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Multiple scattering in polymer dispersed liquid crystal � lms

VALERY A. LOIKO* and VLADIMIR V. BERDNIK

Institute of Physics, Academy of Sciences of Belarus, F. Scaryna Avenue 68,
Minsk 220072, Belarus

(Received 29 December 2001; in � nal form 20 March 2002; accepted 31 March 2002)

A model to describe light transfer in polymer dispersed liquid crystal (PDLC) � lms has been
developed. It takes into account the anisotropy of the nematic liquid crystal droplets, their
polydispersity, multiple scattering, and Fresnel re� ection at the � lm interfaces. The model
is based on the solution of the radiative transfer equation by the adding method extended
for anisotropic liquid crystal droplets. The anomalous diVraction approach was used for the
description of light scattering on a single droplet. Calculations of the angular dependence of
the intensity of light and contrast ratio on the morphology, illumination and observation
conditions of PDLC � lms in the transmittance mode have been carried out. The results are
in qualitative agreement with the published experimental data.

1. Introduction in the medium) and phase function (determining angular
The last decade has seen increasing interest in the distribution of the scattered light) of a unit volume of

study of polymer dispersed liquid crystal (PDLC) � lms the medium.
[1] which represent liquid crystal dispersions in a poly- Classical radiative transfer theory was developed for
mer matrix. If there is no applied � eld (OFF state), the scattering media with a small concentration of particles,
directors of the bipolar nematic droplets are oriented when a regime of independent scattering is realized. To
randomly. As a result, the PDLC � lms give high light use this theory for a medium with a high concentration
scattering. In the applied � eld, the droplet directors of particles, when dependent scattering (the droplets
move towards a preferred orientation which results in are not in each other’s wave zone) is realized, one has
a decrease in scattering. In a high � eld (ON state) all to operate with unit volume parameters (scattering and
the droplet directors are oriented along (in the case of absorption coeYcients and phase function), taking into
positive anisotropy) the direction of the applied � eld. account optical interaction of the scatterers [1, 7–13].
Scattering is minimized when the ordinary refractive The opportunity to use radiative transfer theory in con-
index of the liquid crystal (LC) matches that of the centrated dispersions is determined by comparison with
binder. Owing to this eVect and the possibility of making the theory of multiple scattering of waves [13] and experi-
� exible large area structures , PDLC � lms are a promising ment [9, 10, 12]. For the solution of the radiative trans-
material for making displays, switchable windows, and fer theory problems, powerful analytical and numerical
other LC devices. methods have been developed [2–6]. Among analytical

Most investigations of light scattering in PDLCs are methods, it is worth paying attention to small angle
limited by the consideration of a single scattering regime approximation and diVusion approximation. The latter
[1]. PDLC � lms are systems with a high volume con- is used in liquid crystals for the description of light
centration of droplets (up to 0.7–0.8) and a high optical scattering on the thermal director � uctuations [14]. There
density (up to 3–4). To describe light scattering in a are many versions and combinations of these methods
PDLC � lm we must take into account multiple scattering developed for diVerent scattering problems [5].
of the light. For such a purpose the well developed In a PDLC � lm, unit volume parameters are known
radiative transfer theory, based on the radiative transfer to depend on the direction of the impinging light. This
equation (RTE), can be used [2–6]. This theory deals dependence is taken into account in [11], based on
with the following characteristics of the medium: scattering Monte-Carlo simulations. Optical interaction of droplets
and absorption coeYcients (determining extinction of the is considered there by using the structure factor. Light
parallel beam of light owing to scattering and absorption scattering in a medium, where unit volume parameters

do not depend on the direction of light propagation,
have been investigated in [15, 16]. The results were*Author for correspondence; e-mail: loiko@dragon.bas-net.by
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922 V. A. Loiko and V. V. Berdnik

obtained at normal incidence of light. A two-� ux approxi-
mation of radiative transfer theory has been used to � nd
the maximum value of � lm re� ectance at minimum � lm
thickness in [17]. The authors took into account inter-
face re� ectance. It was assumed that the eVective refractive
index of the matrix depends on the droplet concentration .
Scattering in PDLC � lms with small droplets has been
considered in the model of an eVective medium [18].

Much work has been done on the problem of single
scattering in PDLC � lms, but investigation of multiple
scattering in such � lms is only beginning. In this work
a method for the calculation of the angular distribution
of light in PDLC � lms with spherical droplets under
oblique illumination by unpolarized light is developed.
The basis of our consideration is the solution of the
radiative transfer equation by the adding method, extended
by us for PDLC � lms.

2. The model of light propagation in a � lm
To describe the light intensity in a PDLC � lm, we used

the radiative transfer equation. The scattering charac- Figure 1. Schematic representation of the scattering geometry
teristics of a medium are: the scattering coeYcient s, (section in the yz-plane). Notations are in the text.
the absorption coeYcient a, the extinction coeYcient
e 5 s 1 a and the phase function. The s, a and e coeY-

angle of light propagation (s 5 s(m), e 5 e(m) ); the phasecients are connected with the scattering Ss , absorption
function depends on axial angles and the diVerenceS

a
, and extinction Se cross-sections by the relations:

between the incident and scattered azimuthal angless 5 NSs ; a 5 NSa ; e 5 NSe , where N is the number of
(X 5 X(m, m¾ , Q Õ Q ¾ ) ). The RTE for an anisotropic layerdroplets per unit volume. The phase function X(cos c)
with Fresnel interfaces with the � lm illuminated by adescribes the angular distribution of light scattered by
wide azimuthally symmetrical, unpolarized light beamunit volume of the medium; c is the scattering angle
can be obtained from the general equation [4]. Aftersuch that cos c 5 mm ¾ 1 (1 Õ m2 )1/2 (1 Õ m¾ 2 )1/2 cos (Q Õ Q ¾ ),
integration over the azimuth, the RTE can be written inwhere m 5 cos h and m ¾ 5 cos h ¾ are the cosines of the
the form:axial angles of light scattered and incident, respectively,

on the unit volume; Q and Q ¾ are the azimuthal angles
of light scattered and incident on the unit volume, m

qI(z, m)

qz
1 e(m)I(z, m)

respectively. In the OFF state, when the droplet directors
are oriented randomly, these characteristic s do not depend

5 P 1

Õ 1
X(m, m ¾ )s(m ¾ )I(z, m ¾ ) dm ¾on the light propagation direction. For such dispersions,

reliable methods for the solution of the radiative transfer
equation have been developed and the peculiarities of 1 X(m, m0 )s(m0 )I(

0 exp[e(m0 )z/m0]
radiative transfer have been well studied. In the ON

1 X(Õ m. m0 )s(m0 )I ¯
0 exp[e(m0 ) (z0 Õ z)/m0]. (1)

state, when the droplet directors are oriented in the
external � eld, the elementary volume characteristics Here m0 5 cos h0 is the cosine of the incident angle inside

the � lm; z is the � lm depth; z0 is the � lm thickness;depend on the light propagation direction.
Let us consider a layer of bipolar spherical droplets I(z, m) is the azimuth-average d intensity of light pro-

pagating at depth z at the angle arccos m; e(m) and s(m)of a liquid crystal in the polymer matrix. Following
the authors of [19, 20], we consider bipolar droplets, are the extinction and scattering coeYcients depend-

ing on the direction of the impinging light; X(m, m ¾ ) 5assuming that the director con� guration can be modeled
as homogeneous [19, 21]. The � lm is illuminated at an 1/2p Ÿ 2p

0
X(m, m ¾ , Q Õ Q ¾ ) dQ is the azimuth-averaged phase

function, called the redistribution function [3], normalizedangle h0e (� gure 1) from below by an azimuthally sym-
metrical light beam with intensity I0 . In the case of by the condition: Ÿ 1

Õ 1
X(m, m ¾ ) dm 5 1. I(

0 and I ¯
0 are the

intensities of the collimated light beams at the loweran applied electric � eld, the PDLC � lm is an aniso-
tropic, axially symmetric system. For such a system the and upper interfaces inside the � lm propagating upwards

and downwards.extinction and scattering coeYcients depend on the axial
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923Multiple scattering in PDL C � lms

Normally, the refractive indices of the matrix and 3. Determination of the optical parameters of a unit
volumeglass are close in value. Therefore, we assume that no

re� ection occurs at the polymer-matrix–glass interface There is no general theory of scattering by spherical
anisotropic particles similar to the Mie theory forand restrict ourselves to the account of Fresnel re� ection

only at the air–matrix interface isotropic homogeneous particles. The Rayleigh–Gans
Approach (RGA) for small droplets and the Anomalous
DiVraction Approach (ADA) for large droplets generalizedI(t 5 0, m) 5 k(m)I(t 5 0, Õ m)

I(t 5 t0 , Õ m) 5 k(m)I(t 5 t0 , m).
(2 a)

for the case of anisotropic particles are frequently used
for the description of scattering and extinction on liquid
crystal droplets [19, 23]. To determine the unit volumeHere the optical depth t 5 em z and the optical thickness
parameters, we used the ADA. The angular distributiont0 5 em z0 ; em 5 max e(m); k(m) stands for the re� ection
of scattered light in this approach is well described incoeYcient at the interface [22]:
the region of small angles (c < 30 ß ) and basically can-
not be calculated at c > 90 ß . To give the angular distri-
bution of scattered light in the region of large angles,k(m) 5 G0.5Ctg2 (h Õ he )

tg2 (h 1 he )
1

sin2 (h Õ he )
sin2 (h 1 he )

D , h < hr

1, h > hr
we extrapolated the size-averaged diVerential scattering
cross-section, found in the ADA, by the exponential
dependence. Actually, PDLC dispersions have a size(2 b)
distribution of droplets. Therefore, the scattering charac-

where h 5 arccos m is the incident angle inside the � lm; teristics should be averaged over these sizes. We used
he is the angle of refraction and hr is the angle of total the log-normal size distribution of droplets [1], and
internal re� ection. characterized the polydispersity by the mean radius R

We consider the scattering characteristics of a � lm in and the variation coeYcient Cv .
the ON and OFF states. Within the framework of the In the OFF state, the angular distribution function
present paper, we neglect the co-operative eVects arising of droplet directors is a constant and the averaging
for dense packing of droplets and believe that there is over the direction of the droplet directors is reduced to
no absorption in liquid crystal droplets, but the matrix integration over the angular variable. In the ON state,
can absorb light due to any dye dissolved in it. the angular distribution function is described by the

In the OFF state, the scattering and absorbing pro- Dirac delta function.
perties of the medium are determined by the phase We used a spherical coordinate system with the z-axis
function X Õ (cos c), the scattering coeYcient sÕ , and the directed perpendicular to the � lm (� gure 1). In this
absorption coeYcient a. These quantities are related to coordinate system, the droplet director is determined by
the scattering characteristics of separate droplets in the the axial hd and azimuthal Qd angles. The direction of
following way: the impinging light prior to scattering is determined by

the angles h¾ and Q ¾ and after scattering by the angles h
and Q.s Õ 5 ws Õ0 5 w

Ss
v

(3)
In the OFF state, the scattering cross-section averaged

over the radii and droplet directors is determined by the
a 5 (1 Õ w)a0 (4)

following equation:

X Õ (h) 5
1
Ss

dSs
dV

(h) (5)
Ss 5

1
p P p

0
P p/2

0
P R2

R1

Ss (hd , Qd , h ¾ , Q ¾ , R)

where v is the mean volume of the liquid crystal droplets, Ö f (R) dR sin hd dhd dQd (6)
w is the volume concentration of droplets, Ss is the

where Ss (hd , Qd , h ¾ , Q ¾ , R) and Ss are the scattering cross-scattering cross-section averaged over the sizes and
section of the droplet and the averaged scattering cross-directions of the droplet directors, s Õ0 5 Ss /v is the
section of the droplets, respectively; R is the dropletscattering coeYcient of the liquid crystal droplets in the
radius; f (R) is the droplet size distribution function; R1OFF state at unit volume concentration, dSs /dV (h) is
and R2 are the minimum and maximum droplet radii.the diVerential cross-section of droplets averaged over
The averaged diVerential scattering cross-section is:the sizes and directions of the droplet directors and a0

is the absorption coeYcient of the polymer. dSs
dV

(h) 5
1
p P p

0
P p/2

0
P R2

R1

dSs
dV

(hd , Qd , h, Q, h ¾ 5 0, Q ¾ , R)In the ON state, the medium is characterized by the
azimuth-averag ed phase function X+ (m, m¾ ), the scattering
coeYcient s+ and the absorption coeYcient a. Ö f (R) dR sin hd dhd dQd (7)
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924 V. A. Loiko and V. V. Berdnik

where dSs/dV (hd , Qd , h, Q, h ¾ , Q ¾ , R) is the diVerential tonically or increase, pass through a maximum and then
decrease. In the OFF state, the value of the scatter-scattering cross-section. Note that the averaged diVer-

ential cross-section is only determined by the scattering ing coeYcient is independent of the light propagation
direction. The redistribution function in the ON stateangle.

In the ON state we can write the following equations: also depends on the angle of light incidence on the
droplets.

Ss (hd 5 0, h ¾ ) 5 P R2

R1

Ss (hd 5 0, Qd , h ¾ , Q ¾ , R) f (R) dR
4. Light intensity at the air–matrix interfaces

Let us consider a homogeneous layer of a scattering(8)
medium. If Fresnel re� ection on the interfaces is absent,
the luminance factors of re� ection r(m, m¾ ) and trans-dSs

dV
(hd 5 0, h, h ¾ ) 5

1
p P p

0
P R2

R1

dSs
dV

(hd 5 0, Qd , h, Q, h¾ , Q ¾ )
mitted s(m, m¾ ) light are determined by the equations
[2–4]:

Ö f (R) dR dQ. (9)

The scattering cross-section and the diVerential scatter- I ¯ (z 5 0, m) 5 P 1

0
2r(m, m ¾ )m¾ I0 (m ¾ ) dm ¾ (10)

ing cross-section are determined by the equations of
ref. [19]. I( (z 5 z0 , m) 5 exp[ Õ t0e(m)/m]I0 (m)

Figure 2 shows the calculated angular dependences of
the scattering coeYcient for non-absorbing liquid crystal

1 P 1

0
2s(m, m¾ )m ¾ I0 (m ¾ ) dm ¾ . (11)

droplets in the ON and OFF states. Hereinafter, the
calculations are carried out at the light wavelength

Here I0 (m) is the intensity of light incident on the � lm.l 5 0.5 mm. For PDLC � lms in the ON state, when the
I ¯ (z 5 0, m) is the back-scattered light intensity at thedroplet directors are oriented perpendicular to the inter-
upper interface; I(

(z 5 z0 , m) is the forward-scattered lightface, the scattering coeYcient has a minimum whose
intensity at the � lm interface. The luminance factorposition depends on the ratio between the ordinary n0
(radiance coeYcient) is determined as the ratio of theand extraordinary ne refractive indices of the liquid crystal
luminosity at scattering angle arccos m (for illuminationand the refractive index of the matrix nm . Depending on
of the � lm interface at angle arccos m ¾ ) to the luminositythe average size, the quantity s+0 (m ¾ ) can decrease mono-
of a perfectly re� ecting white surface [3]. For example,
the luminance factor is unity for a white Lambert surface.

To determine the luminance factors r(m, m¾ ) and s(m, m ¾ )
of an anisotropic medium, the calculation technique
based on the method of layer doubling has been used.
The modi� cation of the method for media with charac-
teristics independent of the light propagation direction
is described in [3]. We used the variant of the method
which takes into account the medium anisotropy [24].

The luminance factors for the � lm of doubled thickness
are found from the relations which were obtained from
the balance equations at the � lm interfaces. The accuracy
of the calculations was checked by comparing the results
of the calculation of luminance factors r(m, m ¾ ), s(m, m ¾ )
with the data of [3] for homogeneous layers of a medium
with the Henyey–Greenstein phase function.

Figure 3 shows the luminance factors at the illumination
angle arccos(0.7) for PDLC � lms with droplet directors
oriented normally to the � lm interface. The luminance
factors of PDLC � lms with a random orientation of
droplet directors are shown in � gure 4. For small thick-
nesses, when the contribution from small angle scattering

Figure 2. Angular dependences of the scattering coeYcients is high, the luminance coeYcient maximum occurs. With
for PDLC � lms in the ON state (curves 1, 3) and in

an increase in � lm thickness, the position of this maxi-the OFF state (curves 2, 4) at R 5 0.5 mm, Cv 5 0.4
mum shifts to the normal to the surface. A feature of(curves 1, 2); and at R 5 1.2 mm, Cv 5 0.4 (curves 3, 4);

ne 5 1.7, n0 5 nm 5 1.55. thick � lms with oriented directors is the presence of a
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925Multiple scattering in PDL C � lms

Figure 4. Angular dependence of the luminance factor of the
Figure 3. Angular dependence of the luminance factor of the PDLC � lm in the OFF state for � lm illumination at

PDLC � lm in the ON state for � lm illumination at the angle arccos(0.7). The � lm is in the immersion liquid
the angle arccos(0.7). The � lm is in the immersion liquid and Fresnel re� ection at the interfaces is absent. Optical
and Fresnel re� ection at the interfaces is absent. Optical thickness of the � lm in the OFF state t Õ0 5 1 (curve 1);
thickness of the � lm in the OFF state tÕ0 5 2 (curve 1); 2 (2); 4 (3); 8 (4); 16 (5); 32 (6). R 5 0.2 mm, Cv 5 0.4,
4 (2); 8 (3); 16 (4); 32 (5); 64 (6). R 5 0.2 mm, Cv 5 0.4, ne 5 1.7, n0 5 nm 5 1.55.
ne 5 1.7, n0 5 nm 5 1.55.

to the solution of the problem of determining the lightmarked maximum in the angular dependence of the
intensity at the � lm interfaces with regard to Fresnelscattered light intensity. This is because of the minimum
re� ection. To solve this problem one has to use thein the scattering coeYcient of oriented droplets. With
balance equations for the direct and diVuse componentsan increase in optical thickness this maximum becomes
of light at the � lm interfaces. The procedure is similar tomore pronounced as opposed to the case of disoriented
the one described in [24]. Here we write only the equationdroplets, where, with increased thickness, the maximum
for direct transmittance T at oblique illumination,becomes less pronounced and the extremum disappears

quickly. The calculated angular distributions at diVerent
T (m0 ) 5

[1 Õ k(m0 )]2 exp[ Õ t0e(m0 )/m0]
1 Õ k2 (m0 ) exp[ Õ 2t0e(m0 )/m0]

(12)thicknesses (� gure 4) agree with the experimental data
[16].

The angular dependence of direct (coherent) trans- where k(m0 ) is determined by equation (2 b) for m 5 m0 5
cos h0 . h0 stands for the incidence angle inside the � lm,mittance T 5 exp (Õ ws0z0 /cos h0 ) is shown in � gure 5;

here n0 < nm . There is a maximum for this dependence; nm sin h0 5 sin he 5 sin h0e ; e(m0 ) 5 e(m0 )/em . At normal
illumination this equation coincides with that deducedit takes place at the angle where the eVective refractive

index of the droplet is equal to that of the polymer. This in [27].
The angular dependences of the transmitted lightmaximum was found experimentally [25, 26]. Note the

non-monotonic change of transmittance at oblique angles (normalized to the intensity of the incident light) for
diVuse illumination of the � lm in the OFF state areof observation for large droplet sizes. Under certain

conditions, it is possible to get an additional maximum. monotonic. The results for the ON state are shown in
� gure 6. There are two sets of curves in the � gure; oneThis maximum arises from the eVect of speci� c changes

in the scattering coeYcient on the direction of the set is for directly transmitted light, the other is for the
scattered light. The intensity of the directly transmittedimpinging light. It can be observed when the � lm is in

an immersion medium, where the refraction at the � lm light decreases monotonically with the observation angle.
The thicker the � lm the more extended the dependenceinterface is negligible.

Having found the luminance factors of a homogeneous of the directly transmitted light, so that maximum trans-
mittance takes place at he 5 0 ß . The intensity of scatteredlayer with no Fresnel re� ection at the interfaces, we turn
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926 V. A. Loiko and V. V. Berdnik

light has a maximum at he 5 90 ß , when the thickness is
small; with increasing thickness this maximum shifts to
smaller values of he . These results help us to understand
the process of angular distribution formation and to
� nd conditions for the decrease of haze.

5. Contrast ratio
By the contrast ratio (CR) is normally meant the value

of the ratio of the light intensity collected on the
photodetector from the PDLC � lm in the ON and OFF
states. CR depends on the � lm’s properties, the � lm
illumination method, and on the collection angle. We
consider the CR of a � lm illuminated by a beam of light
azimuthally symmetric about a cone of revolution with
the angle h0e (� gure 1). A receiver collects the transmitted
light under the angle he 5 h0e .

The constrast ratio at small optical thicknesses (� gure 7)
can be estimated by the single scattering approximation.
Multiply scattered light decreases CR. Qualitative esti-
mation of the in� uence of scattered light for thin and
thick � lms, as well as the in� uence of the collection
angle, can be made for practical situations using the
above results.

Figure 8 shows the dependence of CR/CRmax (CRmaxFigure 5. Angular dependence of the direct transmittance
stands for maximum values of CR at the correspond-T 5 exp(Õ ws0z0 /cos h0 ). R 5 0.3 mm (curve 1); 0.6 mm (2);

1.5 mm (3); 1.9 mm (4). Cv 5 0.2, ne 5 1.7, n0 5 1.52, ing collection angle) on the droplet radius for normal
nm 5 1.55, wz0 5 1 mm. Fresnel re� ection is suppressed by illumination and a constant volume of droplets in the
using immersion liquid. � lm. It illustrates the situation when the receiver collects

Figure 6. Angular dependence of the directly transmitted Figure 7. Dependence of lg CR on the optical thickness tÕ0
(in the OFF state) for R 5 0.2 mm, Cv 5 0.4, ne 5 1.7,(curves 1–4) and scattered light (curves 1 ¾ –4 ¾ ) with diVuse

illumination of the � lm in ON state for wz0 5 5 mm n0 5 nm 5 1.55 at Dhc 5 0.0175 rad. h0e 5 6.81 ß (curves 1, 2),
h0e 5 22.4 ß (curves 3, 4). The results in curves 2 and 4 are(curve 1, 1 ¾ ), 10 mm (2, 2 ¾ ), 20 mm (3, 3 ¾ ), 30 mm (4, 4¾ ).

R 5 0.25 mm, Cv 5 0.2, ne 5 1.7, n0 5 nm 5 1.52. obtained with regard paid to the multiple scattered light.
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927Multiple scattering in PDL C � lms

single-scattering approximation, to large values where
multiple scattering of light has to be taken into account.
Moreover, it can be used for other types of composite
LC � lm [28, 29].

The model allows one to analyse the angular charac-
teristics of re� ected and transmitted light; and the
contrast ratio dependence on illumination conditions,
collection angles, spectral range of the incident light,
size and concentration of the droplets, the value of the
applied � eld, and the director � eld con� guration in the
droplet. The proposed model is � exible and makes
possible detailed observations concerning the problems
of optimization of contrast ratio, angular structure, trans-
mittance, and viewing angle of PDLC � lms. Further
research on this problem is being undertaken.

These investigations were partially supported by
the European Commission in the frame of the INCO-
Copernicus Program (Concerted Action Contract No.
ERB IC15-CT98-0806).

Figure 8. Dependence of CR/CRmax on the droplet radius for
normal illumination of the � lm by a parallel beam of light

Referencesand for the collection angle 0.2ß (curve 1), 4ß (2), 10ß (3),
[1] Drzaic, P. S., 1995, L iquid Crystal Dispersions (New20 ß (4), 40ß (5). wz0 5 10 mm, ne 5 1.7, n0 5 nm 5 1.55.

York: World Scienti� c).
[2] Chandrasekhar, S., 1960, Radiative T ransfer (New

York: Dover).all the directly transmitted light and part of the scattered
[3] Van de Hulst, H. C., 1980, Multiple L ight Scattering

light. The latter is determined by the collection angle hc . T ables, Formulas and Applications, Vol. 1 (New York:
With an increase in collection angle, the position of the Academic Press).

[4] Liou, K. N., 1980, An Introduction to Atmosphericmaximum Rm on the dependence CR± R shifts to smaller
Radiation (New York: Academic Press).sizes. At the chosen values of parameters wz0 , refractive

[5] Zege, E. P., Ivanov, A. P., and Katsev, I. L., 1991,indices, and collection angles, the value of Rm shifts from
Image T ransfer T hrough a Scattering Medium (Berlin:Rm # 0.75 mm to Rm # 0.2 mm. The shift of Rm to smaller Springer-Verlag).

values with increase in the collection angle is due to a [6] Lenoble, J. (editor), 1985, Radiative T ransfer in Scattering
and Absorbing Atmospheres: Standard Computationalrise in the amount of scattered light. With a decrease in
Procedures (Virginia: A. Deepak Publishing).the collection angle the Rm value tends to the maximum

[7] Zumer, S., Golemme, A., and Doane, J. W., 1989, J. opt.dependence of the extinction eYciency factor on droplet
Soc. Am. A, 6, 403.

size for the � lm in OFF state. [8] Montgomery, G. P., Jr., and Vaz, N. A., 1989, Phys.
The above results are in good agreement with the known Rev. A, 40, 6580.

[9] Ishimary, A., and Kuga, Y., 1982, J. opt. Soc. Am.,experimental data published in [15, 16, 20, 25, 26].
72, 1317.The model correctly describes the main features of CR

[10] Tsang, L., and Kong, J. A., 1982, J. appl. Phys., 53, 7162.behaviour with change in the morphology of the PDLC
[11] Kelly, R., and Wu, W., 1993, L iq. Cryst., 14, 1683.

� lm. It can be used for the theoretical estimation of the [12] Ivanov, A. P., Loiko, V. A., and Dick, V. P., 1988,
transmitted and scattered light under diVerent conditions Propagation of L ight in Densely Packed Dispersions

(Minsk: Nauka i Technika, in Russian).of illumination and observation of the � lm.
[13] Ishimary, A., 1978, Wave Propagation and Scattering in

Random Media (Orlando: Academic).6. Conclusion
[14] Van Tiggelen, B., and Stark, H., 2000, Rev. mod. Phys.,

A model for the calculation of radiative transfer in 72, 1017.
PDLC � lms with regard paid to anisotropy of the nematic [15] Boots, H. M. J., Neijzen, J. H. M.,

Paulissen, F. A. M. A., van der Mark, M. B., andliquid crystal droplets, the polydispersity of the droplets,
Cornelissen, H. J., 1997, Mol. Cryst. liq. Cryst., 303, 37.multiple scattering, and Fresnel re� ection at the � lm

[16] Neijzen, J. H. M., Boots, H. M. J.,interfaces has been developed. The model is based on
Paulissen, F. A. M. A., van der Mark, M. B., and

the integro-diVerential radiative transfer equation. It can
Cornelissen, H. J., 1997, L iq. Cryst., 22, 255.

be used for a wide range of optical thicknesses of � lm, [17] Barchini, R., Gordon, J. G., II, and Hart, M. W.,
1998, Jpn. J. appl. Phys., 37, 6662.from small values when we can restrict ourselves to the

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
4
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



928 Multiple scattering in PDL C � lms

[18] Cox, S. J., Reshetnyak, V. Yu., and Sluckin, T. J., [25] Wu, B.-G., West, J. L., and Doane, J. W., 1987, J. appl.
1998, J. Phys. D: appl. Phys., 31, 1611. Phys., 62, 3925.

[19] Zumer, S., 1998, Phys. Rev., 37, 4006. [26] Whitehead, J. B., Jr., Zumer, S., and Doane, J. W.,
[20] Bloisi, F., Terrecuso, P., Vicari, L., and Simoni, F., 1993, J. appl. Phys., 73, 1057.

1995, Mol. Cryst. liq. Cryst., 266, 229. [27] Bohren, C. F., and Huffman, D. R., 1983, Absorption
[21] Loiko, V. A., and Molochko, V. I., 1999, Appl. Opt., and Scattering of L ight by Small Particles (New York:

38, 2857. John Wiley).
[22] Born, M., and Wolf, E., 1968, Principles of Optics [28] Crawford, G. P., and Zumer, S. (editors), 1996, L iquid

(Oxford: Pergamon Press). Crystals in Complex Geometries Formed by Polymer and
[23] Zumer, S., and Doane, J. W., 1986, Phys. Rev. A., Porous Networks (London: Taylor & Francis).

34, 3373. [29] Wiersma, D. S., Colocci, M., Righini, R., and
[24] Berdnik, V., and Loiko, V., 1999, J. Quant. Spectrosc.

Aliev, F., 2001, Phys. Rev. B, 64, 144 208.
Radiat. T ransfer, 63, 369.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
4
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


