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Diffusing-wave spectroscopy in randomly inhomogeneous media with spatially
localized scatterer flows

S. E. Skipetrov

M. V. Lomonosov Moscow State University, 119899 Moscow, Russia

I. V. Meglinski

N. G. Chernyshevski� Saratov State University, 410026 Saratov, Russia

Multiple scattering of laser radiation in a randomly inhomogeneous turbid medium with a
spatially localized flow of particles is studied. The time autocorrelation function of backscattered
light is calculated for the case of a laminar flow of scatterers in a cylindrical capillary
embedded in the medium. A new method is proposed and tested experimentally for determining
the position of the dynamic region and the dominant form and characteristic velocity of
the particle motion there.
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1. INTRODUCTION

Problems involving the multiple-scattering of light i
randomly inhomogeneous media have been attracting a g
deal of attention in recent years.1 This is due to both the
diversity of beautiful physical effects observed und
multiple-scattering conditions~coherent backscattering2,3 and
angular and temporal correlations of the scattered radiati4!
and, in connection with the extensive use of optical diagn
tics methods in modern medicine,5–7 the extreme importance
of correctly describing the processes occurring under th
conditions.

So-called diffusing-wave spectroscopy has been de
oping rapidly during the last ten years. Its foundations w
laid in Refs. 8 and 9. The method of diffusing-wave spe
troscopy is based on measuring the time autocorrela
function G1(t)5^E(t)E* (t2t)& of light that is multiply
scattered in a turbid medium. It is found that even under
conditions of strong multiple scatteringG1(t) is sensitive to
the character and intensity of scatterer motion in the m
dium. Moreover, by measuringG1(t) it is possible to detec
very small displacements of the light-scattering particles~up
to hundredths of a wavelengthl of the radiation employed!,
while the methods based on measuring the characteristic
single scattering of waves are sensitive only to scatterer
placements over a distance of the order ofl.9 Another inter-
esting possible application of diffusing-wave spectrosco
has been discovered in the last few years — the possibilit
determining the location and performing diagnostics of d
namic inhomogeneities in turbid media on the basis of
analysis of the scattered radiation.10–13

In the present paper we propose a method of determin
the location and measuring the characteristics of direc
scatterer flows which are hidden deep in a turbid mediu
The method makes it possible to obtain information ab
the motion of particles inside a medium on the basis of
dependenceG1(t) measured at different points on the su
face of the sample. The theoretical and experimental res
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presented are in good agreement with one another. M
over, they agree with both the results of other experimen13

and theoretical calculations.12 The potential possibilities and
limitations of the method of measuring the characteristics
scatterer flows in strongly light-scattering turbid media a
evaluated. The method we propose could find interesting
plications, for example, in hemodynamics, since it opens
the possibility of performing noninvasive measurements
the velocity of blood flow in blood vessels and detecti
changes in blood volume in capillary ansae and other b
logical tissues.14

2. THEORETICAL ANALYSIS

Let us consider the scattering of light with wavelengthl
in a sample of a turbid medium~particle size;l), charac-
terized by a photon transport mean-free pathl * 5(ms8
1ma)21, wherems8 andma are the scattering and absorptio
coefficients,15 and in addition ma!ms8 . Under strong
multiple-scattering conditions (l!l * !L, where L is the
characteristic size of the sample! the time correlation func-
tion G1(r ,t)5^E(r ,t)E* (r ,t2t)& of depolarized multiply-
scattered radiation measured at pointr on the boundaryS of
the sample can be described in the diffusion approxima
by solving the stationary diffusion equation10,13

@¹22a2~t!#G1~r ,t!52
F~r !

Dp
~1!

with the boundary condition16

G1~r ,t!2
2

3
l * ~n–¹G1~r ,t!!50, rPS. ~2!

Here we have neglected light absorption in the mediu
F(r ) describes the distribution of light sources,Dp5cl * /3
is the light diffusion coefficient in the medium,15 n is the
inward unit normal to the surfaceS, and the specific form of
the functiona(t) depends on the character of the scatte
motion in the medium:a2(t)53t/2t0l * 2 in the case of
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Brownian motion of particles in a medium with diffusio
coefficientDB ,9 wheret05(4k2DB)21 and k52p/l, and
a2(t)56(t/t f l * )2 in the case of laminar scatterer flow,17

where the characteristic timet f depends on the flow geom
etry. In the case when the directed motion of the lig
scattering particles is superimposed on the random wal
the particles,a2(t) is given by a sum of terms correspondin
to these two different types of motion.18

The boundary condition~2! can be approximately re
placed by requiringG1(r ,t) to vanish on the so-called ex
trapolated boundary15 z52z152Dl * , where D depends
on the scattering conditions near the boundary. When
scattering is isotropic and the refractive index of the scat
ing medium equals that of the surrounding medium,
Milne theory givesD50.7104.19

Let the turbid medium fill the half-spacez.0 and let the
medium contain a hidden inclusion in the form of a cylind
cal capillary with diameterd52a.l * . Let the capillary be
directed along thex axis and located at a distancez from the
boundary of the medium~Fig. 1!. We denote byS1 the sur-
face of the capillary and byV1 the volume enclosed by it. I
a directed scatterer flow is produced in the capillary, wh
elsewhere in the medium the scatterers move as Brow
particles, then we can introduce in Eq.~1! a spatial depen-
dence ofa2(t) of the form13

a2~t!5H a in
2 ~t!53t/2t0l * 216~t/t f l * !2, rPV1,

aout
2 ~t!53t/2t0l * 2, r¹V1 .

~3!

In our experimental situation~Fig. 1! a Poiseuille velocity
profile can be assumed for the particles inside the capill
which gives

t f5A30/kl * G1 , whereG1532Q/A2pd3, ~4!

and Q is the volume flow rate of the liquid, equal to th
volume of the liquid passing through the cross section of
capillary per unit time. It is easy to show thatQ is related to
the average velocityV of the directed motion of the particle
in the capillary by the relationQ5pa2V.

FIG. 1. Schematic diagram of the experiment. The sample (8315315 cm3)
consists of particles of rutile (TiO2) suspended in resin~0.01 g of rutile per
100 ml of resin, particle diameter 0.25mm, ms854 cm21, ma50.002 cm21,
l * 50.25 cm,DB50). A transverse cylindrical opening with diameterd
50.75 cm, where a flow of a suspension of polystyrene beads in w
~particle diameter 0.296mm, concentration'0.5%, DB51.531028 cm2/s,
t056.3231024 s! is produced, was made parallel to the surface inside
sample at a depthz50.925 cm. Laser radiation is introduced into the m
dium by means of a narrow fiber-optic lightguide with diameterb,l * . The
time autocorrelation function of the intensity of the multiply scattered lig
in the medium is measured at the point (x,y,0).
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Finally, we write the boundary conditions on the surfa
S1 of the capillary in the form10

G1
in~r ,t!5G1

out~r ,t!, rPS1 , ~5!

~n–¹G1
in~r ,t!!5~n–¹G1

out~r ,t!!, rPS1 , ~6!

whereG1
in,out(r ,t) are solutions of Eq.~1! inside and outside

the volumeV1, respectively.
To complete the mathematical formulation of the pro

lem we have only to specify the distributionF(r ) of the light
sources in the medium. In an experiment the sample is o
narily illuminated by a laser beam of finite widthb. The
casesb@l * andb,l * are easiest to describe theoretical
since in the first case one can assume approximately th
plane wave is incident on the surface of the medium, wh
in the second case one can study a point source of radia
positioned at a point determined by its coordinateys on the
surface of the medium~see Fig. 1!. Since the coherent lase
radiation becomes diffuse at a depthz0;l * ,15 we shall
write the source function in Eq.~1! in the form

F~r !.H d~z2z0!, b@l * ,

d~x!d~y2ys!d~z2z0!, b,l * .
~7!

On this basis it is easy to obtain an expression for
correlation functionG1

0 of depolarized light backscattere
from an infinite medium in the absence of a scatterer flow
the capillary (t f→`). In the limit t!t0 we obtain

G1
0~t!5exp$2gaoutl * !, ~8!

for b@l * and

G1
0~x,y,t!5

1

4pDp
H exp~2aout r!

r

2
exp~2aoutAr214g2l * 2!

Ar214g2l * 2 J ~9!

for b,l * . In these formulasg511D is a numerical con-
stant of the order of 2,r5@x21(y2ys)

2#1/2 ~see Fig. 1!, and
the light source is assumed to be located at the point (0ys)
on the surface of the medium. The results~8! and ~9! were
obtained earlier by different methods, and they have a
been confirmed experimentally.8,9 We note that the correla
tion function ~8! does not depend on the position (x, y) of
the detector on the surface of the medium or on the pho
transport mean free pathl * .

Now let a laminar flow of light-scattering particles b
produced in the capillary. In this case we write the soluti
in the form G1(x,y,t)5G1

0(x,y,t)1G1
S(x,y,t), where the

last term describes the effect of the flow on the correlat
function. Neglecting the condition~2! on the boundary of the
medium, we obtain for the caseb@l *

G1
S~y,t!52

h2z0

2pl *
(
n51

` E
2`

` dp

cosp
cos~n~p2u!!

3 f nS aout

h2z0

cosp
, aoutAh21y2, aouta,a inaD ,

~10!
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where

f n~j1 ,j2 ,j3 ,j4!5Kn~j1!Kn~j2!

3F j3I n8~j3!I n~j4!2j4I n~j3!I n8~j4!

j3Kn8~j3!I n~j4!2j4Kn~j3!I n8~j4!
G ,

~11!

I n andKn are modified Bessel functions, primes denote d
ferentiation of the corresponding function with respect to
argument,h5z1a, andu5tan21(y/h). A somewhat differ-
ent result is obtained forb,l * :

G1
S~x,y,t!52

1

2p2 (
n51

` E
0

`

dp cos~nu!cos~px!

3 f n~rAp21aout
2 , r sAp21aout

2 ,

aAp21aout
2 , aAp21a in

2 ), ~12!

wherer 5(h21y2)1/2 and r s5(h21ys
2)1/2.

To satisfy the zero boundary condition in the pla
z52z1 and thereby obtainG1

S for the experimental schem
shown in Fig. 1, we use the method of images.19 We place
the images of the capillary and radiation source on the o
side of the planez52z1 so that the geometry of the proble
would become symmetric with respect to this plane. Th
the desired solution can be written as a sum of the exp
sions ~8! or ~9! and terms of the form~10! or ~12! corre-
sponding to two different capillaries and light sources.

3. EXPERIMENTAL CONDITIONS

A schematic diagram of the experimental apparatus
shown in Fig. 1. The sample consists of rutile (TiO2) par-
ticles suspended in resin. A cylindrical opening with dia
eter d50.75 cm was made through the sample at dista
z50.925 cm from one of its faces. A laminar flow of
suspension of polystyrene beads in water is maintained in
cylindrical opening by means of communicating vess
placed at different heights. The optical properties (ms8 , ma)
of the suspension are close to those of the sample mate
Therefore the region inside the capillary differs from the s
rounding medium only by the dynamics of the particles
cated in the capillary. For this reason, following the term
nology of Ref. 13, we shall call this region dynamical
heterogeneous.

Coherent laser radiation at wavelengthl5514 nm and
power 1 W, generated in the TEM00 mode by an argon ion
laser with a Fabry–Perot etalon placed inside the laser
ity, is injected by means of a system of mirrors and a le
into a multimode fiber-optic waveguide~core diameter 200
mm, numerical aperture 0.16!. The Fabry–Perot etalon insid
the laser cavity gives an adequate radiation coherence le
~about 3 m!, which is necessary in experiments on multip
scattering of light.20 Passing along the waveguide the light
incident on the surface of the sample. The light scatte
from the sample is collected by means of a single-mo
fiber-optic waveguide~diameter 3.1mm, numerical aperture
0.13!, which allows the fluctuations of the light intensit
-
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within the coherence area of the scattered radiation to
recorded. Passing along the waveguide, the scattered r
tion enters a photomultiplier,1! which operates in the photo
counting mode and is connected with a digital multichan
autocorrelator.2! The use of fiber-optic waveguides to deliv
the laser radiation to the sample and to record the scatt
light and the use of a digital correlator make it possible
obtain a high signal/noise ratio in the measurement proc

The measured quantity in the present experiment is
normalized autocorrelation function g2(t)5^I (t)I (t
2t)&/^I &2 of the intensity of the scattered light. The radi
tion scattered in the turbid medium has a Gaussian distr
tion, as a result of whichg2(t) is related with g1(t)
5G1(t)/G1(0) by the Siegert relation

g2~t!511bug1~t!u2,

where 0,b,1 is the aperture function determined by th
measurement system used.5,21 Since the sample used in th
experiment does not satisfy the condition of ergodicity, t
productI (t)I (t2t) is averaged over an ensemble of realiz
tions by the method proposed in Ref. 21. The essence of
method is that the averaging is accomplished by moving
sample alternately in one direction and then in another r
tive to the stationary source and detector by means of
electric stepping motor. In our experiments the velocity
the sample motion was equal to about 50mm/s. The direc-
tion of motion is changed automatically, as a result of wh
the sample is displaced by approximately 500mm first in one
and then in another direction parallel to the capillary axis

4. BASIC RESULTS AND DISCUSSION

Figure 2 shows the normalized correlation function
the scattered radiation field, calculated for the case show
Fig. 1 where the radiation is delivered and detected us
thin fiber-optic waveguides (b,l * ). The calculation was
performed using Eqs.~9! and~12! with aout[0 and the val-

FIG. 2. Normalized time autocorrelation function of multiply scattered
diation, calculated in the diffusion approximation for the case when
radiation source and detector are arranged symmetrically relative to
capillary (x50, y52ys52.5l * , z53.5l * , d53l * , z05z15l * ,t056
31024 s!. Different curves correspond to different flow velocities:V50.1
~1!, 0.6 ~2!, 3 ~3! cm/s.



p
nt
n
e

w
ob
n
b

he

t i
ed
ita
h
la

s
el
in
th
o

ar

no
is
se

nc

nts

ults
ther
is
ing
us
s.
tical
t a

os-
ing
alysis
y-
rves

to
d

of

ng
ith
s in
re-
of

ted,
p-
if-

g a
e it
eri-
on,
he
of

le

tio
n
w

e.

ra-
ry:

e
rs fall

664
ues of the other parameters close to those used in the ex
ment. The corresponding experimental points are prese
in Fig. 3. As one can see from these figures, the sectio
the correlation function in the bounded range of delay tim
t (1,t,400ms under the conditions of our experiment! is
most sensitive to a change in the velocity of the fluid flo
inside the dynamic region; this agrees with the results
tained in Ref. 13. Fort,1 ms the behavior of the correlatio
function is determined mainly by the small but nonzero a
sorption of light in the medium, the absorption being t
same both inside and outside the capillary. Fort;50
2200 ms g1(t) tends to saturate at a constant level tha
independent of the flow velocity. This fact was predict
theoretically in Ref. 12 and can be easily explained qual
tively on the basis of the correspondence between the s
trajectories of photons in the medium and the long de
timest:8 For larget the rate of decrease ofg1(t) is deter-
mined mainly by photons with relatively short trajectorie
since photons with long trajectories are now complet
decorrelated. Photons with short trajectories consist ma
of photons which do not reach the capillary, and since
particles in the medium surrounding the capillary are imm
bile, the theoretically computed functiong1(t) approaches a
constant different from zero ast→`. The value of this con-
stant is determined solely by the depth at which the capill
is located. As shown in Ref. 12, ford@l * it can be esti-
mated as 12(z01z1)/z.0.55 for our sample (z05l * ,
z150.7104l * , z53.7l * ). Since in Ref. 12 a laminar flow
of light-scattering particles in a plane-parallel layer and
in a cylindrical capillary is studied, the agreement of th
estimate with reality is satisfactory. However, as one can
from Fig. 3, the experimentally measured correlation fu
tion, though it tends to saturate att;502200 ms, still con-
tinues to decrease fort.200 ms in contrast to the function
calculated theoretically~Fig. 2!. This is due to effects which
were neglected in our theoretical model~specifically, it is

FIG. 3. Experimentally measured normalized time autocorrelation func
of multiply scattered radiation for the experimental arrangement show
Fig. 1. The radiation source and detector are arranged symmetrically
respect to the capillary (x50, y52ys52.5l * ). Different curves corre-
spond to different flow velocities:V50.08 ~1!, 0.62~2!, and 3.22~3! cm/s.
The measurement errors fall within the size of the symbols in the figur
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due to the method of averaging, vibration of the compone
of the optical system, photomultiplier noise, and so on!.

We note that the theoretical and experimental res
presented in Figs. 2 and 3 not only agree with one ano
qualitatively but they are also very close quantitatively. Th
attests to the fact that our theoretical approach to study
the multiple scattering of light in dynamically heterogeneo
media is fully applicable to real experimental situation
Moreover, the quantitative agreement between the theore
and experimental results makes it possible to sugges
method for determining the location and performing diagn
tics of scatterer flows hidden inside strongly light-scatter
media that is based on measurement and subsequent an
of the temporal autocorrelation function of the multipl
scattered radiation. Indeed, the difference between the cu
g1(t) corresponding to different average velocitiesV of the
particle flow in the capillary is quite large and can be used
measureV directly. Quantitative calibration of this metho
of measuring the velocity can be performed on the basis
our theoretical model.

It is interesting that the method proposed for studyi
the dynamics of particles in turbid media can be used w
equal success for different types of dynamics of scatterer
the medium. As an illustration, we present in Fig. 4 the
sults of measurements of the autocorrelation function
backscattered radiation for the cases of Brownian, direc
and turbulent motions of light-scattering particles in the ca
illary. The system of communicating vessels located at d
ferent heights was found to be inadequate for producin
turbulent fluid flow, since such a system does not mak
possible to reach the critical Reynolds number on the exp
mental rectilinear section of the capillary. For this reas
turbulent scatterer motion in the cylindrical cavity inside t
experimental sample was produced artificially with the aid
a nozzle placed at the entrance opening of the capillary.

As one can see from Fig. 4, different types of partic

n
in
ith

FIG. 4. Normalized time autocorrelation function of multiply scattered
diation, measured for different types of scatterer motion in the capilla
Brownian motion~1!, laminar flow with velocityV50.08 ~2! and 0.24~3!
cm/s, turbulent flow withV50.88 cm/s~4!. The remaining parameters ar
the same as for the curves presented in Fig. 3. The measurement erro
within the size of the symbols in the figure.
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motion lead to different time dependencesg1(t). This con-
clusion also follows from the theoretical analysis: F
Brownian motion the variance of the phase differen
^Df2(t)& for two photons scattered successively by t
same particles of the medium at times separated by an in
val t is proportional tot.8,9 For laminar and turbulent flows
^Df2(t)&}t2,18,22 but in the latter case the coefficient o
proportionality is larger for the same characteristic parti
velocity. Thus, there is a possibility of not only determinin
the location of the dynamically heterogeneous region~cylin-
drical capillary in our case! and estimating the average v
locity of the particles inside this region but also drawi
conclusions about the dominant character of the scatt
motion. We note that for the reasons explained above
curves in Fig. 4 approach the same asymptote for larget.

5. CONCLUSIONS

In the present paper multiple scattering of laser radiat
in a randomly inhomogeneous medium with a spatially
calized flow of light-scattering particles was studied. T
time autocorrelation function of the light backscattered fro
a semi-infinite medium with a directed particle flow loca
ized in the region of a cylindrical capillary was calculated
the diffusion approximation. The results of the theoreti
analysis are in good agreement with the experimental res
at the flow velocity studied. This made it possible to sugg
a new method for determining the position and size of
flow region as well as the velocity of the scatterers inside
region. We note that proposed method is the only opt
method that permits measuring the velocity of relative
slow ~up to 1022 cm/s! flows under conditions of multiple
scattering of light in the medium. However, this method c
be used only for particle flows near the boundary of
medium (z,(15220)l * in accordance with our theoretica
calculations!. This result agrees with the conclusions draw
in Refs. 12 and 13. For this reason, it can be asserted tha
restriction is fundamental for turbid media and is not asso
ated with the peculiarities of any specific measurem
scheme.

Since the parameters of our sample are close to thos
some biological media,7,15 our method can be used for non
invasive measurement of the characteristics of blood flow14

Moreover, the velocity of scatterers can be measured s
larly in experiments on laser acceleration of particles
dense media.23 Thus, the range of potential applications
our method is very wide.
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1!An EMI, Gencom Inc., photomultiplier was used.
2!BI-9000AT, Brookhaven Instruments Corp.
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