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An imaging polarimeter in transmission has been used to explore the effects of scatter and
depolarization induced by a polymer dispersed liquid crystal cell. The experiment was
carried out for three visible wavelengths. Both a directional and a scattered component
can be distinguished in the light transmitted by this material. Whereas the directional
component increased with voltage, the scattered portion decreased. This was a common behaviour for all three wavelengths. The polarimetric analysis revealed that the
degree of polarization was also affected by changes in the voltage applied to the cell.
Depolarization effects in the scattered component were usually high and decreased with
voltage. However those associated with the directional part were low for high voltages
and increased when reducing the voltage.
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1. Introduction
There is current interest in understanding the effects of scattering media on polarization and
light propagation. Polarization-difference imaging and polarization gating methods have
been demonstrated to be efficient in improving images through turbid media [1–4]. Mueller
matrix polarimetry has successfully been used to extract the properties of the back-reflected
light from highly scattered media for different particles sizes [5–8]. Moreover, it has been
recently reported that scatter and depolarization are closely related to each other [9]. This
offers a tool to investigate the effect of scatter by computing the degree of polarization
(DOP) of the light emerging from an optical system. More recently the Stokes vector has
been used to determine the scattering coefficient from polarized images of turbid media
[10].
Since the image given by an optical system will be affected by the amount of scattering
present, the characterization of this scattering is very important in order to determine the
optical performance of the system. The human eye is an example of interest where effects
of scatter occur and these change with aging and refractive surgery, among other factors
[11, 12].
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On the other hand, polymer dispersed liquid crystal (PDLC) cells [13] are devices that
can introduce different levels of scatter when changing the voltage. These have recently
been used in vision research to simulate different stages of eye cataract [14].
In this work we present the results of experiments concerning the determination of
optical properties of a PDLC cell in terms of scattering and depolarization. For this aim a
multispectral imaging polarimeter has been developed.

2. Methods
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2.1. Experimental Setup
The multispectral imaging polarimeter in transmission mode developed to characterize the
PDLC cell is sketched in Fig. 1. The light source is a diode-pumped all-solid-state laser
emitting at three different visible wavelengths (473, 532 and 635 nm). Along this work
these wavelengths will be referred as blue, green and red respectively. The collimated laser
beam passes through a fixed horizontal polarizer (P1) acting as generator unit. After passing
through the sample under study (PDLC cell), the light enters the analyzer unit (AU) and
reaches a semitransparent white screen (SC). AU is composed of a rotating retarder (RR)
and a vertical polarizer (P2). A photographic objective (OB) makes SC conjugate with a
CCD camera. The elements of AU can be removed independently from the system when
necessary. If required the axis of P2 can also be oriented at any angle. The inset in Fig. 1
represents an alternative recording unit to measure only the directional component of the
transmitted light (see Results section). This is composed of a 2-mm artificial aperture (AP),
a positive lens (L, 50-mm focal length) and a photodetector (PHD).
PDLC cells consist of two glass plates with transparent electrodes forming a gap (∼10
microns in thickness) of a composite polymer (PN393 MerckKgaA) with dispersed liquid
crystal (BL035 MerckKgaA) droplets of micrometer size (references [13, 14] provide further
information). The refractive index for the polymer was 1.473 (for λ = 589 nm). For the
birefringent liquid crystal no = 1.528 and ne is the same as for the polymer. These devices
generate different levels of scattering when changing the applied AC voltage. If the applied
voltage is null, liquid crystal droplets are randomly oriented and the difference between
refractive indices of the polymer and liquid crystal causes light scattering. When applying

Figure 1. Schematic diagram of the imaging polarimeter. P1 and P2, linear polarizers; RR, rotating
retarder; SC, white semitransparent screen; OB, objective. The inset represents an alternative recording
stage composed of an aperture (AP), a positive lens (L) and a photodetector (PHD) (further information
is included in the text).
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an electric field, this aligns the liquid crystal droplets, the difference between the refractive
indices diminishes and, consequently, PDLC transparency increases.
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2.2. Experimental Procedure
In the first part of the experiment we analyzed the spatially resolved (or angular) dependence
of the light transmitted through the PDLC as a function of the voltage and the wavelength.
For these measurements the AU (RR plus P2) was removed from the experimental setup and
we used both the CCD and the PHD (see Results for more information) for data registration.
In the second part, polarimetric measurements were carried out. We first started by
testing the effect of the amount of scatter introduced by the PDLC on the Malus law.
For this aim P2 was included in the light pathway. P2’s transmission axis was rotated in
increments of 10 degrees and images (when using the CCD) or intensities (when using the
PHD) were recorded. This was repeated for blue, green and red light beams (see also below
for further details).
Finally, P2’s axis was set along the vertical direction and RR was introduced in the
system to complete the AU. With this configuration the depolarization effects introduced
by the PDLC cell were measured as explained in the following. Series of 4 images of the
PDLC cell for each voltage and wavelength were recorded. Each image corresponded to an
independent orientation of the fast axis of RR (−45, 0, 30 and 60 degrees) (see reference
[9] for details). For each set of images the pixel-by-pixel Stokes vector (SOUT ) associated
with the polarization state of light emerging from the PDLC cell was reconstructed using
this equation:
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with c = cosδ(λ), s = sinδ(λ), and δ(λ) the retardation introduced by RR for each wavelength.
These were computed in a calibration operation described elsewhere [15, 16].
From SOUT , the degree of polarization (DOP) at each pixel of the image can be calculated
as [17]:
DOP =

S12 + S22 + S32
S0

1/2

(0 ≤ DOP ≤1)

(3)

Moreover, depolarization can be computed as 1-DOP, which ranges from 0 (totally
polarized light) to 1 (depolarized light).
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3. Results
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3.1. Transmittance
When illuminating the PDCL cell with a collimated laser beam two regions in the transmitted
light can be distinguished: central and peripheral (for small and large scattering angles
). The central part corresponds to the directional and non-scattered component of the
transmitted light and the surrounded areas are associated with the scattered (or diffuse)
component of the light. The behaviour of these areas could be very different when changing
the voltage and/or the wavelength of the light used for illumination. As a qualitative example,
Fig. 2 shows images of the light transmitted through the PDLC cell for the three wavelengths
used in this work and three different voltages. As explained above, when using the CCD
camera, this imaged the intensity pattern reaching the SC. For this particular case the AU
was removed from the system.
For all three wavelengths the behavior of the PDLC in terms of scattering changes as a
function of voltage. However the effects caused by the voltage change are more noticeable
between 15 and 8 volts. The reduction in voltage is associated with a reduction of the directional component (see below for more details). On the opposite, the scattered component
increases with voltage reduction. This is expected since PDLC becomes less transparent
with decreasing voltage. For a better understanding of this fact, we also provide some
quantitative information in the next two figures.
Figure 3 shows the averaged radial profile of intensity of the light passing the PDLC
cell for blue light and two different voltages (30 and 8 volts). Curves were normalized to
their maximum values at angle  = 0 for a better comparison. As expected the scattering
indicatrice becames wider for higher scattering levels, that is, the light intensity levels in
peripheral areas are higher for a low voltage.

Figure 2. Images of the distribution of light transmitted through the PDLC cell for 30, 15 and 8 volts
and three wavelengths. Upper, medium and bottom panels correspond to red, green and blue light
beams, respectively. Each image subtends ∼ 48 degrees.
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Figure 3. Normalized averaged radial transmittance profile of the scattered light through the PDLC
cell for 30 (thin line) and 8 (thick line) volts. Data correspond to blue light.

In order to compare the PDLC scattering effects for the three wavelengths, we also
measured the amount of light located in a ring far from the central part of the image (between
16 and 19 degrees) as a function of voltage. Results are depicted in Fig. 4. Overall, for all
three wavelengths the intensity of the light located far from the center reduces when voltage
increases. The increase in peripheral light between 8 and 30 volts was 51% for red light and
45% for both green and blue.
Figure 5 refers to the behavior of the directional component of the light passing
the PDLC cell. It presents the normalized transmittance (in a logarithmic scale) of this
directional light for different voltages and wavelengths. As CCD camera had a restricted
dynamic range, for these measurements we used the alternative registration setup (inset in
Fig. 1).
Results clearly reveal the PDLC transmittance dependence on both voltage and wavelength. For voltages higher than ∼20 volts the transmittance keeps almost constant for all
three wavelenghts. However when reducing the voltage, this transmittance rapidly reduces.
This effect is more noticeable for lower wavelengths (blue light in our case).
3.2. Spatially Resolved Polarimetry
As a qualitative example Fig. 6 presents the images of the transmitted intensity by the
PDLC cell (including both directional and scattered components) for blue light at different

Figure 4. Scattered light in a ring around the center of the image (between 16 and 19 degrees off
center) as a function of voltage for red (white symbols), green (grey symbols) and blue (black symbols).
Plotted values correspond to the averaged intensity in the ring. The inset indicates the area where the
intensity was calculated.
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Figure 5. Transmittance of the PDLC cell for the directional component of the light as a funtion of
voltage for blue (black circles), green (grey circles) and red (white circles).

values of the azimuth between P1 and P2. These images were registered using the upper configuration in Fig. 1, but excluding RR. As expected, for high scattering level the
PDLC cell does not affect much the orientation of the incoming polarization. On the opposite, for low scattering level the maximum found for a parallel configuration tends to
disappear.
We finally performed additional polarimetric measurements to calculate the depolarization properties of the PDLC. For this part of the experiment we used the complete analyzer
AU (RR plus P2) in Fig. 1. We started by calibrating the complete setup to test the reliability of the instrument. When no sample was included in the polarimeter, the Stokes vector
calculated using equation (1) must be that corresponding to the light emerging from P1, that
is linear horizontal polarized light (for this operation the alternative registration setup was
used). Table 1 shows the reconstructed Stokes vectors obtained for the three wavelenghts.
These experimental results are in good agreement with the ideal vector. In view of this, the
setup itself does not depolarize the light, which means that all the effects of depolarization
would be associated with the PDLC cell.
Series of four polarimetric images (each corresponding to an independent polarization
state produced in AU) were registered for different voltages and wavelengths. For these
images the complete imaging polarimeter was used (i.e. RR+P2+SC+OB+CCD). Figure 7
presents these images for blue light and three voltages as an example. When a high level
of scattering is induced (8 volts, bottom panels), images for the different orientations of
the AU look similar. In absence of scattering (30 volts, upper panels) polarimetric images

Figure 6. Images of the light scattered by PDLC cell for blue light and three different voltages as a
function of the angle between the P1 and P2.
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Table 1
Experimental Stokes vectors elements for three different wavelengths when no sample was included in the
polarimeter
Ideal
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S0
S1
S2
S3

1
1
0
0

Blue
1.00
0.99
0.09
−0.01

Green

Red

1.00
1.00
0.09
0.01

1.00
0.99
0.01
0.12

clearly differ. An intermediate case is also shown (15 volts). The central black spot was used
to block the directional light and to avoid saturation in the central part of the image. Despite
this, the central area of some images was still saturated. Since this could lead to erroneous
interpretations of the results, the values corresponding to these areas were excluded from
numerical results and deleted from the plots.
Figure 8 presents the corresponding maps for the DOP. Although values are low for the
three voltages, some differences can be observed among the maps. For a better understanding, a further analysis of this parameter is given in the following figures. Figure 9 depicts
for blue light and three voltages the averaged radial DOP profiles without the central part
(as explained above).
Finally Fig. 10 shows the average DOP values for all three wavelengths and five different
voltages along the radial profile. Data from the central area data were also excluded. Average
DOP values for all wavelengths were 0.03, 0.04, 0.08, 0.15 and 0.21 for 8, 10, 15, 20 and
30 volts respectively.

4. Discussion
We have developed a multispectral polarimeter in transmission mode to study the effects of
scattering and depolarization of a PDLC cell. With a configuration polarizer-sample-rotating
retarder-polarizer, the system is able to record four independent polarimetric images in order

Figure 7. Polarimetric images of the light transmitted through the PDLC cell for blue light and three
voltage values. Images subtend the same as in Fig. 2.
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Figure 8. Maps for the DOP for blue light scattered by the PDLC cell at three different voltages.
Results were obtained from images in Fig. 8.

to reconstruct the Stokes vector of the light emerging from the sample under study. From this
vector the DOP was computed for different amounts of scattering and three wavelengths.
The apparatus is flexible enough to be modified according to the requirements of different
experimental mesurements.
The PDLC behavior depends on the applied voltage. We used the range between 8 and
30 volts. A subjective observation shows that the lower the voltage, the higher the amount
of scatter induced (or alternatively the more milky the appearance). Results have shown
that when a light beam passes the PDLC cell, a directional and a scattered component can
be distinguished. Transmittance measurements revealed that the former is hardly affected
by voltages higher than 20 volts (Fig. 5). However, this rapidly decreases for voltages
below 20 volts. The effect is stronger for low wavelengths (blue in our case). The effect of
the scattered component also changes with voltage but the behaviour is different from the
directional one. When decresing the voltage (that is, when increasing the volume of scattered
light) the amount of light located far from the center increases (see for instance Fig. 3).
This is a slight increase (approximately linear) that occurs for the three wavelengths, but it
is more pronounced for red light. The scattering effects at low voltages are more important
for green and blue lights (Fig. 4).
Recently Ozolinsh and Papelba have used PDLC cells to study the impact of induced
cataract on visual acuity [14]. The present work compliments results by these authors by
including information on both scattering and depolarization.
Nowadays the propagation of light in turbulent media (mainly biological tissues) as
well as the study of the effects of scatter on imaging techniques are topics of interest [1–3,
18–21]. Since scattering reduces the contrast of the images in fields such as Astronomy,

Figure 9. Average DOP radial profile of the scattered light for blue at three different voltages applied
to the PDLC cell: 30 (thick black line), 15 (grey line) and 8 (thin black line) volts.
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Figure 10. Average DOP of the scattered light along the radial porfile as a function of the voltage
for blue (black bars) green (grey bars) and red (white bars). Data corresponding to the central area
were not included in the calculation.

Biology or Visual Optics, its quatification would be of interest in order to improve the
visibility of objects seen through media containing different levels of scattering. The optical
depth-resolved analysis of biological tissues by using OCT imaging is also emerging as an
important non-invasive imaging modality [22, 23].
Related to depolarization, our experiments show that the scattered component generated
by the PDLC presents low values of DOP, or alternatively, high levels of depolarization. For
the best conditions of transparency (30 volts) the mean DOP values were 0.31 for red, 0.17
for green and 0.15 for blue. These values decreased up to 0.04, 0.03 and 0.04, respectively,
for the highest scattering condition used here (8 volts). The behavior is similar for all three
wavelengths as expected from the measurements of trasmittance of the scattered component.
For the directional component we tested the effect of changing the angle of a polarizer
used as an analyzer. For high voltages the intensity of the transmitted light strongly depended
on the orientation of this polarizer, with a modulation of more than 0.95. However there
is little changes in intensity for large amounts of scatter. This fact is usually associated
with depolarized light. Again, this result was found for the three wavelengths used in this
experiment.
Polarimetry has previously been used to explore the scattering properties of different
media (surfaces, tissues, sphere suspensions, . . . ) [5–7, 24, 25]. Here we have used it to
characterize a scattering-controlled device. The use of a polarimetric parameter such as the
DOP as a tool to quantify scattered light [9], has recently been reported. This parameter can
be very useful in microscopy and medical imaging among others.
In particular, the living human eye is an optical system were depolarization phenomena
occur. Ocular depolarization has been reported to be low in normal eyes [26–28] but it could
be important with aging, pathologies or surgical procedures [29–31]. The characterization of
PDLC cells in terms of depolarization and the use in visual testing could help in exploring the
role of ocular depolarization in visual performance. This could also help in understanding
the propagation of depolarized light through the ocular media. Moreover, this may also
be important in early diagnosis of ocular pathologies, mainly those related to cataractous
proccesses. The analysis of a potential influence of depolarization and scattering on data
provided by commercially available setups might also be of great interest.
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