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Experimental Evidence for Recurrent Multiple Scattering Events of Light in Disordered Media

Diederik S. Wiersma,Meint P. van Albadd,Bart A. van Tiggelenr,and Ad Lagendijk?
'Foundation for Fundamental Research on Matter—Institute for Atomic and Molecular Physics,
Kruislaan 407, 1098 SJ Amsterdam, The Netherlands
2van der Waals—Zeeman Laboratorium, Valckenierstraat 65-67, 1018 XE Amsterdam, The Netherlands

SExpérimentation Numérique, Maison de Magist¢@sRS, B.P. 166, 38042 Grenoble Cedex 9, France
(Received 22 October 1993; revised manuscript received 21 March 1994

The coherent backscattering of light from disordered samples was studied with a new technique,
which allowed for a very accurate determination of the enhancement factor in exact backscattering.
Using circularly polarized light, the enhancement factor in the polarization conserving channel was
found to be2.00 += 0.01 in the weak scattering regime and was found to drop gradually below this
value for stronger scattering. We argue that this behavior of the enhancement factor is the first direct
experimental manifestation of recurrent multiple scattering events.

PACS numbers: 42.25.Hz, 78.90.+t

The interest in the field of multiple light scattering in the medium and = 27/ is the magnitude of the wave
disordered media has gone through an enormous revivakctor of the light in vacuum [1].
after it was recognized that interference effects can be im- In the SAMS approximation the enhancement factor in
portant, even after many scattering events. Several intethe helicity conserving channel is exactly 2 because ev-
ference phenomena like weak localization [1] and shorery scattered wave has a distinct time reversed counterpart
and long range spatial correlations in intensity fluctuation®f equal amplitude. (In the polarization conserving chan-
are the focus of today’s research [2]. The phenomenonel of linearly polarized light the enhancement factor is
of weak localization is sometimes seen as a precursor teomewhat lower because a single scattering contribution is
strong or Anderson localization of light [3], which would present that does not contribute an interference term.) We
be the light counterpart of Anderson localization of elec-have studied the enhancement factor, because in the strong
trons. The approach to a strong localization transition in &cattering regime the enhancement factor could be influ-
medium with strong disorder manifests itself as a reductionced by recurrent scattering events.
of the diffusion coefficient, eventually to zero. Localiza- In this Letter we report on coherent backscattering
tion in three dimensions of microwaves has been reportedxperiments that show an enhancement factor in the
[4]. Itis still a challenge to find experimental evidence for helicity conserving channel o02.00 = 0.01 for weak
strong localization of light. scattering. The enhancement factor decreases bz(owv

In all multiple scattering phenomena that have beeronce the mean free path becomes of the order of one
observed so far, recurrent scattering of light waves can bevavelength. We will argue that this is a manifestation of
disregarded. Recurrent events are events in which a wavecurrent scattering events. A calculation of the first order
is scattered more than once by te@mescatterer. The density correction on the enhancement factor confirms this
neglect of recurrent scattering will be referred to as thenterpretation.
self-avoiding multiple scattering (SAMS) approximation, An accurate experimental determination of the enhance-
and is valid in the weak scattering limit. However, for ment factor requires much care. Stray light from surfaces
strong scattering recurrent events can become importardnd optical components was carefully eliminated. Where
They could play a role in strong localization of light. windows were used to index match the sample, these were

In order to find evidence for the existence of recurrenthick and Ar coated on the front side, as to eliminate
scattering we studied coherent backscattering or weakackreflections of scattered light onto the sample. After
localization of light. Coherent backscattering manifestsliminating common experimental artifacts, the (slightly)
itself in the form of an enhancement of the intensity inangular dependent response of the standard setup [2] still
the back direction for the light scattered from a disorderedatan introduce a systematic error in the cone shape. There-
sample. This enhancement originates from constructivéore, we modified it such that the optical components
interference between multiply scattered amplitudes andotate only relative to the reference frame and not rela-
their time reversed counterparts. Moving away from thetive to each other. In this way a completely flat response
exact backscattering direction, phase differences develapver a large scanning range (500 mrad) could be achieved.
that average out this interference effect. The result is &ircularly polarized light was used, and the helicity con-
“cone” of enhanced backscattering on top of the diffuseserving channel was detected [5].
background, which has a width of the order @f)! The samples were prepared starting from finely divided
where ¢ is the (transport) mean free path of the light in TiO,, ZnO, or BaSQ. The first two were ground as a
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suspension in methanol or chloroform to break possible e A
clusters and were allowed to dry on plastic sheet. Somz 2
dry samples haet1% PMMA added to them as a binder.
The TiO, was also used to form a suspension in 2-
methylpentane 2,4-diol or methanol. The interface of
some of the dry TiQ samples and the TiQsuspension
was largely index matched using a thick glass window.
As is known from previous experiments and confirmed_‘é
by our experiments, the angular intensity distribution of §
both diffuse background and backscattering cone in the®
helicity conserving channel are very well described by
diffusion theory [6]. In thenveak scattering limitthe total PP S SR EP RS R

attered Intens

normalized angular intensity distribution is given by [6] —100 0 . 100 20(2 ) 300
(0, k0) + 0 cattering Angle (mrad
1(9,k€)=7( ) w(), T _ _
v¢(0) FIG. 1. Backscattered intensity plotted against the scattering

. angle. Zero corresponds to exact backscattering. Narrow
with ¢ the (transport) mean free path.the wave vector . - o BaSQ sample, (scaled) mean free pathal = 22.6 =

of the incident light in vacuum¢ the scattering angle, 0. Broad cone: TiQ sample, knef = 5.8 = 1.0. Angular
and y. and y, the bistatic coefficients for cone and resolution: 0.25 mrad. Solid and dashed lines are, respectively,
diffuse background, respectively. [Note that(0, k€) = cone and diffuse background from diffusion theory. The inset
y¢(0).] The (weak) angular dependence of the diffuseshows the top of both cones. The enhancement factor of the
background is a kinematic factor (light emerging under ablroad cone clearly deviates fro00.

larger angle has to cover a larger distance in the sample)

and is not a function ofc¢. The expression for the ang wavelengths. Two classes of measurements, i.e.,
incoherent background was tested separately by compariRgith index-matched and with non-index-matched sample
it to the backscattered intensity from a sample with a verynterfaces, are shown separately. Notice that in both series
long mean free path. Perfect agreement was found. E is 2.00 = 0.01 for large W' and drops below 2.00 for

As we want to study the strong scattering regime, W&ery smallw-! (i.e., for small¢). We have checked
want to allow for (almost angular independent) beyond,,r method of determining in various ways: by using
SAMS contributions to the intensity. If we make the real-5 gifferent theoretical cone shape [7], by trying to map
ist'ic assumptions that (a) these contributions have the samgeoretical and experimental cones forcing- 2 keeping
(kinematic) angular dependenceyasand (b) the shape of other parameters free, and by cutting down the scanning
the cone remains the same, we findf@, k¢) in thestrong range at largew~'. The lowering of E at small w~!

scattering regime, survived all these tests.
10.50) — [1 = n&O]yc(8, k) + ye(6) (1) We are interested in the dependence of the enhance-
’ v¢(0) ’ ment factor onk,.q¢ with k,.q the wave vector of the

where 7 is the relative contribution of beyond SAMS light inside the sample. For the index-matched series,
events. The enhancement factormay now differ from
2, E(k¢) = 1(0,k€) = 2 — n(kb).

In Fig. 1 two examples of recorded backscattering cones
are compared. The broader cone corresponds to the sample
with the shortest mean free path. The solid line in Fig. 1
is 1(¢) from Eg. (1); the dashed line is the corresponding
v¢(#). The data are normalized tg(0). We have calcu-
lated the residues by substracting measured and theoretical
curves, and found no structural deviation whatsoever. This
supports assumptions (a) and (b), and shows that Eq. (1)
describes the cone accurately.

If we compare the top of both cones in Fig. 1, we see B R T RV IR T
that only the enhancement factor of the broader cone is s 10 15 10 20 30 40 50
significantly smaller than 2. In Fig. 2 the enhancement W' (rad™" W (rad™"
factor E is plotted against the inverse full width at half

i -1 ; FIG. 2. Enhancement factor as a functionf!, where w
1r[1r;':1X|mum O]; the Cot?few for va;_rlousl :ne;sﬁjren;ﬁnts. is the width (FWHM) of the cone. The left graph: series with
€ mean iree pathi 1S proportional 1o : € index-matched sample interface, right graph: series with non-

sets of data in Fig. 2 include results obtained usingndex-matched interface. For a definition list of used symbols
various sample materials, sample preparation methodsee the caption of Fig. 3.

Enhancement Factor
.
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¢ can be found fromw~! by ¢ = 0.7k 'w~! [6]. For L L B
the non-index-matched series we must take into accouny [ L a

the narrowing of the cone due to internal reflection [8]. +
From the estimated bulk refractive index,(q) (TiO:

1.35, BaSQ: 1.2, ZnO: 1.2) [9], the reflectivityr of the
sample interface is calculated [8]. Fratra narrowing by
a factor0.62 = 0.07 for TiO, and0.76 = 0.10 for BaSQ,
and ZnO is found [8].

We have plotted the enhancement factor agdipst¢,
with kyeq = nmeak, in Fig. 3. The enhancement factor is
2.00 * 0.01 for kpeqf = 10 and gradually drops below
2.00 for smaller values ofc,.q¢ (Strong scattering). In 1.9 —— 1'0 — 2'0 —_ 3'0
the SAMS approximation the enhancement factor in the k. ¢
helicity conserving channel is exactly 2 because first and med
last scattering will always occur on different scatterers andFIG. 3. Enhancement factor plotted against.q¢. Filled
every event has a time reversed counterpart of equal angymbols:A = 632.8 nm, others (open symbols and stars):=
plitude. Therefore a deviation from 2 at small must ?14'0 nm. The dashed line is the calculated enhancement

. - . actor if recurrent scattering from two particles is incorporated.
arise from other than self-avoiding (i.e., recurrent) scaty,aasurements with non-index-matched interfase= BaSQ,
tering events. We propose two new classes of recury = zno, O = TiO,, ¢ = TiO, with PMMA. Measurements
rent events that can reduce the enhancement factor aith index-matched interface® = TiO, in 2-methylpentane
strong scattering. The first we call the class of recur2.4-diol, X, = TiO,, + = TiO, in methanol. The measured
rent “loop” events. These are recurrent multiple scatter&Mhancement factor drops belawo for ke = 10.
ing events where the scattered wave has a distinct time
reversed counterpart, but in which first and last scatterin
occurs on the same scatterer. The interference contrib
tion of such events has the same angular dependence r?écessary to make the familiar “ladder most-crossed”
their background contribution, and is therefareserved proximation.
ﬁs baclfground. The second we call the class of recurrent 1 <ot of events covered lsyis closed under a time-

olded” events. These are recurrent multiple Scatte”ngﬁ:eversal operation of either bottom or top ling= .
events that are identical to their time reversed counterpar,

: i -~ Furthermore, this set does not contribute to long range
Thgy only contribute to the diffuse background and 9V€jiffusion. The bistatic coefficieny, that corresponds to
no interference term. Both classes influence the enhanc y

ment factor §” consists of ordinary single scattering, and beyond
T . , SAMS contributionséy, (y, = v,, + 8v,). The events
In the following, we will calculate the first order den- 7s (7, Y50 7))

. . ; in § are short range on the scale 6fand thus give
sity correction on the enhancement fgctor that is due Qise to an (almost) angle independent contribution to the
recurrent scattering between two particles, and show th tensity. In that case, the enhancement factor becomes
this correction indeed reduces the enhancement factor. —

In general, the total backscattered intensity is determined P e e iy T S B

by the total four-point vertex(r,r,r3,14) being the Yrt ¥s Yrt s

solution of the Bethe-Salpeter equation [10]. Followingwhere the bistatic coefficients are takergat 0. To ar-
Ref. [10] this vertex is written af = R + R + S. Here rive at concrete results we will use Rayleigh vector scat-
R is the reducible vertex which obeys long range diffu-terers and evaluate this equation in the helicity conserving
sion andR is self-consistentlybtained fromR by time  (++) channel. Because in the helicity conserving channel
reversing either its bottom or top line. The bistatic co-y,, = 0, the enhancement is (to leading order in the den-
efficients associated witlR and R are calledy,(#) and  sity) given byE = 2 — §y,/v,.(0), wherey,(0) = 1.736
¥,(0). SinceR is long range,y,(6) dephases rapidly [12]. This means we have to calculae;,.

at angles? > (k¢)~' away from backscattering, and the In lowest order of the densitgy, consists of recur-
sum of y,(#) and7,(#) gives rise to the backscattering rent scattering between only two scatterers [13]. The
cone. Time-reversal symmetry guarantees #iab) =  full scattering amplitude for a system of two Rayleigh
v-(0) (exact backscattering) for the polarization conservpoint scatterers (1 and 2) separated ibys given by

ing channel [11] yielding an enhancement factor of e|x-f(kg,k’g’) =g - F(r) - g with [14]

Enhancement Facto
L g
\

- */
L % X .
1.95 e
XD
<

%ctly 2. This notion follows from the self-consistent
Yeatment required by time-reversal symmetry. It is not

exp(if - + t, exp(—if -
Fkk/(r) _ 2 |:[1 ql I') 2 q 1 I')

1 - 1G(r)? 7 + 111, G(r)cogb - r)}
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Here,f = (k — k)/2, b= (k + k)/2, and¢; is the ¢ financial support from the “Nederlandse Organisatie voor
matrix of particlei [15]. The incoming and outgoing Wetenschappelijk Onderzoek” (Netherlands Organization
wave vectors and polarization vectors are, respectivelyfor the Advancement of Research).
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