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ABSTRACT

Investigations of interaction of laser beams with liquid crystals reveal new fundamental features of
nonlinear dynamic systems. Those features are connected with the giant values of optical nonlinearity,
multitude of control parameters, specific properties of light propagation in highly anisotropic and
inhomogeneous media, and multidimensional (vector) character of light-induced modulations of liquid
crystals. Exceptional opportunities to visualize complex spatio-temporal phenomena in real time, in simple
experimental situations, and with utilization of low-power lasers and thin layers of materials, provide a great
potential for the design of low-cost and portable set-ups for modeling, demonstrations, and general
educational purposes.
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1. COMPLEXITY OF NATURE AND THE PROBLEM OF ITS EXPLORATION

Unpredictability, oscillations, instabilities in time and in space, jumps and hysteresis are common
to most of natural processes. Wonderful achievement of the recent years have refined the methods of
describing complex phenomena, and have established the terms and parameters to characterize them'.
Most important consequences of these investigations are the concepts of deterministic chaos and
spontaneous pattern formation. In the first case, the systems, which are described by nonlinearly coupled
deterministic equations, exhibit chaotic behavior in time. In the second case, the homogeneity of a system
breaks down, forming spatial patterns of self-organization. The "nonlinear science" possesses not only
descriptive, but also predictive power, relating the most intricate features of a process to the number of
control parameters, and the parameters, describing the state of the system > Thus the complexity of natural
processes is due to the multitude of control parameters, multitude of parameters describing the state of a
system and it is born by the nonlinear character of interactions.

Description and characterization of complex phenomena is of vital interest for many disciplines.
Learning the principles, understanding, and describing nonlinear phenomena, has become nowadays an
essential attribute of successful technological developments, scientific research. It influences the philosophy
of science as a whole. It is a highly complicated problem, to carry out investigation of fundamental
properties of complex phenomena. First of all, many of them (like weather), "are given and controlled by
God," and leave minor opportunities for experimentation. Second, most of complex phenomena hardly
allow quantitative characterization, precise measurements, and effective control.

Physical systems are among the simplest ones for realization and investigations of complex
phenomena, since they provide the opportunity to control the system and the character of interactions,
determining its state.

While development of fundamental investigations is correlated with the possibility of interactive
observations and experimentation, the necessity to teach to describe and characterize the principles of
complex phenomena, put forward even more severe requirements. First, the model systems should be
comprehensible, assuming basic knowledge only. Second, the experimental set-ups should be
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affordable for the budget and space of educational institutions. Experimental situations should be easily
modified for different demonstrations, be safe and combine education and entertainment into a single
process, since learning is, to a large extenth, gained experience.

It is very hard, however, to achieve these goals with conventional physical
systems. For example, modeling through electronic circuits is not visual and requires very special
knowledge. Phenomena like turbulent motion in liquids, though simple for experimental realizations, allow
rather limited opportunities for manipulations. It is even more difficult to deal with chemical reactions, like
Zhabotinskii-Belousov's process.

The stage for research and education to complex phenomena has thus been surrendered to
computers, which can be programmed to play any scenario of turbulence and chaos. The value of these nice
"movies" about strange attractors and pattern generation would be much higher, if they accompany physical
demonstrations.

2. LASER BEAM INTERACTION WITH MATTER AS A SOURCE OF COMPLEX
PHENOMENA AND A POWERFUL TOOL FOR DEMONSTRATIONS

Recent years proved that nonlinear optical phenomena provide, perhaps, the most striking
"pictures" of complex behavior>*. Moreover, the "dry hydrodynamics," as spatio-temporal processes in
nonlinear optics are sometimes termed, ensure the largest variety of experimental conditions, best control of
the situation, and most precise registration of observation results. Description and visualization of complex
phenomena, presented in scientific literature, ultimately suggest, that nonlinear optics is the most suited and
comprehensible candidate for modeling and demonstrations for educational purposes.

However, conventional nonlinear optical experiments still encounter the problem of utilization of
either high power expensive lasers operating in pulsed regime, or very low-temperatures and complicated
registration schemes. Besides, the parameter of the material being influenced by a laser beam is usually a
scalar quantity (like temperature or density of charges), putting additional restrictions to the effectiveness of
control.

Luckily, there are materials, capable of exhibiting the widest spectrum of complex phenomena with
inexpensive, low-power, continuous wave small lasers, with slow dynamics of processes, taking place in the
temporal range of seconds and minutes, and at room temperature. These materials are liquid crystals (LC)’.
They are available commercially in huge variety, due to the developments of LC-display industry. They are
cheap, are used in very thin layers (less than 100 pm thickness) and in extremely small quantities to prepare
a "monodomain" LC-cells for experimentation.

3. LIQUID CRYSTALS AS THE IDEAL MEDIA FOR NONLINEAR-OPTICAL
STUDY OF COMPLEX PHENOMENA

The specific mechanism of interaction of the laser radiation with LC consists in collective
reorientation of the LC-molecules by the electric field of the light, Fig. 1.

Being similar to the LC-reorientation, induced with a dc-voltage in LC-displays, this is, however, a
fundamentally new physical phenomenon. It has been under intense investigations during the last about 15
years, exhibiting remarkable richness of unique features, even with the simplest, nematic type of LC ®”.

Unlike solid crystals, reorientation of the optical axis of LC does not require rotation of the crystal
as a whole, and is not correlated with macroscopic motion of mass. The forces behind the orientation of LC
(orientation of LC's optical axis) are rather weak, and can be overcome with radiation intensities as low as
100 W/cm?, easily achievable with laser power 10-50 mW. Reorientation of LC influences strongly the

SPIE Vol. 2525/ 423



propagation properties of light, since the optical anisotropy of LC is as high (and even higher), as for many
solid crystals praised for high birefringence.
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Fig.1. Schematic representation of reorientation of molecules of a LC induced by laser radiation:
a) LC is sandwitched between transparent glass plates which are treated to align the molecules
perpendicular to the plates; b) incident laser radiation exerts a torque on molecules yielding a tilted
orientation.

Thus the nonlinear optical constants of LC, characterizing the strength of interaction of laser
radiation with LC, turn to be billion times larger than for other liquids and for the most of solid crystals
operating at normal conditions. The parameter of LC, which is modulated with the action of a laser beam, is
the orientation of the optical axis, i.e. it is a vector. This gives rise to a whole spectrum of new possibilities,
compared to scalar optical nonlinearities. Moreover, orientational nonlinear optical phenomena in LC can
be easily controlled by external fields, like a dc electric field, temperature gradients, etc. They have non-
resonant character, and can effectively take place for any wavelength of laser radiation. Besides the above
mentioned features, LC offer an exceptional opportunity to demonstrate and study fundamental properties
of light propagation and interaction in highly anisotropic and strongly inhomogeneous media.

The following phenomena have been observed so far, and can make a basis for a kit of interactive
demonstrations, affordable for educational institutions: 1. External self-focusing (aberrational nonlinear
lens)®” . 2. Threshold phenomena and phase transitions 2. 3. Catastrophes *''. 4. Temporal instabilities
from periodic oscillations to stochastic dynamics and strange attractors '2. 5. Pattern formation a) in
feedback systems >, and b) due to light-induced caustics and interference . 6. LC light valves for
demonstrations of time reversal (phase conjugation) .

One more important phenomenon of fundamental physics, which is strikingly exhibited, when a
laser beam crosses a LC-cell, is the fluctuations of the orientation of molecules of LC due to Brownian
motion. This motion reveals itself as chaotic wandering of bright spots of light scattered by LC.

It is important to note, that the mentioned and other phenomena can be realized in one and the
same system, with straightforward modifications of control parameters: incidence angles, polarization and
intensities of laser beams. Stress out that the “intimate” details of nonlinear dynamics of the interaction of
laser beams with LC can be just projected to the screen, in the form of high brightness and high contrast
annular ring system Fig.2. "Breathing" of that ring pattern is what can be observed with a naked eye, and
measured with a usual watch.
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Liquid crystal

Fig.2. Reorientation of LC induced by a laser beam gives rise to an annular ring pattern with the
number of rings being the measure of the reorientation magnitude. Oscillations in the number of rings
reveals the dynamics of the reorientation of LC. The divergence angle of the outermost ring can be as large
as 45 degree.

Both lasers and LC are essential parts of the present-day technologies, underlying optical
communication, information display and processing, measurement, and entertainment systems. Involvement
with modern technologies contributes highly to the attractiveness of investigation and demonstration of
complex phenomena with the aid of processes, taking place as a result of interaction of laser beams with
LC. The pedagogical principles of teaching nonlinear optics, in particular, and complex phenomena, in
general, were implemented for several years at the Moscow Institute for Engineering and Physics, Russia, at
the University of Calabria, Italy, and were practiced in other educational institutions.
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