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Observation of Self-Trapping of an Optical Beam Due to the Photorefractive EH'ect
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We report on the erst observation of self-trapping of an optical beam due to the photorefractive effect.
The self-trapping occurs at microwatt light power levels, is intensity independent, and results in
significant spatial pulse reshaping.

PACS numbers: 42.65.Jx, 42.50.Rh, 42.65.Hw

Self-trapping of laser beams in nonlinear Kerr media is

a well studied phenomenon [1-6] in which the diffraction
eA'ects are exactly compensated by focusing eA'ects

caused by a light induced index change. In these cases,
the propagation of a light beam is spatially confined and

a shape-preserving transverse profile or spatial soliton is

observed. Recently, a new type of spatial soliton has been

suggested [7]. It has been predicted to occur in a pho-
torefractive medium and diA'ers from Kerr solitons by the
fact that the focusing effect is produced by an internal
nonlocal space-charge dc field, as opposed to the local in-

tensity dependent Kerr eAect. A dramatic consequence
of the diA'erence in the focusing origin is that the pho-
torefractive soliton is observable at low light powers on

the order of 10 ItW (intensities of about 200 mW/cm )
or less while the observation of "bright" [5] or "dark" [6]
Kerr solitons requires much higher powers. Moreover,
photorefractive solitons are independent of the laser light
power. As a result, they propagate while maintaining
their spatial profile even in the presence of loss or gain.

In this Letter, we report the observation of pho-
torefractive solitons. These solitons preserve their profile,
which are independent of input power, and can be ob-
served at low light powers of less than 10 pW. The de-

gree of self-focusing due to the photorefractive index

change is shown to be controllable by an applied dc volt-

age across the photorefractive crystal. For small applied
voltages, diAraction is seen to exceed the photorefractive
focusing eA'ect and the transmitted beam is observed to
diverge through the crystal. For large applied voltages,
the photorefractive focusing eff'ect exceeds diAraction and

the transmitted beam is observed to converge throughout
the crystal. Only for a small range of applied voltages is

a shape-preserving spatial profile observed to propagate
throughout the crystal. This voltage range has been pre-
dicted in Ref. [7] and is dictated by the crystal parame-

ters, such as its electro-optic coefficients, the dielectric
constant, the density of traps, and the light wavelength
and polarization. For very large applied voltages, pho-
torefractive focusing greatly exceeds diA'raction and the
incident beam converges in the crystal to a spot size
smaller than its original waist. Following the formation
of the new waist, the beam diverges and is then trapped
as diAraction is once again compensated for by the focus-
ing produced via photorefraction. In all cases, the laser
beam is observed to reshape and take on a "smooth" spa-
tial profile.

For photorefractive solitons the photorefractively in-

duced change in the index of refraction of the medium
can be thought of as arising from the photorefractive
two-wave mixing between all possible pairs of the plane-
wave spatial-frequency spectrum of the incident laser
beam [7,8]. That is, for each pair of plane-wave com-
ponents of the incident beam which interferes and pro-
duces an interference grating throughout the crystal, a
perturbation in the refractive index is generated 8n(r, z),
where z is along the propagation direction and r is in the
plane perpendicular to z. Each corresponding index grat-
ing may be viewed as a composition of two grating com-
ponents: One is in phase, spatially, with the original in-

terference pattern and the other is 90' out of phase. The
in-phase component is responsible for phase coupling be-
tween the plane waves, and therefore can compensate for
diA'raction while the 90 phase shift component is respon-
sible for energy exchange between each pair of spatial-
frequency plane-wave components of the incident beam
and for stimulated scattering or "beam fanning" [9,10].
In order to generate a nondiAracting light beam, we re-
quire Bn(r, z) =Bn( —r, z), for all z, since diA'raction is

symmetric about the z axis. Following the discussion in

Ref. [7] on the symmetry properties of the coupling
coefficient, Bn in the simple scalar 2D case, we have used
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the experimental configuration suggested there. Howev-
er, in this configuration, where the light propagates per-
pendicular to the optic axis (c axis) and a voltage is ap-
plied along the c axis, the energy-exchange process is
asymmetric about the direction of propagation, and may
deteriorate the shape-preserving propagation. For most
of the experimental results reported here, we used exter-
nal fields Eo in the range Ed « ~EO~ &&Ez (as suggested in
Ref. [7l where Ez is the limiting space-charge field and
Ed is the diffusion field) in order to minimize the out-of-
phase component of the index grating and hence energy-
exchange effects. Meanwhile, the relative magnitude of
the in-phase gratings must be controllable in order to
compensate for diffraction. This was accomplished by
adjusting the value of an applied dc electric field, and by
proper choice of the transverse profile of the incident light
beam. For example, soliton solutions include the hyper-
bolic-secant and Gaussian spatial shape-preserving pro-
files. These solutions exist for applied fields in a range
calculated using the appropriate experimental and crystal
parameters in the expression given in Ref. [7l.

The basic apparatus consisted of a cw argon-ion laser
and a 5 mmx5 mmx6 mm strontium barium niobate
(SBN) crystal with 0.01% by weight rhodium dopant.
The cw argon-ion laser wavelength was 457 nm and its
output beain diameter was 1.S mm. A schematic dia-
gram of the apparatus is shown in Fig. 1. The output
beam was directed onto a 10 cm focal length lens and the
SBN crystal was placed 3.6 mm beyond the beam waist
of 2co0=33 pm. The beam diameter at the SBN crystal
entrance face was 71 pm in the vertical plane and 81 pm
in the horizontal plane. The crystal was oriented with its
c axis in the horizontal plane and perpendicular to the
propagation direction of the incoming laser light. The
polarization of the incoming light could be varied using a
polarization rotator but was initially chosen to be along
the c axis (extraordinary polarization). The beam diame-
ter throughout the crystal was measured using an imag-
ing system consisting of an imaging lens, L2, and a two-
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dimensional detector array. The input face of the 6 mm
1ong SBN crystal was well beyond the Rayleigh range of
1.5 mm from the beam waist formed by the focusing lens,
Ll. The imaging system, therefore, imaged the beam
spot at the SBN entrance face with some magnification
onto the detector array. As the imaging lens and the
detector array are moved away from the SBN crystal,
different cross sections of the Gaussian beam are then im-
aged onto the array. In this manner, the beam diameter
at different locations throughout the SBN crystal was
monitored. The magnification of the imaging system was
determined by placing a thin aperture on the crystal exit
(and entrance) face and imaging the aperture onto the
detector array. Using the known value of the reference
aperture, the magnification was determined to be about
15 and the positions of the exit and entrance faces of the
SBN crystal were located. Using this information the
horizontal cross section of the incident beam on the en-
trance and exit faces of the crystal was determined and is
shown in Figs. 2(a) and 2(b).

A potentially serious problem in the observation of the
photorefractive soliton is the interaction of the light beam
with scattered light. The scattered light is amplified to-
ward a preferential direction (given by the symmetry
properties of the energy-exchange coupling coefficient, or
the imaginary part of 6n), and transforms the input beam
into a broad fan of light. This "fanning" appears in most
photorefractive crystals with nonzero energy-exchange
coupling. We minimized the fanning effects by using a
focused beam inside the crystal [9]. In fact with zero ap-
plied field no noticeable beam fanning was observed.
Even with the applied voltage of 400 V/cm, which was
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FIG. 1. Experimental apparatus used to observe photorefrac-
tive solitons.
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FIG. 2. The horizontal and vertical spatial beam profiles are
shown for various applied voltages.
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needed to observe soliton formation, beam fanning was
observed to be a small effect. This was true for two
reasons. First, the resulting small beam diameter pro-
vides small gain length to interactions with noise in direc-
tions that deviate significantly from z due to small in-
teraction lengths. Second, for directions at small angles
to z, where large interaction lengths are possible, the gain
length is again small due to small gains at the low voltage
of 400 V/cm. In all directions, therefore, at voltages of
400 V/cm the gain-length product was small and beam
fanning was correspondingly weak. Moreover, given that
the gain length was small and the intensity modulation
also small (due to the low intensity of the scattered light)
the fanning which was observed was seen to form at times
much longer [10,111 than the time for soliton formation.
This means that for the experiment reported here, at ap-
plied voltages of 400 V/cm, soliton formation reached
equilibrium before beam fanning effects needed to be
considered. Consequently, a direct comparison between
theory and experiment is possible. Therefore, experimen-
tally we observed the propagating spatial profile early in
time, before any beam fanning took place. This observa-
tion region is referred to as the "steady-state" region
since the propagating spatial profile remained constant
during this time period. This period was determined by
monitoring the intensity of the incident beam after pass-
ing through the crystal and an exit aperture which was
adjusted to be about the size of the incident beam. The
transmission data indicated that self-focusing took place
before fanning could be observed. The inset in Fig. 1

shows the total energy transmitted through the aperture
as a function of time. Without an applied voltage, no
self-focusing or beam fanning effects were observed
(dashed curve). When self-focusing effects occurred
(after applying an external dc voltage), the transmitted
energy first increased, reached a steady state, and then
diminished for large times (solid curve) due to screening
of the applied field in the case of low applied voltages and
both beam fanning and screening for large applied volt-
ages. The steady-state region provided a window in time
when diffraction effects (or solitons) could be observed
with very little fanning present. For a voltage of 50 V (or
an electric field of 100 V/cm) applied along the c axis,
the spatial profile and beam diameter at the plane con-
taining the crystal is shown in Fig. 2(c). The figure indi-
cates that the beam is diverging as it propagates from the
entrance face to the exit face. Comparing Fig. 2(b) to
Fig. 2(c), however, it is evident that the divergence ex-
perienced by the beam along the c direction in propaga-
ting through the crystal is less with an applied field. In-
creasing the applied voltage to 300 V or an applied field
of 600 V/cm, we can see in Fig. 2(f) that the beam now
converges as it propagates through the SBN crystal. Ap-
parently the photorefractive focusing produced with 50 V
is not sufhcient to compensate for diffraction while the
focusing produced for 300 V overcompensates. Figure 3
shows the beam diameter and spatial profile of the laser
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FIG. 3. Spatial beam profiles inside the crystal with 200 &.

beam propagating through the crystal with 200 V or a
field of 400 V/cm applied. In this case, the beam diame-
ter and spatial profile are observed to remain nearly con-
stant as it propagates through the crystal and can be de-
scribed as a photorefractive spatial soliton. The temporal
window or steady-state region for this measurement was
at least 130 msec. Experimentally, therefore, we have ob-
served the formation of a shape-preserving propagating
beam with an applied voltage in the range of 400 to 500
V/cm across the crystal. Theoretical prediction, using the
parameters for our particular SBN:60 rhodium doped
crystal, is also in the range of 400 to 500 V/cm. For the
very large field case, V 3000 V, Fig. 4 shows the beam
diameter and spatial profile of the laser beam propaga-
ting through the crystal. In this case, a smooth spatial
profile is more apparent. In both high and low voltage
cases, a spatial soliton appears to have formed along both
the c direction and the direction perpendicular to c (but
with different cross section). The immediate consequence
is that a soliton was formed in both transverse dimen-
sions, a capability that was until now restricted to dark
soliton stripes and grids [6]. In fact, this is the first ob-
servation, to our knowledge, of any two-dimensional
bright soliton. From the temporal evolution of this high
voltage soliton we infer that the perturbation in the index
did not reach its steady state at the time at which we
made the trapped-profile measurement. Unlike all other
cases, where the temporal evolution had a Oat, steady-
state region, this high voltage case always had a temporal
gradient: first due to the evolution of the soliton, then
due to its breakdown (when the value of the index change
exceeds the soliton upper limit), and finally due to the
evolution of fanning. We have used a narrow temporal

535



VOLUME 71, NUMBER 4 PH YSICAL REVIEW LETTERS 26 JULY 1993

Horizontal Spatial Profile Vertical Spatial Profile

Entrance Face

Az = 0.617mm

2h, z = 1.234mm

3hz = 1.851mm

4hz = 2.468mm

5h, z = 3.085mm

6h, z = 3.702mm

7h.z = 4.319rnm

w 15 Exit Face I-I 18@m

FIG. 4. Spatial beam profiles inside the crystal with 3000 V.

window of about 4 msec in this case. However, the tem-
poral curve had a significant gradient even within this
window, which indicates that the index change never
reached a steady state before evolution of fanning.

In addition to comparing theory and experiment for the
applied voltage range for which soliton formation is ob-
served and predicted we also compared theory and experi-
ment for the parameters of incident light polarization, in-

cident light intensity, the polarity of the applied voltage,
and the transverse phase of the photorefractive soliton.
For example, when the polarization of the incident laser
light was changed to be perpendicular to the c axis, the
voltage necessary to compensate for diA'raction was ex-
perimentally estimated to be about 500 to 600 V or an
electric field of 1000 to 1200 V/cm. This would suggest,
according to the derivation in Ref. [7l, that r33 is an or-
der of magnitude larger than r~3. This diA'erence is con-
sistent with published reports of this ratio. We also ob-
served that with ordinary polarization the beam fanning
appeared only after about 1 sec and was minimal during
the temporal window of the measurement.

When the incident intensity was increased by a factor
of 4, we observed that both the beam diameter and spa-
tial profile were unchanged in full support of the predic-
tion that photorefractive spatial solitons would form and
be independent of the incident intensity. This is demon-
strated in Figs. 2(d) and 2(e). Also, to be sure that the
observed soliton propagation or formation was indeed
photorefractive in origin, we intentionally interrupted the
writing of the phase gratings and observed that they
remained in the crystal for days but could be immediately
erased with an incoherent intense light source.

Finally, when the polarity of the dc voltage was re-
versed, no soliton was observed. This can be explained by
the sign of the in-phase part of the index grating, which
causes the input beam to diverge. Intuitively, the self-
generated positive lens turns into a negative self-
generated lens, and increases diff'raction. This is shown
in Fig. 2(g). Again, these results are in full agreement
with theoretical predictions.

Another issue is the transverse phase of the pho-
torefractive soliton. In Ref. [7] it was assumed, rather
than proved, that the transverse phase of the soliton is
uniform. We have experimentally verified that this is the
case by examining the diII'raction or propagation of the
exiting light beam using our imaging system. In particu-
lar, the beam exiting the crystal is observed to propagate
while maintaining a smooth near Gaussian shape. More-
over, the beam diameter at the crystal exit face is seen to
play the role of "minimum waist" for the beam propaga-
ting from the exit face. We have in fact recently proven
theoretically that all soliton solutions possess uniform
transverse phase.

Following these experimental observations, we have
succeeded in showing theoretically and experimentally
that the photorefractive solitons are stable in the presence
of small perturbations, but break down in the case of
large perturbations. The stability is manifested in the
work presented here through the reshaping and the
shape-preserving profiles of the solitons, despite the ma-
terial inhomogeneities that cause the profile perturbation
seen in Figs. 2(a) and 2(b).

In conclusion, we report the first observation of pho-
torefractive spatial solitons. These observations are in

full agreement with earlier theoretical predictions.
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