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

1. INTRODUCTION presented are in good agreement with one another. More-
over, they agree with both the results of other experinténts
Problems involving the multiple-scattering of light in and theoretical calculatiortd.The potential possibilities and
randomly inhomogeneous media have been attracting a grefanitations of the method of measuring the characteristics of
deal of attention in recent yealsThis is due to both the scatterer flows in strongly light-scattering turbid media are
diversity of beautiful physical effects observed underevaluated. The method we propose could find interesting ap-
multiple-scattering condition&oherent backscatterifigand plications, for example, in hemodynamics, since it opens up
angular and temporal correlations of the scattered radfationthe possibility of performing noninvasive measurements of
and, in connection with the extensive use of optical diagnosthe velocity of blood flow in blood vessels and detecting
tics methods in modern medicifg’ the extreme importance changes in blood volume in capillary ansae and other bio-
of correctly describing the processes occurring under theslegical tissues?
conditions.
So-called diffusing-wave spectroscopy has been deveb THEORETICAL ANALYSIS

oping rapidly during the last ten years. Its foundations were ) ) _ .
laid in Refs. 8 and 9. The method of diffusing-wave spec- Let us consider the scattering of light with wavelenggth

troscopy is based on measuring the time autocorrelatioff! @ Sample of a turbid mediurgparticle size~\), charas:-
function Gy(r)=(E(t)E*(t—1)) of light that is multiply ~terizéd by a photon transport mean-free path =(us

. . . . -1 H .
scattered in a turbid medium. It is found that even under theh #a) > Whereug and u, are the scattering and absorption

conditions of strong multiple scatterir@, (7) is sensitive to  Coefficients,® and in addition u,<u¢. Under strong
the character and intensity of scatterer motion in the meMultiple-scattering conditions\(</* <L, whereL is the
dium. Moreover, by measuring,(7) it is possible to detect qharactensuc size of the samplhe time correlat|on f_unc-
very small displacements of the light-scattering parti¢igs ~ tion Gi(r,7) =(E(r,t)E* (r,t— 7)) of depolarized multiply-
to hundredths of a wavelengthof the radiation employed scattered radiation measgred at pairn the.boundaryo‘.of _
while the methods based on measuring the characteristics §1€ Sample can be described in the d'ﬁys'gn approximation
single scattering of waves are sensitive only to scatterer did?y Solving the stationary diffusion equatfdrt
placements over a distance of the ordehdfAnother inter- F(r)
esting possible application of diffusing-wave spectroscopy [Vz—az(T)]Gl(f,TF—D—
has been discovered in the last few years — the possibility of
determining the location and performing diagnostics of dy-with the boundary conditiof
namic inhomogeneities in turbid media on the basis of an 2
analysis of the scattered radiatitfh® Gy(r,7)— 5/*(n-VGl(r,r))=0, reS. 2

In the present paper we propose a method of determining
the location and measuring the characteristics of directethere we have neglected light absorption in the medium,
scatterer flows which are hidden deep in a turbid mediumF(r) describes the distribution of light sourcds,=c/™* /3
The method makes it possible to obtain information abouis the light diffusion coefficient in the medium,n is the
the motion of particles inside a medium on the basis of thenward unit normal to the surfac® and the specific form of
dependencé&;(7) measured at different points on the sur-the functiona(7) depends on the character of the scatterer
face of the sample. The theoretical and experimental result:otion in the medium:a?(7)=37/27,/*? in the case of
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Source Detector [ Finally, we write the boundary conditions on the surface
S, of the capillary in the forrf
H——nf p——— X U
" _
A Gl N=G(r.7), res,, )
e (n-VGi(r,7)=(n-VG{(r,7)), reS, (6)

whereG!™“(r, 7) are solutions of Eq(1) inside and outside
the volumeV, respectively.

To complete the mathematical formulation of the prob-
FIG. 1. Schematic diagram of the experiment. The samplel®x 15 cn?) lem we have only tq specify the dlstr_lbutlﬁ(r) of the ||g.ht _
consists of particles of rutile (Ti§) suspended in resif®.01 g of rutile per ~ sources in the medium. In an experiment the sample is ordi-
100 ml of resin, particle diameter 0.28m, ug=4 cm %, u,=0.002cm*,  parily illuminated by a laser beam of finite widih The
1*=0.25 cm,Dg=0). A transverse cylindrical opening with diameter cased> /* andb</* are easiest to describe theoretically,
=0.75 cm, where a flow of a suspension of polystyrene beads in water . in the first imatelv that
(particle diameter 0.29@m, concentratior=0.5%, Dg=1.5X 10"8 cn?/s, since In the . |r_s (?ase one Can assume approxm_a ely a a
70=6.32x10"* 5) is produced, was made parallel to the surface inside thePlane wave is incident on the surface of the medium, while
sample at a deptk=0.925 cm. Laser radiation is introduced into the me- in the second case one can study a point source of radiation
dium by means of a narrow fiber-optic lightguide with diamédter/* . The positioned at a point determined by its coordingteon the
_tlme autocc_;rrelgtlon function of the m_tensny of the multiply scattered light surface of the mediursee Fig. 1 Since the coherent laser
in the medium is measured at the poirty,0). .. . % 15

radiation becomes diffuse at a depth~/*, we shall
write the source function in Eq1) in the form

2a

Brownian motion of particles in a medium with diffusion 8(z—2zy) b /*

coefficientDg,° where 7y=(4k?Dg) " andk=2=/\, and F(r)= ’ . (7)
a?(7)=6(rlm/*)? in the case of laminar scatterer fld, 8(X)8(y—ys)8(z=2), b</*.

where the characteristic timg depends on the flow geom- On this basis it is easy to obtain an expression for the

etry. In the case when the directed motion of the light-correlation functionG} of depolarized light backscattered
scattering particles is superimposed on the random walk ofkom an infinite medium in the absence of a scatterer flow in

the particles@?(7) is given by a sum of terms corresponding the capillary ¢s—). In the limit 7< 7, we obtain
to these two different types of motidf.

0/ — y
The boundary conditior{2) can be approximately re- Gi(n)=exp{—yaou ™), ®)

placed by requirings,(r,7) to vanish on the so-called ex- for b>,/* and

trapolated boundaty z=—z,=—A/*, where A depends

on the scattering conditions near the boundary. When the Jexﬁ—aoutp)

scattering is isotropic and the refractive index of the scatter- th)(x,y,r) - 477Dpl p
ing medium equals that of the surrounding medium, the
Milne theory givesA =0.7104+° exp( — agu/p2+ 42/ *2)
Let the turbid medium fill the half-spa@>0 and let the - \/W (©)

medium contain a hidden inclusion in the form of a cylindri-
cal capillary with diameted=2a>/*. Let the capillary be for b<</*. In these formulagy=1+ A is a numerical con-
directed along the axis and located at a distanzdrom the  stant of the order of 29=[x?+ (y—y,)?]"? (see Fig. 1, and
boundary of the mediuntFig. 1). We denote byS, the sur-  the light source is assumed to be located at the poit)0,
face of the capillary and by, the volume enclosed by it. If on the surface of the medium. The resu$ and (9) were
a directed scatterer flow is produced in the capillary, whileobtained earlier by different methods, and they have also
elsewhere in the medium the scatterers move as Browniabeen confirmed experimentafly. We note that the correla-
particles, then we can introduce in Ed) a spatial depen- tion function (8) does not depend on the positior, (y) of
dence ofa?(7) of the form™ the detector on the surface of the medium or on the photon
, . transport mean free path*.

an(7)=37/270/* 24 6(r/ T/ )%, TeVy, Now let a laminar flow of light-scattering particles be

aﬁut( 7)=37270/*?, reVs. produced in the capillary. In this case we write the solution
(3  in the form G,(x,y,7)=G3(x,y,7) + G3(x,y,7), where the

In our experimental situatiofFig. 1) a Poiseuille velocity last term describes the effect of the flow on the correlation

profile can be assumed for the particles inside the capillanfunction. Neglecting the conditiof2) on the boundary of the

a?(1)=

which gives medium, we obtain for the cade>/*
= \[30/k/*T;, wherel';=32Q/\2d?, 4 h-zo < (= dp
=30k T =320z W Gtym=- 2 5 [T 2 cosn(p-o))
and Q is the volume flow rate of the liquid, equal to the 2m/* =1 J - P
volume of the liquid passing through the cross section of the h—z
capillary per unit time. It is easy to show th@tis related to Xt aouths, aou/h?+Y?, ag@ anal,

the average velocity of the directed motion of the particles
in the capillary by the relatio@= 7a?V. (10
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where 9
1.0
fn(§1,€2,€3,64) = Kn(§1)Kn(§2)
« &3l n(€3)1n(8a) — Ealn(€3)1 (€4
L] 08;—
£5K (€)1 n(8) — EaKn(£a)1 (&) L\
(11
I, andK,, are modified Bessel functions, primes denote dif-
L . . . . 0.6r
ferentiation of the corresponding function with respect to its
argumenth=z+a, and§=tan 1(y/h). A somewhat differ-
ent result is obtained fdp<</™:
1 2 e 0.4F
S H
GI(X,y,7)=— P n; fo dp cogné)cog px) - 1 o
m 1 10 100 T, Us
2, 2 2, 2
Xfa(ryp?+ Foup rS‘/p T Aoup FIG. 2. Normalized time autocorrelation function of multiply scattered ra-
5 > 5 5 diation, calculated in the diffusion approximation for the case when the
a\/p + agup a\/p +ain), (12 radiation source and detector are arranged symmetrically relative to the

N NT PN NT capillary (x=0, y=-y,=2.5*, z=3.5*, d=3I*, zy=2,=/*,7,=6
wherer = (h +y9) " andrs=(h"+yg)"~ S %1074 s). Different curves correspond to different flow velocitias= 0.1
To satisfy the zero boundary condition in the plane(y), 0.6(2), 3 (3) cm/s.

z= —z,; and thereby obtailﬁsf for the experimental scheme

shown in Fig. 1, we use the method of imag&§Ve place

the images of the capillary and radiation source on the othewithin the coherence area of the scattered radiation to be

side of the planeg= — z; so that the geometry of the problem recorded. Passing along the waveguide, the scattered radia-

would become symmetric with respect to this plane. Thertion enters a photomultiplie?,which operates in the photon

the desired solution can be written as a sum of the expresounting mode and is connected with a digital multichannel

sions (8) or (9) and terms of the forn(10) or (12) corre- autocorrelatof) The use of fiber-optic waveguides to deliver

sponding to two different capillaries and light sources. the laser radiation to the sample and to record the scattered
light and the use of a digital correlator make it possible to
obtain a high signal/noise ratio in the measurement process.

3. EXPERIMENTAL CONDITIONS The measured quantity in the present experiment is the

o _ _normalized autocorrelation  function g,(7)={I(t)I(t
A schematic diagram of the experimental apparatus iS- 7))/(1)2 of the intensity of the scattered light. The radia-
shown in Fig. 1. The sample consists of rutile (3)Par-  tjon scattered in the turbid medium has a Gaussian distribu-

ticles suspended in resin. A cylindrical opening with diam-tjon a5 a result of whichg,(7) is related with gy(7)
eterd=0.75 cm was made through the sample at distance- G, (7)/G,(0) by the Siegert relation

z=0.925 cm from one of its faces. A laminar flow of a 5
suspension of polystyrene beads in water is maintained in the 92(7) =1+ Blg1(7)]%,

cylindrical opening by means of communicating vesselsyhere 0<g<1 is the aperture function determined by the
placed at different heights. The optical propertigs ( #a)  measurement system usetk. Since the sample used in the
of the suspension are close to those of the sample materialxperiment does not satisfy the condition of ergodicity, the
Therefore the region inside the Capillary differs from the SUr-producu (t) | (t_ 7-) is a\/eraged over an ensemble of realiza-
rounding medium only by the dynamics of the particles lo-tions by the method proposed in Ref. 21. The essence of this
cated in the capillary. For this reason, following the termi-method is that the averaging is accomplished by moving the
nology of Ref. 13, we shall call this region dynamically sample alternately in one direction and then in another rela-
heterogeneous. tive to the stationary source and detector by means of an

Coherent laser radiation at wavelength-514 nm and  electric stepping motor. In our experiments the velocity of
power 1 W, generated in the TEjimode by an argon ion the sample motion was equal to about Af/s. The direc-
laser with a Fabry—Perot etalon placed inside the laser cayion of motion is changed automatically, as a result of which
ity, is injected by means of a system of mirrors and a lenghe sample is displaced by approximately 50 first in one

into a multimode fiber-optic waveguideore diameter 200 and then in another direction parallel to the capillary axis.
um, numerical aperture 0.16The Fabry—Perot etalon inside

the laser cavity gives an adequate radiation coherence Iengﬁh
(about 3 m, which is necessary in experiments on multiple
scattering of light® Passing along the waveguide the light is Figure 2 shows the normalized correlation function of
incident on the surface of the sample. The light scatteredhe scattered radiation field, calculated for the case shown in
from the sample is collected by means of a single-modd-ig. 1 where the radiation is delivered and detected using
fiber-optic waveguiddédiameter 3.1um, numerical aperture thin fiber-optic waveguidesb(</*). The calculation was
0.13, which allows the fluctuations of the light intensity performed using Eqg9) and(12) with «,,=0 and the val-

BASIC RESULTS AND DISCUSSION



664

0.6F .

.
0.6 h‘n_ “
6r 09 000
0.4+ --:::‘3‘“1
A ‘ 0.5 , .

1 10 100 7, ps 0 50 100 150 200 T s

FIG. 3. Experimentally measured normalized time autocorrelation functionFIG. 4. Normalized time autocorrelation function of multiply scattered ra-
of multiply scattered radiation for the experimental arrangement shown irdiation, measured for different types of scatterer motion in the capillary:
Fig. 1. The radiation source and detector are arranged symmetrically witiBrownian motion(1), laminar flow with velocityV=0.08 (2) and 0.24(3)
respect to the capillaryx=0, y=—y,=2.5*). Different curves corre-  cm/s, turbulent flow withlv=0.88 cm/s(4). The remaining parameters are
spond to different flow velocities/=0.08(1), 0.62(2), and 3.22(3) cm/s. the same as for the curves presented in Fig. 3. The measurement errors fall
The measurement errors fall within the size of the symbols in the figure. within the size of the symbols in the figure.

ues of the other parameters close to those used in the expedue to the method of averaging, vibration of the components
ment. The corresponding experimental points are presentesf the optical system, photomultiplier noise, and s9.on

in Fig. 3. As one can see from these figures, the section of We note that the theoretical and experimental results
the correlation function in the bounded range of delay timegpresented in Figs. 2 and 3 not only agree with one another
7 (1< 7<400 us under the conditions of our experimeig  qualitatively but they are also very close quantitatively. This
most sensitive to a change in the velocity of the fluid flowattests to the fact that our theoretical approach to studying
inside the dynamic region; this agrees with the results obthe multiple scattering of light in dynamically heterogeneous
tained in Ref. 13. For<<1 us the behavior of the correlation media is fully applicable to real experimental situations.
function is determined mainly by the small but nonzero ab-Moreover, the quantitative agreement between the theoretical
sorption of light in the medium, the absorption being theand experimental results makes it possible to suggest a
same both inside and outside the capillary. Fer50  method for determining the location and performing diagnos-
—200 us g41(7) tends to saturate at a constant level that istics of scatterer flows hidden inside strongly light-scattering
independent of the flow velocity. This fact was predictedmedia that is based on measurement and subsequent analysis
theoretically in Ref. 12 and can be easily explained qualitaof the temporal autocorrelation function of the multiply-
tively on the basis of the correspondence between the shostattered radiation. Indeed, the difference between the curves
trajectories of photons in the medium and the long delayg,(7) corresponding to different average velocitéf the
times 7:8 For larger the rate of decrease of;(7) is deter-  particle flow in the capillary is quite large and can be used to
mined mainly by photons with relatively short trajectories, measureV directly. Quantitative calibration of this method
since photons with long trajectories are now completelyof measuring the velocity can be performed on the basis of
decorrelated. Photons with short trajectories consist mainlpur theoretical model.

of photons which do not reach the capillary, and since the It is interesting that the method proposed for studying
particles in the medium surrounding the capillary are immo-the dynamics of particles in turbid media can be used with
bile, the theoretically computed functign(7) approaches a equal success for different types of dynamics of scatterers in
constant different from zero as— . The value of this con- the medium. As an illustration, we present in Fig. 4 the re-
stant is determined solely by the depth at which the capillarysults of measurements of the autocorrelation function of
is located. As shown in Ref. 12, fat>/>* it can be esti- backscattered radiation for the cases of Brownian, directed,
mated as 1 (zy+2z;)/z=0.55 for our sample z,=/~, and turbulent motions of light-scattering patrticles in the cap-
z,=0.7104*, z=3.7/*). Since in Ref. 12 a laminar flow illary. The system of communicating vessels located at dif-
of light-scattering particles in a plane-parallel layer and notferent heights was found to be inadequate for producing a
in a cylindrical capillary is studied, the agreement of thisturbulent fluid flow, since such a system does not make it
estimate with reality is satisfactory. However, as one can sepossible to reach the critical Reynolds number on the experi-
from Fig. 3, the experimentally measured correlation func-mental rectilinear section of the capillary. For this reason,
tion, though it tends to saturate at-50—200 us, still con-  turbulent scatterer motion in the cylindrical cavity inside the
tinues to decrease far>200 us in contrast to the function experimental sample was produced artificially with the aid of
calculated theoreticallyFig. 2). This is due to effects which a nozzle placed at the entrance opening of the capillary.
were neglected in our theoretical modspecifically, it is As one can see from Fig. 4, different types of particle
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motion lead to different time dependenapg 7). This con-  only by our close collaboration with D. A. Boas, B. Chance,
clusion also follows from the theoretical analysis: Forand A. G. Yodh at the University of Pennsylvar(idSA),
Brownian motion the variance of the phase differenceM. Heckmeier and G. Maret at the Center de Recherches sur
(Ag?(7)) for two photons scattered successively by theles MacromoleculegStrasbourg, Frangeand Professor R.
same particles of the medium at times separated by an inteMaynard at the UniversiteJoseph Fourier(Grenoble,

val 7 is proportional tor.2° For laminar and turbulent flows Francé. We thank S. S. Chesnokov, V. V. Tuchin, and A. V.
(A@?(7))= 72822 put in the latter case the coefficient of Priezzhev for assistance in preparing the manuscript for pub-
proportionality is larger for the same characteristic particlelication. We are grateful to the participants of the Joint Sci-
velocity. Thus, there is a possibility of not only determining entific Seminar of the Department of General Physics and
the location of the dynamically heterogeneous rediytin- Wave Processes in the School of Physics at Moscow State
drical capillary in our caseand estimating the average ve- University and the International Laser Center at Moscow
locity of the particles inside this region but also drawing State University for their interest in this work and personally
conclusions about the dominant character of the scatteréo N. |. Koroteev for providing the opportunity to speak at
motion. We note that for the reasons explained above alhis seminar.

curves in Fig. 4 approach the same asymptote for latge
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