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One-dimensional steady-state photorefractive screening solitons
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We study one-dimensional steady-state photorefractive screening solitons in a bulk strontium barium niobate
crystal. We compare measurements and calculations of the soliton properties and find good agreement for
relations between the profile, width and intensity of the soliton, the applied voltage and material parameters.
We find the solitons stable against perturbations both in the plane and perpendicular to the plane of the soliton
for intensities large compared to the background intens8§063-651X%96)50505-2

PACS numbd(s): 42.65.Hw, 42.65.Tg

Spatial solitons are a subject of continuing interest in pho- d?u/d&?+ (u/ud)in(1+ud)—u/(1+u?)=0 1)
torefractive material{1-7]. Since they require very low
power and exhibit self-trapping in both transverse dimenwhose first integral is
sions, they have great potential for applications such as beam
steering, optical interconnects, and nonlinear optical devices. du/dé=[In(1+ uz)—(uzlu%)ln(1+ ué)]l’2 2
Photorefractive solitons have been predicted and observed in
a quasisteady regiméjuasi-steady-state solitongl,2], in ~ Where u(¢) is the soliton amplitudgas a function of the
the steady state in photovoltaic materighhiotovoltaic soli- transverse coordinaté) divided by the square root of the
tons) [3], and in the steady state with an external appliegsum of the background and dark irradianagsjs the maxi-
field (screening solitons[4—6]. Screening solitons occur Mum amplitude of the soliton &=0 divided by the same
when an external voltage is applied to a photorefractive crysSum, %nd §=X_/52 where we have the following:d
tal such that the internal electric field surrounding a bright= (K'MpTeV/1) %% k=2, /X, A is the free-space wave-
beam is screened by the higher conductivity within the beam/€ndth. Ny is the unperturbed refractive indeng is the ef-
The electric field is inversely proportional to the sum of the €Ctive electro-optic coefficient for the geometry of propaga-
light intensity and the dark irradiance and is therefore lowefo": V s the applied voltage, arids the width of the crystal
in regions of higher optical intensity. This modifies the re- betvyeen the elegtrodes. Eq_uanCﬂ)_can be mtegrated nu-
fractive index via the Pockels effect which for the soliton merically to obtain the spatial profile of the soliton and the

exactly traps the beam. An observation of steady—statfu" width at half-maximum(FWHM) of the intensity as a

. . . . ) function of ug.
screening solitons trapped in both transverse dimensions was Solution of Eq.(2) predicts that the narrowest soliton

reported earlier this yed6] but theoretical results exist only should be obtained for the ratio of peak soliton irradiance to

in one dimension5-7]. _ background irradiance about equal to three. We use back-
Here we make detailed comparisons between theory a”ground intensities of 0.01 to 1 W/ch{much larger than the
experiments for one-dimensional steady-state screening soffyk jrradiancgwhich yield one-dimensional solitons of 400
tons trapped in a bulk material. The theory predicts a univer{,yy of power in a few seconds in SBN:@6trontium barium
sal relation between the width of the soliton and the ratio Oniobaté_ This power is about 600 times |arger than that re-
the soliton irradiance to the sum of the equivalent dark irraquired to generate solitons in two transverse dimensions
diance and a uniform background irradiari&-7]. If the  since the size of the planar soliton is about AMx6 mm
voltage necessary for polarization rotationyV ) is mea-  rather than about 1&mx10 um [6]. Since theoretical re-
sured separately, there are no free parameters in the theosults show that soliton profiles depend on the irradiance nor-
We compare this universal relation and the soliton profiles tanalized by the background irradiance, unlike Kerr solitons
experimental data and show good agreement. We also olwhich depend on absolute irradiance, the irradiance ratio
serve that the soliton is stable against perturbations both imust be kept constant throughout propagation. Because of
the plane and perpendicular to the plane of the soliton foabsorption in the crystal, this means that the soliton and
intensities large compared to the background intensity. background beam must be roughly copropagating. As in Ref.
Previous work[5,7] shows that a one-dimensiondlD)  [6], we generate solitons by launching an extraordinarily po-
bright screening soliton is described by the reduced wavéarized focused beam on the background of a uniform, ordi-
equation narily polarized, beam both at a wavelength of 514.5 nm and
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FIG. 1. One-dimensional pho-
tographs and profiles of a 14:6n
input beam (left), the normally
diffracting output(middle) and the
- soliton output beamsright) after
- propagating through a 6-mm SBN
- crystal. The profiles are taken at
B the planes marked by the dashed

: line on the photographs.
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propagating along the crystallirgeaxis. A cylindrical lensis dent measurements of the electro-optic coefficiens (
used to place the minimum waist of the one-dimensionalk=194 pm/vol} and the refractive indexng=2.35) can then
Gaussian beam at the input face of the crystal. The input anbde used to infer that there is no significant voltage drop on
output faces are imaged onto a charge-coupled-device carthe electrodes and that the entire voltage drops across the
era with imaging resolution ¢f0.75 um. crystal (not on the electrod@sValues ofk?ny?r¢V/I, the

We generate solitons of various widths, typically betweenpeak soliton irradiance and the background irradiance com-
9 and 20um (FWHM), at intensity ratiosué larger than 0.5. pletely determine the soliton solution of E&). We use this
A typical observation of a 14.m wide (FWHM) soliton, andu§=7.6 to calculate the soliton profile at the experimen-
after propagating through the 6-mm length of the crystal, igal conditions of Fig. 1 and obtain the soliton profiles given
shown in Fig. 1 This soliton had an amplitude ratio by the dashed line in Fig. lright column. We find good
u§=7.6 and required a voltagé=1.1 kV applied along the agreement between theory and experiment.
c axis between electrodes spaced by 5 mm. With the voltage Next, we measure the soliton width as a function of the
off the beam diffracts to about 56m. Using interferometry, intensity ratio using the following procedure. We generate a
we find that transverse phase profile at the exit face of theoliton of a given width and measure the voltage required for
crystal is uniform. This implies that after leaving the crystaltrapping as a function of the intensity ratio. We repeat this
the soliton will propagate as if it had a minimal waist at the experiment for solitons of widths ranging fromgn to 20
exit plane, and thus we use Gaussian-beam optics to imagen (FWHM) with the results shown in Fig. 2. Figure 2 also
the output beam onto our camera. Photographs and beaoontains the theoretical result, which is a universal curve
profiles (taken at three different locations across the 1D(solid). There is good qualitative agreement between the ob-
beanm of the input beam(left), output diffracting beam at servations and the theory. The shapes of the individual data
zero voltaggmiddle), and the output soliton beafright) are  sets are in agreement with the theory and the minima lie at or
shown in Fig. 1. We have examined the output beam profileslightly greater than the theoretical intensity ratio. Further-
across the entire 1D beam and found that, while the solitomore, in all our experiments and in the theory, a soliton of a
output beam profiles do not change muels shown on the specific width at a given value of intensity ratio, exists at a
right column, the diffracted output beam profilgsniddle  single value of V/I. Note also a recent experimel@] that
column vary significantly from one plane to another and has measured the magnitude of the screening nonlinearity
exhibit roughness caused by material defects and inhomogesingZ-scan techniques and found the “optimal photorefrac-
neities. Hence, the appropriate voltage not only traps théve lens” at an intensity ratio 4, which agrees well with both
beam, but also reshapes it to the smooth soliton wave formgur theory[5] and the results presented in Fig. 2. There is,
which is largely unaffected by the crystal inhomogeneities. however, an obvious offset between the theoretical and the

Previous observations with photorefractive solitonsexperimental results of Fig. 2 that appears to depend on the
[2,3,6 agree qualitatively with theory, but exa@uantita- absolute value of the soliton width.
tive) comparison was not possible. For one-dimensional Several factors may explain the discrepancy between the
screening solitons, however, we can measure all parametemseasurements and the theory shown in Fig(2: higher
necessary for a direct comparison. Measurement of the halbrder terms in the theor}5] that are omitted in the deriva-
wave voltageV ., yields the produch,®r .4V, /l. Indepen- tion of Eq.(1); (2) errors in the measurement of the electric
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field; (3) random(local) variations in the electro-optic coef- the background beam is partially guided by the soliton-
ficient across the crystald) dichroism that causes the ex- induced waveguide. When the soliton and background beams
traordinary soliton beam to undergo different absorptiondiffer in their propagation angles by an angle larger than the
from the ordinary background beam; affl guidance of the maximum guidance angle, the background beam cannot ex-
background beam by the soliton waveguide. Higher ordecite a guided mode of the waveguide and, as a result, the
terms do not appear to be the cause of the discrepancy bbackground beam is depleted in the center of the soliton.
cause these should be more important for smaller solitoBoth cases change the intensity ratio locally and we indeed
widths, contrary to the experimental results shown in Fig. 2observe them both in our experiments.

Since the electric field is independently found through a One-dimensional solitons may be unstable to perturba-
polarization-rotation experiment to B&1, we infer field er-  tions in the direction of the solito(¥ or x) and perpendicular
rors are not the cause. While the electro-optic coefficiento the soliton(y). They were found to be stable against per-
varies across the crystal by about 10%, this is too small taurbation in thex direction in Ref.[9] for a nonlinearity of
cause the discrepancy shown in Fig. 2. The extraordinary anhe form u?/(1+u?) and in Ref.[7] for photorefractive
ordinary absorption coefficients are 1.55 and 1.65 ¢énre-  screening solitons. This agrees with our observations; if the
spectively, but this changes the irradiance by at most 5%—external field appropriate for a soliton of a specific intensity
again too small to explain the observed deviation. Guiding ofatio has a smal(<10%) deviation from the single-value
the background beam is more difficult to estimate. The dif-curve of Fig. 2(which is equivalent to a perturbation in the
ference between the refractive index at the center and wingdirection, the soliton is stable.

of the soliton is about 10° while that for the ordinarily Stability against perturbations in thedirection is more
polarized background beam is about 20~ *. This is suffi-  complicated. For the Kerr nonlinearity, which is proportional
cient to change the irradiance ratio locally, an effect whichto u?, 1D solitons are unstable in a bulk material and break
depends explicitly on the size of the soliton and on the angl@ip into multiple filament$10] (for this reason all bright Kerr
between the soliton and the direction of propagation of thesolitons are observed in waveguigleShe screening nonlin-
background beam. If both beams are exactly copropagatingarity reduces to the Kerr nonlinearity in the limit of irradi-

FIG. 3. Photographs of the
stable 14.5um wide soliton out-
put profile(right) for u3=7.6, and
the unstable (multiple-filamenj
beam (left) for u2=0.3, after
propagating through the 6mm
long SBN crystal.
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ance small compared to background plus dark irradi§bte ground beam affect the soliton more ﬂaﬁsl, and may be

so one expects instability of the screening soliton in thisthe reason for beam breakup. The second possible reason for

regime. Recently, Zozulya and Andersfiti] claimed that instability at low intensity ratios is fundamentat: this limit

one-dimensional screening solitons are unstable to perturb@ug< 1) the 1D screening nonlinearity resembles the Kerr

tions in they direction in all regimes. _ , _nonlinearity[5], where the instability of 1D solitons in a bulk
We find experimentally that planar screening solitons in gy aterig| is inherent. Fou2>1 the solitons are stable as in

weakly striated crystal of SBN do not break up into f”amentssaturable self-focusing media2], or the perturbations have

ynle;s their pegk irradiance is smaller than the ba}ckgrogng much smaller growth coefficient in this regime such that
'fgad'ance- Typical photographs of the stable soliton withj,qiapijity is not observed in propagation through the 6-mm
Up="7.6 and an unstable multifilament beamV\u@'EO.B are  crystal. In general, the stability of the solitons always im-
shown in Fig. 3(left and right pictures, respectivelyThe proves with increasing intensity ratio.

upper limit on the irradiance ratio at which we observe stable |, conclusion. the one-dimensional theory gives good

solitons is set by surface currents and breakdown that occygreement with observations, and the screening solitons ap-
at the high voltages needed for large intensity ratios. Th?)ear stable for propagation 0.6 cm in SBN when the peak-

observed instability at low ratios may result from two o packground intensity ratio is greater than one but break up
sources. The first is connected with striations, which exist inptq multiple filaments for smaller values.

all SBN crystals and spatially-modulate both the soliton and

the background beams. Striations generally exist in the plane M. Segev gratefully acknowledges the generous support
normal to the ferroelectric axis, thus they introduce pertur-of the Sloan Foundation and of Hughes Research Laborato-
bations in they direction. The perturbations in the back- ries.
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