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Steady-state dark photorefractive screening solitons
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We present an experimental study of steady-state dark photorefractive screening solitons trapped in a bulk
strontium barium niobate crystal. We compare experimental measurements with theoretical calculations of
the soliton properties and find good agreement between theory and experiments. We confirm the shape-
preserving behavior of the dark soliton by measuring its beam profile as it propagates throughout a specially
cut crystal and by guiding a beam of a different wavelength.  1996 Optical Society of America
Since the prediction1 and experimental observation2 of
photorefractive solitons, their existence at low power
and in both transverse dimensions has attracted much
fundamental interest, driven also by potential appli-
cations such as beam steering, optical interconnects,
and nonlinear-optical devices.1 – 11 Photorefractive
solitons appear in several forms: quasi-steady-state
solitons1,2 and steady-state (screening) solitons,3 – 6

both with applied electric field, and photovoltaic
solitons.7,8 Dark photorefractive solitons were f irst
observed in quasi-steady state9 (along with vortex
solitons). Dark screening solitons4,5 and photovoltaic
solitons7 were predicted shortly thereafter. Recently,
dark screening solitons10 and dark photovoltaic soli-
tons8 were observed.

We can best understand dark screening solitons
by considering a narrow dark notch on an otherwise
uniform light beam propagating in a biased pho-
torefractive medium.4 In the illuminated regions the
conductivity increases and the resistivity decreases.
Therefore the voltage drops mostly in the dark region,
and this leads to a large space-charge field around
the notch. The index perturbation is proportional to
the space-charge field (through the Pockels effect) and
acts as a self-defocusing medium for the illuminated
portions of the beam. Consequently these illuminated
portions expand their inner boundaries, compensat-
ing for the divergence of the notch, thus generating a
dark soliton. Note that a dark photorefractive soli-
ton not only confines the dark notch but also induces
an effective graded-index waveguide that can guide
other beams.11

Here we study dark steady-state screening solitons
trapped in a bulk strontium barium niobate (SBN)
crystal. We use a specially cut crystal to measure
the beam profiles of the dark soliton as it propa-
gates throughout the crystal and show that it is
indeed solitary-wave propagation. Then we make de-
tailed comparisons between theory and experiment.
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The theory predicts a universal relation between the
soliton width and the ratio of the soliton peak irra-
diance to the sum of the dark irradiance and a uni-
form background irradiance.4,5 For screening solitons
the only parameter needed for comparing theory and
experiments is Vp , i.e., the voltage necessary for po-
larization rotation by p, which can be measured sepa-
rately. We investigate this relation and show good
agreement with the measurements with no fitting pa-
rameters. Finally, we use the steady-state dark soli-
ton to guide a beam of a different wavelength.

Previous research4,5 showed that a one-dimensional
dark screening soliton is described by the reduced wave
equation

d2uydj2 2 f1 2 s1 1 u`
2dys1 1 u2dgu  0 , (1)

where usxd is the soliton amplitude (as a function of
the transverse coordinate x) divided by the square root
of the sum of the background and dark irradiances, u`

is the (maximum) soliton amplitude at x  ,y2, and
j  xyd, where d  sk2nb

2reffVy,d21/2; k  2pnbyl, l

is the free-space wavelength, nb is the unperturbed
refractive index, reff is the effective electro-optic
coefficient for the geometry of propagation, V is the
applied voltage, and , is the width of the crystal
between the electrodes. The boundary conditions
for dark-soliton solutions of Eq. (1) are us0d  0 and
duydjs0d  fs1 1 u`

2dlns1 1 u`
2d 2 u`

2g. Equation (1)
can be integrated numerically to yield the spatial
profile of the soliton and the FWHM of the intensity as
a function of u`. The solution of Eq. (1) predicts that
the soliton width as a function of u` will be a monotoni-
cally decreasing function and that, for ju`j . 10, the
dark soliton converges to a single form. This behavior
contrasts with that of the bright screening soliton,
for which the narrowest soliton is obtained when
the ratio of peak soliton irradiance to background
irradiance, is approximately 3. This difference be-
tween the dependence of the soliton on its maximum
 1996 Optical Society of America
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Fig. 1. Experimental setup.

amplitude for bright and dark solitons is unique to
photorefractive screening solitons and has no an-
alogy to dark solitons in Kerr media.12,13 It results
from fundamentally different boundary conditions for
bright and dark screening solitons: the electron den-
sity near the electrodes sx  6 ,y2d is a function of the
light intensity there, u`

2, which is zero for bright soli-
tons (and therefore the electron density at x  6,y2
equals that in the dark or that created by background
radiation) and is an unknown su`d in the dark-
soliton case.4,5

To test these predictions for dark solitons it is es-
sential to obtain dark solitons on the background of
otherwise uniform beams of infinite extent. If they
are not obtained and the dark soliton is generated on
finite beams, the boundary conditions resemble those
of bright solitons and do not follow the predicted be-
havior. This is in contrast to the case of dark Kerr
solitons on beams of finite extent, for which the f inite
width of the beam does not substantially affect the
dark solitons.14 This observation poses a challenge
that is not required for Kerr solitons: to generate a
very narrow dark notch (a few micrometers) in which
the transverse phase jumps by p at x  0 on the back-
ground of a uniform beam that covers the entire crys-
tal one cannot obtain such a notch by use of a tilted
glass plate.8 – 10,12,13 We generate this waveform by us-
ing a ly4 step mirror, made of an InP wafer (ref lecting
visible light), of which one half is etched to a ly4 depth
sl  488 nmd. We illuminate this mirror by a colli-
mated extraordinarily polarized beam (Fig. 1) and use
the ref lection, which provides a p phase jump on a
1-cm-wide beam centered at x  0. The ref lected
notch-bearing beam (typical power ,2 mW) is imaged
onto the input face of the SBN:61 crystal, with the nar-
row direction of the notch parallel to the crystalline
c axis and propagating along the a axis. In the ex-
periments of Fig. 4 below (only), we also launch a
uniform ordinarily polarized background beam (which
simulates the dark irradiance) copropagating with the
notch-bearing beam.6 The input and output faces of
the crystal are imaged onto a CCD camera with 60.75-
mm resolution. To observe a dark soliton we apply an
external field parallel
notch with polarity opposite to that used for observ-
ing bright solitons.6 In our crystal this field causes a
positive index change that, as predicted, has the appro-
priate sign for trapping a dark soliton.

Typical experimental results showing beam profiles
and photographs are presented in Fig. 2. The input
notch is 7 mm (FWHM) wide (left) and diffracts
(in the absence of external field) to 12 mm (middle)
after 5 mm of propagation. V s 2150 Vd applied
between electrodes separated by ,  4.5 mm traps
the notch to a 7-mm width without background
illumination. Thus, in accordance with the theo-
retical prediction,4 dark screening solitons do not
require background illumination, provided that they
are generated on an otherwise uniform beam of
infinite extent. This contrasts with the claim of
Ref. 10 that dark screening solitons require back-
ground illumination. We emphasize that, in the
absence of background illumination, if we focus the
notch-bearing beam so that it does not illuminate
the entire crystal the dark soliton appears in quasi-
steady state (as observed in Ref. 9) but disappears in
the steady state.

To investigate the evolution of the soliton beam, it
is desirable to image the soliton beam profile as it
propagates throughout the crystal. For this purpose
we cut a SBN crystal at 15± with respect to its a
axis (Fig. 3, right) and launch the soliton beam. By
translating our imaging system laterally we image the
output beam after propagation distances that vary
between 3.1 and 3.9 mm (keeping a distance from
the crystal boundaries) in our 3.7-mm-wide crystal.
The soliton profiles at various output planes are
shown in Fig. 3 (middle). Within the 60.75 -mm reso-

Fig. 2. Beam profiles (above) and photographs (below)
of the input beam (left), the normally diffracting output
(middle), and the soliton output beams (right) after propa-
gation along a 5-mm SBN crystal.

Fig. 3. Profiles of the normally diffracting notch (left) and
of the dark soliton (middle) at various output planes of
the specially cut SBN crystal. Right: The specially cut
crystal and its crystalline orientation.
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Fig. 4. Theoretical (solid curve) and experimental (error
bars) plots of the soliton width in dimensionless units of j
as a function of the square root of the ratio between the
soliton peak intensity and the background plus the dark
irradiances su`d. The measured soliton width in units of j
does not change in the range 4.5 # u` # 22.

Fig. 5. Top-view photographs of a normally diffracting
red beam in a 5-mm SBN crystal (above) and of the red
beam guided in the waveguide induced by a dark screening
soliton (below).

lution of our imaging system the soliton beam main-
tains a constant 6-mm (FWHM) profile throughout the
entire propagation distance. At zero voltage the beam
diffracts from 6 mm at the input face to 9 mm at the
shortest (3.1-mm) propagation distance and to 12 mm
at the largest (3.9-mm) distance (Fig. 3, left).

Next we test quantitatively the theoretical predic-
tion of a universal relation between the width of the
soliton and the ratio of the soliton peak irradiance
to the sum of the dark and the background irra-
diances.4,5 Measurements of Vp yield nb

3reffVys2,d,
thus providing reff  r33  280 pmyV and nb  2.35.
These measured values, the peak soliton irradiance
and the background irradiance, completely determine
the solution of Eq. (1). The measured width of the
dark soliton in units of j as a function of the in-
tensity ratio for a 7-mm-wide dark soliton is shown
in Fig. 4 (error bars) and compared with the theo-
retical result (solid curve). There is good agreement
between experiment and theory. As in the theory, we
find in our experiments that a dark soliton of a spe-
cific width at a given value of intensity ratio exists
at a single value of Vy,. As predicted, we find that
the lowest voltage required for trapping a dark soli-
ton occurs for a soliton intensity much larger than the
sum of the dark and background irradiances su`

2 ¿ 1d,
where the background illumination is not required.
This is the case in spite of small losses that are present
in the crystal sa ø 0.5 cm21d, because for u`

2 ¿ 1
the soliton width (in j units) almost does not change
with u` (Fig. 4). For ju`j # 1, because the background
and soliton beams have almost identical absorption
coefficients, loss does not affect dark-soliton experi-
ments with SBN crystals up to several centimeters
long. We also notice that the dark solitons are stable
throughout the entire measured range of u`, unlike the
bright screening solitons that were found6 to be unsta-
ble when the ratio between the soliton peak intensity
and the sum of the background and dark irradiances
was smaller than unity (in the Kerr limit4).

Finally, we launch a second (extraordinarily po-
larized) beam from a He–Ne laser sl  632.8 nmd
and guide it in the waveguide induced by the dark
screening soliton (similar to guiding experiments with
dark quasi-steady-state photorefractive solitons,11 pho-
tovoltaic solitons,8 and Kerr solitons.15) In Fig. 5 we
show top-view photographs of the red beam diffracting
from 8 to 77 mm FWHM (top) with no voltage applied
and of the red beam guided in the waveguide induced
by the 7-mm-wide dark soliton (bottom). The guided
red beam maintains its width throughout propagation
along the 5-mm crystal in steady state (unlike in the
transient guidance experiment of Ref. 10).
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