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Laser-induced beam bending and the far-field asymmetric diffraction ring pattern due to the self-bending and
asymmetric spatial self-phase modulation (SPM) effects in nematic liquid-crystal films are investigated. The
measured far-field patterns are in good agreement with numerical calculations based on the diffraction theory,
taking into account the two dimensionality of the problem, the nonlocal effect, and the wave-front curvature
effect. The individual contributions of the aforementioned effects to the far-field pattern are analyzed for the
first time. It is shown that the outermost diffraction peak of the far-field pattern is not the strongest one and
that a large fraction of the transmitted intensity remains in the central region (within %6 mrad of the beam
axis). Merging of some of the diffraction peaks in this region should also occur. Although the transmitted
beam does deflect, the deflection angle does not increase monotonically with the incident laser intensity, as is
the case for a purely Kerr-like medium. In the experiments discussed here, higher-order effects are present.
As an example, it is shown that equally pronounced third- and fifth-order nonlinear optical SPM effects are
responsible for an observed five-ring asymmetric ring pattern.

1. INTRODUCTION

The interaction of nonlinear-optical materials with a laser
beam with an asymmetric intensity profile was first con-
sidered by Kaplan® two decades ago. Exiting the medium,
the beam was predicted to deflect from the original direc-
tion of propagation. This was referred to as the self-
bending effect. In general, diffraction and self-focusing
effects must also be considered. Self-bending is poten-
tially useful in a number of applications, e.g., beam scan-
ning,! optical bistable devices,> power limiting,>*
measurement of the nonlinear index of refraction,*” and
diagnostics of ultrafast processes.’*® If the nonlinear
film were thin enough, only the spatial phase profile of the
transmitted beam would be altered. In thislimit theoreti-
cal predictions of the far-field diffraction pattern due to a
beam of light with a wedge*® or a semi-Gaussian profile®
in one dimension and a uniform profile in the other dimen-
sion were reported. It was also assumed in these studies
that the third-order nonlinear effect is dominant. That
is, the nonlinear index of refraction is linearly propor-
tional to the laser intensity. Since the problem has been
reduced to one dimension by these authors, it is not sur-
prising that the predicted far-field pattern is identical to
the power spectrum due to self-phase modulation (SPM) in
the time domain': a semiperiodic structure of peaks and
valleys, with the farthest peak from the beam axis being
the strongest. The deflection angle of the beam, as de-
fined by the angular position of the strongest peak, was
predicted to be linearly proportional to the laser intensity.
Earlier experimental studies included observations of the
deflections of beams of a pulsed ruby laser in NaCI" and
semiconductor crystals’?> and of a pulsed CO; laser in
CS;.% 1In these experiments the nonlinear or optical-
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field-induced phases ¢yi were much less than  rad.
Self-focusing effects were also, in general, present. Re-
cently, Swartzlander et al.’*'* reported experimental re-
sults on the self-deflection of a cw laser beam in sodium
vapor near resonance. Self-bending angles as large as
eight diffraction widths (5.9 mrad), as well as strong at-
tenuation of the on-axis radiation, were observed. At
=200°C the self-deflection angle was found to increase
linearly with laser power. That is, the nonlinear index of
refraction was predominantly Kerr-like, or én = nil,
where I is the laser intensity. Moderate saturation of the
self-bending effect was also observed.

In this paper we present, to our knowledge for the first
time, detailed measurements of the far-field diffraction
pattern (up to 20 rings) exhibited by a normally incident
asymmetric cw laser beam traversing a nematic liquid-
crystal (NLC) film. NLC films were selected because of
their large nonlinearity.”® Thin films can thus be used
such that the self-focusing effect and the diffraction effect
in the film itself are negligible. Previously, Khoo et al.'®
studied optical limiting by the self-bending effect in a

NLC film. A low-power inclined-incident cw Ar* ion laser

beam was used. Rings in the far-field pattern were also
reported and were attributed to the spatial SPM effect!’
for the asymmetric case. The deflection angle of the
beam was found to be close to that of theoretical predic-
tions of a Kerr-like medium. In a preliminary report we
showed that equally pronounced third- and fifth-order
SPM effects are simultaneously present in a five-ring
asymmetric diffraction ring pattern.”® Further experi-
ments permitted quantitative comparisons of experimen-
tal results with numerical calculations based on the
diffraction theory, taking into account the two dimen-
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Fig. 1. Experimentally measured transverse profile of the laser beam at the sample position. In the y direction, I(x = 0,y) «

exp(—y*

/2071,%), where 01y = 140 pm; the crosses are the experimental data points. In the x direction, I(x,y = 0) was fitted with two

semi-Gaussian functions with o7, = 60 pm forx < 0 and o7, = 140 um forx > 0; the diamonds are the experimental data points.

sionality of the problem, the nonlocal effects,'*? and the
wave-front curvature effect.2?> The contributions of the
aforementioned effects to the far-field pattern will be dis-
cussed. In addition, we will show the evolution of laser
beam bending and other features in the central region
(within +6 mrad of the beam axis) of the far-field pattern
as the laser intensity changes.

2. EXPERIMENTAL METHODS

Our experimental setup was typical.’®” A cw Ar* laser
beam was focused by a lens and partially blocked (=25%)
by a knife edge approximately 1.5 cm in front of a homeo-
tropically aligned NLC cell of 4-cyano-4'-pentybiphenyl
(5CB) at 25.0 + 0.1°C. The thickness of the cell was
350 um. The laser beam was normally incident on the
sample with an asymmetric spatial profile as shown in
Fig. 1. We measured the beam profile by translating a
pinhole (10-um diameter) across the beam and recording
the transmitted power. Minor undulations were due to
diffraction of the knife edge. Their effects on our results
will be discussed in Section 3. The transverse profile of
the laser beam along the x direction could be approxi-
mated by two halves of semi-Gaussian profiles with e~?
diameters of o7, = 60 um for x < 0 and oy, = 140 pm for
x > 0, where the x axis is the dimension with the trans-
verse profile asymmetry. In the y direction the laser
intensity profile is a symmetric Gaussian function with
an e~? diameter of oy, = 140 um. The 2 axis is along the
propagation direction of the laser. The sample was placed
at a position in front of the focus of a positive lens (f =
75 cm) in the convergent beam. Beam diameters were
measured at the sample and at another position between
the lens and the sample. Since the distance between
these two positions was also known, using similar trian-

gles we estimated the radius of curvature of the beam at
the sample to be R = —25 cm. We used a charge-coupled
device camera with 512 X 512 pixels to record the ob-
served diffraction pattern on a screen approximately
350 cm away from the sample. The laser intensity was
adjusted such that either a 5-, 10-, or 20-ring pattern ap-
peared on the screen. To accomplish this, we used a vari-
able attenuator consisting of a Glan laser polarizer and a
half-wave plate. With the sample out of the beam, we did
not observe deviation of the beam for different settings of
the half-wave plate. :

3. THEORETICAL METHODS

We calculated the theoretical far-field pattern for an asym-
metric Gaussian beam propagating through a thin NLC
film of thickness d with the use of the Hankel-Kirchhoff—
Fraunhofer integral, taking into account the two dimen-
sionality of the problem, the linear diffraction effect, the
wave-front curvature effect, and the nonlocal effect!52122;

I(a) « J . j dxdyE(x, y)exp[—ikx sin a

2
+ idr(x, y) + idni(x, y)]’ ) ()]

where « is the diffraction angle, £ = 2m/A, and E(x, y) «
[I(x, )]"* « exp(~x?/dor2)exp(— y*/4oy,?) is the optical
field amplitude. An experimentally measured E(x, y) (see
Fig. 1) was also incorporated into relation (1). The effect
of the undulations was found to be minimal. The asym-
metric Gaussian profile is used for all the calculations
performed in this paper. Also in relation (1), ¢ =
k(x* + y*)/2R is the optical phase shift induced by the
wave-front curvature, and ¢ni(x,y) = k f¢ 6n(x, y,z)dz is
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the nonlinear phase induced by the optical-field-induced
index of refraction 8n. In most nonlinear-optical materi-
als, 5n « E?if the lowest order of nonlinearity is the third
order. As a result, ¢y. should have the same Gaussian
intensity profile of the laser beam. In a NLC film, how-
ever, the situation is more complicated, since on is related
to the molecular reorientation angle 6 by

on(x,5,2) = (n,% cos® 0 + n. 2 sin® 0)2 — n,, (2)

where n, and n. are the ordinary and extraordinary
indices of refraction of the NLC film. For samples with
hard boundaries and a laser intensity not far above
the Freedericksz transition, 6(x,y,2z) = 000.(x)8,(y)
sin[(m/d)z], and this can be calculated from the equation of
the torque balance. Here 6 is the maximum reorienta-
tion angle; 6.(x) and 6,(y) denote the functional depen-
dences in x and y of the reorientation angle 6(x,y 2). We
assume that 0.(x) for x > 0 and 8,(y) obey the same equa-
tion as that for the reorientation angle 6(r) in symmetric
SPM with o7 = o1, = o1, = 140 pm; that is,1®

o), L0, (”‘:n" I:,loz)l(r)[ﬂ(r) - %Ga(r)]

dr? r dr
ar 2
- ('J) 6r)=0, (3
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where I(r) = I, exp(—r%/20,*) and K is the elastic con-
stant of the NLC in the one-constant approximation. In
NLC films the reorientation motions of the molecules are
strongly correlated. The response of the molecules at a
certain point depends on the reorientation motion of the
molecules elsewhere. This is the well-known nonlocal ef-
fect. Because of this effect the molecules do not respond
to sharp changes in the transverse profile of the light
beam. It was found that the undulations shown in Fig. 1
can be ignored in the evaluation of the reorientation angle.
Similarly we could calculate 6,(x) for x < 0 with oy =
o = oy = 60 pm. We numerically solved Eq. (3) by
following standard Runge-Kutta procedures® with appro-
priate boundary conditions. With n, = 1.54, n. = 1.73,
K = 0.82 x 107° dyn, and I, corresponding to diffraction
ring patterns with a certain number of rings, we calcu-
lated the transverse dependence of 6 and ¢xi. We then
substituted these into relation (1) to obtain the far-field
pattern of the transmitted beam.

4. RESULTS AND DISCUSSION

The theoretical diffraction patterns for N rings (N = 5,
10, and 20) predicted by relation (1) are in good agreement
with the experimental results (see Fig. 2), in light of the
approximations that were taken. The central region of
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Fig. 2. Experimental and theoretical far-field patterns at y = 0
for a laser beam normally incident upon a homeotropically
aligned 5CB nematic cell of 350-um thickness, generating (a) 5,
(b) 10, and (c) 20 rings.
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Fig. 3. Detailed features of the central region of the far-fiéld pattern (+6 mrad from the z axis) with ring numbers N = 0, 0.5, 1, 1.5, 2, 5,
10, and 20. The actual transmitted laser intensity should be divided by the scale factors shown here.
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the observed rings was not resolved because of saturation
of the charge-coupled device camera used. Nevertheless,
it is apparent that a large fraction of the transmitted in-
tensity remains in the central region of the far-field pat-
tern (within 6 mrad of the beam axis). In addition, the
outermost diffraction peak is not the strongest peak, in
contrast with the case of a purely Kerr-like medium.
Similar features were discussed briefly by previous au-
thors investigating the symmetric spatial SPM effects in
NLC films.2>2+26 However, there were few reports di-
rectly comparing the observed symmetric far-field diffrac-
tion pattern with the theory.?*** A satisfactory fit was
found for laser intensities generating up to two rings in a
thin hybrid nematic cell and negligible nonlocal and wave-
front curvature effects.?* An anomalously high intensity
of the central peak was attributed to a temperature-
dependent index of refraction.’**® In our study the
highest incident laser intensity used was less than
170 W/em?®. The liquid-crystalline material investigated,
5CB, is nearly transparent at the laser wavelength (A =
514.5 nm). The laser heating effect should be negligible.
We cannot rule out thermally induced saturation of the
gelf-deflection effect, however, because of saturation of
the charge-coupled device camera used.

We show in Fig. 3 detailed features of the central region
for asymmetric ring patterns with ring numbers N =0,
0.5, 1, 1.5, 2, 5, 10, and 20 as predicted by numerical cal-
culations based on the formulas outlined in Section 3.
Examining Figs. 2 and 3, we conclude that the laser beam
does bend in the sense that the position of peak laser
intensity shifts. However, the amount of bending is rela-
tively small. At the highest laser intensity studied, gen-
erating 20 rings, the maximum amount of beam bending
is predicted to be 2.2 mrad. This corresponds to a shift of
the beam axis of the incident laser by approximately one
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beam diameter. For the larger ring numbers, e.g., N =
10 and 20, merging of some of the diffraction peaks in the
central region is also predicted. We note also that the de-
flection angle does not increase monotonically with the
number of rings. The features in the central region de-
pend critically on the wave-front curvature effect.?*?> By
changing R from negative to positive values, we can alter
drastically the intensity distribution.*?

At this point it is useful to examine the effects of vari-
ous terms on the right-hand side of relation (1). The
asymmetric five-ring pattern is used as an example. In
the first case we assume that ¢y « I, ie., o4 = oy, instead
of using Egs. (2) and (8) in the calculation of dni(x, y); we
treat the beam propagation problem as one dimensional;
and we neglect the wave-front curvature effect as well.
The far-field pattern predicted by relation (1) is shown in
Fig. 4(a). As one might expect, this is identical to the
time-domain results and to those of Ref. 9. In this case
the diffraction angle of the outermost peak, which is also
the strongest peak, is linearly proportional to the incident
laser intensity. Taking into account the two dimensional-
ity of the problem, we illustrate the far-field pattern in
Fig. 4(b). A pronounced central peak emerges. With the
wave-front curvature effect added, the far-field pattern
evolved into that shown in Fig. 4(c). The final result of
taking into consideration all the effects mentioned above
and the nonlocal effect was already shown in Fig. 2 above.

Since the diffraction angle of the outermost ring is
|ers] o |dop(x, ¥)/A%|mex * 1/o°4s, We expect the asymmetry
ratio of the diffraction pattern to be |@:»0|max/|@z<0|mex =
04, 5<0/0°4z<0- For an asymmetric five-ring pattern the
theoretical asymmetric ratio is 1.6. This is in excellent
agreement with our experimental result, which is 1.5. In
contrast, the value of this ratio would be 2.35 if ¢ had
exhibited a Gaussian profile with the same width as the
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Fig. 5. Transverse profile of the reorientation angle 6 and the optical-field-induced phasevs}n'ft ¢n1 as a function of the transverse dimen-
sion r for a symmetric Gaussian intensity profile with oy = 140 pm. ¢t is a Gaussian function with oy = o-;/\/i
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Fig. 6. Transverse profile of the reorientation angle 6 and the optical-field-induced phase shift ¢y, as a function of the transverse di-
mension  for a symmetric Gaussian intensity profile with o; = 60 gm. ¢g is a Gaussian function with o4 = 0o].

incident laser beam. The agreement is somewhat worse
for larger ring-numbers but still within 15% of our theo-
retical predictions.

Because of its large nonlinearity the nonlinear index of
refraction of a NLC film is in general a complex function
of the incident laser intensity. In this sense many orders
of the nonlinear index of refraction would contribute to
¢ni. This is primarily due to the so-called nonlocal effect
mentioned above. As a result, ¢y does not exhibit the
same profile of the incident laser beam. Only in the limit
of small reorientation angles and for an inclined incident
laser beam is ¢yy, linearly proportional to the laser inten-
sity. In that case, which corresponds to that of Ref. 16,
the spatial SPM phenomenon is essentially a third-order
effect. In general, many orders of spatial SPM effects
could have contributed to the observed ring patterns. In
fact, it is possible to select experimental parameters, e.g.,
laser intensity, beam diameter, and sample thickness,
such that the SPM effect of a particular order is domi-
nant. As an example, the theoretical transverse depen-
dences of 6 and ¢y, calculated from Egs. (2) and (3) for a
normally incident laser beam with a Gaussian intensity
profile and o, = 0}, = o7 = 140 um, generating a five-
ring pattern in a 5CB film of 350-um thickness, are plot-
ted as a function of the transverse dimension r in Fig. 5.
Clearly ¢n. can be fitted by a Gaussian function with an
e~? diameter of o, = 07/V2; that is, ¢ny, x I2 « E*. We
interpret this as a manifestation of the fifth-order spatial
SPM effect, in accordance with the usual definition for
high-order optical-field-induced refractive index effects.
Results for the case of o; = 60 um are shown in Fig. 6.
In contrast with the case of o7 = 140 um, ¢y can also be
fitted here extremely well by a Gaussian profile, but with
an e~? diameter of o'y = o7, or ¢yy, « I This corresponds
to a third-order SPM effect. Thus our experimental con-
figuration for the observation of an asymmetric five-ring

pattern corresponds to an extremely interesting situation
in which the SPM effect in the positive-x half-space is of
the fifth order, while in the negative-x half-space it is of
the third order. Furthermore, the third- and fifth-order
effects are equally pronounced. The fact that the theo-
retical diffraction ring pattern predicted by relation (1)
agrees with the experimental results quite well (see Fig. 2
above) gives credence to our analysis.

5. CONCLUSIONS

We studied the nonlinear interaction of an asymmetric
laser beam with NLC films both experimentally and
theoretically. The spatial SPM effect was shown to be
responsible for the asymmetric diffraction rings (up to 20)
observed in the far field. In the thin-film approximation
the so-called self-bending effect, manifested as a deflec-
tion of the whole beam, was shown to be but one attribute
of the spatial SPM effect. Experimental results were
found to be in good agreement with numerical calculations
based on the diffraction theory, taking into account the
two dimensionality of the problem, the wave-front curva-
ture effect, and the nonlocal effect. The individual con-
tributions of the aforementioned effects to the far-field
pattern were analyzed for the first time. In contrast
with the case of a purely Kerr-like medium, we showed
that for NLC films under our experimental conditions the
outermost diffraction peak was not the strongest peak
and that a large fraction of the redistributed intensity re-
mained in the central region (within +6 mrad of the beam
axis). While the beam did bend in the sense that the posi-
tion of peak intensity shifted, the amount of bending was
quite small and did not increase monotonically with the
incident laser intensity. At the highest laser intensity
studied, generating 20 rings, the maximum beam deflec-
tion angle was predicted to be only 2.2 mrad. For higher
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laser intensity incident on the NLC film, it was also pre-
dicted that some of the diffraction peaks would merge.
Finally, we showed that experimental parameters could be
tailored such that the spatial SPM effect of a particular
order in a NLC film was dominant. As an example,
equally pronounced third- and fifth-order effects were
identified in an asymmetric five-ring diffraction pattern.
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