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Since its invention about a decade ago, dynamic multiple 
light scattering has found many applications in various 
areas of soft condensed matter science. It has become 
a particularly important quantitative to~1 in colloid physics 
because of its applicability to systems containing very high 
concentrations of scatterers, and its extreme sensitivity 
to small motions. Recent advances of this technique, 
currently called diffusing·wave spectroscopy because of the 
diffusive transport of the light waves, include remote optical 
measurements of frequencY'dependent viscoelasticity, studies 
of the microscopic dynamical processes in flowing sand and 
aging foam, a theoretical description of dynamic scattering 
from orientational fluctuations in liquid crystals and imaging 
of dynamic heterogeneities buried inside a turbid background 
medium. 
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Abbreviation 
OWS diffusing·wave spectroscopy 

Introduction 
~Iost objects in nature strongly scaccer visible light. 
White paints, milk, man)' dairy products, snow or c10uds 
are examples where scaccering largely dominates over 
absorption, whereas many biological tissues, wood, rocks, 
mud, and so on, have substantial absorption in addition to 
scaccering. The turbid opaque appearance of the former 
list of materials originates from strong scaccering of light 
that, in turn, is caused, usually, by a high concentraeion 
of inhomogeneities such as particles suspended in a 
background medium of rather different refractive index. 
The scaccering is strongest for large index mismatch and 
for particles of sizes of order of the wavelength of light. 
Then, as sketched in Figure I, the impinging light is 
scaccered several or many times before it can escape from 
the material. In many cases, the transport of light is 
weil described by diffusive spreading of the intensiey, or 
photon diffusion, or photon random walks. The laccer is 
characterized by a photon transport mean free path t" (or 
average random walk step length) which is usually much 
smaller than the size L of the object. L» t * is the criterion 
for multiple scattering. 

Alehough the photon diffusion picture was introduced 
almost 100 years aga [1], a rapid development of ehe field 
of opeical multiple scattering has set in wieh ehe discovery 
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Figure 1 

Oynamic multiple scattering of light. The light waves diffusing through 
the multiple scattering medium pick up phase shifts ($(tl) due to the 
motion of the scatterers. 

of interference effeces such as weak localization [2] and 
coherent backscaccering [3,4] of light. This article focuses 
on recent work concerning the temporal fluctuations of 
the multiply scaccered light intensity which are caused by 
motion of the scatterers. Although parts of the underlying 
physics were discussed previously' in 1983 and 1984 [5,6], 
dynamic multiple light scattering has been reintroduced 
and highlighted by the work on calibrated colloidal latex 
particles in aqueous suspensions [7,8] and has been rapidly 
evolving ever since into a powerful technique called 
'diffusing-wave spectroscopy' (OWS). 

The principle and mathematical treatment of OWS can 
be found in various reviews (see e.g. [9,10)). We eherefore 
only briefty resurne ehe physics (Fig. 1): coherent lighe 
waves (of, say, an incident monomode laser beam) eravel 
inside the sam pIe along ehe various random scaccering 
paehs described by ehe photon random walk, and see 
up a highly irregular intensiey pattern called 'speckle', 
as a result of ineerference between many waves from 
many paehs of various lengehs, ae ehe deeector. Similar 
to conventional dynamic single scaccering, ehe intensiey 
in a given speckle spoe fluccuates when the scaccerers 
move wieh respect to each other. As ehe transit time of 
photons ehrough a eypical multiple scaccering path is much 
shorter than the time, 'to, ie takes a colloidal particle to 
mo\'e a distance of order of the optical wavelength Ac = 

21t/ko ('to = 1/0ko2 for Brownian motion with diffusion 
coefficient 0), the problem is creaeed in a quasi-seationary 
approximation. The time-dependent phase shifes Q(e) of 
ehe scattered optical fields, occurring due to moeion 
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of scauerers, accumulate along the paths and give rise 
to speckle f1uctuations on a path-Iength dependent 
time scale. Consequently, under circumstances of strong 
multiple scattering, this time scale is much faster than '0. 
Unlike single scauering, the time scale does not depend 
on the angle of observation, but rather on the geometry 
of the scattering cell which controls the typical path 
length and its distribution. The seemingly complicated 
calculation of measurable quantities, like the frequency 
spectrum or the time autocorrelation function of the 
scattered intensity, becomes in fact rather straightforward 
in the photon diffusion picture. For independent random 
paths, all interference contributions between different 
paths average to zero and the average relaxation time of 
paths of n independent scauering events becomes n'o. 
This is seen in the important, fundamental equation for 
the autocorrelation function of the scauered field [7]: 

00 00 

gl(t) = J P(s)e-~(692(t)) ds/ J P(s)ds (1) 

where <<><l>2(t) > is the mean square phase shift per 
scattering event and pes) is a quantity depending on 
sampIe geometry, size and 1·, describing how much light 
intensity is scattered on average into paths of length s. 
<<><l>Z(t)> = k~<o,Z(t» = Dk~t for independent Brownian 
motion of scatterers with mean square displacement 
<<>,z(t)>. Explicit formulas for pes) and hence g\ (t) 
have been worked out for various geometries, such as 
backscauering and transmission from slabs, pairs of optical 
fibers dipping into a turbid sampIe and others, and 
Equation 1 was successfully tested experimentallyon 
suspensions of weil characterized colloidal suspensions. 
See, for example, [9,10]. 

OWS has tremendously extended the use of light 
scattering in many fields, in particular in the physics and 
chemistry of colloids and other complex fluids. Primarily, 
it provides, without the need for index matching, quan
titative information about particle displacements <<>,2(t» 
up to high concentrations-well in the regime of high 
order multiple scauering. Ir works best when single 
and low order scattering are negligible, and therefore 
ideally complements other recently developed techniques 
such as t\m-color cross-correlation spectroscopy [11] and 
single-mode fiber-optic dynamic light scattering [12-14], 
both of which essentially suppress the multiple scattered 
light but still require measurable amounts of single 
scattering intensity. OWS is therefore weil suited to 
study interparticle correlations in colloidal suspensions 
at very high volume fractions and the dynamics of 
dense-packed systems like concentrated emulsions, foams 
and so on. The second important feature of OWS is 
its extraordinary sensitivity to small displacements of 
scatterers. In contrast to single light scauering, which 
probes fluctuations on length sca\es largcr than 'A/2, 

displacements as small as 'A/I000 (or even less, in principle) 
can be monitored with OWS. The probed length scale 
is easily controlled experimentally by the typical path 
length (i.e. the maximum of pes»~ which is set by the 
sampIe size, shape and distance between injection and 
detection point of the light. Examples below highlight 
f1uctuations measurable at length seal es down to (Ibout 
0.1 nm. This puts OWS in competition with X-ray and 
neutron scauering, but covering time scales from tens of 
nanoseconds to hundreds of seconds. The third important 
feature of OWS is that OWS experiments on other types of 
motion, such as shear or oscillatory flow, demonstrate the 
possibility to characterize flow fields and measure velocity 
gradients on the experimentally adjustable length scale 
1·. Fourthly, because of the high sensitivity co motion of 
scauerers, OWS can detect very small numbers of particles 
undergoing motion with respect to their surroundings, 
thus making it possible to image or localize them even 
weil below the surface of the sam pIe, and to detect 
sporadic and rare dynamic events. Last, but not least, 
OWS is easier than dynamic single light scattering co 
implement experimentally, because of the intrinsically 
high scattered intensities and the rather weak sensitivity 
to misalignment and definition of scattering angle, beam 
size and polarization. 

Oespite discussions about the accuracy of current OWS 
theories [15] and difficulties with the proper description 
of incident and diffusing light near the sampIe surface 
[16-19], it seems fair to say that OWS is by now 
weil established to provide quantitative information, to 
within a few % accuracy, about <o,2 (t» , 0,. particle 
sizes, flow rates, ultrasonic amplitudes, and so on, for 
homogeneous multiple scattering media, if the few 
relevant experimental parameters (sampIe geometry, L, 
1·, .... ) are weil controlled. Recent illustrations for this 
are given in the section entitled DurS on homogeneolls 
colloidal systems, whereas the two sections following on 
from this deal with novel developments into more complex 
inhomogeneous systems and multiple scattering imaging 
of objects in motion. 

DWS on homogeneous colloidal systems 
Short-time hydrodynamics 
OWS experiments [20-22] on the short-time crossover 
from ballistic co Brownian motion of colloidal spheres 
have c1early revealed a long-time tail in the velocity 
auto-correlation function and a scaling of its characteristic 
time scale with the high frequency shear viscosity of the 
solution up to high volume fractions due to hydrodynamic 
interactions. These experiments were carried out on 
relatively large spheres (of diameters from 0.2 co above 
111m), in which case OWS gives access to short time 
'self' motion of the particles. For particles significantly 
smaller than 'A, OWS rather provides information on 
the time-dependent 'collective' motion, which shows 
similar features [23,24J including the scaling behavior 
with the solution viscosity. A striking result of this work 



was that the motion of a given particle senses the 
macroscopic viscosity even at times toO short for the 
"orticity generated by it to diffuse ac ross the average 
interparticle distance. Analysis of the temporal evolution 
of the flow field surrounding the particle [25"], and 
comparison of the latter experiments with numerical 
simulations [24] suggest that sound propagation plays a 
major role in the establishment of the hydrodynamic 
interactions at short times. The discussed scaling behavior 
remains, however, poorly understood so far. 

InterparticIe correlations and phase transitions 
The effects of short range interparticle interactions can 
be easily incorporated into the simple OWS theory 
(Eq. 1) [7,26] in the case of weak multiple scattering, 
kot" »1. The multiple scattering is then described by 
successive scattering events from correlated ensembles 
of scatterers. The correlations modify both the transport 
mean free path t" and the time scale of the intensity 
fluctuations. The latter reflects the effect of hydrodynamic 
interaction on the diffusion constant and the fact that 
in multiple scattering all quantities become averages 
over a wide distribution of (single) scattering angles. 
The influence of interactions becomes most pronounced 
at high volume fractions and small particle sizes, but 
essentially disappears for particles above = 1 Jlm diameter. 
This has been checked by OWS experiments for hard, 
monodisperse spheres [27-29] up to volume fractions near 
50%, binary mixtures of them [30] and charged spheres 
[31]. At stronger interactions, as achieved either by even 
higher particle concentrations or by more lang range 
interparticle potential (e.g. screened Coulomb interaction), 
colloidal suspensions undergo transitions into crystalline or 
glassy phases depending on the degree of monodispersity 
of the spheres. These transitions are clearly visible by the 
appearance of a nondecaying part in gt(t) at long times. 
Although OWS is, in this sense, very useful to establish 
phase diagrams [32-34], a proper description of the long 
time behavior of gt(t) in DWS from strongly interacting 
systems is still missing. 

Convective motions 
DWS is sensitive to relative motions of scatterers other 
than Brownian motion, as first illustrated by gt (t) meas
urements on latex suspensions under Poiseuille flow 
[35]. If the displacements of the particle 07j are 
completely correlated due to a deterministic motion such 
as convective flow, the relevant phase shift 0<> due 
to two successive scattering events (1) and (i + 1) in 
the expression (Eq. 1) for gt(t) is fj(07j - 07j+t). As 
07j = -Vjt, it immediately follows that a homogeneous 
velocity field -Vj (=constant), does not generate temporal 
speckle fluctuations. Inhomogeneous velocities, however, 
cause phase fluctuations, thereby gene rating a decay of 
gt(t). The phase fluctuations are given by the velocity 
difference on the length t", because consecutive random 
scattering events have, on average, a distance t·. For 
homogeneous shear at rate r one again finds the familiar 
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expression (Eq. 1) for gt(t), the mean square phase shift 
per scattering event now being <0<>2> = (rt*kot)2. The 
t2-dependence of <&;>2 >, as opposed to the t-dependence 
for Brownian motion, is the signature of the deterministic 
nature of the shear motion. For inhomogeneous shear 
gradients, such as Poiseuille flow or plug flow, the decay 
of gt(t) becomes somewhat different as the cloud of 
diffusing photons does not scan the different regions 
of the flow field with equal weight [36]. Experiments 
comparing planar flo\\', Poiseuille flo\\' and Couette flow 
[37] c1early demonstrate this, and are in quantitative 
agreement with theory. Ir is thus possible to distinguish 
between different types of flow and to determine shear 
gradients in totally turbid liquids by dynamic multiple 
light scattering. The Couette flow experiments have been 
extended to higher shear gradients weil into the regime 
of hydrodynamic instabilities [37]. ßeyond a critical shear 
rate, a characteristic convective roll pattern ('Taylor' rolls) 
appears. The associated additional shear is clearly seen 
in gt(t), and scanning the position of a tightly focused 
incident beam allows one to visualize the otherwise 
not visible rolls through the position-dependence of the 
characteristic relaxation rate rt "ko' These experiments 
are readily extended to turbulent flow, thus opening the 
possibility of scale-dependent measurements of <r2 > [38]. 

Small longitudinal relative displacements of the particles 
can also be detected with the help of DWS. This 
is illustrated by DWS measurements of the variance 
of the ac-electrophoretic mobility in electro-rheological 
fluids [39] and of the ultrasound-generated sinusoidal 
modulation of the particle positions, from which the 
ultrasound amplitude could be estimated optically in solid 
or liquid multiple scattering media [40]. 

Towards more complex systems 
After the experimental establishment of DWS on weil 
characterized model suspensions, more complex turbid 
systems have begun to be studied. We emphasize 
here emulsions, foams, flowing sand, fluidized beds and 
nematic liquid crystals. 

Shape fluctuations in emulsion droplets and DWS 
measurements of viscoelasticity 
Very dense suspensions of monodisperse emulsion droplets 
were investigated by Gang el uf. [41,42]. Thermally excited 
droplet shape fluctuations with amplitudes as small as a 
few A at droplet sizes above 1 Jlm could be detected. With 
increasing volume fraction, the characteristic frequency of 
the fluctuations decreases but, perhaps more surprisingly, 
their amplitude increases reflecting possibly the increasing 
importance of thermal collisions between deformable 
droplets. l\[ore recently, these measurements of <r2(t) > 
were extended to entangled polymer solutions conraining 
colloidal probe particles, and to colloidal suspensions of 
hard spheres at high volume fraction [43"",44]. <r2(t) > 
is then rclated to the corresponding bulk storage (G') 
and lass (G") moduli through a generalized Langevin 



254 Scattering and surface forces 

equation; the optieally obtained values of G' and G" 
agree surprisingly weil with direet measurements for all 
systems studied over rhe entire frequency range covered. 
Although rhe physieal reason for this agreement remains 
to be undersrood, rhese measurements, whieh have been 
exrended ro higher frequeneies eovering up ro seven 
deeades [45], ean be eonsidered ro be a new imponant 
appliearion ofDWS in eomplex fluids. 

Dynamic processes in foams and gelation 
Foams belong ro a dass of marerials wirh srruerural 
fearures and optieal properties that are very different to 
those of dense eolloidal suspensions, despite their overall 
'white' appearanee in many eases. Dense colleetions of 
(air) bubbles are separated by more or less organized soap 
films and henee the multiple scarrering of light eannot 
be deseribed by searrering from large spheres, but rather 
should be modeled by multiple refleetions from more 
or less random surfaees. Coarsening and aging of foams 
has been studied experimentally sinee ·1991 [46,47]; the 
overall slow dynamies has been deseribed as a stoehastic 
sequenee of bubble rearrangement events whieh are easily 
deteeted by the large extension of the diffuse photon 
doud, despite the rare oeeurrenee of rearrangements. This 
eoneept was used more reeently ro study the rate and stress 
dependenee of bubble rearrangement events in foams 
flowing under shear [48-50]. The additional dynamies 
oeeurring at times mueh shoner than the rearrangement 
times is presumably due to thermal shape fluetuations of 
the bubbles [51], and can be understood in terms of the 
maeroseopic shear modulus. 

Other examples of how DWS, while probing fast fluetua
tions (on the mieroseeond ro milliseeond time seale), can 
be used ro study very slow proeesses (on hour seales) is the 
monitoring of gelation of milk by rennet aetion at an early 
stage in cheese production [52], or the temporal evolution 
of colloidal gels [53]. 

Fluidized beds and flowing sand 
Fluidized beds are suspensions of large spheres whieh 
are kept from sedimenting by upwards direeted flow. 
DWS has been used ro study the effeet of hydrodynamie 
interaetions on the average sedimentation veloeity-its 
varianee and diffusion in uniform hard sphere fluidized 
suspensions [54]. Very reeently, a study [55··] of flowing 
sand has revealed a surprisingly rieh dynamie behavior of 
sueh systems: at shon times, the motion of sand grains 
is ballistic and has veloeity fluetuations eomparable ro 
the average veloeities, and the measured grain collision 
time and mean free path reveal a very small dilatation; 
at later times, a subdiffusive motion whieh is related ro 
the distorrion of nearest neighbor eages of sand grains is 
obseC\'ed. 

liquid crystals 
Single light seattering from maeroseopieally oriented ne
matie liquid erystals is weil understood and ean be found in 

many textbooks. Ir arises from colleetive orientation fluc
tuations of moleeules with anisotropie optieal polarizability 
(OEIE does not equal 0). The staties and dynamics of these 
fluctuations are described in a continuum-e1astic model 
involving several e1astic constants (lC ) and viscosities 
(11). In the one-eonstant approximation, the amplitude of 
the light searrered at wave vecror q is proportional ro 
(oE/E)2 ko4 kT/(lCq2) where kT has the usual meaning. The 
corresponding relaxation time is (lCq2/11)-I, very similar 
ro Brownian motion (Dq2)-I, with lC/11 - D. Both 
searrering amplitude and relaxation time diverge for long 
wavelengths (q -7 0) as it does not eost elastic energy to 
perform a rotation at q =0. In praetiee, this divergenee is 
avoided by a large seale cut off given by the sampIe size 
or by a finite (e1eetric or magnetie) field. 

SampIes of maeroscopieally oriented nematie liquid crys
rals look turbid, although mueh less so than nonoriented 
sampIes. The multiple scattering from unoriented sampIes 
has not been studied in detail so far and we thus foeus 
on dynamie multiple light searrering from the former 
[56°,57,58]. In the above model, the low-q divergenee of 
rhe statie struerure faetor results in a vanishing seattering 
mean free path t s, whereas the transport mean free path 
t* stays finite. The phoron diffusion eonstant beeomes 
anisotropie and the orientationally averaged value of t * 
is of the order (oE/E)2lC/(kTko2) [56·,57,58]. On seal es 
mueh larger ·than t'O, we therefore reeover the (anisotropie) 
photon diffusion pieture, and, for not too large anisotropy 
oE/E the dynamie eorrelation function gl(t) can be wrirren 
in a form very similar ro Equation 1. Note, however, that 
the eontributions of paths of length s eannot be considered 
as independent eontributions of s/ts seattering events at 
average distanee ts' as ts and the assoeiated relaxation rate 
vanish together. On the 'natural' length seale t *, we find 
the 'natural' relaxation rate lCko2/11. Some of the features 
of gl(t) predieted by this model [56·,58] have been tested 
in a first DWS experiment [57]. 

Imaging objects with distinct dynamics in 
multiple scattering media 
In reeent years, there has been substantial progress made 
in optieal imaging 'beyond the transport mean free path' 
(see [59,60] and references therein). Various teehniques, 
such as interferometrie deteetion of the weak, unsearrered 
coherent beam, time-resolved seleetion of early arriving 
(almost) unseattered photons, or measurements of photon 
density waves and diffuse photon intensities, have been 
applied [60] in order to loeate and eventually image objects 
whieh are buried several optieal transport mean free paths 
deep inside the medium. In this work [60], the optical 
contrast of the object, with respeet to the turbid medium, 
is due to enhaneed transparency or enhaneed absorption 
both of whieh modify the spatial distribution of the diffuse 
light intensity. The objeet basieally aets as a souree or a 
sink for diffusing photons and therefore gene rates a glow 
or a shadow, respeetively, on the sampIe surfaee. Glow 
or shadow are less in amplitude, but larger in size for 



deeply buried objects than for objects near the surface, 
because of the diffusive spread of photons from die object 
to the surface. This allows the localization of the objecL 
The spatial resolution degrades roughly linearly with the 
distance of ehe object from ehe surface [61]. 

This principle can also be used to image or locate objects 
which have dynamic contrast because of some motion 
with respect to the surrounding medium. Although in this 
case the average scattered intensity does not necessarily 
depend on the position at the sampie surface, the temporal 
fluctuations of ie, as seen in gl (e), do. This idea was 
suggested by work on speckle tomography [62] which 
pointed out the fact that if scatterers are moved even a 
small distance, the corresponding changes of the speckle 
pattern are most pronounced in ehe surface region dosest 

Figure 2 
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to ehem. Boas elol. [63,64-] reponed images of a spherical 
cavity containing a colloidal suspension in Brownian 
motion (with t· = 1.5 mm), located 0.75 diameters below 
ehe surface of a solid multiple scattering medium (with 
t· = 2.2 mm). In this case, ehere was contrast both in 
scattering and in dynamies. Heckmeier el 01. [65,66-,67] 
have performed experiments on objects having different 
types of purely dynamic contrast (i.e. identical t· values 
inside and outside the object). Position-dependent gl(t) 
measurements [65], made on a capillary containing a 
flowing colloidal suspension embedded in ehe same 
suspension undergoing Brownian motion, revealed ehat 
flow rate, depth and in plane location of the object can be 
obtained, and gl(t) is in excellent agreement wieh simple 
photon-diffusion eheory [66-]. An example is shown in 
Figure 2. The dynamic contrast has a maximum for a 
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Example 01 dynamic multiple scattering imaging: an object containing scatterers, which und ergo differential motion with respect to the 
surrounding multiple scattering medium, can be localized and imaged using DWS. A capillary (01 1.5 mm diameter) containing a concentrated 
colloidal suspension (O.12I1m diameter polystyrene latex particles in aqueous suspension at 5.8% volume Iraction, \'=67I1m) is buried inside 
a 5/4/2 cm3 cell filled with the same suspension. The suspension inside the capillary !Iows at a rate 01 0.5 ml s·l. Some 01 the diffusing light 
picks up dynamic phase shifts 9F(!} due to !Iow, in addition to the phase shifts (>B(t) caused by Brownian motion. The corresponding decay 01 
gl(l) is more pronounced when the capillary is located at a smaller distance (x) Irom the surface of the cell (x=2.8\· (O), x=4.2\· 0, x=5.7\· 
M, x=7.11· (" ), L=no !Iow. The maximum !Iow·induced change L goI gl(l) clearly shows the lateral (y) position 01 the capillary, which is also 
indicated as a horizontal line in the insel. Adapted with permission Irom [66·J. 
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weIl defined correlation time t. This is because g, (t) at 
very short times is dominated by Brownian motion (wh ich 
is, of course, identical inside and outside the object) 
as compared [0 flow, whereas at "ery long times only 
scattering paths [00 short [0 sense the embedded object 
contribute [0 g,(t). Ir is also possible [0 obtain dynamic 
contrast between Brownian particles having different sizes 
[66"]. In the particularly sensitive situation that the g,(t) 
measurement is made on a dark spot of the static speckle 
of a solid background medium containing a dynamic 
inclusion undergoing Brownian motion or flow, objects 
could be located as deep as five diameters and more than 
30t" inside [67]. Finally, the probability distribution of 
the scattered intensity sampled at long times rather than 
the full time dependence of g,(t) can be used for imaging 
purposes. 

The above principles are expected [0 turn out [0 be useful 
for many applications, in particular, in biomedical sciences. 
This may be illustrated by arecent experiment [64"] 
on superficial burns of animal tissues, where indications 
about the depth of burn could be obtained from the 
analysis of the temporal decay of g,(t)j the superficially 
burned layer of tissue behaves like asolid, whereas 
the nonburned tissue below gene rates time-dependent 
speckle fluctuations due [0 blood flow. 

Conclusions 
OWS has become a very useful [001 [0 probe dynamical 
properties of multiple scattering media of various kinds. 
Studies on calibrated colloidal suspensions have born 
out the potential of OWS [0 investigate fundamental 
problems in the physics of fluids, as iIIustrated, for 
instance, by the observation of the short-time motion of 
spherical particles governed by hydrodynamic interactions 
[20-22]. t--Iany novel contributions of OWS [0 divers 
problems in statistical physics are expected, primarily 
because of the wide range of time and distance scales 
covered. The quantitative understanding of OWS will now 
allow one [0 tackle more complex systems. Foams, sand, 
liquid crystals, emulsions, and polymer gels doped with 
scattering particles have been mentioned briefly and many 
more applications are foreseen, particularly important 
perhaps for the quality control of food, cosmetics and 
paints. t--Iultiple scattering imaging and remote sensing 
of buried objects in motion may evolve in[O a versatile 
[001 of special interest for medical applications, given the 
relatively low optical extinction of biological tissue in 
the near infrared and the possibility [0 select particular 
objects spectroscopicaIly. Examples include blood vesscls, 
coagulates or dye-stained tumors. Such applications will 
be complementary [0 and, with the availability of low cost 
sources and detec[Ors of light, substantially cheaper than 
current Nt--IR or X-ray imaging techniques. 
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