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Time-resolvedbackscatteringof coherentlight from a disorderedmedium underweak localizationconditionshasbeenob-
servedfor thefirst timewith femtosecondresolutionusinga light-gatingtechniquebasedon second-harmonicgeneration.The
timedependenceof theobservedenhancedbackscattenngis consistentwith simplediffusion theory.

Oneof the interestingaspectsoflight propagation sible to studyscatteringeventswith a largedistri-
in disorderedmediais the possibility of photonlo- butionin pathlength.In thisLetterwereportresults
calizationin analogywith localizationof electronsin from coherent backscattering experimentsper-
randommetallic systems[1—3].A first indicationof formedin the time domain,with femtosecondtime
suchbehavioris the recentobservationof weak lo- resolution.Thesemeasurementsallow usto studythe
calizationof light [4—7].Weak localization arises contributionto the backscatteringinterferencepeak
fromconstructiveinterferencebetweenscatteredlight of light trajectorieswith a specific pathlength.Very
wavestraveling the samepathbut in oppositedi- recently, time-resolvedlight scatteringexperiments
rection.The effect manifestsitself asa narrowpeak on a picosecondtime scalewereperformedby Wat-
in the intensityof light scatteredfrom a disordered sonet al. [11], but no effectsof interferencecould
mediumin thebackwarddirection (i.e. thedirection be detected.
oppositeto the incident one).The lineshapeof the The sample used in the backscatteringexperi-
coherentbackscatteringpeakandits dependenceon mentswasa 6.8 vol% suspensionof Ti02 particles
the varioustime-reversedpathswas studiedprevi- (meandiameter0.22 ~tm) in 2-methylpentane-2,4-
ouslyfrom CW light scatteringexperiments.VanAl- diol. Theelasticmean-freepath,

2mf, in the sample
badaet al. [4,8,91andEtemadet al. [101 studied wasdeterminedfrom transmissionmeasurementsto
thevariationofthe lineshapewith thepathlength of be 2 ~tm [91.Time-resolvedbackscatteringmea-
the scatteringevents.The pathlength was adjusted surementswere performedusinga light-gatingtech-
by varyingthe thicknessof thesample;for any path niquebasedon second-harmonicgeneration(SHG)
thatextendsbeyondthe thicknessof the samplethe [12]. Thistechniquealloweddetectionof backscat-
photonis eliminatedanddoesnot contributeto the teredpulseswith a temporalresolutionof 30 fs. In
backscatteringpeak. Etemadet al. [101 performed fig. 1 the experimentalsetupis shown.A colliding-
absorptionexperiments,in which thevariationofthe pulsemode-locked(CPM)ring laseroperatingat 620
lineshapefunction with the inelasticscatteringlength nm deliveredlaserpulseswith a durationof 100 fs,
in the mediumwasstudied.Photonsthat takelight a repetitionrateof 95 MHz andan averagepowerof
pathslonger than the inelastic scatteringlength are 20 mW. The femtosecondlaserpulsesare split into
absorbed and do not give rise to enhanced two pulsetrains,of which oneis sent into a variable
backscattering. delay line, while the other one is focusedby an

In CW light scatteringexperimentsit is only pos- achromaticlens to a 50 jim spoton the samplesur-
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Fig. I. Experimentalsetupusedin thetime-resolvedbackscatter-
—50 0 +50ing measurements.

0 (mrad)
face. Light scatteredfrom the sampleis collectedby
the samelens and focusednon-colinearlywith the Fig. 2. Enhancedbackscatteringconesmeasuredfor a 6.8 vol%

suspensionofTi0
2 particlesin 2-methylpentane-2,4-diol(A,,~=2

delayedfemtosecondpulseontoa KDP crystal.The ~tm)atdifferentdelaytimesafter thelaserpulse: (a) 30 fs; (b)
5 mm thick crystal is angle tuned for second-har- 330 fs. Dashedcurvesrepresentresultsof calculationsbasedon

monic generation.The second-harmonicradiation eq. (2).
waspassedthroughanUV-transparentfilter andde-
tectedby a photomultiplier.To allow lock-in detec- tionsarisefrom additional interference(speckle)of
tion of the photomultiplieroutput, the laser light the light scatteredfrom Ti02 particlesnearthe sur-
reflectedfrom thesamplewas mechanicallychopped. faceof thesample.Apparently,theseparticlesarenot

The angulardependenceof the scatteredlight in- subjectto rapid brownianmotion andno averaging
tensityat fixed delaytimesafter the laserflash was ofthe specklepatternoccurs.The fluctuationsin the
measuredas follows. Thelight was sentvia a retro- scatteredlight intensitywere reducedby spinningthe
reflecting prism, mountedon a translationstageto sample.In fig. 3 time-resolvedintensityprofiles of
allow for displacementparallelto the sample sur- light pulses scatteredfrom the hO2 sample are
face, ontoa pinhole.By translationof theprism, the shown.The profiles were detectedfor the parallel
scatteredlight beamis displacedparallel to itself, componentof the light pulsesandobtainedat fixed
without introducing additional time delay. As the angleswith respectto the backscatteringdirection.
scatteredlight beamis displaced,different partsof
thebeampassthe pinhole.In thisway, the intensity
profile of the beam,which correspondsto the an- >.~

gular distribution of the backscatteredlight, canbe
V.)

recorded.The fixed position of the pinhole guar-
uJantees a constant second-harmonicgeneration S

efficiency. —

Experimentalbackscatteringpeaks obtainedat
variousdelaytimesafterthe laserflasharepresented
in fig. 2. Thebackscatteringpeakswere detectedfor
light polarizedparallelto the polarizationof the in- -200 0 200 1.00 600 800
cominglaserpulse.We found that the width of the TIME DELAY ( fs
peakis reducedfrom approximately80 mrad at 30
fs delayto approximately25 mradat a delaytime of Fig. 3. Backscatteredlight pulsesfrom a 6.8 vol% suspensionof

Ti02 particles in 2-methylpentane-2,4-diol~ 2 llm) mea-330 fs. For shortdelaytimeslargeintensity fluctua- sured for 0=0 mrad (open circles) and 0=27 mrad (full cir-

tionswereobservedin thebackscattenngpeakswhich des).Dashedcurvesrepresentresultsof calculationsbasedon

could bereproducedin differentscans.Thefluctua- eq. (2).
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The recordedintensity profiles are normalizedto
unity at zero delaytime.Theobservedbackscattered where c is the speedof light in the medium (c=
pulsesare characterizedby a short rise time, which c0/n,with c0 thespeedoflight invacuumandn = 1.51

is the refractiveindexin the medium).Eq. (1) de-
is determinedby laser-pulseduration,anda slower
long-timedecay.Thedecaycould be monitoredfor scribesa gaussian-shapedbackscatteringpeakwith
delaytimesup to 10 ps. Photonsdetectedat these width of order A/(AmiCt)’~

2.In principle, eq. (1) is
long delaytimes havetraveledmorethan 2 mm in valid for times t long enoughfor the propagationto

havereachedthe diffusion limit, which is only afterthe sampleand are elastically scatteredover more
thanone thousandtimes. many scatteringevents.However,as we will see,it

To explaintheresultsqualitativelywe considertwo also gives an accuratedescription for our experi-
time-reversedpathswith n elasticscatteringevents. mentsat short delaytimes.
The total phaseshift betweenthe lightwaveswhich To infer the observedlineshapefunction, j3( 0, t),

arescatteredby the samecentersbut in reversedse- theresultsshouldbeconvolutedwith thelaserpulse
quenceequals (k, + kf)’ (r

1 — rn), where k~and kf shape:
representthe incomingandoutgoingwavevectorsand
r1 andr~are the positionsof the first andlast scat- ~o,I) = $ dr $ dt’ y(O, t—l’ )10(t’ )I~(-r—t)
teringcenters.In thecaseofbackscattering(kf= — k1)
bothwaveshavethe sameamplitudeandphaseand -~ -=

(2)
addcoherently.If 0 istheanglebetweenk~andkf, the
coherenceis lost for angles 0 larger thanA/(Iri— In eq. (2) the first integralgives the backscattered
r~I)~where ,~ is the wavelength.If the path length signalasa convolutionof the impulseresponsefunc-
associatedwith the nth order scatteringeventis L~, tion of the scatterer,y (0, t), andthe incidentpulse

Ir1—r~Iis approximately(LnAmf)
1”2 asfollows from I~(t).Thesecondintegral in eq. (2) givesthe mea-

simplerandom-walkarguments,andenhancedback- suredsignalintensityas a convolutionof the back-
scatteringwill occurwithin a narrowconeof angular scatteredsignalwith the light-gatingpulse.Coherent
width 2/(Ln)~m~)~2Dueto the L~”2 factor, scat- backscatteringlineshapeswerecalculatedusingeq.
teringeventswith longlight pathswill havenarrower (2) andcomparedwith the experimentalresultsin
conesassociatedwith them,in agreementwith the fig. 2. In the calculationsa secanthyperbolicpulse
experimentalresultspresentedin fig. 2. shapewasassumedwith 100 fs duration(fwhm). As

It is seenfrom fig. 3 that for all delaytimesthe is seenfrom fig. 2, the calculatedlineshapesare in
scatteredlight intensity is largestat exactbackscat- good agreementwith the experimentaldata. Calcu-
teringconditions,ascouldbeexpected.Underexact latedpulseshapesbasedon eq.(2) usingfixed Oval-
backscatteringconditions,all time-reversedpathswill uesare shownas dashedcurvesin fig. 3. As is seen
interfereconstructively.Theintensityequalsalmost from fig. 3 the calculatedand experimentalpulse
twice the averagescatteringintensity. At small an- shapesarealsoin goodagreement,evenforshort de-
gleswith the backscatteringdirection, thephasedif- lay times.
ferencebetweentime-reversedpathsincreaseswith Wewill now briefly commenton the polarization
t1”2 anda coherentcontributionto the scatteredin- ofthe pulsesreflectedfrom thesample.For thepar-
tensitywill only occur during a short time afterthe allel andperpendicularpolarizedcomponentsof the
laserflash, reflectedlaserpulse,time-resolvedintensityprofiles

Wewill nowgive a quantitativeanalysisofthedata havebeenrecorded.Theintensityprofiles wereob-
presentedin figs. 2 and3. Usingthe diffusiontheory tamedoutsidethe narrow coneof enhancedback-
ofAkkermansetal. [13,141,wecanwrite for thetime scatteringsonocoherentcontributiontothescattered
dependenceof the lineshapefunction,y( 0, 1), of the intensitywasmonitored.Theresultsshowthatin the
coherentbackscatteringpeak(or bistaticcoefficient): backscatteredlight thecomponentwith polarization

y( 0, t) ~ t — 1/2 [1 — exp( 8.Thm~ICt) parallelto the polarizationof the incident pulse is
dominantup todelaytimesof 500 fs. At longerdelay

x { 1 + exp[ — (4/ 3j~2)2~ct~_292] }, (1) timesthe scatteredlight containsequalamountsof
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thepolarizedanddepolarizedcomponents.Thetime References
neededto attain completescramblingof the polar-
izationcorrespondsto morethan50 scatteringevents.
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