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We study the influence of birefringence on incoherent polarized light transport in turbid media. In particular,
Mueller matrices backscattered by a diffusing medium are modified by the birefringence of the suspending
phase. We study this effect both theoretically, through Monte Carlo simulations, and experimentally with a
highly birefringent xanthane solution in which particles are added at various concentrations to modify its
turbidity. Comparisons between experiments on flow-induced birefringence of the xanthane solution with or
without particles are in good agreement and show the capability of measuring birefringence in turbid media
through analysis of Mueller matrices.
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I. INTRODUCTION

Incoherent unpolarized light transport in opaque disper-
sions is well described by radiative transfer theory �1� and
can be modeled by diffusion approximations which essen-
tially depend on the mean free path of diffusive photons lTR
inside the medium �1–4�. The measurement principles are
based on the analysis of the spatial intensity repartition of
light backscattered by an opaque diffusing medium, far from
a light source focused at the medium surface �4�. Also, inco-
herent polarized light transport can be solved using Monte
Carlo simulations and has shown to be very sensitive to par-
ticle radius a and its optical refractive index �5,6�. Wang and
Wang �7� showed from Monte Carlo simulations that a bire-
fringent continuous phase can affect polarized light transport
in dense turbid media through some elements of the back-
scattered Mueller matrix. In this article, we focus both ex-
perimentally and theoretically on these effects in very turbid
media.

In the first part, the sample preparation and experimental
setup for measurements of backscattered Mueller matrices
are presented. In the second part, we describe Monte Carlo
simulations for birefringent opaque media. Finally we show
how to use Mueller matrices for birefringence determination
in random media and apply it to a xanthane solution under
shear.

II. METHODS

A. Sample preparation

The xanthane solution �SKW Biosystems�, prepared at
10 g/ l in distilled water with 0.1 mol/ l of NaCl, shows a
flow birefringence and a non-Newtonian shear thinning be-
havior. From this xanthane solution �refractive index
n=1.34�, six opaque samples are prepared by the addition of
nonabsorbing particles at various mass fractions �1%, 1.25%,
1.5%, 1.75%, 2.5%, and 3%�. Particles are stabilized oil
droplets �n=1.45� from Firmenich SA with a nearly mono-

disperse size distribution and an average droplet radius
a=230 nm �measured using a Malvern Mastersizer X�. We
checked that the presence of particles does not affect the
xanthane rheology. The flow birefringence of the xanthane
solution �free of particles� is measured with the technique
described in �8�. As the shear rate is increased, the birefrin-
gence � also increases, typically from 2�10−5 to 7�10−5

�Fig. 6�b��.

B. Experimental setup

The experimental setup for the measurement of Mueller
matrices backscattered by turbid media is described
in detail elsewhere �6�. It is based on a laser light
���=635/1.34�474 nm in the xanthane solution� focused at
the medium surface. Four independent polarization states of
photons entering and going out of the medium can be se-
lected. For each couple of polarization states, the backscat-
tered light is collected by a charge coupled device �CCD�
camera. So a set of 16 images is acquired, corresponding to
the various polarization states of incident and backscattered
photons. Linear combinations of these images lead to the
construction of the Mueller matrix �Fig. 1�, which allows
calculation of the electromagnetic field anywhere in the
backscattered plane. In this matrix, element M11 corresponds
to unpolarized incoherent light transport �energy�. The
system is embedded on a Physica MCR300 rheometer �An-
ton Paar�, and the shear is applied by a glass plate geometry
�5 cm in diameter, 2 mm gap�.

C. Unpolarized incoherent light transport

The M11 element is well modeled by the scalar radiative
transfer theory in the diffusion approximation �1,2,4�. For
opaque media, the values obtained for the transport length
are represented in the inset of Fig. 2, together with its calcu-
lation using Mie theory �4�. The good agreement shows that
droplets remain stable when dispersed in the xanthane solu-
tion.

III. MONTE CARLO SIMULATIONS

A. Principles

Monte Carlo simulations of incoherent polarized light
transport in a collection of randomly distributed spherical*Electronic address: christophe.baravian@ensem.inpl-nancy.fr
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particles are based on successive scattering events given by
Mie theory and are described in details elsewhere �5,6�.

Following Wang and Wang �7�, the effect of birefringence
on incoherent polarized light transport is a modification of
the Stokes vector along the photon traveling between two
successive scattering events. This modification depends on
both the photon direction �compared to the birefringence
axis� and the traveling distance ds. In Stokes formalism, the
birefringence matrix T�� ,�� is �7,9�

T��,�� =�
1 0 0 0

0 T22 T23 T24

0 T32 T33 T34

0 T42 T43 T44

� ,

T22 = cos�4��sin2��/2� + cos2��/2� ,

T23 = T32 = sin�4��sin2��/2� ,

T24 = − T42 = − sin�2��sin��� ,

T33 = − cos�4��sin2��/2� + cos2��/2� ,

T34 = − T43 = cos�2��sin��� ,

T44 = cos��� , �1�

where � is the azimuthal angle of the birefringence slow axis
in the x-y plane and � is the retardation along the photon
path between two scattering events:

� =
2�ds

��
� nfns

	�ns cos ��2 + �nf sin ��2
− nf
 . �2�

ns and nf are, respectively, the slow and fast refractive indi-
ces, ns=nf +�, and � is the angle between the birefringence
slow axis and the photon direction.

B. Analysis

From Eqs. �1� and �2�, it is clear that � is the relevant
parameter for birefringence influence on incoherent polarized
light between two scattering events. To take into account the
diffusive transport of retardation due to birefringence inside
the medium, we consider the maximum retardation at the
transport length distance: �TR=2��lTR /��.

In Fig. 3, we present results of Monte Carlo simulations in
Rayleigh approximation �a	��� to show the influence of
�TR amplitude on Mueller matrices. Each image size is
10lTR�10lTR, and the birefringence slow axis is in the hori-
zontal x direction. Figure 3�a� corresponds to a nonbirefrin-
gent medium ��TR=0�. Except for element M44, the last col-
umn and last line are zero as can be deduced from symmetry
constraints ��10�, Chap. 17�. Generally, for an isotropic me-
dium, elements M14 and M41 are null �6,10�. When �TR in-

FIG. 1. Experimental backscattered Mueller matrix for 1% con-
centration of particles in xanthane solution at a shear rate of
606 s−1. Each image size is 1 cm�1 cm.

FIG. 2. Dimensionless representation of the radial intensity de-
crease of M11 elements for xanthane solution and particles at vari-
ous concentrations. The solid line is the diffusion model. Inset:
transport lengths from adjustment of the diffusion model on experi-
mental data. The solid line represents Mie theory for a particle
radius of 0.23 
m.

FIG. 3. Monte Carlo simulations of Mueller matrices in Ray-
leigh approximation. �a� �TR=0, �b� �TR=0.1, �c� �TR=0.5, and �d�
�TR=3.
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creases �Figs. 3�b� and 3�c��, the main effect of birefringence
is a pattern appearance on elements M14 and M41. For higher
values above �TR=1, the effect of birefringence is to screen
polarization transport �Fig. 3�d��. Indeed, for �TR�1, polar-
ization is randomized, since between two diffusion events
�corresponding to a photon traveling a distance lTR�, any kind
of retardation in the range �0–2�� can be obtained. In par-
ticular, the similitude of amplitudes for elements M12 �or
M21� and M13 �or M31� is lost. The evolution of these polar-
ization amplitudes is studied through 60 Monte Carlo simu-
lations, corresponding to different particle sizes �10, 75, 120,

230, and 500 nm� for various birefringence values
of the suspending phase 0���0.0035, corresponding to
0��TR100. Also, for 10-nm particles, we perform calcu-
lations at two different volume fractions �0.01 and 0.05�.
Results are presented in Fig. 4. Figure 4�a� represents the
amplitude at a radial distance lTR of element M13 divided by
the amplitude of element M12 as a function of �TR. This ratio
remains close to 1 when �TR0.5 and drops to zero when
�TR�1. Figure 4�a� therefore allows a simple experimental
discrimination between the �TR�1 and �TR�1 regions.

To extract the birefringence influence on polarization
transport independently of the properties of the scatterers, we
use the ratio of elements M14�lTR� /M12�lTR�.

Figure 4�b� shows a linear relationship between the
M14�lTR� /M12�lTR� amplitude at a radial distance lTR and �TR

in the �TR�1 domain. Therefore, the determination of �TR is
straightforward in this region using the simple relation given
in Eq. �3�, obtained by linear regression from Fig. 4�b�:

�TR = 1.45M14�lTR�/M12�lTR� . �3�

IV. BIREFRINGENCE MEASUREMENT
IN TURBID MEDIA

The principle of birefringence measurement in opaque
dispersion systems is motivated by the correlation in Fig.
4�b�. From experimental Mueller matrices, the transport

FIG. 4. Monte Carlo simulations vs �TR=2��lTR /�� for various
particle sizes, birefringence values, and volume fractions ����
10 nm, �=1%; ��� 10 nm, �=5%; ��� 75 nm, �=1%; ���
120 nm, �=1%; ��� 230 nm, �=1%; and ��� 500 nm, �=1%�.
�a� Amplitude of M13�lTR� /M12�lTR� at a radial distance lTR. �b�
Amplitude of M14�lTR� /M12�lTR� at a radial distance lTR. The solid
line corresponds to Eq. �3�.

FIG. 5. Xanthane solution with a particle concentration of 1.5%.
Angular variation of normalized M14 element at a distance
lTR=1.09 mm for various shear rates. Upper images are M14

elements �1 cm�1 cm� at various shear rates. Solid symbols ���
correspond to a Monte Carlo simulation in the same conditions
��=0.015, a=230 nm� with �=5�10−5.

FIG. 6. Birefringence measurement in opaque media. �a� Rela-
tive amplitude of M14�lTR� /M12�lTR� vs shear rate for different par-
ticle concentrations. �b� Birefringence measurement ��� �=1%,
��� �=1.25%, ��� �=1.5%, ��� �=1.75%, ��� �=2.5%, and ���
�=3%�. Solid symbols ��� correspond to birefringence measure-
ments of xanthane solution without particles.
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length is obtained by analysis of the M11 element. Then the
polarization amplitude in elements M12 and M13 is measured
at a radial distance equal to the transport length and the ratio
M13�lTR� /M12�lTR� is checked to be close to unity ��0.9 in
all our experiments�. We then measure the normalized am-
plitude of the M14 element at a radial distance lTR.

Figure 5 illustrates M14 images analysis for xanthane so-
lution with the addition of 1.5% droplets in concentration.
The amplitude of element M14 increases with the shear rate,
corresponding to an increase of the continuous phase bire-
fringence. The birefringence slow axis is not perfectly ori-
ented in the velocity direction, but slightly tilted at an angle
of 12° ±5° towards the vorticity direction, whereas in the
Monte Carlo simulation, the slow birefringence axis is
aligned in the velocity direction. So angular variation of in-
tensity in element M14 gives the principal axis of the bire-
fringence in the observation plane. For a given birefringence,
increasing the volume fraction of particles decreases the
transport length lTR �inset in Fig. 2�, and therefore
�TR=2��lTR /��. At a given applied shear rate, a decrease of
the amplitude of M14�lTR� /M12�lTR� is expected while in-
creasing the volume fraction of particles �Eq. �3��. This effect
is experimentally verified in Fig. 6�a�. The birefringence of
the opaque solution be can expressed, using Eq. �3�, as

� = 1.45M14�lTR�/M12�lTR�
��

2�lTR
. �4�

Equation �4� is used to construct Fig. 6�b� from the
experimental results of Fig. 6�a�. The birefringence deter-

mined from Mueller matrices through Eq. �4� is in good
agreement with the birefringence of the xanthane solution
without particles independently measured using another
technique �8�.

V. CONCLUSION

We have studied the influence of the continuous phase
birefringence on incoherent polarization transport. The cen-
tral result is that the normalized amplitude M14�lTR� /M12�lTR�
from the Mueller matrices is proportional to the maximum
retardation of light between two diffusions, �TR
=2��lTR /��, and does not depend on the nature of the scat-
terers or their volume fraction. This technique of continuous
phase birefringence determination in turbid media applies
when the retardation �TR is typically smaller than unity. It is
also important to note that measurement of a Mueller matrix
is completely self-sufficient for a determination of the retar-
dation �TR and, therefore, the birefringence amplitude and
orientation.
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