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Propagation of a Gaussian-profile laser beam in nematic
liquid crystals and the structure of its nonlinear diffraction

rings
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We present experimental results on and a theoretical explanation of the laser- and electric-field-induced diffraction
effect in both homeotropic and homogeneous nematic liquid-crystal (NLC) films. The diffraction effect is due to
the Gaussian profile of a laser beam propagating in the liquid crystal. Many diffraction ring patterns under
different electric and optical fields are compared and are analyzed. Some novel phenomena have been discovered.
We have found that the diffraction ring pattern at a high electric field is much different from that at a low electric
field. Rings in a pattern should be asymmetrical to one axis, and the outer ring interval should be wider. For the
homogeneous NLC film it is possible that a second set of diffraction rings may occur when the electric field or the
maximum optical field is larger than the tricritical field. The numerical result for the deformed wave-front profile
of a Gaussian-profile laser beam passing through the NLC film is calculated. The results can explain these novel
phenomena of diffraction ring structures.

I. INTRODUCTION

In the past few years considerable attention has been paid to
the electromagnetic-field-induced refractive-index change
in nonlinear media such as nematic liquid crystals
(NLC's).1-3 Because of its large molecular anisotropy and
the strong correlation among the molecules, it is well known
that the director, i.e., the average molecular orientation of
the liquid-crystalline material, can be easily reoriented by a
static electric, magnetic, 4 or optical field, and the birefrin-
gence of the sample would change accordingly. This is re-
ferred to as the Freedericksz transition. Electrically con-
trolled birefringence has since been used for light valves and
in other applications.5 Studies of optical-field-induced mo-
lecular reorientations of the nematic phase of liquid crystals
have also revealed interesting nonlinear effects of both fun-
damental and applied significance.6 The optical-field-in-
duced Freederickz transition and associated nonlinear-opti-
cal effects in a NLC film, such as self-focusing, degenerate
wave mixing, and optical bistability, have been studied ex-
tensively recently.7 -9 Most of these effects can be achieved
with lasers of moderate output power.

In particular, interesting nonlinear-optical propagation
effects, e.g., far-field diffraction rings,'0-'2 have been ob-
served and applied as a measurement method in experi-
ments. This phenomenon has been described as the spatial
analog of the well-known self-phase modulation of light as
the laser beam traverses the sample. The diffraction effect
is shown to be further enhanced or suppressed by biasing the

sample with a quasi-static electric field. By counting the
number of diffraction rings, it was also recently shown theo-
retically and experimentally that intrinsic optical bistability
in both homeotropically and homogeneously aligned NLC
cells can be enhanced or suppressed by a low electric or
magnetic field. In addition, the electric bistability can be
enhanced by an optical field.' 3-22

The characteristics and the theory of the diffraction effect
in NLC films have been treated briefly by several research-
ers in various contexts. 8 "2 3-2 8 Their theories generally
matched their experimental results well. However, these
observations have not been reported in detail. Some novel
phenomena cannot be explained by using these theories. A
more exact description of the transverse spatial dependence
of both the laser beam and the nematic reorientation is
required.

In this paper we present results of a detailed investigation
of electric- and optical-field-induced birefringence and dif-
fraction effects in both homeotropically and homogeneously
aligned thin ROTN-200 NLC films, and we propose a new
wide-ranging viewpoint of these phenomena. In the Discus-
sion (Section 4) we also predict some phenomena that should
be induced by diffraction effects but have not been observed
in experiment. In Section 2 we briefly state the essential
results from the theory for field-induced molecular reorien-
tation angles and birefringence. In Section 3 our experi-
mental method is outlined and the experimental results are
summarized. In Section 4 we discuss the new phenomena
seen in our experiment and make some further predictions
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for the diffraction ring patterns. In particular, we report for
the first time (to our knowledge) a novel second set of dif-
fraction rings for a normally incident laser beam.

Id d
V = Jd Ezdz = J D,/[elj(l - w sin2 0)]dz,

from which one can obtain

2. THEORY

Homeotropic Nematic Liquid-Crystal Film
Let us first consider a homeotropically aligned nematic film
of thickness d confined between the planes z = 0 and z = d in
a Cartesian coordinate system as shown in Fig. 1(a). In
addition to a normally incident and linearly polarized infi-
nite plane wave with constant intensity I, an electric poten-
tial Vis applied along the surface normal. Assuming that nll
> n1 and ell >eI, where n and e denote the refractive indices
and dielectric constants, respectively, and refer to directions
parallel and perpendicular to the director, the optical field
will orient the molecule along they axis, and the electric field
will orient the molecule along the z axis and hence suppress
the optical-orienting effect. The orientation of the NLC's
director A = (0, sin 0, cos 0) can be described by the angle 0(z)
between the director and the z axis.

In general, the total free-energy density F, which consists
of the elastic deformation, optical field, and electric field
energy densities, can be expressed in terms of 0(z). Varia-
tion of the total free energy leads to a Euler equation 0(z).

Owing to the symmetry of the problem, one can look for
symmetrical solutions satisfying 0(z) = 0(d - z). Using the
rigid boundary condition, the following equation can be de-
rived from the Euler equation as' 4"15"18

Jo,, 1 - k sin 20 11/2

o n(Om) - n(0) - R[P(Om) - P(0)'

/n 1/2
dO = 7r 

\2n u /

(1)

where Om = 0(z = d/2), k = 1 - k,/k 33 , kI, is the splay elastic
constant, k33 is the bend elastic constant,

n(0) = n/(I - u sin2
)1/2, u = 1 - n/n 2 ,

R = cD 2 /(8irelI), P( = 1(1 - w sin2 0),

w = 1 - e/ell, c is the speed of light in vacuum, Dz is the z
component of the electric displacement, and p = I/Il is the
normalized optical intensity, where Io = (ck33 /nu)/(7r/d)2.
In addition, R is related to the applied voltage V through

d

d
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Fig. 1. Geometry of molecular reorientation (a) in a homeotropic
NLC cell and (b) in a homogeneous NLC cell, with optical and
electric fields.
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where r = V/V 0 is the normalized electric potential, V is the
electric potential, and Vo = 2r[7rk 33/(Ell - E)]l/2. From Eqs.
(1) and (2), a linear relation between I/I and (V/V 0 )2 is given
as

I/Io = 1 + (V/VO) 2.

The tricritical voltage and tricritical intensity are

VTC = V0 14(1 - k - 9u/4)/9u - 4w)I112

and

ITC = Io[4(1 - k - w)/(9u - 4w)].

(3)

(4)

(5)

When V > VTC or I > ITC, the Freedericksz transition is first
order; otherwise it is second order. Using Eqs. (1) and (2),
the unknown parameters fm and R can be derived as func-
tions of p and r. The exact solution for the maximum
deformation angle 0m for a homeotropic NLC at a given p
and r is then described by Eqs. (1) and (2). The induced
phase shift of the extraordinary ray in the medium can be
expressed as -4t = (27r/X) fo[n - n()]dz, where X is the
wavelength of the light. Following Ong's derivation,'4 the
exact solution for AO induced by an infinite plane wave is
given by

= _d (2n u)1/2 n(0

(6)

This is an exact solution of the induced phase shift for a
normal incident infinite plane wave on the hometroptic
NLC film.

However, in reality, the light source does not emit an
infinite plane wave. The laser intensity profile is not uni-
form but has a Gaussian distribution. In order to obtain the
numerical results, we calculated the induced phase shift in a
straightforward way by using a Gaussian-beam approxima-
tion, which assumes that the radii of the beams (as well as
their Gaussian profiles) change very little as the beams pass
through each nonlinear layer and assumes that the nonlocal
effect is not significant. The corresponding phase shift AO
at any transverse position p = (X2 + y2 )1/ 2 in the beam can be
obtained. When the relation between Aq and p is examined,
a numerical result is obtained that shows that the plane wave
of a laser beam is deformed when it passes through the
homeotropic NLC film. Because of the deformation of the
wave front, the diffraction rings can be seen in the far-field
pattern.20 -22 Here it should be noted that the actual nonlo-
cal effect is not negligible. Using one constant approxima-
tion and neglecting the electric field effect, Khoo et al. have
reported2 6 that the threshold intensity will increase to ap-

X 1 - k sin20 1 /2d +2rnLd
Xn( ( - n(0) - R[P(Om) - P(0)] X
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proximately 2.4 times Io for the case of a laser beam size wo
equal to the sample thickness d; but in our experiment, both
the electric and the optical fields are used. To explain our
novel experimental phenomena without too complicated a
numerical calculation, we use Ong's exact solution for an
infinite plane wave and neglect the nonlocal effect in order
to simplify the problem. This is reasonable because we use
only low intensity and the induced phase shift Aq5/27r < 9,
i.e., Om << 1. If Om << 1, the nonlocal effect can change the
value of Ith but cannot greatly affect the shape of the diffrac-
tion ring pattern.

The explanation for the formation of the diffraction rings
as follows.12 Above the threshold for the Freedericksz tran-
sition, the optical field reorients the director of molecular
alignment in the y-z plane throughout the medium. This
leads to a local refractive-index change An(p, z) in the medi-
um seen by the laser and a corresponding phase shift AO(p).
For a single-transverse-mode laser, we may expect that
Aq(p) is cylindrically symmetric in the form of a concavity
with its minimum at p = 0. We assume, for simplicity, that
the relative induced phase shift

A'I(p) = A0(p = p)-Aq(p - c) = A'' 0 exp(-2p2 /a2, (7)

where a is a constant. Then, as is seen in Fig. 2, for each
point, say pl, on the A'{(p) curve, there always exists another
point P2 with the same slope. Since dAkI/dp = kP, where kP is
the component of the wave vector in the p direction, the
radiation fields from the regions around pi and P2 have the
same wave vector and can interfere. Maximum constructive
or destructive interference occurs when A4I(pi) - tA'(P2 ) =

mir, m being an even or odd integer, with the resulting
appearance of diffraction rings. Thus, if A'Io >> 27r, multi-
ple diffraction rings are expected, and the total number of
rings N can be estimated from the relation

N A' 0To/27r. (8)

The outermost ring should come from radiation from the
region p near the inflection point on the AT(p) curve, and its
half-cone angle A

3m can be calculated from

(dp I)maX/ [dp (2-x)] (9)

In fact, there is a more precise equation described in the
paper of Khoo et al.27 to calculate the diffraction phenome-
na. They use a straightforward application of Kirchhoff's
diffraction integral to yield the intensity distribution at the
observation plane Z = z + d:

I(pl, Z) = (27r/XZ) 2 IO

2
X J pdpJo(27rpp/Z)exp(-2p 2 /w0

2
)exp[-i(OD + ONL)]

where bD is the diffractive phase and ONL is the nonlinear-
(intensity-) dependent phase. The value of OD is given as27

= 2Z + )

where ? is the radius of wave curvature. In our experiment
we put our sample at the focus, so that = - and OD = 0-
However, for ONL, Khoo et al. give the approximate expres-
sion27

, 92 9

Fig. 2. Relation of the wave-front deformation and the diffraction
rings.

ONL = kh 2dIo exp( -P 2)

where h2 is the nonlinear refractive-index coefficient and k =
27r/X. As a matter of fact, ONL is not so simple as the expres-
sion of Khoo et al., because ONL is not proportional to Io
exp[- (2p 2

/-W0
2 ] and h2 is dependent on the optical and the

electric field. Even for the simplest case, a normal-incident
infinite plane wave, the exact solution of IONL has the compli-
cated form displayed in Eq. (6). In our experiment, the
incident light is a finite-sized beam and, as will be explained
in our discussion, the light beam and the material's nonlin-
ear index of refraction will affect each other. This is why it
is almost impossible to get an exact solution even by a nu-
merical method. For this reason, we choose expressions (7)-
(9), which are simple but maintain the physical meaning.
We find that our theoretical and numerical results can ex-
plain the experimental phenomena qualitatively.

Homogeneous Nematic Liquid-Crystal film
Let us now consider the homogeneous NLC as shown in Fig.
1(b). An electric field of potential V is applied along the
surface normal, and a linearly polarized infinite plane wave
of constant intensity I polarized parallel to the y axis is
incident normal to the NLC film. The orientation is de-
scribed by the director h = (0, cos 0, sin 0), where 0(z) is given
by the equations 7" 8

J0 , 1 -ksin 20 1/2 d / p \1/2

0, ln(O, -m n(0)-R[P(0m)-P(0)] 2nll

(10)

J P(0) { (0 - ksin 20 12P(0)]}
fo (O)n(O..) -n(O -R[P(Om) - (]

( iR) 1/2

where k = 1 - k33/kjj, n(0) = nij/(1 + u sin2
0)1/2, U = n112/n 2

- 1, R = cDZ2/(87reI), D, = eI(l + w sin20)Ez, P(0) = 1/(1 +
w sin2 0), w = eI/±E - 1, p = 1/Io, Io = (ck11/n 1u)/(7r/d)2, r = V/
VO, and V0 = 2ir [-rkjj/(e - e1)]"/2 . From Eqs. (10) and (11),
the tricritical voltage VTC and tricritical intensity ITc can be
obtained, and the linear relation between I/0 and (V/V0 )2

can be expressed as

Wu etal.



1150 J. Opt. Soc. Am. B/Vol. 7, No. 6/June 1990

I/IO + 1 = (V/V0)2 . (12)

Again, when V> VT, orI> ITC, the Freedericksz transition is
first order; otherwise it is second order. The induced phase
shift A of the extraordinary ray in the NLC film with
thickness d can be expressed as

'AP= 2d 2nllu /2 1d~m

1 -k sin2
0

n(m) - n(O) - R[P(Om) -
1/2 27rnild

P(O)Ij do- X (13)

The relative induced phase shift At of of the beam is then
given by At(p) = Aq5(p = p) - Aq(p - c), as in the homeo-
tropic case.

3. EXPERIMENT

The experiment used a cw Ar+ laser focused to a diameter of
300 m at the ROTN-200 sample. The sample cell was 250
,um thick with the windows coated with dimethyl octa-
decyl-3-(trimethoxysilyl)propyl ammonium chloride
(DMOAP) for homeotropic molecular alignment, or coated
with polyvinyl alcohol (PVA) and rubbed for homogeneous
alignment. The sample temperature was maintained at
251C. When a constant electric potential with a frequency
of 560 kHz was applied, the 514.5-nm linearly polarized laser
beam was also normally incident upon the sample. For the
homeotropic NLC film, the director always reoriented to the
polarization direction of the laser; but for the homogeneous
NLC film, as shown in Fig. 1(b), the sample was to be initial-
ly aligned such that the rubbing direction was parallel to the
polarization direction of the laser, and hence the director
could always orient in the y-z plane. When the beam inten-
sity was above a certain threshold value, the transmitted
light appeared as a set of conical shells, which form concen-
tric rings on a projection screen. As the number of rings
increased or decreased, the half-cone angle of the outermost
ring also increased or decreased, respectively. The behavior
of the number of rings relative to the electric field and the
optical field has been reported in our previous papers.2

0
2 2

Photographs of the ring structures for the homogeneous
NLC film seem almost the same as those for the homeotropic
NLC film. Here we show only the photographs for the
homeotropic NLC film, but the phenomena for the homoge-
neous case are also reported. Figures 3(a), 3(b), and 3(c)
show the ring structure for the cases when the number of
rings is 1, 3, and 9, respectively, where the electric potential
V = 0. Figures 4(a)-4(c) exhibit the ring structures with the
same number of rings as in the preceding case, but under the
condition of V = 2.32 V. Figures 5(a)-5(c) present the ring
structures at V = 3.68 V. These photographs are the ring
patterns, which are projected normal to a white board with a
grid. By comparing the three sets of pictures, we discover
some interesting phenomena.

1. For the same number of rings N, it is found that the
higher the electric potential, the wider the interval between
two rings and the larger the aperture of the far-field ring
pattern. Comparing the patterns of N = 3, for example,

(a)

(b)

(C)

Fig. 3. For homeotropic ROTN-200, 250-um film: ring pattern
when V = 0 V and (a) N = 1, (b) N = 3, (c) N = 9.

shows that the radius of the outermost ring at V = 0 is half
that of the outermost ring at V = 2.32 V and is one third that
at V = 3.68 V. In other words, with respect to the same
radius, there exist more rings at V = 0 than at V = 2.32 V and
more rings at V = 2.32 V than at V = 3.68 V. For example,
the radius of N = 9 at V = 0 is close to the radius of N = 5 at V
= 2.32 V and is approximately that of N = 3 at V = 3.68 V.

2. The second interesting phenomenon is that in every
picture the outer rings have the largest bright fringe. The
bright-fringe width of the outermost ring not only is the
widest but also increases abruptly.

3. Finally, we find that, under the assumption that the
ring pattern lies on the x-y plane, the ring structure is
symmetric about the y axis but not the x axis when the light
polarization is in the y direction. Moreover, for a constant
number of rings, the larger the electric field or the optical
field, the more asymmetric the ring structure is with respect
to the x axis.
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4. DISCUSSION

Explanation of Ring Structure
Ring Aperture
In order to give a reasonable explanation for the first phe-
nomenon, the correlation between electrical potential and
aperture size, we made some numerical calculation for the
homeotropic, 250-/tm, ROTN-200 film. For example, we
consider a laser beam with a symmetric Gaussian profile of
diameter 300 ,im and calculate the phase shift induced by
different light intensities at zero electric potential (V/V0 =
0) and a higher electric potential (V/V 0 = 0.6668), by using
Eqs. (1), (2), and (6). The material parameters have been
reported as nI = 1.534, nil = 1.795, E1 = 7.58, el = 8.8, kl =

8.284 X 10-7 dyn, k33 = 10.033 X 10-7 dyn.20 22 Assuming
that there is no nonlocal effect and letting the ring number
be 10.5, we plot the wave-front shapes at V/Vo = 0 and at VI
V0 = 0.6668 in Fig. 6. From this figure, it can be seen clearly
that the wave front at V/VO = 0.6668 is sharper than that of
V/VO = 0. This implies, from Eq. (9), that the outermost
ring radius for V/Vo = 0.6668 is larger than that of V/V 0 = 0
and that, furthermore, the larger electric field induces the

larger far-field pattern aperture for the same ring number.
The physical meaning can be easily comprehended by con-
sidering the intensity distribution of the laser beam. The
NLC molecule is oriented by the optical field only when the
light intensity is higher than the threshold intensity; but the
threshold intensity becomes higher when the applied elec-
tric field is increased, so that the electric field overcomes the
orientation force of the below-threshold optical field. For
the sake of simplicity and without numerical calculation, let
the induced phase shift vary linearly with intensity when it
exceeds the threshold intensity and let the ring number of
the two cases be equal. It is then obvious that the distribu-
tion of the excess intensity for higher electric potential is
sharper than that for lower electric potential when the laser
beam diameter is not changed.

We also find something else interesting in Fig. 6. Analyz-
ing the wave-front shapes, we compare each one with the
upper part of the related Gaussian-beam intensity profile
with an intensity that is higher than the threshold intensity.
For V/Vo = 0 and V/Vo = 0.6668, the threshold intensities
are Ith/Io = 1 and Ith/Io = 1.445, respectively. We adjust the
excess light intensity profile by multiplying times a constant

(a) (b)

(c)

Fig. 4. For homeotropic ROTN-200, 250-gum film: ring pattern when V = 2.32 V and (a) N = 1, (b) N = 3, (c) N = 9.
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(a)

(b) (c)
Fig. 5. For homeotropic ROTN-200, 250-jum film: ring pattern, when V = 3.68 V and (a) N = 1, (b) N = 3, (c) N = 9.

such that the point of the maximum light intensity is identi-
cal to the maximum wave-front deformation profile in Fig.
7(a) and (7b). It is found that with zero electric field and
low light intensity, in Fig. 7(a) the wave-front deformation
profile is very similar to the distribution profile of the above-
threshold intensity. But at a higher-intensity electric field
or optical field, in Fig. 7(b) the wave-front deformation pro-
file is higher at the shoulder and sharper at the margin than
the distribution profile of the above-threshold intensity. It
is then apparent that for a low-intensity external field the
deformation of the wave front is almost linear to the excess
light intensity, but the deformation is not linear for a higher-
intensity external field.

Broadening of Outermost Ring
To explain the second phenomenon, the largest bright fringe
on the outermoft ring, we give a deeper analygio of the
numerical results for the case V/Vo = 0.6668 in Fig. 6. Here

-1
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-- 3
<

DIN 

-/40 -20 0
X (Sm)

20 40

Fig. 6. For homeotropic ROTN-200, 250-,um film: output wave-
front shapes of V/Vo = 0 (dashed curve) and V/Vo = 0.6668 (dotted-
dashed curve) at N = 10.5.
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has a larger light band. At the base of the deformed wave-
front profile, d/d l becomes infinite, and the bright fringe
width of the ring should be infinite. But, at this limit, the
nonlocal effect is no longer negligible, so that the fringe width
does not approach infinity. These are the reasons why the
outermost ring abruptly changes such that the light band
is approximately twice as wide as the others nearby but is
not infinite. To obtain a more precise solution, a much more
complicated calculation including the nonfocal effect should
be performed.

0.025

I , 0.03
20 40

Asymmetry of Ring
The cause of the third phenomenon, asymmetry about the x
axis, is illustrated in Fig. 9. On tracing the rays that pass
through the sample film, one finds that rays are deflected in
the y-z plane but not in the x-z plane. This means that the
ring structure in the far-field pattern is symmetric about the
y axis but not about the x axis. This result is reasonable
because the incident laser beam is polarized in the y-z plane,
and the light reorients NLC molecules only in the y-z plane.

When the laser beam passes through the homeotropic
NLC film, the interaction mechanism between light and
molecules is as follows. Initially, NLC molecules lie in the z
direction. When the laser beam is incident upon the sample

6

5

-2 0 -10 0 10 26d v
X(um)

(b)

Fig. 7. For homeotropic ROTN-200, 250-,um film: output wave-
front profile (dashed curves) and distribution of intensity above
threshold (solid curves) at (a) V/VO = 0, (b) V/VO = 0.6668.

we mention in passing that the ring pattern is caused by a
nonlocal effect. If there is no nonlocal effect, the deformed
wave-front profile will have no inflection point, and the
absolute value of the slope of the profile will be a simple
increasing function of p. Under this condition, no two wave
vectors will have the same direction and no constructive or
destructive interference can occur, as shown in Fig. 2. How-
ever, it is very complicated to estimate the nonlocal effect for
the molecular reorientation induced by a light beam with
Gaussian profile. To simplify this problem, we assume that
the nonlocal effect is small and that the inflection point is
very close to the margin of the deformed wave-front profile.
Under this assumption, rays that come from the deformed
wave-front profile should interfere with the rays that come
from the inflection point. The outermost ring still comes
from the ray with its wave vector perpendicular to the maxi-
mum slope. Let 1(p) be the angle between the wave vector
and the z axis; let p(p) be the phase difference between two
rays, one from the deformed wave profile at y and the other
from the inflection point. Because the width of the light
fringe is proportional to the magnitude of Idn(p)/dpo(p)I, we
calculate ld-(p)/dso(p)l versus y in Fig. 8. It can be seen that
the closer to the margin of the deformed wave front, the
larger the value of Idq/dsl. This explains why the outer ring

4
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-3 >

-2

-1

0 I - --' ' 0
-40 -30 -20 -10 0 10 20 30 40

(mr)

Fig. 8. For homeotropic ROTN-200, 250-/Am film: wave-front
shape at V/Vo = 0 (dashed curve) and the corresponding value of
ldn,(p)/do(p)l (solid curve).

Fig. 9. Rays deflected
homeotropic NLC film.

in the y-z plane when passing through a
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(a)

-50 - d 3.26 C'

f 700 a'

-200 -100 0 100 200

X(um)

(b)

Fig. 10. For homeotropic NLC at fixed electric field and variable
optical intensity: (a) V < VTc, second-order Freedericksz transi-
tion; (b) V > VTc, first-order Freedericksz transition.

film, the light may reorient NLC molecules to the y axis.
Because of the change in the optical axis caused by molecu-
lar reorientation, the light should experience a larger refrac-
tive index n(O) that is nonuniform in the x-y plane and
depends on the spatial distribution of the light intensity.
The nonuniformity of n(0) distorts light rays asymmetrically
about the x axis but not about the y axis in the material. In
some portions of the beam cross section the light intensity is
strengthened, but in other portions the light intensity is
weakened, so that the nonuniformity of the light intensity
will feed back into the interaction on n(), and so on. Final-
ly, the output wave profile will always be symmetric about
the y axis and asymmetric about the x axis. Crudely speak-
ing, the phenomenon results from a nonuniform self-focus-
ing effect. The shape of the wave front should produce two
focal points, one on the z axis and the other off the z axis.
From the point of view of geometrical optics, this wave-front
deformation is not simply astigmatism, i.e., many aberra-
tions also exist. Practically, the sample film is so thin in our
experiment that the self-focusing effect is not visible in the
material. The observed phenomenon is only the so-called

spatial self-phase modulation. From the above explanation,
the reason why the third phenomenon occurs is then obvi-
ous. Because this phenomenon is caused by the nonunifor-
mity of light, and because light intensity is more nonuniform
the larger the electric field or optical field is, the asymmetry
of the ring structure is more obvious at a higher-intensity
electric field or optical field.

Behavior of the Wavefront-Numerical Analysis
Assuming that there is no nonlocal effect, we can consider in
greater detail the distorted wave-front profile output under
different optical and electric fields. We analyze by numeri-
cal calculation the behavior of the wave-front distortion as a
function of a varying electric field with a constant optical
field and as a function of a varying optical field with a
constant electric field in both homeotropic and homoge-
neous NLC films. Each one of the four cases becomes two, a
second-order and a first-order Freedericksz transition.
When the constant electric and optical fields are lower than
the tricritical point, only the second-order Freedericksz
transition can occur, but when the fields are higher than the
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Fig. 11. For homeotropic NLC at fixed optical intensity and vari-
able electric field: (a) I < ITc, second-order Freedericksz transition;
(b) I > ITc, first-order Freedericksz transition.
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Fig. 12. For homogeneous NLC at fixed electric field and variable
optical intensity: (a) V < VT,, second-order Freedericksz transi-
tion; (b) V > VTC, first-order Freedericksz transition.

tricritical point, the first-order transition can occur. The
numerical results for the wave-front deformation process of
the eight cases are plotted in Figs. 10-13. For each figure we
set the maximum of the initial deformed wave front to be
zero. The incident Gaussian beam diameter is set to be 300
/Am, and the thickness of the NLC film is 250 ,um.

Figure 10(a) shows the output deformed wave-front pro-
file induced by a fixed electric potential that is lower than
the tricritical voltage with a varying optical intensity I from
an Ar+ laser incident in the +z direction through the homeo-
tropic NLC film. Under these conditions only second-order
molecular reorientation can occur, and there is no first-order
transition. When the applied optical intensity is increased,
the wave-front retardation will occur in the region where
intensity is higher than the threshold intensity. The higher
the optical intensity, the more the wave front lags until the
intensity reaches the saturation intensity. At this point the
valley of the wave-front profile becomes deepest and the
number of rings reaches the maximum. If the intensity
continues to increase, the number of rings will no longer
increase, but the radius will continue to increase. Because

there is only a second-order transition, the backward process
that decreases the optical intensity makes the number of
rings decrease continuously along the path of the forward
process. However, when the fixed electric potential V is
higher than the tricritical voltage VTc, a first-order transi-
tion occurs. The forward process does not have the same
path as the backward process at threshold intensities. The
output deformed wave-front profile is shown in Fig. 10(b).
In Fig. 10(b) the solid curves represent the deformed wave-
front profile at the upward transition, the dashed curves
represent the downward transition, and the dashed lines
connect the transition points on the deformed wave-front
profile. Because of the difference of the upward threshold
transition intensity Ith and the downward transition intensi-
ty "th, electric-field-induced optical bistability occurs.

Figure 11(a) illustrates the wave-front profile under a
second-order molecular reorientation induced by a fixed la-
ser intensity with the maximum optical intensity lower than
the tricritical intensity and a varying electric potential in a
homeotropic NLC film. Initially, in the absence of an elec-
tric field the wave-front retardation is maximum and the
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Fig. 13. For homogeneous NLC at fixed optical intensity and vari-
able electric field: (a) I < ITc, second-order Freedericksz transition;
(b) I > ITc, first-order Freedericksz transition.
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number of rings is the greatest. As the electric field is
intensified, the wave front retardation becomes smaller and
smaller. Eventually, there is no retardation and there are
no rings. Again, since only the second-order transition oc-
curs, the backward process makes the ring number change
along the same path as that of the forward process. In Fig.
11(b) we present the profile induced by a fixed laser intensi-
ty with a maximum optical intensity higher than the tricriti-
cal intensity and a varying electric potential in a homeo-
tropic NLC film. Because of the first-order transition, the
forward and backward paths are different at threshold volt-
ages. As the electric field is intensified, the wave-front
retardation becomes smaller and smaller, as in the case of
Fig.11(a). However, for some value of the electric potential
the first-order transition begins to occur. Above this poten-
tial the first-order transition becomes clearer and clearer
with increasing voltage until this voltage reaches the down-
ward threshold V'th. At this point the wave front has no
deformation. Then, as the electric potential begins to de-
crease, the first-order Freedericksz transition occurs again
at the upward threshold Vth. Because Vth Fd V'th, the opti-
cal-field-induced electric bistability occurs.

Figure 12(a) shows the output deformed wave-front pro-
file induced by a fixed electric potential that is lower than
the tricritical potential in homogeneous NLC film. At first
the electric field is applied such that the NLC molecules are
reoriented to the z axis. The electric field is uniform in the
sample film, so the molecular reorientation is also uniform.
Applying and increasing the optical intensity causes the
wave front to begin to be deformed. The higher the optical
intensity, the greater the wave front retardation, until the
intensity reaches saturation. At this time, as shown in Fig.
10(a), the valley of the wave-front profile becomes deepest
and the number of rings reaches the maximum. If the inten-
sity is continuously increased, the radius of the rings will
continue to increase and the number of rings will remain
constant. Because there is only a second-order transition,
the backward path is the same as the forward path. Howev-
er, as illustrated in Fig. 12(b), in the case in which the initial
fixed electric field is higher than the tricritical potential, the
first-order Freedericksz transition can occur, and electric-
field-induced optical bistability can occur in a homogeneous
NLC film. This transition process of the wave-front profile
is not the same as that of Fig. 10(b), for the steepest region
may be at the margin of the bottom of the deformed wave-
front profile when the first-order transition occurs. Then,
from Fig. 12(b) we can find that there may exist two inflec-
tion points for each side of a deformed wave-front profile.
This means that we can simultaneously find two sets of
concentric diffraction ring patterns with the same center but
with a different period.

Figure 13(a) shows the wave-front profile that is due to
second-order molecular reorientation induced by a fixed la-
ser intensity with the maximum optical intensity lower than
the tricritical intensity and a varying electric potential in a
homogeneous NLC film. Initially, in the absence of an elec-
tric field and with only an optical field, there is no wave-
front deformation. When the electric field is applied and
increased, NLC molecules at the margin of the laser beam
begin to reorient to the z axis and the outside wave front
begins to lead the inside wave front. The ring number
increases until it reaches a maximum. Permitting the elec-

tric potential to increase continuously, one will then find
that the ring number decreases. When the wave-front de-
formation vanishes, the ring number will become zero. The
backward path is the same as the forward path. At this time
the electric field screens out the NLC molecule optical ori-
enting effect. The condition in Fig. 13(b) is almost the same
as that in Fig. 13(a). The only difference is that in this case
the maximum laser intensity is higher than the tricritical
intensity for homogeneous NLC film. Under this condition
the first-order Freedericksz transition can occur, and there-
fore the optical-field-induced electric bistability can exist.
Again, as in Fig. 12(b), we may find two inflection points in
each side of a deformed wave-front profile. We can also
predict the second set of diffraction rings.

5. CONCLUSION

We have investigated both theoretically and experimentally
quasi-static electric- and optical-field-induced director re-
orientation as well as optical wave-front deformation in a
NLC film. These studies help to shed light on nonlinear-
optical propagation effects such as far-field diffraction rings.
It is found that a properly biased quasi-static electric field
can enhance or suppress diffraction effects in a NLC film.
The enahncement or suppression effect is attributed to the
behavior of the NLC above the quasi-static electric-field-
induced Freedericksz transition and to nonlinear coupling
between the optical and quasi-static electric fields.

In our experiment we have compared the diffraction pat-
tern at different electric potentials and optical intensities.
For the same ring number, it was found that the higher the
electric potential, the wider the interval between two rings
and the larger the aperture of the far-field ring pattern. In
other words, the density of the rings is the greatest when
there is no electric field. The asymmetry of the diffraction
pattern also occurs at a higher electric potential owing to the
nonuniformity of the optical intensity. We also found that a
second set of diffraction-ring patterns may occur for the
first-order Freedericksz transition in homogeneous NLC
film. By assuming that there is no nonlocal effect, the de-
formed wave-front profile was calculated, and the behavior
of the deformed wave-front profile can be well described
qualitatively. Finally, it is worth mentioning that the non-
local effect must be considered for more quantitative analy-
sis, though the calculation is much more complicated.
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