Photorefractive self-defocusing
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Seli-defocusing of a Gaussian light beam in a bulk photorefractive BaTiO, crystal is
demonstrated. This is a low light intensity process which results from the coupling and power
transfer between the spatial frequency components of the beam. We use this effect in
photorefractive waveguide structure for all-optical switching with very low light powers.

Seli-focusing of light beams is a well known phenome-
non in noulinear optics.? It is caused by the self-modifica-
ticn of the index of refraction by the optical field via Kerr-
like effects, and requires relatively high-power densities of
light. Nonlinear photorefractivity also exhibits a behavior of
self-index modification but of a different nature. It is based
on charge separation in the material by light excitation, dif-
fusion, or drift of electrons or holes which are retrapped in a
nonuniform spatial distribution according to the light inten-
sity. The space-charge field induces index of refraction
changes which are almost independent of the absolute light
intensity {down to #W/cm®) but only on the spatial varia-
tions. The Fanning effect,”* for example, is an asymmetric
self-scattering process in photorefractive media. It results
from scattered light by imperfections which is amplified in a
broad-angle region. Recently, we have reported® on nonlin-
ear mode-coupling effects in photorefractive waveguides. In
the funnel-like process the low-order modes are amplified by
the high-order ones, and the opposite high mode amplifica-
tion occurs in the antifunneling process.

In this letter we present an experimentai demonstration
of photorefractive self-defocusing of a Gaussian beam that
propagates along the ¢ axis of a BaTiQ, crystal. The effect is
achievable with very low light intensities of 2 few mW/cm2.
It is based on a funneling-like process® in which the high
spatial frequencies of the beam amplify the low frequencies
via photorefractive nonlirear beam coupling. The analysis of
this process, as well as the opposite process of seif-focusing in
photorefractive materials, is given. We emphasize that these
effects do not originate from noise amplification as they do in
the Fanning effect.

In the experiment we used a poled BaTiO, crystal with
dimensions of 5 X 5 X 5 mm’. A spatially filtered and linearly
polarized Gaussian beam of the argon ion laser’s 515.5 nm
line was inputed into the crystal by an objective with a nu-
merical aperture of 0.3. The waist at the focus was about 1
#m. The propagation direction was along the crystal’s ¢ axis.
Figure 1(a) shows the result of the seif-defocusing effect. A
circular spot size of the input beam turns into a noncircular
elongated shape. According to the analysis below, it is
caused by a transversal spatial frequency collapse. In that
process, the low frequencies are amplified in the transverse
axis which is paraliel to the polarization direction [ the hori-
zontal direction in Fig. 1(a) or the y axis in the analysis].
The photorefractive coupling is very strong in that direction
(which makes the polarization extraordinary), and is negli-
gible in the perpendicular one {ordinary polarization). A
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rotaticn of the polarization direction evokes the strong cou-
pling i the new (extraordinary) polarization direction and
causes a similar rotation of the elongated cross-section out-
put as shown in Fig. 1(b) for a rotation of 90°.

A theoretical analysis of the process can be carried out
according to Refs. 5 and 6. The paraxial propagating beam is
represented by its plane wave components or its transverse
spatial frequencies g= (¢.,q,). The transverse plane is de-
noted by 7= (x,y). The coupled equations for these plane
wave components, in the usual approximations of slowly
varying amplitudes and negligible absorption, are given by®

dF(gz) _ 1
dz

e - -
—J P(g.9)1(gq.2)F(§.2)dg, dg;, (1)
[ I

FI1G. 1. Self-defocusing experimental output showing the cross section of
the beam with (a) horizontal polarization. Here the vertical direction is
unaffected by the photorefractive nonlinear coupling. (b} For vertical beam
polarization the picture is rotated by 90°.
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where

F@,z) = F(g,z)cos o,

F(G.z) = k f  A(Pye~ Tdxdy

Fo= Jq F(g,z)dg, dg,,

and 4 (7) is the beam amplitude. o and ¢, are the angles with
the z direction (the ¢ axis) of the corvesponding plane wave
component and the mean propagation directions (a = Gin
our experiment). Then, sin{e — o) = (1 /27)q,{2 = |§]),
A is the wavelength, and

Mg.g)y= —V(7.9) = (V/cosacosa )l Re (4.9 }.
(2)
y is the coupling parameter given by ™’

VGg) = — [iorg (4, )n5/2c1E,, (83). (3
E,., which is proportional to the space-charge ficld and the
effective efectro-optic coefficient » ; depends on the geome-
try, polarizations, and material parameters. In our photore-
fractive crystal, the coupling constant is very strong in the
polarization direction (along the y axis) of the beam and
negligible in the perpendicular one.” This makes the differ-
ence between the two transversal directions and gives the
noncircular elongated output. This also enables the approxi-
mation in the next paragraph, in which we restricted our
nureerical calculation to 7 in the polarization direction (y
axis) and solved the one-dimensional problem.

The numerical solution of Bq. (1) was carried out for
coupling in one dimension {g, }, using a computer program
for nonlinear coupled eqguations. We have divided the angu-
lar range of g, for the interacting beams to small intervals,
each representing a plane wave component. The calculation
is similar for mode coupling in photorefractive waveguides,”
where each mode can be represented by two plane waves
having opposite angles o and — « with the propagation di-
rection. We have also used the BaTiO; crystal parameters
from Ref. 5, with a beam propagation along the symmetry ¢
axis to construct the matrix of the coupling constants,

(/i B

M= .
B A

(4}

The beam components were ordered according to their an-
gles (spatial frequencies), starting from g, = 0 to higher
positive angles, foliowed by increasing negative angles from
g, = 0. Then 4 and B are antisymmetric. 4 represents cou-
pling of beam components with the same sign for g, while B
contains coupling constants for components with opposite
signs. We also note that in our geometiry and notation
F(g,.q,) =F(—gq,—gq,) all 4, and B; clements have
the same sign ( positive or negative) forj> i(jg;| > |g,|) and
an opposite sign for elements with j </ (corresponding to
lg.t <|g,|). The positive sign case gives the funneling pro-
cess in which the high |/| spatial frequencies are converted
intc the low ones. The antifunneling process occurs for the
negative sign case, obtainable by an opposite beam propaga-
tion.

The funneling process in the spatial frequencies space
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gives a self-defocusing effect in the real transversal space,
and the antifunneling causes self-focusing. The central col-
umn in Fig. 2 shows the effect of the coupling where the
beam propagates 0.5 cm afong the positive direction of the ¢
axis. We can see the funneling and the corresponding self-
defocusing behavior. Self-focusing and antifunneling occur
for opposite beam propagation. The input (output) in the
self-focusing example can serve as the output (input) in the
self-defocusing and funneling case. In the calculation we
have decomposed the input Gaussian beam into its spatial
frequency Fourier components [ F(g,}] in the y direction.
Eguation {4) was then used to obtain the nonlinear interac-
tion effect in the frequency space. The output in the real
space (upper part of Fig. 2} is the inverse transform {(lower
part), which gives the transversal y dependence of the field.
Not surprisingly, the exact Gaussian structvre is not pre-
served. The right column of Fig. 2 shows the opposite self-
focusing (and antifunneling ) process where the beam propa-
gation and the coupling constants have opposite direction
and signs. It is important {0 note that we have neglected in
our calculations any phase changes in the beam spatial fre-
guency compenents. Linear phase changes due to free prop-
agation are negligible in short distances of a few miliimeters,
and there is no contribution of nonlinear phases in diffusion-
dominated photorefractive wave mixing (where y; is real®).
We should note that adding noise to the calculation did not
change the results significantly. In the Fanning effect, how-
ever, the noise was found to be very important.® Anocther
factor that minimizes the noise amplification is the small
cross section of the input beam.*

Figure 3 shows the evolution of the spatial frequency
beam components as they propagate along the photorefrac-
tive medium. A wide frequency distribution of 2 Gaussian
input gradually turns into 2 sharp peaked distribution
around the zero spatial freguency. This is the funneling pro-
cess.” For coupling constants with opposite signs (obtaina-
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FIG. 2. Calculated self-focusing and self-defocusing of a Gaussian input
beam that propagates (1.5 cm along the negative (for focusing) and positive
(for defocusing) directions of the ¢ axis. The left column shows the input
beam as a function of y (upper) and its spatial frequencies (lower). The self-
defocused ountput and its corresponding spatial frequency distribution
(showing the funneling behavior) is given in the central column. The right
figures show the self-focused output case. The spatial frequencies are given
in terms of angles as described in the letter.
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FIG. 3. Calculated evolution of s Gaussian input beam that propagates 1 cm
along the ¢ axis showing the funneling process as a function of the interac-
tion length. The spatial frequencies are given in terms of angles as described
in the letter.

ble in BaTiO; for opposite beam propagation}, a reversed
scenario of antifunneling occurs. Here the intensity of the
fow spatial frequencies decreases, while the high orders are
amplified. We can obtain any prerequested degree of funnel-
ing (or antifunneling) into the low (high) spatial frequen-
cies {with any small width 8¢, around zero} for long encugh
interaction lengths [z»2,(6) |, and

3q,/2
fim f Fig,)dg, = F, (5)

z— :a‘:’)l]y -0 ,5(,}/2
For the opposite propagation along the — ¢ direction, the
antifunneling for very long interaction distance resulls in a
collapse into a backward propagating wave. It is a different
type of backscatiering from the stimulated effect of Chang
and Hellwarth.® In their case a phase conjugate reflection is
produced by a huge amplification of noise due to the long
collimated path of an input beam. Geometrical restriction
maximizes the gain for backward noise for input directions
which are not necessarily zlong the — ¢ axis.

As discussed in Ref. 1, the factor 1/F,in Eq. (1) makes
the effects dependent only on relative intensities of the wave
components distribution, but not on the overall intensity. (It
does affect the time response of the coupling.”) We also note
that we can control the beam coupling, and hence the out-
put, in several ways. Examples are iilumination of the crystal
by an incoherent background, applying an electric field, or
changing the oricritation and geometry of the crystal and the
beam. From Eq. (1) we see that the coupling depends on the
combined factor (T'z/F,). Thus, changing F;, by increasing

Iy

FIG. 4. Schematic of the experiment in which a background beam [, con-
trols the beam funneling in a photorefractive slab.
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FIG. 5. Experimental output from the photorefractive slab showing the far-
field structure as a function of the background light intensity 7, . ¥t is similar
to the dependence on 1/zin Fig. 3 of the output spatial frequency (or mode)
distribution in the theoretical calculation.

the background light is equivalent to a change of T or the
interaction length.

We have carried out an experiment showing the effect of
background light. Instead of a bulk we have used a slab of a
photorefractive 70-pm-thick and 5-mm-long BaTiQ; crys-
tal. Tt zliows the use of a long interaction fength with very
effective nonlinear coupling. A high multimode input beam
propagated zlong is ¢ axis. Its power was about 60 gW. The
strong funneling process” causes the collapse of all the modes
into the low ones. The background Hght beam was shined
into the slab from its side, as shown in Fig. 4, and deteriorat-
ed the coupling due to the increase of #;,. Figure 5 shows the
experimental output as a function of the background light
with powers of tens of uW. This behavior is similar to the
theoretically caiculated 1/z (or 1/I') dependence of Fig. 3,
as discussed above. We can use this feature to optically
switch a light beam that passes the photorefractive slab with
very low powers. The collapse into the low-order modes of
the high multimode input beam by the strong funneling pro-
cess, provides a maximum light power for a detector at the
ceniter. The control light beam deteriorates the coupling and
makes the cutput vafunnelled and scattered in all of the
modes. Now the detector measures low light power. In cur
experiment, the maximum power of the control beam: was
180 W, as shown in Fig. 5.

In conclusion, we have demonstrated the self~defocus-
ing effect in the photorefractive BaTiO; crystal. An analysis
of self-defocusing and self-focusing was given on the basis of
photorefractive nonlinear multi-two-wave mixing. We have
shown the effect of a background light illumination and used
it for an a¥-optical switching device.
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