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We analyze the effects of coloring of a beam traversing a light-scattering medium. Spectral
investigation of the effects of coloring has been carried out using a solution of liquid crystal in
a polymer matrix (polymer-dispersed liquid crystals – PDLC). It is shown that the result of coloring
of the beam at the output of the medium depends on the magnitudes of the phase delays of
the singly forward scattered partial signals. We consider the influence of interference coloring
effect on the transmission scattering and spatial-frequency filtering of the radiation which has
passed through the PDLC.
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1. Introduction
Investigations, where the interference principle of spectrum forming was used, have
been performed in optical schemes based on Michelson [1] and Fabry–Pérot interfero-
meters [2] as well as near singular points [3–9]. Investigations of spectral transmittance
were mainly performed for liquid crystal monolayers. Depending on the applied volt-
age, in the optical scheme with crossed polarizers, the color of polychromatic radiation
that has passed through liquid crystals is formed. Polymer-dispersed liquid crystals
(PDLC) can also be used as an object performing the spectral selection of polychro-
matic radiation depending on the applied voltage. But the nature of this phenomenon
is different.

In this paper we have investigated the interference mechanism of forming of
the spectrum which passes through the PDLC. For this, we have considered an exper-
imental model of polychromatic light passing through PDLC, spatial-frequency filtering
radiation by PDLC and the transmission of radiation by PDLC depending on the applied
voltage.

The mechanism of coloring of a beam passing a light-scattering medium, irrespec-
tively of the nature of this medium, can be divided into several steps:

1. Division of the illuminating beam into two components, i.e., a non-scattered
field and a singly forward scattered field with some phase delay (see Fig. 1);
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2. Interference of non-scattered with the forward scattered part of the radiation,
when the zero interference fringe is observed in the resulting field;

3. Coloring of the resulting radiation due to subtracting from the spectrum of
the illuminating beam the spectral component for which the average phase difference
of the interfering beams is close to π + 2nπ. 

2. Experimental research

2.1. The effects of coloring of the PDLC

We have studied the effects of coloring of the composite “liquid crystal–polymer matrix”.
The sample of such composite permits us to study the effects of interference coloring
as a function of path difference between the beams passing through polymer and liquid
crystal as well as a function of the intensity ratio of such beams. Changing the path
difference of the interfering beams was achieved by changing the voltage applied to
the cell. Such composites are drops of a liquid crystal (LC) with sizes 10 μm dispersed
in a polymer matrix (PM). We used a nematic liquid crystalline mixture E7 (Merk).
As a polymer matrix, we used photopolymer composite NOA65 (Norland Company,
USA) that is sensitive to ultraviolet radiation. The weight parts of the polymer and
the liquid crystal are 1:2. The components are carefully mixed at a temperature of  20°C.
A drop of the mixture is placed between two glass plates covered with conducting
ITO films. The thickness of the composite layer is 10 μm being controlled by spacers.
The cell is assembled with UV-curing glue. Figure 2 shows the area of the studied
sample of the size (100×75) μm in crossed polarizers and Fig. 3 shows the histogram
of the drop size distribution.

Phase separation results in formation of an optically inhomogeneous medium which
strongly scatters the light. The intensity of the scattered light depends on the differ-
ences in the refractive indices between LC drops and polymer. The index of refraction
of the photopolymer NOA65 (n = 1.524) is close to the ordinary refractive index of
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3 Fig. 1. Transition of radiation through PDLC: 1 – polymer, 2 – LC drops,
3 – quartz glass.
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a liquid crystal E7 (n = 1.521). Birefringence of LC E7 is Δn = 0.225. Generally, op-
tical axes of LC drops without applied voltage are oriented chaotically. Applying
an electrical current results in orientation of the optical axes of LC drops along the di-
rection of the illuminating beam incidence (we consider the case of normal incidence,
cf. Fig. 1). Increasing the applied voltage results in equalizing the magnitudes of the re-
fraction indices of  LC and PM and, hence, in increasing the transmittance of  the sys-
tem. Decreasing the voltage will increase the path difference between the components
passing the LC and PM in the forward direction, and thus increases light scattering.

The experimental arrangement is shown in Figure 4. 

Fig. 2. Microphotograph of the PDLC in the crossed
polarizers. 
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Fig. 3. Histogram of the drop size distribution.

HL O1 D1 O2 F D2 C O3 D3 M PD

PS

PC ADC

Fig. 4. Experimental arrangement: HL – radiation source, D1, D2, D3 – diaphragms, O1, O2, O3 – ob-
jectives, F – spectral filter, C – studied cell, M – monochromator, PD – photodetector, ADC – analogue-
-to-digital converter, PC – computer, PS – power supply.



548 P. MAKSIMYAK et al.

Such optical system facilitates the selection of the regular component of radiation
scattered by PDLC. The spectrum of the regular component of radiation is measured us-
ing a monochromator. The electrical signal of the photodetector is transferred to the com-
puter. One applies an alternating voltage to the studied PDLC from the generator.

The partial beams passing the drops of LC and polymer travel along different paths,
and can be considered at far field as plane waves with some phase difference.
The change in the effective refractive index of the LC drops in the direction of radia-
tion, and thus the change in the path difference between the beams is the reason that
changing the applied voltage leads to redistribution between transmittance and light
scattering of PDLC. 

The results of such processing of the data of experimental measurements are rep-
resented in Fig. 6. For a voltage of 3.2 V one observes a dip in the blue domain of
the spectrum. It means that the path difference between two interfering components
provides the opposite phases of the “blue” components. Investigations of PDLC by

1.0

0.8

0.6

0.4

0.2

0.0
400 500 600 700

S(λ)

λ [nm] Fig. 5. Spectrum of the illuminating beam.

1.0

0.6

0.2

1.0

0.6

0.2

400 600500 700

3.2 V 3.0 V 2.8 V

2.5 V 2.3 V 2.1 V
S(λ)

λ [nm]

S(λ)

400 600500 700 400 600500 700
λ [nm] λ [nm]

Fig. 6. The transmission spectra for different applied voltages.
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a microinterferometer with a calibrated path difference showed that at the voltage of
3.2 V the opposite phase is achieved when the path difference is equal to 690 nm. From
the condition of the opposite phases for the spectral component 3λb /2 = 690 nm, one
finds λb = 460 nm. For a decrease in the applied voltage, the path difference between
the interfering beams increases and one observes a shift in the spectral gap from the blue
domain to the red one.

2.2. The model experiment with Michelson interferometer
To confirm the experimental results obtained for PDLC, we perform the model exper-
iment in which studied polychromatic radiation is passing through a Michelson inter-
ferometer (Fig. 7).

The mirror M2 is shifted along the direction of propagation of the beam, facilitating
a controlled change in the optical path delay in the interferometer. One can detect
the resulting field and record the interferogram at a zero interference fringe using
a CCD-camera.

The experimental results are obtained with a coaxial interference of the two fields
of equal amplitudes. In Fig. 8 we present an interferogram where the coloring effect
is observed within each interference fringe.

The output spectrum can be calculated by the interference law for the spectral region:

where S0(λ ) is the radiation source spectrum, the phase difference Δϕ is given by
Δϕ = 2πΔl /λ where Δl  is the path difference between the interfering beams.

Fig. 7. Experimental arrangement: S – source; O1, O2, O3 and O4 – objectives; M1, M2 – mirrors;
D – diaphragm; BS – beam-splitter; MO1 and MO2 – microobjectives; PC – piezo-ceramics.
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Smoothly changing the path difference in the interferometer arms, the spectral
dependences represented in Fig. 9 (red line) have been obtained. We compare the re-
sults. In both cases there is a decrease in certain spectral component, because the path
difference between the interfering components leads to antiphase. But spectral minima
were deeper than in the experiment with a Michelson interferometer because the radi-
ation intensities in the reference and object interferometer arms are strictly equal.

Selecting PDLC sample thickness and components concentration, one can increase
the modulation depth and use PDLC such as operating spectral filters.

a b

Fig. 8. Interferogram (a); investigated area of interferogram (b). 
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Fig. 9. Changing spectrum of radiation that has passed through a Michelson interferometer (red line) and
PDLC (black line).
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Further we consider some possible practical applications of the spectral filtering
effect by PDLC.

3. Spatial-frequency filtering by PDLC
For experimentally obtained PDLC scattering indicatrix at small angles a significant
redistribution of radiation intensity subject to applied voltage was observed, which pro-
vided the possibility of spatial-frequency filtering (see Fig. 10). 

When voltage applied to PDLC is equal to zero, the scattering indicatrix S0 has two
maxima for scattering angles 0 and 5°. In this case, the incident radiation is partially
transmitted and partially scattered by a PDLC sample. When voltage equals 2 V,
the maximum of the regular component is not observed – transition is actually absent;
whereas the regular component for λ = 633 nm is decreased by interference, the sample
scatters radiation strongly. The maximum of the scattering indicatrix S0 corresponds
to the scattering angle 6°. When the applied voltage is equal to 6 V, PDLC transmits
the regular component of radiation. This component is increased by interference, and
the scattered component of radiation is actually absent.

For experimental investigation of spatial-frequency filtering of test images, the op-
tical scheme shown in Fig. 11 has been used. As a test image, we used a fragment of
the fifth-order Sierpinski fractal of the minimum element size 25 μm.

At zero voltage (Fig. 12) the filtering is absent and the PDLC transmits high as well
as low spatial frequencies. All elements of the fractal are observed. At voltage 2 V
a PDLC layer is a spatial filter of high frequencies. High spatial frequencies are scat-
tered, whereas low spatial frequencies are quenched by interference. The minimal el-
ements of the fractal are seen in the image, in the absence of other elements. At 6 V
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Fig. 10. Scattering indicatrix S0 at small angles region for voltages 0, 2, and 6 V.
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we can observe all elements of the fractal, except for minimal. In this case a PDLC layer
is a spatial filter of low frequencies. The regular component of radiation and the scat-
tered component in the regular aperture are transmitted. 

4. Optical correlation investigations of PDLC 
In the framework of the random phase screen (RPS) model, we used an optical corre-
lation technique for measuring statistical characteristics of a field, which allowed to
determine the statistical characteristics of PDLC.

The optical scheme of the experiment is based on the Mach–Zehnder interferometer
(Fig. 13). Transverse displacement between the beams in the interferometer is set by
moving one of the mirrors. The transverse coherence function is determined by mea-
suring the resulting field visibility in a zero interference fringe.

It is difficult to divide the regular and scattered components of radiation by limiting
an aperture. One can do this interferentially, within the framework of the RPS model,
by investigating the dependences of the phase variance σ 2, which characterizes the scat-
tered component and transmittance T, on the voltage for different polymer concentrations
(Fig. 14). For PDLC with polymer concentration 15% and 20%, one observes the min-
imum of transmittance at a voltage of 2 V. This is due to the interference of the partial
beams that have passed through the LC and the polymer, which leads to the suppression
of a red spectral component. Moreover, PDLC with 15% of polymer may be used as
effective optical shutters because of a small change in the applied voltage aimed at a great
change in transmitted radiation.

1 2 3 4 5 6 7 8 9

Fig. 11. Optical scheme: 1 – He-Ne laser (λ = 632.8 nm), 2 – collimator, 3, 7 – polarizer, 4 – PDLC cell,
4 – objective, 5 – photomask, 6 – objective (d = 2 cm, f = 8 cm), 8 – CCD-camera, 9 – computer.

0 V 2 V 6 V

Fig. 12. Experimentally obtained images of a photomask fragment.
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Fig. 13. Experimental arrangement: He-Ne – laser (λ = 632.8 nm), T – inverse telescopic system, D –
diaphragms, C – PDLC cell, TSI – transverse-scanning interferometer, MP – movable prism, PDM –
prism displacement mechanism, FD – field-of-view diaphragm, MO – microobjective, AD – aperture
diaphragm, PD – photodetector. 

Fig. 14. Phase variance σ 2 and transmittance T of PDLC with different polymer concentrations. 
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5. Conclusions

We have illustrated the interference origin of the mechanisms of coloring the radiation
passing through PDLC in the forward direction. It has been shown that coloring of
the output beam from PDLC depends on the magnitudes of the phase delays for singly
scattered forward partial signals. 

Interference origin of the coloring effect has been confirmed by the model exper-
iment based on the Michelson interferometer. 

Experimentally investigated effects of spatial-frequency filtering of radiation by
PDLC and anomalous behavior in interference transition of radiation by PDLC are based
on the phenomena of an interference decrease in a red (λ = 632.8 nm) spectral com-
ponent in PDLC with polymer concentration ϕp = 15% at a voltage of about 2 V. 
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