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Anisotropic Weak Localization of Light: From Isotropic
Scattering to Ordered Nematic Liquid Crystals
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We have performed Monte Carlo simulations of coherent backscattering of vec-
torial waves in anisotropic Rayleigh media as a preliminary model to approach
light scattering in ordered nematic liquid crystals. The cone is anisotropic, consist-
ent with experimental observations and has a shape that is consistent with theory.
The role of the penetration length in anisotropic media is discussed.

INTRODUCTION

The transport of light in complex dielectric materials is a rich and
fascinating topic of research. Light undergoes multiple scattering
when it propagates through inhomogeneous media over distances
much larger than one scattering mean free path ‘s. Interference
can survive random multiple scattering which goes beyond a classical
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diffuse transport picture. The most robust example is coherent back-
scattering or weak localization [1], which manifests itself as an
enhancement of the backscattered intensity by a factor of two and
a backscattering cone of opening angle k=‘�, with ‘� the transport mean
free path, defined as the distance over which the light waves loose
memory of propagation direction. Even more dramatic is Anderson
localization of light [2], an interference phenomenon that can bring
light transport to a halt and therefore change the simple diffusive
picture even more.

Liquid crystals in the nematic phase are strongly scattering materi-
als that differ fundamentally from common isotropic random media.
The nematic phase of a liquid crystal is characterized by a global align-
ment of the molecules in a direction called the nematic director n(r),
and an otherwise translational disorder. The strong opacity of the
nematic phase comes about from local fluctuations in the nematic
director nðr; tÞ ¼ n0 þ dnðr; tÞ, that elastically scatter light [3]. Trans-
mission experiments have shown that light transport in ordered
nematic liquid crystals indeed shows anisotropic features, both in
static [4] and dynamic [5] experiments, and that diffusive models
and radiative transfer theory can describe light transport in such a
complex medium [6].

Pioneering experiments on coherent backscattering from nematics
have been performed, but only the existence of the interference
phenomenon could be confirmed and no other information could be
extracted from the experimental data [7]. Anisotropy in coherent back-
scattering due to an anisotropic transport mean free path has been
predicted numerically in Monte-Carlo simulations [8]. Only recently,
anisotropy in weak localization from ordered nematic liquid crystals
has been observed and the cone fully resolved [9], opening the way
for further investigation on light transport in such a complex medium.

No universal recipe exists to generalize a diffusive model for the case
of anisotropic scattering. That is, it is not evident how to perform the
passage from an anisotropic single-scattering process to anisotropic
multiple scattering and subsequently to anisotropic diffusion. A diffus-
ive model is limited by the fact that all characteristics of the transport
process have to be contained in one single parameter: the diffusion con-
stant. Single scattering is described by a scattering cross section that
depends on incoming and outgoing wavevectors and polarization vec-
tors and can therefore contain various types of anisotropy. The chance
of being scattered can depend on propagation direction and polariza-
tion, but also the distribution of the light after scattering can be highly
anisotropic. In addition, the propagation velocity of the light during the
multiple scattering process can be anisotropic as well. A diffusive
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model in which all these anisotropies have to be contained in one single
parameter is potentially an over-simplification of the problem. In
addition, the effect of anisotropy on the boundary conditions, required
to solve the diffusion equation, is unknown but of crucial importance.

Ordered nematic liquid crystals are anisotropic scattering media in
which light polarization plays a central role: the average medium is
birefringent and scattering selection rules favor polarization to flip
at each scattering event. Moreover the scattering cross-section and
scattering mean free path depend strongly on the polarization state
and scattering direction [10]. These intricate scattering properties
would suggest that a complete solution of the transport equation is
more appropriate than a diffusive model. Unfortunately the coupled
hydrodynamics equations of nematic liquid crystals and of the electro-
magnetic field are very difficult to solve [11]. Our choice is to
implement the random walk model in a Monte-Carlo simulation for
vectorial waves, in order to calculate numerically light transport in
anisotropic media and nematic liquid crystal.

This paper is a first step in the direction of understanding the
role of anisotropy in a diffusive and multiple scattering model. The
first results of a vectorial Monte Carlo simulation of coherent back-
scattering and light transport in complex anisotropic systems will be
shown.

MULTIPLE SCATTERING

Backscattered Light

In contrast to the case of transmission, backscattered light contains
contributions from all path lengths, and thus from all scattering
orders. Indeed the main contribution in backscattering comes from
single scattering (�16:8% for isotropic Rayleigh scattering and semi-
infinite geometry), and double scattering (�10:0% for isotropic
Rayleigh scattering and semi-infinite geometry) and then all other
scattering orders. Thus the backscattered light pattern is very sensi-
tive to the non-isotropic aspects of the lower scattering orders [12],
in addition to the anisotropy that survives after averaging over all
path lengths.

This is why it is interesting to study how light is backscattered from
an anisotropic medium and to use coherent backscattering to probe
the system beyond the limits of conventional diffusion theory at all
scattering orders. Very accurate coherent backscattering measure-
ments allow to measure very narrow cones from media with transport
mean free paths larger than one millimeter [9], opening up the
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possibility to perform weak localization studies on nematic liquid
crystals, complex fluids and biological tissues, inaccessible to previous
coherent backscattering instruments. Monte Carlo simulations of
weak localization can be performed with great accuracy and account-
ing for scattering anisotropy, medium geometry, birefringence, etc. . .

Coherent backscattering is the result of many two-waves
interference patterns

Iðh; /Þ ¼ I0 ð1þ a cosðd � DkÞÞ ð1Þ

where I0 is the total intensity forgetting interferences, a the contrast of
the interference, and we assume no additional phase difference along
the reverse paths exists. This interference is generated by counter-
propagating light paths with entering-exiting distance d ¼ r1 � r2
and initial and final k-vectors ki; kf , such that Dk ¼ kf þ ki (see
Fig. 1). Maximum interference is obtained when the counter-propagat-
ing paths have the same amplitude and thus a ¼ 1, and only at h ¼ 0,
(see Fig. 2). Here onwards we will assume a ¼ 1. The cone is the
Fourier transform of the spatial distribution of the intensity of the
scattered light on the sample surface, when the latter is illuminated
by a point-like source [13]. The triangular top of the coherent back-
scattered profile is sensitive to the long and diffusive paths and has
an opening angle Dh � k=‘�. The wings, on the other hand, are domi-
nated by the lower spatial frequencies, and therefore by the short
paths due to low order scattering. This also means that the top and full
width half maximum (FWHM) are determined by the transport mean
free path ‘�, which is an averaged quantity, whereas the wings are

FIGURE 1 Counter-propagating light paths that give rise to coherent
backscattering. (See COLOR PLATE XVI)
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strongly influenced by the details of the single scattering differential
cross section.

Experimental Measurements of Coherent Backscattering

We have investigated [9] liquid crystal samples consisting of
p-penthyl-p0-cyanobiphenyl (5CB), which were contained in a cylindri-
cal cell of 8 cm diameter and 4 cm thickness, which satisfies the
requirement of having an optically thick sample. The setup is shown
in Figure 3. An angular resolution of 10 mrad was obtained, two orders
of magnitude higher than previous liquid crystal work, and �10 times
better than the highest resolution reported in the literature.

We report the coherent backscattering cone as recorded in long
linear scans in the two orthogonal scanning directions, after precise
determination of the exact backscattering angle. The light is incident
normal to the front sample interface, and the magnetic field lays in the

FIGURE 2 Coherent backscattering arises from many two-wave interference
patterns which are all in phase at h ¼ 0. In the figure, the full profile (full line)
and the interference that results from only double scattering (dashed line),
and a few lower scattering orders (dotted and mixed lines) are shown. The line
profile is obtained with a Monte Carlo simulation for scalar waves (single
scattering has been subtracted). In the top panel, a few two-paths interference
patterns are shown before averaging. (See COLOR PLATE XVII)
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plane orthogonal to ki. An external magnetic (or electric) field can
induce a global alignment of the crystals, which find energetically con-
venient to be parallel to the field (Fig. 4). We can observe that the
coherent backscattering cone in the scattering plane parallel to the
nematic director is narrower than the cone in the perpendicular plane.
Note that the observed anisotropy cannot be due to polarization effects
at the sample surface (like e.g. birefringent internal reflection [14])
since we are comparing angular scans with the same polarization
direction. The solid line in Figure 5 was obtained from a simple coher-
ent backscattering model generalized for an anisotropic system, and
based on the diffusion approximation even if no actual justification
of the validity of this model can be given at this point. The rounded
top is due to the finite experimental resolution.

A two-dimensional fit of the measured coherent backscattering data
can be used to extract values for the transport mean free paths. Doing
this we have assumed that upon multiple scattering a diffusive trans-
port mean free path can be defined which is not any more a scalar
quantity, but a vectorial one. We denote its components parallel and

FIGURE 3 Sketch of the setup for the coherent backscattering measurement.
A diffraction limited 8 cm diameter collimated laser beam is obtained by
expanding and spatially filtering the output of a single mode Argon laser
(2W, 488nm). This beam is reflected from a 15 cm wide beam splitter (BS) onto
the sample (LC) which is placed between the poles of an electro-magnet. The
backscattered light from the sample is collected through the beam splitter
by a wide achromatic triplet lens (f ¼ 1250mm) and monitored by a photomul-
tiplier tube (PMT) through a polarizer (POL) and a 10 mm diameter pinhole
placed exactly in the focal plane of the achromatic lens. All lenses are aligned
perpendicular to the optical beams to avoid astigmatism, and the response of
the setup is carefully checked to be isotropic. (See COLOR PLATE XVIII)
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perpendicular to n by ‘�k and ‘�? respectively [9,15]. The only fitting
parameters are the enhancement factor and the values of ‘�k and ‘�?.
For the extraordinary polarization case we find mean free paths
‘�k ¼ 0:71mm and ‘�? ¼ 0:83 mm, with a fitting error of about 2.5%
and a statistical error of 4%. The fitting error refers to the uncer-
tainty in the values of the fitting parameters for each measurement,
while the statistical one is related to the spreading of these values

FIGURE 5 Coherent backscattering cone from a monodomain nematic for
both orthogonal scanning directions, in a linear plot. The nematic director
and polarization vector are in the same direction, parallel to B. (See COLOR
PLATE XIX)

FIGURE 4 An external magnetic field can induce a global alignment of
the nematic liquid crystals around a common direction n called the nematic
director, parallel to the magnetic field B.
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when repeated measurements are performed. The resulting anisotropy
is: 1:17� 0:04. For the other case, ordinary polarization, we find:
‘�k ¼ 0:67mm and ‘�? ¼ 0:77mm, and ‘�k=‘

�
? ¼ 1:15� 0:04. The isotropic

case, when no orientation around a common director can be defined,
gives: ‘�k=‘

�
? ¼ 1:01� 0:04. These anisotropy values are in good agree-

ment with available theories regarding anisotropic diffusion in
nematics [6] that predict a mean free path anisotropy of about 1.18.

FROM SINGLE TO MULTIPLE SCATTERING

Anisotropy affects both the single scattering properties and the average
medium in which the light propagates. The passage from single to mul-
tiple scattering requires therefore the definition of Gðk; r12Þ, the ampli-
tude Green function of the system, which describes how the light
amplitude propagates between two scattering events. Whereas for iso-
tropic scattering one usually employs a direction independent propagator

Gðk; r12Þ ¼ � 1

4pr12
expðikr12Þ exp � r12

2‘s

� �
; ð2Þ

in anisotropic media one often cannot neglect the birefringence and the
direction dependence of the scattering mean free path ‘sðXiÞ. The Green
function in Eq. 2 is simply a spherical wave expðikr12Þ=4pr12 attenuated
by the Beer-Lambert factor expð�r12=2‘sÞ which takes into account the
presence of the scattering medium; k is the wave vector inside the
medium, with real and imaginary part.

Optical birefringence in ordered nematics is present as rotational
symmetry is broken by the nematic director n. Light propagates
through nematic liquid crystals in two characteristics modes. These
are the ordinary mode jk;oi, which has polarization o orthogonal to
n and k and the extraordinary one jk; ei whose polarization e is in
the plane of k and n. The ordinary mode behaves as in an isotropic sys-
tem, while the extraordinary mode possesses a direction-dependent
index of refraction and its phase and group velocities are not equal
and parallel. Birefringence lifts the polarization degeneracy of the
propagating modes which become distinct (see Fig. 6). The two eigen-
states experience a different refractive index no 6¼ ne, and therefore
interference between them can be neglected after a distance Dr ’ k=
ðno � neÞ. For nematics, Dr ’ 2� 3 mm, which is much smaller than
the length scales of the scattering process, Dr<<‘s ’ 50� 100 mm
[10]. For this reason the two eigenstates can be treated independently.

For isotropic systems, the scattering mean free path ‘s is usually
defined as the average distance between two scattering events, and
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is inversely proportional to the scattering cross section:

‘s ¼
1

qrt
¼ q

Z
dr
dX

dX

� ��1

; ð3Þ

where q is the spatial density of the scatterers. In nematics, the scat-
tering mean free path ‘s will depend also on the incident direction Xi

‘sðXiÞ ¼
1

V

Z
d2r

dXidXf
dXf

� ��1

: ð4Þ

The propagator Gðjk; e=oi; r12Þ of each of the eigenmodes of the
medium is related to the scattering mean free path ‘sðjk; e=oiÞ. The
Beer-Lambert’s law that determines the exponential attenuation of
the wave intensity reads:

Iðr; jk; e=oiÞ ¼ Iðr0; jk; e=oiÞ exp � jr � r0j
‘sðjk; e=oiÞ

� �
: ð5Þ

If one tries to identify a dominant transport direction, one is
tempted to look at the scattered k-vectors which correspond to maxima

FIGURE 6 Scattering geometry: the photon state jki; ii is scattered into
jkf ; fi. The nematic director n and the transferred momentum q ¼ kf � ki

are shown. kf ;n and e are in the same plane, orthogonal to the plane defined
by n and o. The polarization can be decomposed into the two propagation
eigenmodes o and e. Xi and Xf , which indicate the directions of ki and kf ,
are not shown here. (See COLOR PLATE XX)
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of the radiated pattern d2r=dXidXf . In a birefringent anisotropic
system this can be inaccurate however: a local maximum in the differ-
ential cross-section for a given direction is not directly a local peak in
the photon density. In a direction of the scattered wavevector in which
d2r=dXidXf is large, rtðXiÞ ¼

R
ðd2r=dXidXf ÞdXf can be large as well,

so that the scattering mean free path is short. Many photons are
radiated in such a direction, but they suffer from intense scattering
into all angles which depletes the light flow.

We stress here that light transport quantities can be properly defined
only after ensemble averaging of the above picture. This averaging can be
done in a numerical but exact way with Monte Carlo simulations.

MONTE CARLO SIMULATION

A random walk model can be well implemented in a Monte Carlo simu-
lation which can take into account all features of the scattering event
and of the successive propagation. The principle of a Monte Carlo simu-
lation is to probe the system in a large number of configurations, and to
use the result to describe the whole system [16]. If the static single scat-
tering cross-section d2r=dXidXf and the propagator Gðjk; e=oi; r12Þ are
known, then theMonte Carlo simulation will just perform the configur-
ation averaging. Many light wavepackets, which we will call for sim-
plicity photons, but which are of classical nature, are launched into
the system and properly propagated; the exiting intensity is then
recorded. The model can be effectively used to probe the transport
properties of the systems exactly, but great care has to be taken to
model the nematic liquid crystal. The scattering event is ruled by the
single scattering cross-section (see Eq. 6), which depends on the input
and output state and in particular on the orientation of the polarization
and propagation vectors with respect to the nematic director [3]

d2r
dXidXf

¼ V
Dek2

4p

� �2 X
a¼x;y

kbTðiafz þ izfaÞ2

Kaq2? þ K3q2k þK1n
�2

; ð6Þ

(here we follow the formalism defined in De Gennes’s book [3] depicted
in Fig. 6). Ki are the Frank elastic constants, and q ¼ kf � ki the scat-
tering wave vector; the polarization product iafz þ izfa determines the
polarization selection rules while the denominator is dominated by
K1n

�2 which depends on the external magnetic field. The dependence
on q�2 accounts for the strong directionality of the cross-section, whose
divergence for jqj�!0 is prevented by a finite value of n. The pre-
factors in Eq. 6 are the temperature T, the Boltzman constant kb, the
modulus of the light k-vector k, the anisotropy in the dielectric constant

202 R. Sapienza et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
9:

32
 2

2 
A

ug
us

t 2
01

2 



De ¼ ek � e? and the scattering volume V. At a wavelength of 405nm
De ¼ 0:81168.

Figure 7 shows the anisotropy of the total scattering cross-section rt
for different polarization eigenmodes of the input and output polariza-
tion, as a function of the scattered k-vector. In the case of scattering of
an extraordinary mode into an ordinary, the total scattering cross-
section is extremely small for k-vectors in the direction of the nematic
director (panel a), while for the extraordinary-extraordinary case also
the plane orthogonal to n exhibits a minimum value of rt (panel b).

The process of double scattering is depicted in Figure 8 for the case of
ordinary light incident with k-vector parallel to n, scattered into extra-
ordinary light and then double-scattered into ordinary light after an
average distance ‘s. The emerging light distribution is calculated with
a second scattering cross-section.

FIGURE 7 Total integrated cross-section rt for light scattering in nematic
liquid crystals: panel a) an extraordinary mode into an ordinary (or ordinary
into extraordinary); panel b) an extraordinary mode into an extraordinary.
One can see that rt, the total probability for a photon of being scattered,
depends on the direction of propagation and on the polarization state. Nematic
director in the z-direction for all cases. 5CB liquid crystals in a magnetic field
of 0.5T, K3 ¼ 5:3� 10�12 J, K1 ¼ 0:79K3 and K2 ¼ 0:43K3, n ¼ 4:2mm. (See
COLOR PLATE XXI)
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We can see that already for the simplest process of two events of
scattering, both of the two light eigenmodes are involved, ordinary
and extraordinary, and that their scattering cross-sections are very
different.

In view of these features, in the Monte Carlo simulation any scat-
tered photon has to be projected onto the birefringent eigenmodes
which then can be propagated ballistically. Their direction of propa-
gation follows the photon group velocity in the nematic average
medium and the travelled distance before the following scattering
event is governed by an anisotropic Lambert-Beer’s probability (see
Eq. 5) which itself depends on the photon state: it is an anisotropic
random walk. When the photon exits the medium, the interference

FIGURE 8 Double scattering process in ordered nematic liquid crystals.
Ordinary light incident with k-vector parallel to n is scattered into extraordi-
nary light with a differential cross-section shown in the center of the picture.
Three possible directions are shown. Light propagates for an average distance
given by ‘s, shown by the length of the arrows, before the second scattering
event. The second scattering cross-section is plotted for the case in which
the emerging light is ordinary. The top most scattering event occurs at a
distance extremely long and is very rare. (See COLOR PLATE XXII)
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contribution of its path and its reverse counterpart are calculated from
Eq. 1. The coherent backscattering cone is obtained by the sum of all
this interference patterns.

Our strategy is based on an approach with increasing complexity.
We start with a model of isotropic Rayleigh scattering. Then we extend
it to include scattering and spatial anisotropy, at first keeping the
intra-scattering medium homogeneous and isotropic and then with
the anisotropic propagation eigenmodes. As a last stage light scatter-
ing in ordered nematics can be modelled without ambiguity. Here we
present the results obtained if angular anisotropy is introduced into
the Rayleigh scattering process.

Isotropic Rayleigh Scattering

If the size of the scattering centers is smaller than the radiation wave-
length, then the scattering can be described by an induced linear elec-
tronic dipole, which is excited by the incident light and which radiates.
This is one of the most common scattering process. Usually the
strength of this dipole is directly proportional to the incident light
polarization. The probability of a scattering event in a certain direc-
tion is then given by the projection of the excited dipole into the output
polarization state,

dr
dX

ðkf Þ ¼
3r0
8p

ð1� ji � kf j2Þ: ð7Þ

In this case the scattering mean free path is also isotropic, as the
total cross section is a scalar which doesn’t depend on the scattered
direction kf :

rt ¼
Z

dr
dX

ðkf Þ dX ¼ r0: ð8Þ

For any incident light state, the Rayleigh scattering cross-section
has always the same shape, just rotated accordingly to the incident
polarization; the scattering mean free path is a scalar constant of
the medium. This means that upon ensemble averaging, no favorite
direction can emerge, and the overall scattering process becomes
completely isotropic after a few events.

Anisotropic Rayleigh Scattering

We can generalize this isotropic picture and allow for a non-isotropic
polarizability of the medium, ex. asymmetric molecules that can be
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more easily excited by a field in a given direction. This common axis
will be the same for all dipoles, and will not average out upon multiple
scattering: the overall pattern will be anisotropic. We can model the
scatterer polarizability with an uniaxial anisotropic dielectric tensor
D ¼ 1þ ða� 1Þjnihnj,

D ¼
a 0 0
0 1 0
0 0 1

0
@

1
A ð9Þ

where a is the microscopic parameter determining the degree of ani-
sotropy, being a ¼ hnjDjni, the value assumed by the dielectric tensor
in the direction of the optical axis. The dipole p induced by the incident
polarization i is then

pðiÞ ¼ Di ¼ ða� 1Þði � nÞnþ i: ð10Þ

If a 6¼ 1, the dipole is not unitary, being jpj2 ¼ ða2 � 1Þði � nÞ2 þ 1,
and it is rotated towards n: light emission is more probable for those
scattered k-vectors in the plane orthogonal to n, Figure 9. On the other
hand, each state experiences a different rt

rtðfÞ ¼ r0½ðf � nÞ2ða2 � 1Þ þ 1�; ð11Þ

and therefore has a different probability of being scattered. This turns
into a scattering mean free path ‘s ¼ 1=qrt that is not isotropic and in
particular a2 times smaller for k-vectors in the direction perpendicular
to n (and polarization parallel to n)

‘s? �
‘s k
a2

: ð12Þ

FIGURE 9 Effect of the anisotropy on the excited dipole p ¼ Di. The diploe is
stronger and rotated towards n; therefore the scattering is more probable in
the direction orthogonal to n. (See COLOR PLATE XXIII)
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In the simulations light is incident normal to the slab, and the optical
axis n lies in the plane of the slab surface. We have performed two dif-
ferent simulations, for the two input polarization state of the light,
parallel and perpendicular to n. In both cases we have used the iso-
tropic propagator, generalized for an anisotropic scattering mean free
path, neglecting the anisotropy-induced birefringence.

The top of the backscattering cone is determined by the transport
mean free path. In the isotropic case the relation between ‘� and the
angular opening Dh is: ‘� � ð0:7=2pÞ k=Dh. The angular opening of
the cone is extracted from linear fits of the triangular top of the cone.
Two angles are obtained, hk and h?, in the direction parallel and
perpendicular, respectively, to the nematic director. In Figure 10 we
show how, in the case of extraordinary polarization, the reciprocal of
the angular opening of the cone evolves as a function of the single
scattering anisotropy a. It decreases hyperbolically, as seen from the
inset. We can perform the same analysis for the ordinary incident
polarization (Fig. 11) and find a similar behavior.

The backscattered light profile is crucially determined by the
penetration length zp of the photon in the medium, before the first
scattering event, see Figure 12. In the anisotropic medium two differ-
ent penetration lengths are important, for input polarization parallel
or perpendicular to n. A different zp implies a different number of

FIGURE 10 Reciprocal of the angular opening of the cone as a function of the
anisotropy a, for incident extraordinary polarization, i k n, 100 000 photons
launched, optical thickness b ¼ 100. In first approximation the behavior of
h�1
?;k (a) is hyperbolic. It is important to notice the anisotropy that opens up

between the two angles. (See COLOR PLATE XXIV)

Anisotropic Weak Localization of Light 207

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
9:

32
 2

2 
A

ug
us

t 2
01

2 



scattering events before exiting the medium, therefore a different
mixing of the two mean free path ‘�? and ‘�k.

A very important quantity is the angular anisotropy ðh�1
? � h�1

k Þ=h�1
? ,

which is plotted in Figure 13 and which increases with a, as qualitat-
ively expected. Also in the isotropic case (a ¼ 1) a polarization

FIGURE 11 Reciprocal of the angular opening of the cones as a function of
the anisotropy a, for incident ordinary polarization, i ? n, 100 000 photons
launched, optical thickness b ¼ 100. Again anisotropy opens up between h�1

?
and h�1

k . (See COLOR PLATE XXV)

FIGURE 12 Diffusion in backscattering due to anisotropy. The penetration
length is zp while the exiting distance d is obtained from the interplay of zp
and ‘s. (See COLOR PLATE XXVI)
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anisotropy is present in the wings of the cone, but not in the angular
opening of its top. This effect is known and related to the first scatter-
ing orders which show polarization anisotropy (see ref. [1]) which is
not related to the microscopic anisotropy a.

Figure 14 shows the simulated cones for extraordinary polarization,
parallel to n. The penetration length in this case is very short,
zp ¼ ‘s=a

2, a2 times smaller than the isotropic scattering mean free
path. Therefore few events are enough for the photon to escape the
medium. The exiting distance vector d of the photons is thus domi-
nated by low scattering orders, which have strong signature of the sin-
gle scattering anisotropy. This reflects into the large anisotropy of the
cone wings.

Figure 15 shows the case of ordinary incident polarization. The pen-
etration length is long, zp ¼ ‘s, equal to the isotropic scattering mean
free path and therefore a photon has to perform many more scattering
events before exiting the medium (see Fig. 12). The transport will be
dominated by the averaged transport mean free path. Again the wings
are a clear indication of an averaging process that reduces the effect of
single scattering anisotropy: both the parallel and perpendicular cuts
show a large angle behavior similar to the isotropic case, which is
clearly different from the case reported in Fig. 14. On the contrary,
if one looks at the diffusive top, and one extracts the information about
the opening angle, one sees a clear anisotropy between h�1

? and h�1
k

which increases with the parameter a (Fig. 13}, filled squares).

FIGURE 13 Anisotropy of the reciprocal of the angular opening of the cone,
ðh�1

? � h�1
k Þ=h�1

? , as a function of the microscopic anisotropy a, for i k n extra-
ordinary incident polarization (empty triangles) and i ? n ordinary incident
polarization, (full squares). 100 000 photons launched, optical thickness
b ¼ 100. The lines are a guide to the eyes.
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FIGURE 15 Comparison of the coherent backscattering cone for isotropic
scattering (dotted line) and the cone in presence of angular anisotropy. Ordi-
nary input polarization i ? n, long penetration length. Optical thickness
b ¼ 30, and 100 000 photons launched. Anisotropic bistatic coefficients are
rescaled to be compared with the isotropic one. (See COLOR PLATE XXVIII)

FIGURE 14 Comparison of the coherent backscattering cone for isotropic
scattering (dotted line) and the cone in presence of angular anisotropy. Extra-
ordinary input polarization, i k n, short penetration length. Plots as a function
of anisotropy a, for optical thickness b ¼ 30, and 100 000 photons launched.
Anisotropic bistatic coefficients are rescaled to be compared with the isotropic
one. (See COLOR PLATE XXVII)
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CONCLUSIONS

We have observed angular anisotropy in weak localization of light
from highly scattering, orientationally ordered, nematic liquid crys-
tals. No exact theory is available at this moment to describe the
phenomenon. To approach it with a simpler and clearer model we have
performed Monte Carlo simulations of vectorial waves propagating in
anisotropic Rayleigh scattering media, with isotropic propagator and
anisotropic scattering mean free path. We obtain anisotropic coherent
backscattering cones as a function of the microscopic parameter a that
rules the anisotropy of the single-scattering cross-section. The cone
profile can be described well with a diffusive model only as far as
the top is concerned. The wings show a more complex behavior, which
is a consequence of the sensitivity of the penetration length on the
incident light state. As further investigation the Monte Carlo simula-
tion will be extended to include also birefringent light propagation in
ordered nematic liquid crystals, and the nematic single scattering
cross-section.
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