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Effects due to geometry and boundary conditions in multiple light scattering
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Light propagation is measured through a multiple-scattering medium, and the scattering mean-free
path is measured for diferent densities of scatterers. We analyze the eKect of detector orientation
relative to the light source, an effect of the anisotropy of the photon current. We compare light
propagation in an infinite geoxnetry to reBectance in a backscattering experiment. We compare to
models for the boundary conditions applicable at the interface between the scattering medium and
the adjacent free medium. These consist of linear combinations of absorbing and reQecting boundary
conditions.
PACS number(s): 42.25.Fx, 42.68.Ay

I. INTRODUCTION

Light propagation through high-scattering media is a
topic of recent interest [1]. Measurements of multiple-
scattering light are used as tools to probe the structure
of many diR'erent kinds of systems. The intensity of scat-
tered light has been used to infer the density of dissolved
polymers in shearing experiments [2]. The dynamics of
scattered light have been of particular interest, as the
observation of temporal fluctuations in transmitted light
can be used to probe the motions of scattering centers
within a sample [3]. These fluctuations of transmitted or
backscattered light have given insight into the structure
of heterogeneous particle mixtures, and may yield data
on phenomena such as phase separation [4].

In biology, the transmission of light at diR'erent wave-
lengths has long been used to characterize the oxygen
content of blood or tissue, making use of differences in
optical absorption. Recent work has permitted measure-
ments of 02 content in systems that are strong scatter-
ers of light [5]. However, such systems may have opti-
cal constants (scattering and absorption) that are not
spatially uniform. This introduces a considerable de-
gree of complexity in the interpretation of scattered-light
measurements. A theory to interpret such data [6, 7]

would also permit the physical mapping of absorption
and/or scattering constants. Curr~. xt experiments, how-
ever, have not generally provided consistent measure-
ments of the efFective mean-free path l*, even in a ho-
mogeneous medium. In this work we determine l* for
suspensions of difFerent concentrations of scatterers.

Important considerations for all light-scattering exper-
iments include the geometry of the object, and the loca-
tions of the source and detector. Each of these aÃects
the distribution of photon path lengths P(s). In a dy-
namic correlation experiment, the Laplace transform of
P(s) is observed; in a pulse transmission or backscatter-
ing experiment, the observed pulse u(t) = P(ct) = P(s)
is equivalent to the distribution of path lengths. Thus an
adequate understanding of P(s) is necessary to interpret
the data.

We demonstrate an effect due to the orientation of the
detector relative to the source that affects P(s) in many
types of experiments. We compare data obtained in two
di8'erent geometries, and in diferent orientations of de-
tectors relative to sources in order to improve our under-
standing of these eÃects.

Related to the question of geometry is the question of
the appropriate boundary condition to use at an interface
between a scattering medium, and a medium in which
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II. EXPERIMENT AND DATA ANALYSIS

The experiment is illustrated schematically in Fig. 1
(inset). Laser pulses repeated at 5 MHz are injected via
an optical fiber into a chamber containing a scattering
suspension. Scattered light is collected from different
positions in the medium by a second fiber (the detec-
tor fiber) and detected by a microchannel-plate detector
(Hamamatsu R1712U- 11). Signals above set thresholds
trigger a time-to-amplitude converter. The arrival time
of each photon is measured with a resolution of 150 ps.
A typical light pulse is shown in Fig. 1.

A commercial product, intralipid (IL), is the scatter-
ing agent. It is a white liquid consisting in large part of
soybean oil (20%) suspended in water (80%). A small
amount of egg yolk phospholipids stabilize the suspen-
sion.

The data contain pulses with source-detector separa-
tions between 3 and 6 cm. The fibers are centered in a
30 x 30 x 60-cm chamber. The separation between the
source and detector is always less than the distance from
either source or detector to the boundaries. Because we

discount data collected at times greater than one-half the
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FIG. 1. Typical pulse is propagated through a high-
scattering medium and observed as a function of time after
the trigger. Inset: a schematic diagram of the apparatus.

light propagates freely. One approach is to assume that
such an interface is completely absorbing; an alternative
approach is to consider that the boundary is described by
a combination of absorbing and reflecting components.
The ratios of these components may affect P(s).

One appealing feature is that by modifying the ratio
of absorbing to reflecting components, the presence of
a mismatch in refractive index between the two optical
media may be taken into account. It has been pointed out
that possible internal reflections at the interface between
two media affect P(s) [8, 9]. However, the two published
calculations for the magnitude of this effect disagree.

To address these questions, we study the propagation
of backscattered light. By comparing our data to model
functions, we determine the boundary conditions at the
surface directly. The result is applicable to experiments
other than our own (e.g. , time-resolved transmission,
time correlation experiments, and angular correlation of
backseat tered light) .

diffusion time from either the source or detector to the
closest boundary, effects due to the finite volume of the
aquarium are negligible.

We model the data using solutions of the diffusion
equation to obtain the light-absorption coeKcient p and
the scattering mean-&ee path l*. The solutions for the
diffusion equation give the hypothetical response for a
point source and pointlike time resolution. However, the
data are affected by the finite detector aperture (3.5 mm)
and the actual detector response function. To match the
models to the data we convolve the fitting function with
a weighting function to account for the different aperture
areas at different positions. We further convolve the fit-
ting function with the measured instrumental response
(the response of the detector to the laser in the absence
of intervening scat terers) .

In addition to l* and p, each pulse is characterized by
two additional parameters: the absolute time offset to,
and the throughput, both of which are unknown. Unfor-
tunately, the eKciency of the microchannel plate changes
in an unpredictable way with variations in the average in-
cident flux. Thus the throughput must be determined for
each separate source-detector separation.

The pulses are relatively featureless functions lacking
in nodes or other structure. Thus the space of fitting pa-
rameters describes a y surface with a shallow minimum
at the best-fit solution, and parameters fit to a single
source-detector position do not converge to a single limit.
To overcome this problem we analyze data using multi-
ple source-detector positions simultaneously. For a given
concentration of scat terers, l* and p are unique, and
must fit all data, regardless of the throughputs for each
source-detector position. With this additional set of con-
straints, we derive consistent and reproducible scattering
coeKcients. We use typically four or five curves together
to determine a single set of scattering and absorption
parameters.

III. DISCUSSION

A. Effect of detector orientation

The photon density within a multiple-scattering
medium is described by the diffusion equation:

BtL =DV' u —p cu,

where u is the density of photons, p is the absorp-
tion coeKcient, and D = ct j3 is the photon difFusion
constant. Because the filling fraction of the scatterer is
small (0.1—0.5%) we neglect differences between photon
phase velocity and energy transport velocity [10]. We
use |" = 2.2587 x 10 cms for the speed of light in
water. Note that the effective photon-scattering mean-
free path l* is related to the mean-&ee path l by the
relation l* = l/(1 —P), where p is the average cosine
of the single-particle scattering angle [ll]. The effective
mean-&ee path l* describes the length scale over which
scattering is isotropic.

For the homogeneous infinite medium the two-point
Green's function is
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u(r, t) =
/

exp( —r /4Dt —p ct),
47rDt '/' (2)

where uo is a constant, and r is the separation between
source and detector. A central point of this article is
that the observed light is not the photon density, it is the
directional photon current J„- into the detector aperture.
The current given by Fick's law, J = —DV'u = J+„-—
J „- represents the net current only, not the directional
current. The directional current represents the inward
How component perpendicular to the plane of a detector
aperture. It may be obtained using transport theory [12]
with the result

C
J„- = —(u —V'„-u/h),

4

defining the constant h—:3/(2l*).
The physical interpretation is that the distribution of

photons in the diffusion regime is somewhat anisotropic.
The u component is the isotropic part of the photon Aux,
and the gradient term is the directional component. If
there were no directional component, the photon distri-
bution would be isotropic at every position, in which case
there would be no tendency for photons to migrate out-
ward. from the source.

For the homogeneous and infinite medium, the appli-
cation of (3) is particularly simple: we obtain

uc, f' rcos0)J = exp( —r /4Dt —p, ct)
I

1+
4 47rDt s/2 i ct

(4)
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where 0 describes the inclination of the detector (nor-
mal vector of the detector surface) towards the source-
detector axis. In Fig. 2 we show two pulses observed with
the same source-detector separation, but with detector
orientations corresponding to 0 = 0 and 0 = 7r/2. In Fig.
3 we show the scattering mean-free path /* determined
separately for the detector in the 0 = 0 and 0 = vr/2
orientations. The squares represent l* determined by the
experiment in which 0 = n/2. The triangles represent
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FIG. 3. 1/l* for different concentrations of scatterers in
the infinite-volume case. Squares represent data taken with
the detector perpendicular to source; triangles represent data
taken with the detector facing source.

B. Boundary conditions at an interface
with a free medium

Pulse propagation near the surface of a semi-infinite
volume is discussed by several authors [8, 9, 3, 14]. As-
sume a surface at z = 0 divides a scattering medium
(z ( 0) from a medium in which light travels unhindered.
In one approach [12] completely absorbing boundary con-
ditions are assumed, ul, o

——0. The premise of this state-
ment is the observation that the pulse shape even for light
propagating near the surface of the semi-infinite volume
appears only weakly dependent on the surface boundary
conditions. In Fig. 4 we compare backscattering data
for light that is &ee to radiate &om the surface, to light
that is absorbed everywhere except at the detector posi-
tion. The absorbing condition is treated analytically by
an image source with negative intensity at z = —I* to-
gether with the source at z = +l*. The measured current
at the surface is then [14]

l* determined by an experiment in which 0 = 0. The
only significant deviation from a straight-line fit is for
the lowest dilution; in this case the minimum ratio of
source-detector distance to mean-free path L/l* = 2.5,
where the diB'usion equation is no longer applicable. In
the next highest concentration, the minimum L/l* = 6.
Finally, we obtain p = 0.025+0.002 cm for all concen-
trations of scatterers. This suggests that the scatterers
are absorptionless, and the entire absorption is due to
the water in which the scatterers are suspended. This
is consistent with the tabulated absorption coeKcient of
water [13] at 775 nm, p = 0.024 cm

0
0 4 0 x IO- 8 0 x IO-

Tirne (sec)
I 2x 10 exp[ —(r + l* )/4Dt —p, *ct]. (5)

FIG. 2. Pulses propagated through 0.2+a interlipid. The
solid line indicates data taken such that the normal vector to
the detector aperture is perpendicular to the source-detector
axis (0 = vr/2). The dashed line indicates data taken with the
detector facing the source (0 = 0). Source-detector separation
=3 cm.

In Fig. 5 we compare free space transmission data
(squares) to surface backscattering data (asterisks) as
modeled by (5). The backscattering data show a con-
sistent increase in [l*] ~ with higher concentrations of
scatterers, but do not agree well with the bulk transmis-
sion data.
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adapted to the case where there is a mismatch in the
index of re&action between the scattering medium and
the free medium. Others have suggested [8, 9] that such
a mismatch changes the boundary condition, which may
in turn modify the distribution of photon path lengths.

If there are internal reflections at the interface, they
may be described as an incoming current J, related to
the outgoing current J+ by J = RJ+, where R is an
effective reflection coefficient. This is in turn related [9]
to the boundary-value coefficient 6 by
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FIG. 4. Surface transmission data for light with radia-
tion conditions (solid line) and absorbing boundary condition
(dashed line).

1 1/2 —C,
t' 1/3+ C2' (8)

A second approach to photon difFusion across a plane
surface is to adopt the boundary condition inferred from
transport theory, previously used to interpret directional
currents. For the semi-infinite volume containing scat-
terers for all z ( 0, the directional current at the surface
is J = 0. That is, no light that leaves the scattering
medium returns. However, a finite density of photons is
permitted at the z = 0 surface, and the boundary condi-
tion is

Ottuk+ = 0.
Oz

(6)

There is a subtle distinction between this case and the
absorbing condition u~, o

——0. The first statement is
about photon guT; the second statement is about pho-
ton number density. The second statement is an approx-
imation that describes the photon density at positions
sufficiently far from the surface. It is mathematically
simpler. The first statement, however, is more readily

m/2

Ci = d0 R(0) sin 0 cos 0,
0

(9)

vr/2

C2 = — d0R(0) sin 0cos 0.
0

(10)

x [1 —hy 7rDt erfc(hi/Dt) exp(h Dt)]. (11)

The coefficient R(0) is the surface reflectivity averaged
over the two polarization components. Thus, h depends
on the relative mismatch of refractive index.

For water (n = 1.33 for incident light A = 780 nm) we
calculate h = 0.6/l', consistent with the values tabulated
in Zhu, Pine, and Weitz [9]. We introduce A = (hl*)
to eliminate explicit dependence on l*. We calculate 4 =
1.68 &om the above equations.

Given the boundary condition (6) for the semi-infinite
volume, the two-point Green's function is [15]

uo exp( —r2/4Dt —p ct)
(4.Dt) ~
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FIG. 5. 1/l" for bulk transmission (squares) compared
to surface backscattering data 6t assuming pure absorbing
boundary conditions at surface (asterisks); surface backscat-
teriug data fit assuming mixed boundary conditions (trian-
gles). The solid line represents the best fit to l* determined
in bulk transmission only (squares).

For simplicity both source and detector are located at
the surface, separated by distance r (analysis showed that
when the initial scattering event took place within an
exponential distribution of mean depth z = l* of the
surface, the change to the best fit parameters was less
than one part in 10 ). A further simplification arises
because at the surface the photon current and density
differ only by a fixed constant. Thus we fit (ll) to the
data directly.

In Fig. 5 we compare the mean-&ee path obtained from
surface backscattering data fit by (11) (triangles) to those
values obtained in the infinite-volume case (squares).
The agreement between the two data sets is significantly
better than that afI'orded by the assumption of pure ab-
sorption boundary conditions. The absorption constant
p = 0.026 + 0.003 cm, consistent with measurement
in the bulk case, as well as p determined by fits using
the model of Eq. 5.

A third approach to the boundary condition is out-
lined by Freund [8] using Milne theory. He obtains mixed
boundary conditions, but with the parameter A = 1/hl'
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Freund argues that h = (Al) g (Al') i . That the
ratio I*/t depends only on the size and dielectric constant
of the particles, an experiment using spheres of a known
radius could be informative. Using a phase contrast mi-
croscope, we could observe rapidly moving particles of
difFerent sizes. That the particles can be seen at all im-
plies that they are at least as big as the wavelength of
light, which in turn implies that the single-particle scat-
tering is anisotropic. Thus, it is likely that l &) Lt. If this
argument is correct, the data would be in even worse
agreement with the two calculations for L.

IV. CONCLUSIONS

FIG. 6. Boundary-value parameter h = 1/Kl' for differ-
ent concentrations of scatterers. Squares represent the as-
sumption that l* determined in bulk is the correct value; tri-
angles represent the assumption that l' determined in surface
backscattering is the correct value.

given by

2(l+ R)
3(1 —R)

(12)

where B = 0.488 is the average reHectivity in the present
case (water-air interface). From (12) we calculate 4 =
1.94. This theory is distinguishable from transport the-
ory only by the value of h that is fit to the data.

Because we obtain values for h, from the data we are
able to test the above theories quantitatively. In Fig. 6
we plot values of 6 measured for the difFerent concentra-
tions of scatterers. The parameter h scales with 1/l*, as
predicted by both models. We obtain 4 = 2.9 + 0.2 ex-
perimentally. This is not in agreement with either model.

We obtain measurements of /* from optical pulse prop-
agation in scattering media in both transmission and
backscattering geometries. By changing the orientation
of the detector relative to the source in the transmission
geometry, we measure difj'erent pulse shapes, consistent
with transport theory, from which we obtain identical val-
ues of l*. This suggests that the transport theory gives
an adequate explanation of photon transport, at least far
from an interface.

The backscattering data provide measurements of /*

consistent with the transmission measurements. This
suggests that mixed boundary conditions are present at
the surface. The ratios of the components (reflecting to
absorbing) scale as expected with increasing scatterer
density; however, there is a significant discrepancy be-
tween the ratios of the measured components with re-
spect to transport and Milne theories. This suggests that
phenomenological approaches, such as Milne and trans-
port theories, give a qualitative description but miss some
of the physics present at the interface between a multiple
scattering medium and a free medium.
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