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The bifurcation from the static petal pattern to the fluctuating petal pattern in a
liquid crystal light valve with optical rotational feedback is investigated experimen-
tally. At a threshold voltage of the bifurcation, rotationally propagating patches
arises on the petals. When increasing the applied voltage, the motion of the patches
becomes irregular and the pattern develops into space-time fluctuations. By
measuring the time correlation function for the major spatial wave numbers, the
characteristic features of the spatiotemporal fluctuations are analyzed in detail.
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I. INTRODUCTION

The pattern formation phenomena in extended systems have attracted
the attention of researches in various fields. In liquid crystals, a lot of
interesting patterns under external fields have been investigated
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intensively [1]. As an example, the electro hydrodynamic convection is
one of the oldest and the most studied subject in the field [1]. Recently,
the liquid crystal light valve (LCLV) with optical feedback has
received a considerable attention [2-10]. From the pioneer work by
Akhmanov et al. [2,3], many kinds of self-organized patterns have
been investigated theoretically and experimentally [2-9].

In the liquid crystal light valve, a nematic liquid crystal and a
photoconductor are sandwiched by ITO-coated glass plates. For the
reflective type of LCLV, a dielectric mirror is coated on the liquid crys-
tal side of the photoconductor. The liquid crystal side (reading side)
and the photoconductor side (writing side) are optically isolated by
the dielectric mirror. Under no illumination on the photoconductor,
the liquid crystal molecules are influenced by the anchoring force
and remain parallel to the glass plates because most of the applied vol-
tage drops across the photoconductor. On the other hand, when the
photoconductor is illuminated, the molecules tilt in accordance with
the intensity of the illumination and the applied voltage. If the optical
feedback is imposed on the LCLV, the bistable property for the tilt
angle of the liquid crystal director arises in several voltage ranges
[10]. In such bistable ranges of the voltage, when nonlocal spatial
effects are added in the optical feedback, such as rotation of the
backward image or diffraction over a free propagation length, self-
organized patterns appear [4]. The appearing pattern depends on
the type of the feedback and on the control parameters of the experi-
ment, the main ones being the voltage applied to the LCLV, the inten-
sity of the input beam, the initial orientation of the liquid crystal
director with respect to the input beam linear polarization, the
rotation angle in the feedback loop, the free propagation length.

In the present paper, we focus our attention on the petal patterns
observed under the pure-interferential optical feedback (the free pro-
pagation length is put equal to zero thanks to a self-imaging system),
when spatial rotation is introduced [2,3,6-9]. When the feedback
rotation angle A is commensurate with 2z, a static pattern consisting
of N= /A petals appears at the onset of the bistable voltage ranges.
The formation mechanism of the petal pattern was theoretically inves-
tigated by Adachihara et al. [8]. By increasing the applied voltage
V, the static petal pattern becomes unstable at a threshold voltage
Vi and the pattern start to fluctuate both in space and time. The
pattern fluctuations increase with the increase of V. Ramazza et al.
[9] analyzed the applied voltage dependence of the spatial structure
and the activated mode experimentally and theoretically. However,
the relaxation frequency of the fluctuations in the fluctuating
petal patterns has not been investigated in detail. In the present
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paper, we will extract the characteristic features of the fluctuating
petal patterns by analyzing the autocorrelation functions in time. By
adopting a functional fitting for the autocorrelation function, we will
estimate the relaxation frequency. In order to understand space-time
chaotic dynamics more precisely, we will measure the time correlation
for some spatial modes too. Since the petal pattern appears under the
strong effect of the rotational feedback, it is expected that spatial
modes relevant to the rotational angle play an important role in the
bifurcation. For the case of the pattern consists of N petals, a spatial
mode with the wave number N along the azimuthal direction in the
polar coordinate and it’s harmonic modes correspond to the relevant
modes. Then, we will analyze the time correlation for such specific
modes and try to identify the most relevant modes able to trigger
the bifurcation towards chaotic behavior.

The paper is organized as follows. In Section II we will describe
the structure of the LCLV and the experimental setup briefly. In
Section III, we will define the physical quantities measured in the
image analysis. In Section IV, we will present the experimental results
and discuss the characteristic features of the fluctuations. Finally, in
the last section, we will summarize the results of the paper.

Il. EXPERIMENTAL SETUP

The experimental system to observe the petal patterns under the
optical feedback is schematically illustrated in Figure 1. The LCLV

T
EaserHld

| Clcmen)

FIGURE 1 Schematic illustration of the optical setup to observe the petal
patterns in the LCLV with optical feedback. P: polarizer, A: analyzer, PH:
pinhole, O: objective, BS;, BS,: beam-splitter, L, Lo: lens (f=25 cm), S: screen.
The inset indicates the directions of the polarizer P, the director of nematics n,
and the analyzer A.
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used in the experiment is Hamamatsu PAL-SLM. A laser beam
emitted from a He-Ne laser (Neoark model 35) is enlarged and colli-
mated by an objective O, a pinhole PH and a lens L(f=250mm).
The polarizer selects the horizontal components of the beam. The
radius of the diaphragm located in front of the LCLV is 5 mm. In order
to exploit the maximum optical anisotropy of the nematic liquid crys-
tal, the director angle is set at 7/4 from the direction of the polarizer P.

The laser beam injected into the nematics is reflected by the dielec-
tric mirror in the LCLV and fed back to the writing side of the LCLV
by the lenses L;, Ly (of the same focal length, f=250mm), the
beam-splitter BS; and the fiber bundle. Owing to the optical birefrin-
gence of the nematics, the outgoing light from the reading side of the
LCLYV is elliptically polarized. The phase shift between the ordinary
and the extraordinary rays, ¢, depends on the tilt angle of the
nematics. As the analyzer A transmits only the vertical component
of the elliptically polarized light, the intensity of the writing light I,
can be written as I, = R{Ipe (1 — cos ¢p)/2} [11], where I, represents
the intensity of the input laser beam, y is an effective attenuation
coefficient for the optical feedback, and R is the rotational operator
introduced by means of the fiber bundle rotation. Thus, the analyzer
converts the phase modulations induced by the liquid crystal into
intensity modulations in the feedback. The edge of the fiber bundle,
which is located at the focal plane of Ly, is mounted on a precision
rotating stage. In the present experiment, the feedback image is
rotated by A =/6, which gives rise to six-fold petal patterns in several
voltage ranges.

To observe the feedback image, 5% of the feedback beam is sampled
by a beam splitter BS,. A CCD camera and a frame grabber card
(Scion Corporation LG-3) capture successive 300 frames of image with
the frame rate 0.04s. The observed images are analyzed by an image
processing software (ImagedJ) and originally developed programs.

The frequency of the applied voltage is fixed at 1kHz. The applied
voltage, supplied from a synthesizer (NF Corporation WF1944), is var-
ied from 1.87V to 2.25V, corresponding to the second bistable regime
under the intensity of the incident laser beam I,=50uW/cm?. The
experimental data here presented were averaged over ten runs of
experiments.

lll. IMAGE ANALYSIS

Since the petal pattern spreads from the center of rotation, we have
analyzed it in the polar coordinates. Then, the intensity of images in
the polar coordinates is denoted as I(r, 0,¢). By applying the Fourier
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transformation along the azimuthal direction 0, the power spectrum of
the space-time image, P(r,ky,t)=|I(r,ky, t)|2, is calculated, where
I(r,ky,t) is the Fourier component of I(r, 0, ¢) and kg is the wave number
along the azimuthal direction. The features of the spatial structure of
the patterns is evaluated by the averaged power spectra in time, i.e.,
P(r,ky) = <P(r,ky,t)>;, where <--->, denotes average in time. To eval-
uate the degree of fluctuations, the averaged time correlation function,
C(r,t), defined as

(I(r,0,0)I(r,0,0)),
C(r,t) = )
(r,t) < <I(r,9,0)2 >t >0

is calculated, where <--->, denotes average in the azimuthal angle.
To characterize the fluctuations of the specific azimuthal mode £,
furthermore, the time correlation function for the Fourier mode kg,
defined as

(I(r, ko, )" I(r, ko, 0)),
(Jre o 07,

Ck() (I", t) =

is also calculated [12-14], where + means complex conjugate.

IV. RESULTS AND DISCUSION

Instantaneous snapshots of the observed patterns (upper part) and
corresponding space-time plots at r =3 mm (lower part) are shown in
Figure 2. Under the spatial rotation with A=n=/6, the six-fold petal
pattern is the basic structure. The six-fold petal pattern appears at
V=1.89V. In the voltage regime 1.890V <V <1.999V, the contrast
of the petal pattern increases by the increase of V, which indicates
the growth of the mode with ko= 6, and its multiple harmonic modes.
Hereafter we call the mode with k=6 as “the fundamental mode”.
Above V=1.974V, as shown in Figure 2(b), the grey level of the petals
changes alternatively along the azimuthal direction. This pattern is
also observed in the numerical simulation and named as “the bicolored
petal pattern” [15]. The appearance of the bicolored petal pattern is
caused by the growth of a half subharmonic of the fundamental mode,
i.e., k() =3.

Above V=2.023V, the static petal pattern becomes unstable and
changes to the dynamical pattern. For V=2.048V, as shown
in Figure 2(c), regularly propagating patches appear in the petals.
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FIGURE 2 Upper part: instantaneous snapshots of the observed patterns for
different values of the applied voltage: (a) 1.974, (b) 2.023, (¢) 2.048, (d) 2.074,
and (e) 2.151V. The diameter of the pattern is 10 mm. Lower part: correspond-
ing space-time plots; the abscissa and ordinate correspond to the azimuthal
angle (0 <0< 2n) at r=3.0mm and to the time (0 <t < 12s), respectively.

By further increase of V, the propagation of patches becomes irregular
(see Figure 2(d)) and then the system develops a fully turbulent state
in which reconnection of the petals also occurs (see Figure 2(e)). In this
state, the six-fold petal order breaks, except for the center region in
which the petal structure is partially sustained by the rotational
boundary condition. Above V=225V, the well-developed chaotic
pattern disappears because the system exits the bistable region.

The voltage dependence of the power spectrum P(r, k) at r=3 mm
is shown in Figure 3. Since the spatial rotation in the feedback exerts

P(r=3mm,kg) [a.u.]

FIGURE 3 Applied voltage dependence of the power spectrum P(r,kq) at
r=3mm.
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FIGURE 4 Applied voltage dependence of the power of the major modes £y =6
(filled symbols) and 3 (open symbols) at r=2, 3 and 4 mm.

a strong boundary effect on the pattern, P(r, k) has peaks at the fun-
damental and its multiple harmonic modes. Therefore, it is expected
that these modes play important roles in the bifurcation process.
In addition, it should be noticed from Figure 3 that under
1.974V <V <2.024V the ky=3, 9 and 15 modes indicated by dotted
arrows grow rapidly. Then, the applied voltage dependences of the
power of two important modes, i.e., kpy=6 and 3, at r=2, 3 and
4mm are plotted in Figure 4. The power of the fundamental mode,
P(r,6), has a peak at V=1.974V and decreases monotonically as
the increase of V. Both P(r,12) and P(r,18) show a dependence with

‘- V=2.023V

0.9
E 03
g ,
[ap]
T 07 2.048V
S

0.6F ™

2.099V
0.5 e [
o 1 2 3 4 5

t[s]

FIGURE 5 Applied voltage dependence of the time correlation function at
r=23.0mm. Solid curves: experimental data. Dotted curves: theoretical fitting.
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V similar to that of P(r, 6). Concerning the k,=3 mode, on the other
hand, P(r =4mm, 3) and P(r=2,3mm, 3) have peaks at V=1.999V,
and 2.023V, respectively.

Typical curves of the time correlation function are plotted in
Figure 5. To estimate the relaxation time of the fluctuations, C(r,t)
is fitted by a simple decay function:

C(r,t) = (1—-Cy)exp (— %) + Cx,

where 7 is the relaxation time and C_, the asymptotic value of the
correlation function at ¢ — oo. The solid and dotted curves in

10~
gL V V]
. —— 2226
=2 |~ 2.200
- 6- - 2.175
K - 2.151
=) - —-<— 2.125
= 4t —— 2.099
- 2074
-2 2.048
2+ o |~ 2.023
0 1
1 5
10

—+— 4.0

—— 4.5
| 1 1 J
210 215 220 225
VIV]
(b)

FIGURE 6 Experimentally determined fluctuation relaxation frequency 1/
as a function of (a) the radial distance r from the center of the pattern and
(b) the applied voltage V.
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Figure 5 correspond to the experimental data and fitting results,
respectively. The radius and the applied voltage dependencies of the
relaxation frequency, defined by 1/7, are shown in Figure 6(a) and
6(b), respectively. As shown in Figure 6(a), the fluctuations start
around r ~2.5mm under V~2.023V. Concerning the center part of
the image whose radius is less than 1.5 mm, as shown in the circles
in Figure 6(b), the fluctuations do not develop so much because the
boundary condition imposed by the spatial rotation is very strong in
the center part.

The time correlation functions for the fundamental mode 2y =6 and
its subharmonic mode k9= 3 at » =3 mm are shown in Figure 7(a) and

1.0
V=2.023V

0.8
2.048V

0.6-

E 04k
~ 2.074V

0.2 2.099V :

C5(r,t)

t[s] r=3mm
(b)
FIGURE 7 Experimentally determined time correlation functions for

(a) the k=6 and (b) the ky=3 mode at the radial distance r =3.0 mm and
for different values of the applied voltage.
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(b), respectively. Although it is difficult to estimate the relaxation time
for each mode from the irregular shape of the correlation functions
shown in Figure 7, it is possible to roughly evaluate the characteristic
features of the both modes. Under V=2.023V, Cg(r, ¢) is almost unity,
whereas, Cs(r, t) decreases with small oscillations. Generally speaking,
the oscillation of the time correlation function is caused by temporal
oscillations of the pattern. In the present case, the regularly propagat-
ing patches on the petals along the azimuthal direction, shown in the
Figure 2(c), may be at the origin of the small oscillations. Therefore, it
can be conjectured from these results that the ky=3 is an unstable
mode that plays an important role in the bifurcation. When continuing
to increase the applied voltage, the regularly propagating motion
changes to an irregular one. As a result, the oscillations of Cs(r, ¢) loses
periodicity as shown in Figure 7(b). Above V=2.048V, both Cg(r,t)
and Cjs(r,t) decrease with irregular oscillations. If we increase the
number of averaging in the calculation of Cj(r,¢), such irregular
oscillations eventually smooth out. In the voltage regime 2.023V <V <
2.074V, the decrease of Cg4(r,t) is faster than that of Cs(r,t). On the
other hand, above V=2.074V, there is no remarkable difference in
the decay speed of Cg(r,t) and Cs(r,t).

V. CONCLUSION

The spatio-temporal fluctuations of the petal patterns are investigated
experimentally in terms of spatial power spectra and time correlation
functions. When a spatial rotation with A==/6 is introduced in the
feedback loop, the six-fold static petal pattern appears at the onset
of the bistable voltage regimes. As the applied voltage increases, the
amplitude of the six-fold petal pattern develops, which is characterized
by an azimuthal spatial wave number k,=6. Slightly below the
threshold voltage Vy, for the bifurcation from the static to the fluc-
tuating pattern, the amplitude of the mode with k,=3, that is the
subharmonic mode for the six-fold petal pattern, increases rapidly.
As a result the bicolored petal pattern is formed. Just above Vi, the
patches, that propagate along the azimuthal direction regularly,
appear on the petals that may be caused by the fluctuations of the sub-
harmonic mode. Further increase of the applied voltage breaks the
six-fold symmetry of the petal pattern, except for the center part,
and then the system is lead into a well-developed turbulent regime.

The experimental data obtained in the present work reveal the
characteristic behavior of the 2y=3 mode. Further theoretical pro-
gresses are required to better characterize its role in the bifurcation
from the static to the fluctuating six-fold petal patterns.



Downloaded by [University of California, San Diego] at 14:21 08 August 2012

Dynamics of the Petal-like Patterns 35/[1505]

REFERENCES

[1] Buka, A. & Kramer, L. (1996). Pattern Formation in Liquid Crystals, Springer-
Verlag: New York.
[2] Akhmanov, S. A., Vorontsov, M. A., & Ivanov, V. Yu. (1988). J.E.T.P. Lett., 47, 707.
[3] Akhmanov, S. A., Vorontsov, M.A., & Ivanov, V. Yu., Larichev, A. V., & Zheleznykh,
N. L. (1992). J. Opt. Soc. Am. B, 9, 78.
[4] Vorontsov, M. A. & Miller, W. B. (1995). Self-Organization in Optical Systems and
Applications in Information Technology, Springer-Verlag: Berlin.
[5] Neubecker, R., Oppo, G. L., Thuering, B., & Tschudi, T. (1995). Phys. Rev. A, 52, 791.
[6] Arecchi, F. T., Boccaletti, S., Ducci, S., Pampaloni, E., Ramazza, P. L., & Residori, S.
(2000). J. Nonlinear Opt. Phys. Mater., 9, 183.
[7]1 Residori, S. (2005). Phys. Rep., 416, 201.
[8] Adachihara, H. & Faid, H. (1993). J. Opt. Soc. Am. B, 10, 1242.
[9] Ramazza, P. L., Residori, S., Pampaloni, E., & Larichev, A. V. (1996). Phys. Rev. A,
53, 400.
[10] Clerc, M. G., Residori, S., & Riera, C. S. (2001). Phys. Rev., E 63, 060701 (R).
[11] Khoo, I. C. (1995). Liquid Crystals: Physical Properties and Nonlinear Optical
Phenomena, Wiley-Interscience Publication: New York.
[12] Oriahra, H., Satou, Y., Nagaya, T., & Ishibashi, Y. (1998). J. Phys. Soc. Jpn., 67,
2565.
[13] Nagaya, T., Takada, T., & Oriahra, H. (1999). J. Phys. Soc. Jpn., 68, 3848.
[14] Nagaya, T. & Oriahra, H. (2000). J. Phys. Soc. Jpn., 69, 3146.
[15] Nagaya, T., Yamamoto, T., Asahara, T., Nara, S., & Residori, S. (2008). J. Opt. Soc.
Am. B, 25, 74.



