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Experimental Investigation of the Multiple Scattering
of a Polarized Laser Beam

A. Ambirajan* and D. C. Look Jr.†
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In this paper the forward-scattered diffuse radiation produced by a circularly polarized laser beam
impinging on a � nite plane-parallel scattering medium is studied experimentally. The radial variation of
the forward-scattered Stokes vector is analyzed. Values of the degree of circular and linear polarization
of the scattered radiation computed using experimental data are compared with values obtained using a
Monte Carlo code. Trends with respect to the size parameters of the scatterers and the optical thickness
are also presented. It was observed that the diffuse radiation is strongly polarized, even at large optical
radii. This is true for all the size parameters and optical depths of the medium studied.

Nomenclature
Csca = scattering cross section
D = geometric diameter of scatterer
e[? ? ?] = estimator
H = geometric depth of sample
I = Stokes vector
I, Q, U, V = components of the Stokes vector
I0 = incident intensity
I0 = Stokes vector for the delta function

loading
K = identity matrix
L = optical thickness of slab
L = rotation matrix
M = Stokes matrix
m = complex refractive index
N = number density of scatterers
N̄ = number density of scatterers in the 10%

latex solution
nm = refractive index of the liquid carrier

medium
P = phase matrix
Pbeam = laser beam power, mW
Pc = degree of circular polarization
P l = degree of linear polarization
P t = degree of polarization
p11, p21, s21, d21 = elements of the Mie scattering matrix
r = optical radius
V = volume of liquid carrier medium
v = volume of 10% latex solution
x, y, z = optical coordinates
Z = scattering matrix
a, b, g = variables of integration for higher scatter

orders
be = extinction coef� cient of the scattering

medium
g1, g2 = limits to m for single-scattered radiation
Q = included angle during scattering
u = polar angle
k = absorbtion coef� cient of water
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l = wavelength of the laser radiation
s = rotation angle
f = azimuthal angle
x = size parameter, nmpD/l
v = single-scattered albedo

Subscripts
e = exiting quantity
i = incident quantity

Superscript
T = transpose

I. Introduction

T HE multiple scattering of radiant energy within a material
is an area of considerable interest. In medical diagnostics,

the analysis of scattered laser radiation from tissue samples is
increasingly being used as a diagnostic tool.1– 4 The use of
lasers in surgery also requires an understanding of the way in
which laser radiation is scattered and absorbed by tissue.4 La-
sers are also being used for remote sensing in lidar systems.5

Multiple scattering of radiant energy has been used in process
applications to determine particle concentrations.6 An isssue
that has not received much attention in the literature is the
effect of multiple scattering on the polarization of the diffuse
radiation produced by a narrow beam of radiant energy such
as a laser.

When a narrow linearly polarized beam of radiation is in-
cident on a scattering medium, the backscattered radiant inten-
sity exhibits a highly anisotropic pattern7– 12 (the bow-tie).
Look8 observed that this bow-tie had a cosine variation. When
viewed through a crossed polarizer, a four-lobed pattern was
also observed. Dogariu and Asakura11 showed that the bow-tie
was a consequence of the polarizing effect of single scattering,
and was thus mainly observable for lower orders of scatter and
small-size parameters. Dogariu and Asakura12 also used the
diffusion approximation to evaluate the cross-polarized com-
ponent of backscattered radiation from a plane-parallel me-
dium and obtained good results. These analyses thus indicate
that polarization effects are propagated to signi� cant distances
in a scattering medium.

Mueller and Crosbie13 present a formulation for three-di-
mensional radiative transfer with polarization using the inte-
gral transform method. They also developed certain spatial
symmetry relationships for the re� ection and transmission ma-
trices. In a subsequent paper, Mueller and Crosbie14 used this
integral transform method and the symmetry relationships to
obtain the functional form, i.e., of the bow-tie, of the spatially
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Fig. 1 Scattering geometry. The variables outside the parentheses
are geometric and have the units of centimeters while those in the
parenthesis are the corresponding optical coordinates. Note that
the laser is normally incident on the medium.

varying re� ection and transmission matrices for the multiple
scattering of a polarized laser beam from a plane-parallel scat-
tering medium composed of scatterers with a plane of sym-
metry. Their method is valid for any incident state of polari-
zation and any axisymmetric spatial loading. Their transform
technique, though exact, is time consuming to implement.

The backward Monte Carlo method has been used in study-
ing the propagation of polarized radiation in scattering
atmospheres.15– 18 Ambirajan and Look18 suggested an algo-
rithm to deal with the multiple scattering of a polarized narrow
beam of radiation. In their paper, they present numerical results
for the backscattered radiation produced by a circularly polar-
ized narrow beam incident on a plane-parallel scattering me-
dium for a number of size parameters of the scatterers and
optical thicknesses of the medium. Ambirajan and Look’s re-
sults18 indicate that the radiation remains polarized to signi� -
cant optical radii from the beam. Further, it was observed that
the diffuse radiant energy was polarized despite having on av-
erage undergone a large number of scattering events. Their
analysis, however, neglects the effect of Fresnel re� ection at
the boundary between the scattering and surrounding medium.

In the literature, there is not much experimental data char-
acterizing the spatial variation of the diffuse radiation pro-
duced by a polarized laser beam. An early experimental study
on the effects of the incident polarization state on the radial
variation of the intensity backscattered by a plane-parallel scat-
tering layer was conducted by Look.19,20 Signi� cant differences
were observed in the backscattered intensity when a linearly
polarized laser beam was incident on the medium as compared
to the radial variation in the intensity when a circularly polar-
ized laser beam impinged on the medium. Dogariu and Asak-
ura12 obtained a good � t between experimental data and cal-
culations based on a modi� ed diffusion approximation for the
cross-polarized component of the diffuse radiation. However,
they do not address the degree of polarization of the diffuse
radiation. There have been a number of studies on the depo-
larization of polarized radiation by random media. Bicout and
Brosseau,21 in fact, conclude that after about 10 scattering
events, a polarized beam of light is depolarized. Experimental
data on the time-resolved depolarization of polarized incident
radiation are supplied in Refs. 22 – 24. However, they do not
tackle the spatial variation of the diffuse radiation � eld. Thus,
the problem to be tackled in this paper is an experimental
investigation of the diffuse radiation produced by a circularly
polarized laser beam normally incident on a plane-parallel me-
dium composed of scattering particles. The diffuse radiation
produced by a circularly polarized laser beam is cylindrically
symmetric about the laser beam19,20; thus, the variation in the
intensity will depend only on the radial distance from the laser

beam. In this paper, the forward-scattered Stokes vector of the
diffuse radiation is measured with a view to understand radial
variations in the degree of polarization of the diffuse radiation.
Experimental data are compared to calculated values based on
a backward Monte Carlo method developed by the authors.18

II. Theory
In this paper the interaction of a polarized laser beam (see

Fig. 1) with a plane-parallel scattering medium will be ex-
amined. In this section, some basic theory required to under-
stand the multiple scattering process will be presented. First,
the description of polarized radiation in terms of Stokes vec-
tors will be outlined. Subsequently, the interaction of polarized
radiation with the scattering medium will be characterized in
terms of a matrix.

A. Radiation Field Description

In the theory of polarized radiative transfer, the state of po-
larization and intensity of a beam is speci� ed by I in the fol-
lowing form:

I
Q

I = (1)HUJ
V

The elements Q, U, and V de� ne the state of polarization of
the light beam, and I denotes the intensity.25

Another quantity of interest in polarized radiative transfer is
Pt. This is de� ned as

2 2 2P = Q 1 U 1 V /I (2)Ït

and indicates the fraction of the radiation that is polarized re-
gardless of whether it is linear or circular. Similarly, Pl is de-
� ned by

2 2P = Q 1 U /I (3)Ïl

The quantity represents the magnitude of linear2 2Q 1 UÏ
polarization in the radiation. It, however, does not specify the
orientation of the electric vector. Further, Pc is de� ned by

P = V/I (4)c

Also note that

P = P 1 P (5)Ït l c

Throughout this paper, reference will be made to the depolar-
ization of the diffuse light � eld. This implies a decrease in the
degree of polarization.

B. Scattering Medium Description

In polarized radiative transfer theory, the scattering proper-
ties of a medium are de� ned by a quantity called the scattering
matrix. The scattering matrix is a 4 3 4 matrix that transforms
the Stokes vector of an incident beam of radiation to the Stokes
vector of a scattered beam. The scattering matrix can be ob-
tained experimentally,26,27 or derived in a rigorous manner.27,28

For scattering by a medium composed of spherical scatterers,
the scattering matrix can be derived rigorously using Max-
well’s equations with appropriate boundary conditions.27,28 The
form of this matrix is given by

p (Q) p (Q) 0 011 21

p (Q) p (Q) 0 021 11Z(Q) = (6)F 0 0 s (Q) 2d (Q)G21 21

0 0 d (Q) s (Q)21 21
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Fig. 3 Elements of the Mie phase matrix for m = 1.197 1 0i (- ? ? - ? ? -, Rayleigh; ---, x = 0.430; - ? - ? -, x = 0.813; ? ? ? ? ? ?, x = 1.592; – – – ,
x = 2.379; ——, x = 3.264).

Fig. 2 Geometry of the rotation angles necessary in the phase
matrix. Note that the shaded plane is the scattering plane. Light
beams propagate in the r 3 l direction.

where Z(Q) is a function of Q between the incident and scat-
tered beams of radiation, as shown in Fig. 2. All of the ele-
ments of the scattering matrix Z(Q) are real. This scattering
matrix operates on the incident Stokes vector [the l axis is
assumed to be parallel to the scattering plane as shown in Fig.
2]. Note that in Fig. 2 the shaded region is the scattering plane.
Each of the four independent functions [p11(Q), p21(Q), s21(Q),
and d21(Q)] in Eq. (6) is a function of the size parameter (x
= nmpD/l) and the relative complex index of refraction (m =
n 2 ik) of the spherical scatterer. Each of these four functions

and the coef� cients of this series have been obtained rigor-
ously.29 A number of standard computer codes are available for
the purpose of computing the coef� cents of the Legendre se-
ries expansions of the preceding elements.30,31 It should be
noted that p11(Q) is normalized as follows:

1
p (Q) dV = 1 (7)11E4p 4p

where V is the solid angle. Note that p11 is the scalar Mie
phase function.28 In the case of Mie scattering, examples of
the four elements of the scattering matrix are illustrated in Fig.
3 for a variety of size parameters.

In multiple-scattering problems, the l axes of the Stokes vec-
tors, both incident and scattered, are assumed to be parallel to
the meridional planes (planes of constant f as seen in Fig. 2.
The meridional planes for azimuthal angles of f1 and f2 are
shown in Fig. 2. It can be seen in this � gure that the l axes
for both the incident and scattered beams are parallel to the
meridional planes corresponding to f1 and f2, respectively. To
compute the scattered Stokes vector at a particular location,
the coordinate frame of the incident light beam must be rotated
by an angle p 2 s1 (see Fig. 2) such that the l axis is parallel
to the scattering plane. The scattering matrix then operates on
this rotated Stokes vector. A subsequent rotation by 2s2 brings
the l axis parallel to the meridional plane of the scattered beam.
The preceding rotations are mathematically equivalent to pre-
and postmultiplying the scattering matrix by rotation matrices.
Various papers outline this operation13,25; hence, only the � nal
result will be given here. If the rotation operator is denoted by
L(s), for a rotation of s, then the phase matrix is given by

P(m , f ; m , f ) = L(2s )Z(Q)L(p 2 s ) (8)2 2 1 1 2 1



156 AMBIRAJAN AND LOOK

Fig. 4 Schematic of the experimental setup.

In the preceding equation, note that m is the cosine of u. s
can be found using spherical trigonometry. The relevant for-
mulas for s, Q, and L(s) are given in an earlier paper by the
authors.18,25

C. Optical Coordinate System

An important quantity in computing the optical coordinate
in a scattering medium is the coef� cient be, given by

b = NC 1 k (9)e sca

where k is assumed negligible in this study. N is the number
of scatterers per unit volume, and Csca is the scattering cross
section of the particles.28 In this study, the scattering cross
sections were computed using Mie theory28 for a refractive
index of m = 1.197 1 0.000i. This is the the relative refractive
index for latex in water.32 Note that for all computations in
this paper, v is taken to be unity.

If a volume of solution v with a known N̄ and known Csca

is mixed with a volume V of water, then the resultant extinction
coef� cent of the medium is given by

¯b = v /(v 1 V )NC 1 k (10)e sca

In this paper, either geometric coordinates (which have units
of centimeters), or optical coordinates (which are nondimen-
sional), will be speci� ed. The optical coordinate in the X di-
rection is de� ned to be x, i.e., x = beX. The same convention
will apply for the Y and Z directions. The rectangular optical
coordinate system chosen for this problem is shown in Fig. 1,
with its origin at the point where the laser beam intersects the
scattering medium.

III. Experimental Setup
In this section, various aspects of the experimental setup will

be discussed. First, the overall goal of the present experiment
will be presented. Subsequently, the actual experimental setup
will be described. After this, the technique for the measure-
ment of the Stokes vector will be brie� y discussed.

A. Description of Experimental Setup

The goal in designing the experimental setup was to study
the forward-scattered polarized diffuse radiation when a po-
larized laser beam was incident on a plane-parallel scattering
medium. Our interest was primarily in the radial variation of
certain polarization parameters of the diffuse radiation. This is
illustrated in Fig. 1, where a laser beam is shown incident on
a plane-parallel scattering medium. In this study, the scattering
medium consists of latex particles suspended in pure distilled
water. Note that L is the optical thickness of the scattering
medium. A polarimeter (described in the next section) was
used to measure the Stokes vector of this forward-scattered
radiation.

A schematic of the experimental setup is presented in Fig.
4. The source of radiation was a 20-mW He – Ne (632.8-nm)
laser with a beam diameter at the point of incidence with the
scattering medium of 1.691 mm. The laser beam was passed
through a prism, a linear polarizer, and a quarter wave plate
(QWP). These components were used to control the state of
polarization of the incident beam on the scattering medium.
The sample cell containing the scattering medium is cylindrical
and coated on the inside with � at black paint. The bottom of
the sample cell is a glass window. The i.d. of the sample cell
is 9.80 cm. The volume of the cell is 250 cc, which corre-
sponds to a height H of the scattering medium of 3.31 cm.
Cemented to the glass window is a small light trap where the
unscattered portion of the incident laser is absorbed. The po-
larimeter below the sample cell was on an Aerotech X – Y trans-
lation stage with a positional accuracy of 10 mm. The position

of the translation stage is controlled by two stepper motors.
Radiation from the polarimeter is collected by a small gradient
index lens with a � eld of view of approximately 3 deg and
passed into a 100-mm � ber optic cable. The radiation leaving
the � ber optic cable is incident on a photomultipler tube
(PMT). The PMT is mounted in a thermoelectrically cooled
housing to reduce noise in the output voltage. Current from
the PMT is dropped across a high resistance and the resulting
voltage is measured by a Hewlett – Packard data acquisition
unit (DAU). The DAU and the position of the X – Y translation
stage are controlled by a HP-BASIC program from an IBM
PC-AT. Note that the entire experimental setup was mounted
on vibration isolation pads.

B. Polarimeter

A classical polarimeter arrangement33– 36 used to measure the
Stokes vector of an incident light beam is shown in Fig. 5.
Other possible methods for measuring the Stokes vector are
outlined in Refs. 33, 35, 37, and 38. The arrangement used in
this paper consists of a stationary linear polarizer combined
with a rotatable linear retarder. The angle of rotation of the
retarder with respect to the polarization axis of the linear po-
larizer is r. Ii ({Ii, Qi, Ui, Vi}

T) is the Stokes vector of the
incident light beam, and Ie ({Ie, Qe, Ue, Ve}

T) is the Stokes
vector of the radiation that leaves the polarimeter and is inci-
dent on the detection system. The advantage of using a sta-
tionary polarizer is that the optics after the polarizer will al-
ways see the same state of polarization, which obviates the
need for optics to compensate for possible polarization depen-
dence in the detection optics. Using a technique similar to Ref.
37, the detected intensity is derived to be

2I Qe i
= I 1 (1 1 cos d) 2 V sin d sin 2ri it t 21 2

Q Ui i
1 (1 2 cos d)cos 4r 1 (1 2 cos d)sin 4r (11)

2 2
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Fig. 5 Schematic of a polarimeter. Ii is the incident Stokes vector,
and Ie is the Stokes vector of the radiation leaving the polarimeter.

Table 1 Sample solution characteristics for light
at 632.8 nma

D,
m x

NCsca,
cm21

L

1.0 2.0 4.0

0.065 0.430 30.806 2.451 4.902 9.804
0.241 1.592 781.64 0.097 0.193 0.386
0.360 2.379 1488.9 0.051 0.102 0.204
0.494 3.264 2205.8 0.034 0.068 0.136
a
The last three columns contain the volumes v of 10% latex solution

(in cc) which are mixed with 250 cc (V ) of distilled water to obtain
a given optical thickness L.

where t1 and t2 are the isotropic transmittances of the retarder
and linear polarizer, respectively. The linear polarizer was cut
from a polaroid sheet. The retarder used in this experimental
study had a retardance (r) of 82.9 deg and was rotated to 11
angles between 0 and 180 deg, where the detected voltage was
measured. The experimental data were then � t to Eq. (11) to
obtain the incident Stokes vector ({Ii, Q i, U i, Vi}

T). Comparison
with some known incident polarized sources of radiant energy
indicated a possible error of approximately 5% in the data. In
our experiment, we focused on relative quantities such as the
degree of polarization, and so determination of the transmit-
tances t1 and t2 was not required.

IV. Experimental Procedure and Data Reduction
In this section the experimental procedure will be outlined

as well as the data reduction methodology.

A. Experimental Procedure

The scatterers used in this study were monodisperse latex
spheres. They were obtained as 10% by weight of solids sus-
pended in distilled water. Before use, the suspensions were
ultrasonically agitated to ensure that the particles had not co-
alesced. A sample solution was prepared for each run as in-
dicated by Table 1. This was done by mixing 250 cc (V ) of
distilled water with a measured amount v of the 10% latex
solution with particles of a known diameter D. The amount of
10% latex solution solution required for a given L and x is
given in Table 1. The volumes v shown were calculated with
the aid of Eq. (10). Also note that the value of the liquid carrier
refractive index (distilled water) was taken to be nm = 1.333,
as pointed out in Ref. 35. The sample cell was then cleaned
thoroughly and the suspension placed in it. The system was
initially aligned so that the laser beam was incident perpen-
dicular to the sample solution. The laser was turned on about
3 h prior to each experimental run, so that the laser output was
stable. For each experimental run, the beam power Pbeam was
then measured using a laser power meter.

After the previous preparation, experimental measurements
were made. The retarder angle r was set to 0 deg, and the
voltage measurements from the PMT were taken at 14 data
points at radial distances from 0.750 – 4.000 cm. This was done
by scanning the controller of the X – Y translation stages. At
each radial location point, 50 voltage samples were taken and
averaged to give the voltage magnitudes. The previous pro-
cedure was then repeated for 10 more polarimeter retarder an-
gles r of 10, 30, 50, 70, 90, 110, 130, 150, 170, and 180 deg.
These voltages at each radial location and for each polarimeter
retarder angle constituted the raw data for this experiment and
were stored in the computer.

B. Data Reduction

In this section the conversion of the raw data to quantities
of interest in this study will be dealt with. As mentioned in
the previous subsection, the raw data were the voltage obtained
at each retarder angle and at each radial location. Based on
Eq. (11), data were � t to the following equation:

V = a 1 a cos 2r 1 a sin 2r 1 a cos 4r 1 a sin 4re 1 2 3 4 5

(12)

Note that the coef� cients a1, a3, a4, and a5 are dependent on
the Stokes vectors of the incident radiation. The coef� cent a2

was included in the � t to account for additional harmonics in
the voltage output. This procedure was necessitated because a
Fourier transform of the voltage output showed an additional
spike for the cos 2r term. This spike was caused by beam
wander over the face of the GRIN lens.38 Within the range of
interest in this study, the intensity of the radiation hitting the
GRIN lens Ie was found to be linearly proportional to the de-
tected voltage Ve:

I = KV (13)e e

where K is a constant of proportionality for the PMT and can
be found experimentally. Thus, based on Eq. (11)

2K 2
Q = a (14a)i 4

t t (1 2 cos d)1 2

2K 2
U = a (14b)i 5

t t (1 2 cos d)1 2

2K 1
V = a (14c)i 3

t t sin d1 2

2K 1 1 cos d
I = a 2 a (14d)i 1 4S Dt t 1 2 cos d1 2

As can be seen in Eqs. (14), the experimentally obtained
Stokes vectors are all proportional to a constant 2K /t1t2. Thus,
ratios of the Stokes vectors, such as the various degrees of
polarization, are independent of this constant. Because the goal
of this experimental study was primarily to determine the spa-
tial variation in the degrees of polarization, an estimate of K
was not required. In the next section of this paper, some plots
of intensity I are presented. These plots are essentially the
quantity in parentheses in Eq. (14d). Thus, based on Eqs. (3),
(14a), (14b), and (14d), the degree of linear polarization is
given by

2 2a 1 aÏ 4 5
P = 2 (15)l

[a (1 2 cos d) 2 a (1 1 cos d)]1 4

Further, based on Eqs. (4), (14c), and (14d), the degree of
circular polarization is given by

a (1 2 cos d)3
P = (16)c

sin d[a (1 2 cos d) 2 a (1 1 cos d)]1 4

Using the preceding expressions for Pl and Pc, the total degree
of polarization Pt can be obtained using Eq. (5).

V. Results
In this section results of this experimental study will be pre-

sented. In a later part of this report, comparisons of these data
with some Monte Carlo simulations will also be presented. As
mentioned earlier, the results to be presented in this
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Fig. 7 Variation of the degree of linear polarization with respect
to the optical radius for a given optical thickness of the medium
(N, x = 0.430; n , x = 1.592; , , x = 2.379; 3 , x = 3.264).

Fig. 6 Variation of intensity with respect to the optical radius
for a given optical thickness of the medium (N, x = 0.430; n , x =
1.592; , , x = 2.379; 3 , x = 3.264).

paper are those of a circularly polarized laser beam incident
on a plane-parallel scattering suspension. The goal of this pa-
per is to analyze the forward-scattered diffuse radiation. The
main parameters used are the degree of linear polarization and
the degree of circular polarization. Intensity variations will also
be presented; however, as mentioned earlier, the intensities are
in arbitrary units. Note that the abscissa in these plots will be
either r (optical units) or R (cm). These plots are for the cases
outlined in Table 1 (which are for three distinct optical thick-
nesses and four different size parameters).

A. Intensity

In this section the intensity of the diffusely scattered radia-
tion will be presented. All of the results were normalized by
dividing by Pbeam. In Fig. 6, a plotted quantity proportional to
the incident intensity is shown. As is evident from the data,

the intensity appears to drop off in a monotonic fashion at
higher optical radii. Further, the variation of intensity with re-
spect to particle size is greater at smaller optical thicknesses.
The variation in the forward-scattered intensity decreases at
larger optical radii for higher optical thicknesses. Note that for
a � xed particle size and optical radius, the intensity actually
increased with an increase in the optical thickness. This is a
result of increased multiple scattering. It would be expected
that with for suf� ciently large optical thicknesses, the intensity
would decrease because of a concurrent increase in the atten-
uation.

B. Degree of Linear Polarization

In this section the experimentally determined Pl will be pre-
sented. Figure 7 illustrates the degree of linear polarization as
a function of the optical radius. For all four size parameters
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Fig. 9 Variation of the degree of circular polarization with re-
spect to the optical radius for a given optical thickness of the
medium (N, x = 0.430; n , x = 1.592; , , x = 2.379; 3 , x = 3.264).

Fig. 8 Variation of the degree of linear polarization with respect
to the geometric radius for a given size parameter (N, L = 1; n ,
L = 2; , , L = 4).

considered, an increase in the optical thickness resulted in a
decrease in the degree of linear polarization. For all size pa-
rameters and at all optical thicknesses considered, the degree
of linear polarization initially increased and then stayed rela-
tively constant as the optical radius increased. This is unex-
pected,21 because one would expect that at increased optical
radii from the laser beam, the increased multiple scattering
would depolarize the scattered radiation. As is evident in Fig.
7, this is clearly not the case.

In Fig. 7 each graph shows the effect of the scatter size
parameter on the degree of linear polarization for a � xed op-
tical thickness of the scattering medium. Clearly, for increased
optical thicknesses, the differences between the various size
parameters decrease at larger optical radii. The trend of the
data suggests that at larger optical radii, the larger size param-
eters cause the diffuse radiation to be less polarized compared
to the smaller size parameter scatterers. The data at L = 4 (Fig.
7) shows the degree of linear polarization to be almost indis-
tinguishable for all four size parameters at such a high optical
thickness. In Fig. 7, the differences in the degree
of linear polarization between the particles for size parameters
of 0.430 and 1.592 were negliglible at all three optical
thicknesses illustrated. This can be explained by the fact
that the elements of the scattering matrices for particles with
these size parameters are very similar to each other, as shown
in Fig. 3.

In Fig. 8 the abscissa is the geometric radius R (cm), in-
creased from the laser beam center. Also, in Fig. 8, it can be
seen that as the number density of scatterers is increased, the
degree of linear polarization decreases. It should be noted that
doubling of the optical thickness was achieved by doubling the
number density of scatterers. Over the radial domain of mea-
surement, the degree of linear polarization increases to a rel-
atively constant value for all cases considered in this study.

C. Degree of Circular Polarization

In this section Pc will be examined. Figure 9 shows the
degree of circular polarization plotted with respect to the op-
tical radius. The degree of circular polarization shows signif-
icant variations with respect to size parameter and optical
thickness of the medium. For all size parameters of interest, it
can be observed that the degree of circular polarization is ac-
tually higher for larger optical thicknesses of the medium.
Thus, for a � xed optical radius from the laser beam, the me-
dium with a higher optical thickness exhibits a higher degree
of polarization. Further, it can be seen that irrespective of op-
tical thickness, the degree of circular polarization for a given
size parameter approaches a unique value for all optical thick-
nesses considered at small optical radii from the beam. This
can be seen most clearly for size parameters of 2.379 and
3.264.
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Fig. 10 Variation of the degree of circular polarization with re-
spect to the geometric radius for a given size parameter (N, L =
1; n , L = 2; , , L = 4).

Fig. 11 Variation of the total degree of polarization with respect
to the optical radius for a given optical thickness (L) of the me-
dium (N, x = 0.430; n , x = 1.592; , , x = 2.379; 3 , x = 3.264).

In Fig. 9 it is seen that for all optical thicknesses considered,
the degree of circular polarization in the case of a size param-
eter of 0.430 approaches zero. Further, at larger optical radii,
the degree of circular polarization actually seems to level off
at a nonzero value for larger size parameters. The trends of
these graphs suggest that at large optical radii from the laser
beam, larger particles will result in the diffuse radiation having
a greater degree of circularly polarization. Unlike the degree
of linear polarization, the degree of circular polarization
showed a greater sensitivity to smaller-size parameters as com-
pared to the larger-size parameters.

In Fig. 10, the abscissa is the geometric radius R (cm) from
the laser beam center. In these plots, it can be clearly seen that
as the number density of scatterers is increased, the degree of
circular polarization decreases. Again, it should be noted that
doubling of the optical thickness was achieved by doubling the
number density of scatterers.

D. Degree of Polarization

The total degree of polarization Pt exhibits trends that are a
mixture of the trends observed in the previous two sections
and are as shown in Fig. 11. In fact, the behavior varies con-
siderably. For smaller size parameters, the degree of polari-
zation has a similar trend to the degree of linear polarization
with respect to the optical radius and the optical thickness of
the medium, respectively. At larger size parameters, the be-
havior more closely echos the behavior of the degree of cir-
cular polarization. The main observation for Fig. 11 was that
the diffuse radiation was polarized at quite substantial optical
radii from the laser beam. Further, at larger optical thicknesses,
particles with a larger-size parameter produced a greater de-
gree of polarization.

E. Comparison with Monte Carlo Simulations

In the following text some of the experimental data involv-
ing the degree of polarization of the diffuse radiation will be

compared with numerical data generated using a backward
Monte Carlo code developed by the authors.18 The elements
of the scattering matrix [see Eq. (6)] used in the backward
Monte Carlo code for the evaluation of the forward-scattered
diffuse radiation had values as shown in Fig. 3. However, the
computer code did not include the Fresnel re� ection effects at
the water – window and water – glass interfaces. This would def-
initely affect the results because Fresnel re� ection can have a
strong polarizing effect.34 Further, the data generated for this
paper assumed that the energy of the laser was concentrated
at one point. This is actually not the case, but because the
numerical data were taken at a signi� cant number of beam
diameters from the laser, this seemed an acceptable assump-
tion. The present comparisons were made to see if the Monte
Carlo code captured the trends in the degree of polarization
with respect to particle size and optical thickness of the me-
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Fig. 13 Comparison of Pl and Pc with backward Monte Carlo
simulations for x = 2.379 [N, Pl (experiment); n , Pc (experiment);
N, Pl (Monte Carlo); n , Pc (Monte Carlo)].

Fig. 12 Comparison of Pl and Pc with backward Monte Carlo
simulations for x = 0.430 [N, Pl (experiment); n , Pc (experiment);
N, Pl (Monte Carlo); n , Pc (Monte Carlo)].

dium. One other point of importance is that the numerical data
were evaluated out to an optical radius of 3.0, and 400,000
photons were used to evaluate the Stokes vector at each lo-
cation. Further, the v of the scatterers was taken to be one in
this study.

In Fig. 12, comparison is made between the experimental
and numerical data for the particles of size parameter of 0.430.
At all optical depths shown in Fig. 12, Pc matched well with
the experimental results. For both cases, the degree of circular
polarization decayed to a value close to zero. Comparison of
the degree of linear polarization showed greater differences.
The differences between the experimental and Monte Carlo
data decreased with an increase in the optical thickness of the
medium. At optical radii greater than 1.0, the Monte Carlo
evaluated degree of linear polarization consistently underpre-
dicted the experimental data. One possible reason for this

could be the fact that a Fresnel interface has a re� ection matrix
similar in form to a linear polarizer.34 The curves shown in
Fig. 13 are similar to those just discussed, except that they are
for a size parameter of 2.379. In Fig. 13, it can be seen that
the trends in both the degree of circular polarization and the
degree of linear polarization are captured by the Monte Carlo
procedure. However, the degree of linear polarization is con-
sistently underpredicted by this procedure. Another interesting
feature is that at small optical radii, the Monte Carlo data and
the experimental data asymptotically approach each other for
all three optical thicknesses of the medium. In both Figs. 12
and 13, it can be seen that the degree of linear polarization
remains relatively constant to quite large optical radii.

F. Mean Number of Scattering Events

In the following discussion, a quantity called the mean num-
ber of scattering events G will be discussed. It is a measure of
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Fig. 14 Mean number of scattering events as a function of the
optical radius from the incident light beam (N, L = 1; n , L = 2;
, , L = 4).

the average number of scattering events a photon would un-
dergo to reach a particular location.18 In Fig. 14, the mean
number of scattering events is plotted for the Monte Carlo data
outlined in the previous paragraph. The plots of G are only for
the data obtained excluding Fresnel effects at the interface be-
tween the liquid and the surrounding medium (water – air and
water – glass interfaces). The mean number of scattering events
cannot be evaluated experimentally. The purpose of plotting
this data is to illustrate that the diffuse radiation is polarized
even after a large number of scattering events. Although the
experimental data includes the Fresnel effects, the purpose of
this section is to illustrate that for large optical radii from the
laser beam, the diffuse radiation is polarized despite the large
number of scattering events a photon must undergo. This
seems at variance to the theoretical work of Bicout and Bros-
seau.21 As shown in Fig. 14, even at an optical radius of 3.0,
the average number of scattering events exceeds 12 for the
particles of size parameter 0.430, and it exceeds 7 for particles
of size parameter 2.379. For some of the cases discussed, ex-
perimental measurements were taken up to an optical radius
of 5.0. In such cases, the mean number of scattering events
would be still higher. Despite this, the diffuse radiation is po-
larized even at these large optical radii. Clearly, the diffuse
radiation is polarized (see Figs. 12 and 13) at the optical radii
and optical thicknesses illustrated in Fig. 14. This is interesting
because, as mentioned in a previous section, one would expect
that a large number of scattering events would depolarize the
radiation. In fact, only the degree of circular polarization for
small-size parameters behaves in this way (see Fig. 12). It
should be noted here that the data for L = 1 shown plotted in
Fig. 14 was only to an optical radius of 1.5. This was because
our experimental data for this optical thickness were limited
to this radius.

VI. Conclusions
In this experimental study, the forward-scattered diffuse ra-

diation was examined for the case of a right circularly polar-
ized laser beam incident on a plane-parallel scattering medium.
Results of this study were compared to a Monte Carlo simu-
lation of the same situation excluding Fresnel interface effects.
The numerical data exhibited similar trends to the experimental
work.

The results of this study were very interesting. The data
suggests that the diffuse radiation produced by a � nite multiple
scattering media when exposed to a circularly polarized laser
beam is signi� cantly polarized, even at large optical radii from
the beam. Monte Carlo simulations indicated a similar trend.
Further, an estimate of the average number of scattering events
a photon would undergo to reach reasonably large optical radii
suggests that the diffuse radiation there is highly multiply scat-
tered because of the large average number of scattering events
to reach that location. This is unexpected because one would
expect that the large number of scattering events required to
reach a large optical radius would depolarize the diffuse ra-
diation. This is clearly not the case.

Further research is required into the effect of the refractive
index of the medium (water in this study) on the degree of
polarization of the emerging diffuse light � eld for the problem
studied in this paper. The refractive index manifests itself via
the re� ection at the air – water and water – glass interfaces. It
is well known that re� ection at the interface between two me-
dia can polarize the incident radiation.
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