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A study of the depolarisation effect which occurs in a light beam passing through a
thin homogenously oriented layer of nematic liquid crystal (N-(methoxybenzyli-
dene)-4-butylaniline) driven to the turbulence by an external ac voltage is reported.
The time behaviour of the transmitted light polarization degree (P) has been
recorded for different values of both applied voltage and polarization of the
incident light beam.

The features of the DSM’s regimes strongly depend on the state of polarization of
the probe light beam. In particular, the transition can be evidenced by looking at P
when the incident states of polarization are oriented at different angles with
respect to the liquid crystal anchoring direction. Although the DSM’s transition
was unambiguously characterized as a transition from a 2-D structured turbu-
lence to a 3-dimensional turbulence (DSM2), our measurements emphasize that
oriented turbulent structures coexist in the latter regime.
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turbulence
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1. INTRODUCTION

During the past decade electrohydrodynamic turbulence (EHCT) in
nematic liquid crystals (NLC) have attracted the interest of a large
number of scientists [1-4]. In particular, the transition between two
different turbulent states called dynamic scattering modes (DSM’s)
has been intensively studied [6-7] in a planar aligned NLC cell.
EHC has proved to be a good testing ground for theories on dynamics
of dissipative systems [8] and recently some application as also been
proposed [9-11]. In a previous paper [12] we reported a study of the
DSM1+—— DSM2 transition performed by a division of amplitude
photopolarimeter (DOAP) [13]. The time evolution of the degree of
polarization [14] and the behaviour of the radiation entropy [15]
of the transmitted light allowed us to interpret the transition as a
decay from a two-dimensional (DSM1) to a three-dimensional
(DSM2) turbulence.

Most recently we have assembled a most performing four detector
photopolarimeter (FDP) [16], which allows most accurate measure-
ments in case of low level light signal (i.e., in the DSMZ2). In this paper
the polarization degree P of the light transmitted by the sample in
both DSM states is reported for different polarization states of the
incident light beam. The polarization degree is a measure of the deco-
herence effect induced by the NLC director variations in the radiation
field components, light propagating through a random fluctuating
media is depolarized by decorrelation of the phase of the electric field
components and its degree of polarization decreases [15]. Thus P can
be view as an order parameter for the radiation field and its time
evolution contains further information on the NLC molecular director
dynamics.

2. EXPERIMENTAL
2.1. The Experimental Setup

The experimental setup is shown in Figure 1. The light beam emitted
by a linearly polarized He-Ne laser (S) is transformed into a circularly
polarized beam by the quarter wave retarder (R1), which is oriented at
45° with respect to the linear polarizer P2, so that the intensity of the
beam can be varied rotating the polarizer P1 without changing its
polarization.

The second polarizer-retarder couple (P, R) is used to transform the
incident circular polarization into an arbitrary polarization state
and two computer controlled motors allow to automatically select the
polarizations states needed during the FDP calibration. The light
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FIGURE 1 The experimental setup. S: 7mW He-Ne laser. P1: dichroic linear
polarizer. P2: Glan-Thompson linear polarizer. R1: multiple order quarter
wave retarder, P: polarcor®™ linear polarizers. R: zero order quarter wave
retarder. C: sample cell. Ir: 0.7mm iris. FDP: photopolarimeter. WG: wave
form generator. DMM: digital multimeter. BOP: bipolar operational amplifier.
PC: personal computer.

beam emerging from the retarder R is focalized into the liquid crystal
sample (C) and the transmitted light is collected and collimated into
the photopolarimeter (FDP) by a three lenses system.

The temperature of the sample cell is controlled within £0.1°C by
an electric oven (Instec RTC1) which is not shown in figure.

The applied voltage and the sample temperature are controlled
through the HPIB bus by a personal computer (PC), which also hosts
the FDP acquisition system (National AT MIO 16E-2 DAC card with the
simultaneous sample and hold accessory SC-2040).

The FDP allows the simultaneous measurements of the four compo-
nents of the Stokes vector S = (S1,S2,S3,S4) which completely charac-
terizes the polarization state of a fully or partially polarized light
beam. Then P is calculated by the relation:

St
P=|——1
SZ+82+82



Downloaded by [University of California, San Diego] at 09:18 22 August 2012

4 C. Vena et al.

The FDP makes use of the reflections from four flat air-silicon inter-
faces provided by four windowless photodiodes (Hamamatsu S3590) to
analyze the light polarization. As shown in Figure 1, the light beam
impinges on the three first photodiodes at the Brewster angles
(B~ 65°) and near the normal incidence on the fourth photodiode,
furthermore the incidence plane IT is rotated of o« ~ 45° after each
reflection. Under this conditions and supposing a linear response by
the photodiodes the components S; of the Stokes vector S can be
obtained as linear combination of the four photocurrents I;,

Si=Auli +Apls +Aisls +Audy, i=1,...,4

or, casting the four photocurrent I; in a column vector I and introdu-
cing the calibration matrix A = A;;,

S =Al (1)

The matrix A represents the inverse matrix of the Mueller matrix of
the FDP, thus it must be experimentally determined by the calibration
procedure every time the optical setup alignment is slightly modified.
At least four polarization states, which correspond at four known
independent Stokes vectors S, must be used to calibrate the FDP
[17]. According to Ref. [18], we got the best results selecting a circular
polarization state (either left-handed or right-handed) and the
three corresponding right-handed (left-handed) polarization states
which define the largest tetrahedron inscribed in the Poincare sphere
(see Fig. 2). .

During the calibration, for each polarization S, of the incident light
beam the corresponding photocurrents I, (I = 1, 2, 3, 4) are measured.
If we indicate with S,,;, the matrix whose columns are the four Stokes
vectors we can calculate the calibration matrix by the relation
Cy, =1y (Smk)_l. Then, the Stokes vector S of every unknown polari-
zation state can be determined by Eq. (1), where A = C 1.

The calibration of the FDP has been tested measuring the ellipticity
of the light emerging from the retarder R as long as the fast axis of R is
rotated with respect to the transmission direction of the polarizer P. A
typical result of a polarization run test in shown in Figure 3.

The liquid crystal cell (C) consisted in a commercially available
(E.H.C. Co. Ltd.), 25 ym thick, sandwich-like planar cell (rubbed poly-
imide), which were filled by the N-(methoxybenzylidene)-4-butylaniline
(MBBA) nematic liquid crystal (NLC). In our experiments we used
also 8pum and 50 um thick cells without observing any substantial
difference.
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FIGURE 2 The Poincare sphere, the polarization states §k k=1, 2 3,4
which correspond to the points L, &1, ¢2 and &3 have been selected to calibrate
the FDP. L, ¢1,69,¢3 define the larger tetrahedron that can be inscribed in
the sphere.
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FIGURE 3 A FDP calibration test, the calculated (black points) and the
measured (red points) light beam ellipticity is plotted as a function of the
retarder (R) rotation angle.
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2.2. Data Presentation and Discussion

The polarization state S of the light transmitted through the sample
was determined by the FDP as long as a low frequency a.c. voltage
V, was applied across the NLC layer.

Starting from the homogeneously planar oriented sample, as V, is
increased, we observed at the onset of the electroconvenction the
Williams-Kasputin rolls (Fig. 4a) then the “soft” turbulent regime
(Fig. 4b, ¢) and a first turbulent regime (Fig. 4d), which is character-
ized by an intense and anisotropic scattering of light. The transition
to a second turbulent regime (DSM2), which appears optically isotropic,
occurs at highest voltages when the DSM2 areas nucleate in the DSM1
regime (Fig. 4e) and they enlarge to cover the whole sample (Fig. 4f).

In Figure 5 the time evolution of P is shown for three different polar-
ization states of the incident light and four different r.m.s. values of
VO > Vth-

In the DSM1 regime the degree of polarization P of the transmitted
light is very sensitive to the incident polarization direction p; for every
applied voltage, light polarized along the alignment direction 7 is more
depolarized than light polarized normally and P shows intermediate
values if the incident polarization is circular. To minimize alignment

FIGURE 4 Images at the optical microscope of the electroconvective
structures, fip and p; indicate respectively the anchoring direction and the
polarization direction of the incident light, no analyzer as been used. a) the
Williams-Kasputin electroconvective rolls (V, = 6.08 volt). b) and c) fragmen-
tation and bending of the rolls (V}, = 9.0 volt, V., = 11.0 volt). d) the first turbu-
lent regime DSM1 (V4= 22volts). e) and f) the transition to the second
turbulent regime DSM2 (V, = V; = 32 volts), darkest DSM2 areas spread all
over the sample.
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FIGURE 5 The degree of polarization P of the light transmitted by the
sample vs. time for three different polarzations of the incident light beam
(red: linear polarization parallel to the alignment direction 7iy; green: linear
polarization normal 7i¢; black: circular polarization) and four different applied
a.c. voltages (a: 27 volt; b: 31 volt; c: 33 volt; d: 35 volt; all the voltages are r.m.s
values).

errors, we repeated the measurements after having rotated the sample
of = and we checked both left-handed and right-handed circular
polarization, but we didn’t observe any substantial difference. This
behavior, which confirms the anisotropy of the DSM1, is consistent
with previous observations (see for example Refs. [5,6,19]). On the
contrary, the supposed isotropy of DSM2 is no longer valid if we look
at P, in fact we have still observed a dependence on the incident polar-
ization state and only at higher voltages the three curves in Figure 5
become indistinguishable.

This behavior is confirmed by data in Figure 6, where we report the
averaged values of P in both DSM1 and DSM2 states as function of the
applied voltage V,. We note that, if p; is directed along 7, P shows a
slow linear dependence on V for both DSM states. While, if p; is nor-
mal to Ag then we can observe a similar linear variation of P in the
DSM1 followed by a stronger nonlinear decreasing in the DSMZ2.
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FIGURE 6 Polarization degree P of the transmitted light vs. the applied volt-
age Vj. Black: DSM1 and p; L 7. Red: DSM2 and p; L fig. Green DSM1 and
D;//ho. Blue: DSM2 and p;//fi¢. Each point represents the average of P mea-
sured at a fixed voltage. Continuous lines are linear (black, green, blue) and
exponential (red) regressions.

In Figure 7 we plot P vs. the applied voltage V, for different orienta-
tions of p;, in this case P is continuously measured while V is slowly
varied. In the DSM1 state, we can observe a drastic decrease of P
when o, i.e., the angle between p; and 7y, tends to zero. When o #0,
the transition to the DSM2 state is accompanied by a strong increase
of the depolarization of the incident light, on the contrary, when o = 0
we can observe a slight increase of P just at the DSM1+— DSM2
transition, then P starts to decrease again as long as V|, increases in
the DSM2 state.

Finally in Figure 8 the polar graphic of P is reported as function of
the azimuth angle of the incident linear polarization for different volt-
age values (Vo € [33V, 39V]) and both for DSM1 and DSM2 states.
Semi-circles can be observed for each voltage and for both DSM1
(black) and DSM2 (red). The radius of each semicircle decreases when
Vy increases.

Data reported in Figure 8 highlight the anisotropy of both DSM’s
states. We can observe that the anisotropy reduces when the applied
voltage is increased and P shows a dependence on the incident polar-
ization angle even in the DSM2.
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FIGURE 7 The polarization degree P of the transmitted light as a function of
the applied voltage V, for different orientation o of the incident polarization p;
with respect to Ay. Black: o = 90°, Cyan: oo = 75°, Green: o = 60°, Pink: o0 = 45°,
Red: o = 30°, Blue: o = 15°, Yellow: o = 0°.
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FIGURE 8 Polar graphic of P vs. the azimuth angle of the incident linear
polarization for different Vo€ [33V, 39V]. The radii of semicircles decrease
when V increases both for DSM1 (black semicircles) and DSM2 (red semicir-
cles) states.
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3. CONCLUSION

The polarization degree P of the light transmitted by the sample has
been measured in the turbulent regimes which take place in a nematic
liquid crystal layer under the action of an external ac voltage V,. Dif-
ferent polarizations of the incident light have been used and we
observed that P always decreases when V, increases. In the DSM1
state we revealed a strong dependence of the incident linear polariza-
tion on the direction p,;: incident light polarized along the alignment
direction 7y was strongly depolarized (P ~ 0.2+-0.3), when the angle
between p; and ny tends to =/2 the depolarization decreases
(P ~ 0.6+-0.8). We didn’t observe any substantial difference for the cir-
cular polarization, which averages among the different p; directions. A
weak anisotropy has been still observed in the DSM2 state when the
direction of p; was varied, this anisotropy reduces as long as V,
increases. Moreover, when p;//fig, an increase of P has been measured
during the DSM1 — DSM2 transition.

Our observations suggest that, according to previous observation,
NLC molecular director chaotic oscillations are responsible for light
depolarization in both DSM1 and DSM2, but while in the DSM1 state
the directors can oscillate principally in a plane which contains the
alignment direction (i.e., a plane orthogonal to the EHC rolls), in the
DSM2 state the oscillations can develop also out of this plane. As a
consequence, in the DSM1 areas can decorrelate only the component
of the radiation field which is parallel to 779. The centers where these
oscillations take place optically behave like abrupt changes of the media
refractive so they can scatter and depolarize light. By increasing V,
the number of these centers increases and a stronger light depolariza-
tion can be observed. Areas interested by the DSM2 state can decorre-
late both components of the radiation electric field. At the transition
there is not an abrupt increase of the number of scattering centers
because Vj has not been longer increased during the transition. This
means that during the transition light polarized along 7iy can experience
a weaker depolarization. When Vj is further increased in the DSM2 the
total amount of defects increases and P decreases for all the polarization
of the incident light beam. In other words we can imagine that DSM2
and DSM1 areas coexist after the transition, a further increase of the
applied voltage causes the DSM1 areas to reduce their overall extension
and, consequently, to increase that of the DSM2 areas.

This qualitative interpretation takes into account the observed
phenomenology, further investigations are needed to get more insight
on the origin and nature of the defects responsible for the light
depolarization. In particular, an experimental setup that allows the
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polarimetric study of the angular distribution of the scattered light in
actually under construction. These measurements looking at the
angular depolarization of both linearly and circularly polarized light
would give information on the size of the turbulent domains which
depolarize light.
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