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Self-deflection of laser beams in a thin nonlinear film
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The self-deflection of slab laser beams with right-triangular and semi-Gaussian intensity profiles that pass through
a thin nonlinear film are compared, and semi-Gaussian beam profiles are found to produce near-maximum self-
deflection angles. We also analyze symmetric profiles (both triangular and Gaussian), which, instead of self-
(de)focusing, exhibit strongly counter-self-deflected beams in the far-field region. This evidence indicates that the
self-deflection effect can dominate over self-focusing.

In earlier work' it was predicted that a beam of light with an
asymmetric intensity profile incident upon a material with
an intensity-dependent refractive index would have a
curved trajectory. The effect was called self-bending or
self-deflection. Consistent with this result,' this effect was
observed experimentally2 by using a pulsed ruby laser and a
NaCl crystal as the nonlinear material. These effects may
be understood readily from the following argument. When
a beam of light with an asymmetric intensity profile, e.g.,
right triangular, propagates through a nonlinear medium,
the wave fronts of the beam are retarded in proportion to the
local intensity, thereby forming a light-induced prism in the
beam path. Consequently, the beam follows a curved tra-
jectory. The self-bending effect has potential in such appli-
cations as the fast angular scanning of laser beams,' the
registration of superfast processes, 3 resonator-free optical
bistability,4 power limiting,5 and the radiation protection of
optical sensors.

If the optical path length through the nonlinear material is
sufficiently long (as required to achieve nonlinear effects in
materials with a small nonlinearity), then the initially asym-
metric beam will suffer considerable distortions' of both the
phase and intensity profiles, owing to diffraction and self-
focusing effects.6 From this point of view it is preferable to
use a thin nonlinear layer to avoid these effects inside the
nonlinear material. The geometric-optics treatment of self-
focusing by a finite nonlinear layer was considered first in
Ref. 7, and the diffractional theory of the external self-
focusing in a nonlinear layer was developed in Ref. 8. Power
limiting due to self-focusing in relatively thick nonlinear
layers was observed in Ref. 9. Far-field effects were consid-
ered in Ref. 10, and external self-deflection was examined in
Refs. 5 and 11.

Until recently, the possibility of using devices based on
thin layers was limited since most of the available materials
had relatively small nonlinearities. Fortunately, the emer-
gence of new nonlinear-optical materials with large nonlin-
earities, such as superlattices and quantum-well struc-
tures,12 direct-gap semiconductors,13 liquid crystals,14 artifi-
cial nonlinearities,15 and doped glasses,'6 allows us to obtain
considerable nonlinear effects even with a micrometer-sized
layer of nonlinear material. These new materials create

more favorable conditions for experimental observations
and applications of the self-bending effect. For example,
the indication of the self-bending effect was observed in a
liquid-crystal film17 (there were insufficient data to permit
us to compare our analysis with these results).

In this paper we calculate the self-bending due to a thin
nonlinear film, basically concentrating on how this effect is
affected by the shape of the spatial intensity profile of the
beam, which is one of the most important issues in various
applications of self-action effects. We consider single and
adjacent right-triangular intensity profiles as well as semi-
Gaussian and unobscured Gaussian intensity profiles. Sur-
prisingly, the more realistic Gaussian beams give rise to
nearly optimal self-deflection effects, indicating that the
self-deflection effect is quite robust with respect to changes
in the beam profile.

As a simple example, consider, as in Fig. 1, a beam propa-
gating along the z axis and at normal incidence to a nonlinear
film of thickness L whose refractive index depends on the
intensity of light IE12 as n = no + n2lEI2. We assume that the
electric field E does not vary in one of the transverse coordi-
nates, e.g., OE/Oy = 0, that is, a slab or two-dimensional
beam. The incident field (at z = 0) can then be written as
E(x, 0) =Eo(x)exp[i4o(x)]. We will also assume that reflec-
tions at the interfaces and absorption within the film are
negligible. In the linear region beyond the nonlinear film we
use the paraxial approximation, treating only cases where
the rays remain close to the optic axis. Finally, we assume
that the film thickness is much shorter than both the diffrac-
tion length D and the self-focusing length RNL, 6 i.e.,

L << (D, RNL),

where

D = kw2/2,

RNL = W(fn/4n2IEmI2)1/, (1)

where EmI2 is the peak intensity of the incident beam and w
is the characteristic beam size. This thinness requirement
implies that only the phase (not the amplitude) of the trans-
mitted beam is affected. The field at the transmitting inter-
face can therefore be expressed as
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Fig. 1. Right-triangular incident intensity profiles of equal power
(|il2wi/2 = constant), with peak intensities IEI2 and beam size w
(arbitrary units) varying, respectively, as (i) (1, 1), (ii) (1/2, 2), (iii)
(1/3, 3), (iv) (1/4,4). Their corresponding self-deflected beams are
also shown. The deflected beams (NL) become resolved more
clearly from their linear positions (L) as the beam size wi is reduced.
The insert shows a thin, nonlinear film with incident and transmit-
ted rays of light.

E(x, L) ET(X)

= E0(x)exp[iJ?0 (x)]exp[-i[no + n2IEo(x)12IkLI.
(2)

The far-field distribution of the field over the angular
coordinate, 0, is found by determining the Fourier transform
(0) of the transmitted field, ET(X), and scaling the result by
ld, where d >> (D, RNL) is the distance from the film to the
far-field region, and

(0) = J dxET(x)exp(ikx0). (3)

In the ideal case this self-deflection is achieved by using an
incident beam with a right-triangular intensity profile'
(thereby creating a light-induced prism in the beam path) in
the form

IE(x) 12 = fIEmI 2(l - X/W) 0 < X < W (4)
t o()I2= otherwise(

the wave front is assumed to be planar, 4 0 = constant. In
the linear case (n2IEml2 = 0) the far electric field is given by
(L(O) = Emi Jw dx(1 - x/w)1/2 exp(ikxO)'/ 2 , and the exact
solution, which can be expressed in terms of the Fresnel
integrals C and S,l8 is given as

WO)= EmW i _ 12 [S(E"1/2) + iQ0/2)]e" , (5)

where 0 = kw0. Equation (5) is consistent with the self-
deflected component in an expression in Ref. 5 in which a
diffraction term is included in the three-dimensional treat-
ment (also constrained by E/y = 0). In the case where the
nonlinearity of the film is included, substituting Eq. (4) into
Eqs. (2) and (3) and noting that IEO(x)12 is linear in x over the
range of the integral, we can use the sifting property of
Fourier transforms to show that the linear and nonlinear
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profiles are identical, except that one is uniformly shifted
from the other by an angle ONL:

I (NL(MI IL (O -NL)I, (6)

where

ONL = n21Em 2L/w = -NL0d/2, (7)

ONL = n2kLEm12 is the maximum phase retardation of the
transmitted beam due to the nonlinearity and Od = 2/kw is
the diffraction angle. Equation (7) is consistent with the
expression in Ref. 1 for self-bending in the geometric-optics
approximation. Below we examine how well this result esti-
mates the self-deflection angle of more realistic (e.g., Gauss-
ian) beams.

At this point we investigate whether the self-deflection
effect is altered as the beam is made more nearly symmetric.
Thus we now consider an arbitrary triangular profile com-
posed of two adjacent right-triangular profiles of different
sizes, wl and w2, but with the same maximum intensity Em2.
When we apply the sifting property over the intervals [0, wi],
we see that two undistorted counter-deflected beams occur
in the far field, where each portion of the incident beam is
deflected independently:

ISNL(0)I = IL(0 01) + L(0 + 02)12, (8)

where Oi = -n 2 1Em(2L/wi, i = 1, 2. If, for example, w2 - 0,
then the peak intensity at 02 -X - diminishes to zero, and
the results for a right-triangular profile are recovered.

From Eq. (8) we note that if Oi is larger than the diffraction
angle Odi, then the cross term is zero, and the beam is essen-
tially split into two beams. It is therefore meaningful to
measure the deflection angle relative to the angular spread-
ing of the beam due to diffraction. This ratio indicates how
well the deflected beam profile is resolved from the linear
profile. For triangular beams, Eq. (7) gives INL/0dl = INLI
21. The minimum bending required for many applications
(e.g., radiation protection and optical bistability) is INL/0dl

1. For example, a value of IONL/Odl = 5 may be expected in
CdS, in which n2Eo2 = 0.15 was measured at milliwatt power
levels (<10 mW) with a laser tuned near the I2-bound exci-
ton resonance at 487 nm in samples 5-20 tim thick.' 3

Although ONLIOd does not depend on the beam size explic-
itly, these results are valid only when the beam size is large
enough to satisfy the thinness condition [Eq. (1)]. In the
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Fig. 2. Self-deflection due to a semi-Gaussian intensity profile for
nonlinear parameter NL = 27rj, j = 0, 1, 2, 3. The deflection angle
ONL of the largest peak is given by Eq. (7). The number of subpeaks
is equal to j.
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Fig. 3. The deflection angle of the peak intensity in the far field
versus the nonlinear parameter ONL Indicent intensity profiles are
(a) right-triangular, (b) semi-Gaussian, and (c) symmetric Gauss-
ian.
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Fig. 4. Counter-self-deflection due to a symmetric Gaussian inten-
sity profile for different nonlinear parameters; NL = 2j, where j =
0,1, 2, 3.

following numerical analyses, this condition is always satis-
fied because we assume that kL - 0 and NL = constant.
Furthermore, if the beam power is fixed but its size is re-
duced (focused), as in Fig. 1, then we find that NL/Od in-
creases as w-1 . The numerical data verify the analytical
result expressed in Eq. (8).

The profiles considered above were presented to demon-
strate ideal self-deflection effects; we must now consider
more realistic beam profiles, in particular, Gaussian ones.
In this case, to obtain the strongest self-deflection angle for a
given beam power, half the beam is obscured so that it
resembles a right-triangular profile:

EO(x) = {Emexp[-(x/w) 2 ] x > (9
otherwise

An analytical solution for this beam inserted into Eqs. (2)
and (3) cannot be found; hence we treat the problem numeri-
cally. The far intensity profile, as shown in Fig. 2, is sym-
metric in the linear case (NL = 0). The nonlinear case
yields a strong peak whose deflection angle increases as ONL

(see also Fig. 3). In addition there are also some lesser
deflected subpeaks, whose number is approximatelyj NL/
2ir. Because the incident beam profile is quasi-triangular,
we may expect to approximate the angle of deflection by Eq.
(7). In fact, Fig. 3 verifies that this approximation is excel-
lent. The agreement is somewhat surprising since we may

have expected the semi-Gaussian result to diverge continu-
ously from the right-triangular result as the intensity in-
creased. Because the right-triangular self-deflection angle
is the upper limit (for a given peak intensity and intensity
gradient), the semi-Gaussian beam profile therefore pro-
duces a nearly maximum self-deflection angle. We believe
that by using a single retroreflecting mirror in a far-field
area, this effect can be used4 to observe resonatorless optical
bistability and switching similar, to some extent, to the self-
focusing bistability.4 ,19

From the point of view of these (not quite expected) re-
sults, it is interesting to look into the case of a symmetric
(unobscured) Gaussian profile. In the intermediate region,
between the film and the far field, self-(de)focusing of the
beam will occur7 8 when ONL is nonzero. The common as-
sumption in the theory of self-focusing is that the incident
Gaussian beam induces a quasi-parabolic (in our case, cylin-
drical) lens in the film, causing the far-field beam to remain
somewhat Gaussian in nature. However, in spite of these
expectations, our numerical results (Fig. 4) show that, in-
stead of a self-(de)focused nearly Gaussian beam, there are
two strongly counter-self-deflected beams in the far field,
with almost no energy propagating along the central axis.
This result is quite surprising as well. Indeed, although self-
focusing was seen in many experiments (with three-dimen-
sional beams) almost always to be accompanied with sur-
rounding rings, there is also a strong component propagating
along the central axis. In the two-dimensional case, accord-
ing to our calculations, the beam energy is deflected away
from the axis, as in Fig. 4, rather than remaining localized on
the axis. This counter-self-deflection action can be viewed
in the context of self-bending, resulting from two adjacent
semi-Gaussian prisms (each of which deflects its portion of
the beam).

In conclusion, we have demonstrated that the self-deflec-
tion effect can be expected from thin nonlinear films of
materials now in existence. We compared the ideal self-
deflection case (with a right-triangular beam profile) with a
more realistic semi-Gaussian beam and found that the self-
deflection angles are approximately the same. We also ob-
served that, for a symmetric beam, deflection dominates
over self-focusing. We expect that materials such as CdS,
quantum-well structures, and liquid crystals will be useful in
applications of the self-deflection effect, such as radiation
protection, optical switching and bistability, optical limit-
ing, and nonlinear-optical coupling devices.
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