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Nonlinear Interaction of Light with Transversely Moving Medium
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Interaction of a light beam with matter reveals extreme sensitivity to transverse motions. Spatio-
temporal delocalization of interaction and diffusive transport of light-induced perturbations is revealed
through a new family of diffraction patterns. The response of the medium to the transverse
motion of the light enhances near the second order phase transition point. The phenomeno
has large application potential for the study of motions that are beyond the power of Doppler-
effect-based methods, and suggests fundamental problems about critical processes with nonstationa
influences. [S0031-9007(96)01407-X]
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Nonlinear interaction of liquid crystals (LC) with lase
beams has become one of the most interesting parts of
nonlinear physics [1–5]; see also the monographs [6,
This interaction is distinguished by a number of uniqu
quantitative and qualitative features.

Quantitatively, large reorientation of LC molecule
su , 1 radd can be achieved in the beam of low-powe
laserssP , 10 100 mWd, and can have relaxation time
of the order of seconds. Given high optical anisotropy
LC, such a reorientation of its optical axis leads to remar
able changes in the phase of the beamsdF , 100 radd
which, therefore, can be easily measured. The m
straightforward and most popular method of determinati
of the phase shift is the calculation of the number of t
fringes of such an “intrinsic” interference,N ­ dFy2p

[6,8]. This simplest method provides remarkable acc
racy due to a typically large number of fringes. Esse
tially better accuracy of phase measurements is achie
by registration of the intensity on the axis of the outgoin
beam [9,10].

Qualitatively, the state of LC is described by two angle
determining the orientation of its optical axis (the director
These angles allow strong modulations in space giving r
to a large number of spatial modes of deformation. T
character and strength of excitation of these modes dep
essentially on the geometry of the experiment.

Such a multitude of control and behavior parameters,
addition to the strength of interaction, leads to the obser
tion of many interesting nonlinear phenomena with sm
modifications of the experimental geometry [6]. Thu
for a homeotropically oriented nematic LC (NLC) (th
molecules are perpendicular to the boundaries of the ce
the reorientation is proportional to the power density of t
radiation for an obliquely incident beam of extraordina
polarization. At normal incidence of a linearly polarize
beam, the reorientation acquires the features of a ph
transition of a second order; it takes place above a thre
old intensity of the radiation. With a normally inciden
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elliptically polarized beam, the orientation of NLC reveal
complex nonlinear dynamics like precession and nutatio
[3]. At small angles of incidence of an ordinary polarized
beam, an intriguing unique scenario to chaotic oscillation
of the director has been reported [5].

We will present here the results of experimental an
theoretical investigations of a new physical situatio
which puts forward new fundamental problems, nonlin
ear interactions, and phase transitions in nonstationa
complex media, and suggests new opportunities in las
velocimetry. We provide evidences that transverse m
tion of LC relative to the light beam modifies essentiall
their interaction and leads to new nonlinear phenomen
diffusive transport of light-induced perturbations, tempo
ral instability, formation of a new family of self-induced
diffraction patterns. Some simplest features of the o
served phenomena are rather universal for all materia
which exhibit nonlinear response to one or other influ
ences (optical, acoustical, etc.).

In our experiments, the radiation of an Ar1 laser
(Stabilite 2017 of Spectra-Physics, the wavelength of th
radiationl ­ 0.514 mm, the beam radiusb ­ 0.75 mm
1ye2 of intensity) is focused with a lens of focal length
f ­ 20 cm upon a homeotropically oriented NLC-cel
(E7 of BDH) of thicknessL ­ 50 mm. The cell is
positioned on a motorized moving stage. The speed
motion of the stage can be chosen in the range 0.
40 mmys with 0.1mmys accuracy. Both the speed of
motion and the position of the cell are controlled b
a computer. An image processing system was used
capture and analyze the far field profile of the beam.

The typical pattern of self-phase modulation consistin
in a system of annular rings is formed in the far field zon
when the stage is still. When the stage is brought in
motion, the pattern is deformed, Fig. 1(a), and the numb
of rings decreases. During relaxation, half of the patte
on the opposite side of the motion may completely shrin
leaving a weak flickering shadow of a system of spot
© 1996 The American Physical Society 3355
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FIG. 1. The patterns formed at the output beam for differe
states of motion: (a) deformation of rings for slow motions, (b
the arc pattern for faster motion. The arcs are directed towa
the direction of motion of the NLC-cell with respect to the
laser beam.

Fig. 1(b). Formation of these patterns is accompanied
huge changes in the divergence of the beam which m
become of the order of 0.1 radians resulting in tens of c
linear sizes of the patterns at a distance from the NLC-c
of about 1 m.

With changing speed of motionDy, the changes in the
number of fringesDN, as well as changes in their form
and divergence angle, are so drastic that they can be u
to characterize the NLC reorientation. Registration of th
number of fringesN is a sufficiently accurate method
(10%) only for a large number of fringessN , 10d;
however, being interested in qualitative characterizati
of the effects, we usedN in all experiments described in
the present paper. By that, the strength of the influen
of the speed on the interaction of light with NLC is
characterized withDNyDy for a fixed power levelP.

The results of measurements in the nonthreshold g
ometry that is realized when the laser beam imping
upon the sample at an oblique angle and has extraordin
type of polarization are summarized in Figs. 2 and
The strongest dependence ofN on speed is achieved a
approximatelyy ­ 10 mmys. At that speed,DNyDy ,
20.2 smmysd21 for P ­ 722 mW (power density at the
focusI ­ 24 kWycm2).
3356
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FIG. 2. The number of fringesN of intrinsic interference vs
the speed of transverse motiony for different values of the
light powerP in case of nonthreshold interaction of light with
NLC (incidence angle of beam upon the NLCa ­ 25±). Fit
of experimental data with the aid of simplified theory for two
values of radiation powerP ­ 722 and 375 mW.

At a fixed speed, the number of fringesN increases
with powerP, Fig. 3. The slope of the dependence ofN
on P decreases with increasing speed, and there appea
threshold power below which no pattern is being forme
in the beam at the particular speed.

The effect of the transverse motion is even more peculi
in the geometry where the laser-induced reorientatio
of NLC shows critical behavior, presenting, actually, a
second order phase transition; that is, the case of norm
incidence of the linearly polarized light beam on NLC
Figure 4 shows the decrease in the number of fringes wi
increasing speed of motion at a fixed power. In this cas

FIG. 3. Nonthreshold interaction of light with NLC (incidence
angle a ­ 25±): the number of fringesN vs laser radiation
powerP for different values of the speed of motion. The lines
are guides for the eye.
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the sensitivity to the motion,DNyDy , 1 smmysd21,
turns to be remarkably stronger (about 5 times) than th
in the case of noncritical (nonthreshold) interaction. Th
motion with a speed as small as 1mmys reduces the
number of fringes by 1, and a speed of 8mmys suppresses
7 fringes obtained in still NLC for a given power levelP ­
527 mW s17 kWycm2d. The effect of motion is stronger
near the critical power. However, only a small numbe
of fringes is created near the threshold, and the method
counting fringes is not sufficiently accurate in that case.
a fixed speed, the threshold power giving rise to the frin
pattern increases with the speed of motion.

The measurement time in our experiments was typica
about 10 s to ensure the establishment of the stea
state when starting the motion or stopping it. At th
nonthreshold geometry, the steady state was achie
in 6–7 s when stopping the motion, and was large
independent on the initial state. However, at the critic
geometry of interaction, and in a particular range of th
laser power and the transverse speed, the number
fringes underwent temporal oscillations and the stea
state could not be reached during remarkably larger tim
periods. These oscillations were rather irregular, and w
become a subject of future detailed studies. We cou
not attribute them to an inhomogeneity of the NLC-ce
properties: the transverse shifts of the NLC-cell durin
the measurements were usually less than 0.4 mm, a
the parameters of the NLC-cell were homogeneous
much larger scaless,5 mmd which could be checked by
comparing the results obtained in different spots.

We are dealing with a highly complex phenomenon: cr
ical behavior induced by moving perturbation in a mediu
with diffusive nonlinearity. Its theoretical description, es
pecially in case of the critical effects, is related with re
markable difficulties. Let us consider the nonthresho
geometry of interaction within the framework of severa
standard assumptions such as description of the orien
tion state with the aid of only one angleu, strong an-
choring at the cell boundaries (z ­ 0 and z ­ L), and
at
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FIG. 4. The number of fringesN vs the speed of transverse
motion y for the threshold interaction of light with NLC at
different power levels. The lines are drawn as guides fo
the eye.

a Gaussian incident beam. Assuming the beam is mo
ing relative to the NLC along thex axis with a speedy,
the problem can be reduced to a solution of the followin
linearized variational equation for the reorientation ang
usx, y, zd ­ umsx, yd sinspzyLd:

≠um

≠t0
­

≠2um

≠2x0
1

≠2um

≠2y0
2 um

2 j exp

∑
22

sx0 2 y0t0d2 1 y02

sw0d2

∏
. (1)

Herex0, y0 are the Cartesian coordinates in the plane of th
NLC-cell, andw0 is the beam waist radius, both normalized
to Lyp; t0 ­ tyt is the time in units of the characteristic
relaxation time of orientation. The translation velocity
is normalized to the “speed of relaxation”y0 ­ yptyL.
The parameterj is proportional to the intensity of incident
radiation and depends on the geometry of interactio
Fourier transformations allow one to present the stationa
solution of Eq. (1)st ¿ td in the form
umsx, y, td ­ 2j
sw0d2

4p

Z Z expf2 sw0d2

4 sp2 1 q2d 2 ipsx0 2 y0t0d 2 iqyg
1 1 p2 1 q2 1 ipy0

dp dq . (2)
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Equation (2) determines the reorientation magnitude
the director as a function of the speed of motion and th
beam waist radius. Numerical study of Eq. (2) show
that the profile of reorientation is shifted in the maximum
with respect to the beam axissx ­ yt, y ­ 0d due to
the motion. Treatment of the experimental results wou
consist in determination of this maximal reorientatio
as a function of the speed, beam waist size, pow
and intensity. The obtained Eq. (2) allows numerica
treatment only; we will present derivation of Eq. (2) an
detailed study of its consequences elsewhere.

To gain more physical insight into the problem, w
have to sacrifice with the accuracy and fullness of th
of
e
s

ld
n
er,
l

d

e
e

description. Assume that the material experiences
influence of the moving laser beam as only a loc
change of radiation intensity in time. This correspon
to neglecting the effects of transverse distribution
the intensity, the spatial nonlocality of the materia
response, and diffusive transport of perturbations. In su
an oversimplified model, the reorientation of NLC wil
effectively take place during the time when the beam
moved across the NLC-cell over a distance equal to
diameter2w: T ­ 2wyy. Let us describe the dynamics
of the nonthreshold process with a simple exponent
law of relaxationustd ­ usf1 2 exps2tytdg, whereus is
the stationary value of the orientation achieved att ¿ t,
3357
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and t is the characteristic relaxation time. Thus, th
magnitude of maximal reorientation of NLC which can
be achieved in the moving beam can be evaluated as

ustd ­ us

∑
1 2 exp

µ
2

2w
ty

∂∏
. (3)

With the aid of (3), one can evaluateDuyDy ,
sustywdh2e2h where h ­ 2wyyt. Thus, the largest
responseDuyDy is achieved at the speedy0 ­ wyt. In
our experimenty0 ­ 15 mmys since w ­ 44 mm and
t ­ 6 s. The minimal change in the speed which sti
can be sensed issDydmin , sDuminyusdy0 whereDumin is
the magnitude of the change in NLC orientation that ca
be registered with a particular method of measureme
One fringe accuracy ensuresDuminyus ­ DNyNs ­ 0.1
and, hence,sDydmin , 1 mmys. The sensitivity to the
motion when the initial stationary state is the state o
rest isymin ­ 2y0y lnsDuyusd , y0 , 10 mmys in good
accord with the measured values. The fit of experiment
data with the expression (3) shows good coincidenc
particularly for large power density and slow motions
Fig. 2.

Evaluation of the slopeDNyDy at the optimum speed
y0 givesDNyDy ­ 20.5Nstyw , 20.025Ns, which is
also in reasonable agreement with the experimenta
obtainedDNyDy ­ 20.2 smmysd21 for Ns ­ 11 sP ­
722 mWd. These results reflect the circumstance that th
smaller is the transverse size of the beam and the larg
is the relaxation time of the medium, the stronger is th
spatiotemporal decoupling of the beam and the mediu
for the given speed of translation.

For the geometry of the experiment when the reorient
tion takes place as a phase transition of the second ord
the characteristic relaxation time is critically enhanced fo
the laser beam power density close to the threshold pow
density:tOFT ­ tysPyPF 2 1d. Therefore, in the light
of the above discussion, the sensitivity of the interactio
to the relative motion of the NLC with respect to the
beam remarkably increases:ymin , sDuyusdy0sPyPF 2

1d. Noting that electro-optical schemes allow registratio
of dF with much higher accuracy than that correspond
ing to one fringe of the intrinsic interference (the phas
shift can be determined with much better accuracy tha
2p), one can anticipate the possibility of detection of ex
tremely slow motionsy , 100 nmys.

Criticality leads also to qualitative peculiarities. Thus
the transverse modes of reorientation are essentia
intercoupled due to spatial nonlocality of the laser bea
influence. The dynamics of the process is thus describ
by a system of first order differential equations whic
usually reveals oscillatory behavior. One may expe
“catastrophes,” jumps and hysteresis, in the orientatio
state of the medium with smoothly varying contro
parameters since the speed of transverse motion prov
3358
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to be as essential a control parameter as the power
radiation.

The phenomena under discussion are not only
fundamental interest but also have large applicati
potential. Thus, it can be applied to visualization an
registration of slow motions and rotations, to powe
and intensity measurements of laser beams, as w
as to measurements of nonlinear optical properties
materials along with the well-knownz-scan method [11].
Optical nonlinearity, particularly of thermal origin, is
characteristic to actually all materials [12], and importa
applications of the results under discussion may beco
characterization of convective motions in liquids and
atmosphere; see [12,13] as well as references in [12]. I
interesting to note that the effect under discussion sugge
new principles of “nonlinear laser velocimeters”’ which
are able to register motions of atransparentmediaacross
the beam:a situation where Doppler-effect method
cannot be applied.
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