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Abstract

We report the emergence of a space-time disordered dynamical regime from a regular, patterned state in a system formed by
a Liquid Crystal Light Valve (LCLV) with nonlocal feedback. This is obtained for increasing the amplitude of the supply
voltage applied to the LCLV, thus inducing a strengthening in the nonlinear coupling between light and matter in this device.
Evidence of loss of correlation of the signal is given both in the temporal and in the spatial domain. A comparison is drawn with

turbulence in hydrodynamics.

1. Introduction

The study of highly disordered spatio-temporal
regimes in nature represents a subject of large interest
with respect both to the basic fundamental mechanisms
underlying these phenomena, and to the practical impli-
cations of their occurrence in many systems. Histori-
cally, these regimes were first observed and analyzed
in fluids, and named *‘turbulent’’. It was then recog-
nized that, under quite general circumstances, turbu-
lence in three-dimensional fluids is characterized by an
energy cascade from large to small spatial scale [ 1,2],
resulting in the appearance of some power law depend-
ence on a power spectrum within a well-defined range.

More recently the occurrence of highly irregular spa-
tio-temporal behaviours has been reported in different
contexts, such as simulations on partial differential
equations [3], coupled map lattices [4], experiments
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involving excitable media [5], or optical devices
[6,7.8].

Here we report the appearance of spatiotemporal dis-
order in an optical device consisting of a LCLV with
nonlocal feedback. We found this system well-suited
for studying this phenomenon, as it displays the follow-
ing characteristics:

(1) A large Kerr-like nonlinearity, leading to the
excitation of chaotic regimes with low-power lasers.

(ii) A slowresponsetime of 7==0.1 s, allowing easy
recording of spatio-temporal data.

(iii) High spatial resolution, limited by diffusion
processes in the LCLV photoconductive layer to a
length of /;= 10 pm.

For hydrodynamical systems, the crucial parameter
for the appearance of turbulence is the ratio between
the outer scale of the system under investigation and
the inner scale as dictated by dissipative processes. In
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the case of atmospheric turbulence, this ratio can typi-
cally be as large as 10*~10°. The analog of this param-
eter in our system is the ratio D/l  between the size of
the LCLV and the diffusion length, between 10? and
10%. This value of D/, poses a strong dynamical range
limitation to the measurement of the power spectra in
the case of our system, as compared to hydrodynamical
ones. For this reason it is at present difficult to draw a
direct comparison between the quantities characteriz-
ing fluid turbulence and those related to dynamical
regimes observed in optics. Hence, we find it appro-
priate to call the optical phenomenon here reported as
a ‘‘space-time chaotic’’ one, this definition involving
simply a loss of correlation of the signal both in space
and time [9] at a well defined small scale, without a
cascading process.

2. Experimental set-up

Fig. 1 shows the nonlinear optical system used,
which incorporates a LCLV and 2D feedback with field
rotation (the OK system [6]). In our experiments we
use the OK system to analyze regimes of well-devel-
oped spatio-temporal chaos, and the transition from the
pattern formation process to chaos. Examples of output
laser beam intensity using this system are shown in
Figs. 2a—c. The linearly-polarized beam from the argon
laser (A=>514 nm, power 10 mW/cm?) is expanded
by atelescopic system (lenses Lyand L) to a diameter
of 20 mm. The LCLV is placed in the focal plane of
lens L, (focal length 36 cm).

The LCLYV consists of a nematic liquid crystal (LC)
layer with planar orientation of the molecule axis. This
orientation (the director of LC) is at an angle of 7/4
with the incident light polarization. The LC layer is

Fig. |. Schematic of the experimental setup.

placed in front of a dielectric mirror M and photocon-
ductive layer PC, both separated by a nontransparent
blocking layer. After double passage through the LC
layer the extraordinary component of the incident field
obtains an additional phase modulation «(r, t). This
phase modulation is a function f(I) of the intensity
distribution I(r, t) incident on the photoconductive
layer. The function u = n, tanh(7), where n, character-
izes the LCLV’s nonlinearity properties, is a good
approximation of the modulation characteristics [ 10].
The coefficient n, is a function of the amplitude and
frequency of the voltage applied to the LCLV.

The diaphragm D, placed in front of the LCLV trun-
cates the beam diameter to 14 mm as it enters the
LCLV. The reflected beam, now having an additional
phase modulation on the extraordinary component,
again passes through lens L, then the beam splitter BS,
and onto the feedback loop formed by lens L,, polarizer
P, and optical fiber bundle FB. Lenses L, and L, have
identical focal lengths and a common focal plane co-
located with diaphragm D,. The input end of the optical
bundle is placed closed to the back focal plane of lens
L, (plane Pgg). The optical fiber bundle transfers the
image impinging on it to the LCLV photoconductive
layer, thus closing the feedback loop.

Polarizer Pl is orthogonal to the direction of incident
light polarization. This polarizer transforms the phase
modulation of the incident light extraordinary compo-
nent into an equivalent intensity modulation. After
propagation through the optical feedback loop this
modulated field is incident on the end of the fiber bundle
FB, which serves as a waveguide for the beam. To
produce unstable regimes leading to pattern formation
and to space—time chaos, we include non-local inter-
actions. To accomplish this, the end of the optical bun-
dle in the plane Pgg is rotated around the optical axis
by an angle A. The result is that points in the beam
cross section separated by the angular distance A now
interact directly.

A CCD camera connected to a frame grabber is used
for registration and analysis of the intensity distribution
in the beam cross section within the optical feedback
loop. The beam splitter BS and CCD camera provide
measurements of the intensity distribution in the plane
Pgs, that is, measurement of the intensity profile on the
LCLYV photoconductive layer.

By changing the amplitude of the LCLV applied
voltage or the intensity in the optical feedback it is
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Fig. 2. Typical transversal patterns (left) and space-time evolution on a circle (right) for A=28° and different voltage amplitudes V, applied
to the LCLV. a,d: V,=13.2 V (white curve indicates the positions r; for the space-time plots); b, e: Vo=13.6 V;c, f: Vy=14.7 V.

possible to produce a transition from multipetal patterns 3. Measurements of temporal and spatial

[8], that can be stationary or rotating depending on the statistical properties

value of the angle A, to the regime of space-time chaos

(Figs. 2a—). Increasing the applied voltage amplitude To determine spatial statistical characteristics of the

likewise increases the nonlinear parameter #,. developed chaotic regime, we require uncorrelated
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Fig. 3. Temporal autocorrelation function for intensity fluctuations

measured at one point of the signal beam cross section for the three
applied voltages V,, A=28".

samples. Therefore, first we examine the temporal cor-
relation function

C(7T) =U(rg, t+71) I(ry, )Y/ {I*(ro, 1)),

where r, is a reference point and brackets denote time
averaging. For determination of C(7) shown in Fig. 3
we collected a time series I(r,, t) of intensity measure-
ments for one pixel of the CCD camera over 12 second
intervals for three different voltages V,,. We use a value
of A= 28° that leads to the formation of rotating struc-
tures. The presence of these structure causes the peri-
odic nature of the correlation function shown in Fig.
3a, and the lack of this structure is apparent in the well-
developed chaotic regime (Fig. 3c).

Notice the autocorrelation function first passes
through zero for all three voltages after approximately
one second. To have time-independent images for anal-
ysis of spatial statistics, we choose a time delay between
consecutive frames of three seconds. The second time
scale in our analysis is the recording time for one frame.
This time 7 =0.02 s is determined by the still fre-
quency of the standard TV signal from the CCD cam-
era. This time is short enough to ignore changes in the
intensity distribution from the top to the bottom of the
frame. For each frame, we sample values of the inten-
sity distribution along a semicircle of radius r,, =5 mm

where the full aperture size R is 7 mm. This semicircle
is centered along the optical axis, and consists of the
circular arc swept out as the radial vector is varied from
0° to 180°. An example of data taken along this semi-
circle is given in Fig. 2b. This geometry is required
because of the circular symmetry of the rotatory waves,
the disintegration of which leads to the well-developed
chaotic regime we wish to analyze.

We see evidence of partially-destroyed rotatory
waves in the two-dimensional space—time plots shown
in Figs. 2d,e,f. Each line of the space—time plot repre-
sents time evolution of the intensity distribution meas-
ured along the semicircular arc mentioned above. The
line extracted from the first frame corresponds with the
top of the space—time plot, and the last line of the space—
time plot corresponds to the last frame. The time inter-
val between consecutive frames of the space-time plot
is three seconds. In Fig. 2d and 2e evidence of the
rotating six-petal wave appears as three wide oblique
lines on the random background. In the case of space—
time chaos the space—time plot transforms into a ran-
dom field (Fig. 2f).

We choose traditional statistics from the study of
random fields to analyze statistical properties of the
well-developed space~time chaotic [ 11]. The second
order structure function for the data along our semi-
circular arc is given by

S(8) =(I(r, b, 1)
=I(r, 6+ 8, 1) 12)/2¢I*(r, 65, 1)) ,

where (r, ) is a point on the arc, and the brackets
denote averaging by equivalent separated by three sec-
onds.
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Fig. 4. Structure functions measured for points on the circular arc
shown in Fig. 2a for A=28°.



496 F.T. Arecchi et al. / Optics Communications 117 (1995) 492—496

Fig. 4 gives results of calculations of S(8) for the
three different applied voltages. The presence of the
periodic petal structure appears in Figs. 4a and 4b as a
periodic modulation of S(8). In the space—time chaotic
regime the structure function does not have sharply
outlined periodic components (Fig. 4c).
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