofthesource
parameterN,thepropagationfactorM２decreasesgraduanlly,moreover,whenoceanicturbulencebecomes
strong,whichmeansthatthevalueofparameterεissmaller,theaffectiononpropagationfactorM２is
larger．
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Fig．８ NormalizedpropagationfactorM２(z)/M２(０)ofaMGSMbeamversuspropagationdistancezandbeam

parameterNinoceanicturbulence,respectively,for(a)severalvaluesofsourceparameterN with

ε＝１０－６,xT ＝１０－９,ζ＝２．５,δ＝１cmand(b)severalvaluesoftheoceanicparameter

εwithxT ＝１０－９,ζ＝２．５,δ＝１cmatz＝１km

４　Conclusion
　Thepropagationcharacteristicsofa multiＧGaussianSchellＧmodel (MGSM)beam throughoceanic
turbulenceareresearched．WederivetheanalyticexpressionsforthecrossＧspectraldensityofthebeam
basedontheextendedHuygensＧFresnelintegral,anddeducetheexpressionsforthespectraldensityand
thespectral degree ofcoherence．Furthermore,employing secondＧorderintensity momentsfor a
monochromaticlightbeam,weobtainformulaofthepropagationfactorforaMGSM beam．Numerical
resultsindicatethat,bothsourceparametersandoceanicturbulencemodelsimpactonthepropagation
behaviorofthebeam．Forspectraldensity,withthesuitablechoiceofbeamparameters,theintensity
profileofthebeamnotonlyformsplateauinthefarＧfieldbutalsothisplateaucankeepalongdistancein
oceanicturbulence．Compared withcorrelation width,thespectraldegreeofcoherenceseems more
sensitivetoslightchangeinvaluesoftheoceanicparameters．However,sofaraspropagationfactor,it
increasessharplyinstrongoceanicturbulence．Moreover,numericalresultsalsoshowthatinfluenceof
oceanicturbulenceontheMGSMbeamwithalargeNislessthanthatwithasmallN．
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