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Coherent collisions of photorefractive solitons
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We present an experimental study of coherent collisions between one-dimensional bright photorefractive

screening solitons in a bulk strontium barium niobate crystal.

Photorefractive spatial solitons'~” have become a
subject of increased interest in the past few years.
Several generic types of photorefractive self-trapping
effects have been predicted and observed: quasi-
steady-state,! photovoltaic,? and screening solitons,®~”
resonant self-trapping in photorefractive semiconduc-
tors,® and of spatially incoherent beams.®

Collisions between solitons are perhaps the most fas-
cinating features of self-trapped beams, since, in many
respects, solitons interact like particles.'® Although a
large body of literature on the theory of Kerr and non-
Kerr soliton collisions exists (e.g., Refs. 10-12), very
few experiments on collisions of spatial solitons have
been reported. Such observations thus far include col-
lisions of Kerr-type solitons in liquid CS, (Ref. 13) and
in glass waveguides' and of two-dimensional (2D) soli-
tons in a saturable nonlinear medium.'

Recently, the first observation of collisions between
mutually incoherent 2D photorefractive solitons was
reported.!® Here we report observations of coherent
collisions between photorefractive solitons. The soli-
tons exert repulsion or attraction forces upon each
other, depending on the initial relative phase. For in-
phase collision, we find that the solitons fuse to a joint
solution of the same or a broader width, which can be
predicted from the soliton existence curve.

Collisions between photorefractive solitons possess
several unique features. First, when two optical
beams intersect in a photorefractive medium, their
interference gives rise to refractive-index gratings that
couple the beams to each other by energy exchange and
phase coupling. The strength of a two-beam-coupling
interaction depends on the period the interference
grating and, for periods much larger than the Debye
length (Ap), the resultant space-charge field can be
approximated as (kgT/q)VI/(I + I, + I;), where I,
I, and I; are the intensities of the interfering beams,
a uniform background illumination, and the dark
irradiance, respectively, kg is Boltzman’s constant,
T is the temperature, and g is the electron charge.
Second, the response time of photorefractive materials
is inversely proportional to I + I, + I;. One can take
advantage of the finite response time and observe
collisions of solitons that are mutually incoherent,
i.e., their relative phase (therefore their interference)
varies randomly in time much faster than the medium
can respond, hence the two-beam-coupling interaction
is totally eliminated (now VI = VI; + VI, leading to
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self-bending'® of both solitons). Incoherent collisions
between photorefractive solitons!” were found to be
subject to the optical guiding properties of the wave-
guides induced by each of the solitons, which in turn
are controlled by the soliton existence curve.’®* Here
we study coherent collisions between photorefractive
solitons. Coherent collisions will be subject to (a) the
waveguiding properties of the soliton-induced inter-
secting waveguides,’® which apply to all interacting
solitons; (b) coherent attraction—repulsion forces,
which apply to coherent soliton interactions only,
and (c) two-beam-coupling processes, which apply to
photorefractive spatial solitons only. For simplicity,
we minimize (¢) and study coherent collisions of pho-
torefractive solitons with as little two-beam coupling as
possible. Since for coherent collisions the interacting
beams must be phase coherent to each other at all
times, one cannot eliminate two-beam coupling by
reducing the mutual coherence. Instead, we take
advantage of the dependence of two-beam coupling
on the grating period and study collisions of initially
parallel-propagating solitons. The interference of two
parallel-propagating beams gives rise to a grating
of an infinite period, which minimizes VI and thus
two-beam coupling. In practice, the solitons repel
or attract each other, thereby introducing a small
angle between them even if they are initially launched
in parallel. Here this angle is always smaller than
1°, giving rise to a space-charge field smaller than
150 V/em, which is much smaller than the field
that supports the soliton (~2.5kV/em). Therefore
two-beam coupling is reduced to self-bending of each
beam!® with a minor effect on the collision. However,
if we start with a nonzero initial angle between the
beams, two-beam coupling is greatly enhanced. Here,
we limit our study to collisions between initially
parallel-propagating solitons.

The nonlinear change in the refractive index that
gives rise to 1D bright photorefractive screening soli-
tons®~® is proportional to (I + I;)/(I + I, + I;), a
form similar to that of solitons in saturable nonlin-
ear media.'? Screening solitons are characterized by
an existence curve '® that relates the soliton width
A& to u? = I(0)/(I, + I;), the so-called intensity ra-
tio. A& = Axkni(regV/1)V2 is a dimensionless soliton
width that reaches a minimum at ug = 1.6, Ax is the
actual soliton width (FWHM), & = 27 /A, re is the ef-
fective electro-optic coefficient, and V is the voltage
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applied across the crystal of width /. While small devi-
ations of the parameters from this curve are restrained
by the soliton stability features, large deviations can-
not support a soliton. The soliton existence curve is
shown in Fig. 1 (solid curve) along with the (dashed)
curve that shows what we measured in our experi-
ments with a strontium niobate crystal of n, = 2.35,
rett = r3z3 = 194pm/V, A = 515nm, and ! = 6 mm.
The experimental curve is slightly offset from the the-
oretical curve to somewhat higher values of A¢ and
ug for several reasons,'® the primary one being partial
guidance of the background illumination by the soliton-
induced waveguide (since ri3 # 0).

Coherent collisions of screening solitons can be ex-
plained intuitively by the soliton existence curve and
the interference between the evanescent tails of the
interacting beams.!® When the initial relative phase
is 7 the solitons destructively interfere in the region
between them, thus effectively reducing the refractive
index there. This is equivalent to a repulsive force
between the solitons, and the solitons diverge from
each other. This behavior is expected for any point
on the existence curve. Attraction between screening
solitons is far more intriguing, since the outcome de-
pends on the location of the soliton parameters on the
existence curve. Consider first the collision of two in-
phase, initially parallel-propagating, identical solitons,
each with u slightly smaller than that of the existence
curve minimum (point A, Fig. 1). Because the solitons
constructively interfere in the region between them,
they effectively increase the refractive index there, at-
tract each other, and eventually merge. The combined
beam has twice the intensity ratio, or +/2uo (point
B). However, points A and B possess the same A¢
value, meaning that, since all other parameters are un-
changed, the combined beam has the same Ax width as
each of the individual solitons. Thus, in the vicinity
of the minimum in the existence curve, we expect two
colliding in-phase solitons to fuse to a combined soliton
of the same initial width. Next, consider two such col-
liding solitons, each with ug larger than that of the ex-
istence curve minimum (point C). Again, the solitons
attract each other and merge to form a combined beam,
but now the fused beam with twice the initial u2 (or
V2 ug)is at a point with a greater A& value on the curve
(point D). The width of the fused soliton will there-
fore be equal to (A¢ at point D)/(A¢ at point C) times
the initial width. Thus, at uy values greater than the
minimum in the existence curve, we expect two col-
liding in-phase solitons to fuse to a combined soliton
wider than the initial width of each individual soli-
ton. Finally, collisions of in-phase screening solitons
in the u2 << 1 region (point E) are expected to behave
similarly to Kerr solitons, since at this limit screening
solitons are almost identical to Kerr solitons.” Thus,
two such in-phase colliding solitons will undergo cy-
cles of attraction—merging—splitting'* between points
E and F. All cases of initial phase other than zero or
7 are expected to exhibit an intermediate behavior that
breaks the symmetry between the interacting solitons.

In the experiment we launch two 1D soliton beams,
a and b, using cylindrical lenses. The 10-um FWHM
wide beams are launched parallel to each other with
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an 18-um separation along the 6-mm-long crystalline
a axis. The collision occurs in the plane defined by
the narrow dimension of the solitons and the propa-
gation axis. The beams are extraordinarily polarized,
with their minimum waist at the input face of the
crystal being nearly uniform (4 mm long) in the other
transverse dimension. An ordinarily polarized beam
uniformly illuminates the crystal to establish the back-
ground illumination I, >> I;. We control the relative
phase between the solitons with a tilted glass slide in
one of the beams. We first launch solitons a and b sep-
arately. Since most of the voltage drop occurs in the
regions outside the solitons, and since each soliton is
much narrower than /, we can generate solitons a and
b simultaneously, using the same voltage as for a sin-
gle soliton ( of the same width as a and b).'” We image
the beams at the output face of the crystal onto a CCD
camera with +1-um resolution.

First, we launch two solitons, each with intensity
ratio u5 = 8.5, which correspond to point A in Fig. 1
(see Fig. 2a). With zero applied voltage, both beams
diffract and are almost indistinguishable (Fig. 2b).
With V = 1250V across [ = 6 mm, two planar soli-
tons form when launched separately (Fig. 2c; the solid
and dashed profiles of Figs. 2a—2c¢ correspond to sepa-
rately launched beams). Then we observe the collision
by launching the solitons simultaneously. When the
relative input phase is zero, the solitons merge (fuse)
and form an output beam of the same width as each
of the input beams (Fig. 2d). This corresponds to the
transition from point A to point B on Fig. 1. When the
relative input phase is 7, the solitons repel each other,
increasing their separation at the output face of the
crystal to 46 um, thus diverging from each other at
0.27° angle (Fig. 2f). In the intermediate case of 7 /2
(Fig. 2e), the output is two solitons separated by 35 um
(0.16° divergence angle) with unequal amplitudes.

Two solitons are then launched, each with intensity
ratio u2 = 20, which corresponds to point C on Fig. 1.
Photographs and profiles of the separately launched
input and diffracted output beams (at V = 0) are
shown in Figs. 3a and 3b, respectively. With V =
1700 V applied, the separately launched beams form
planar solitons (Fig. 3c). Notice that the solitons now
require a higher voltage than in the u2 = 8.5 case, in
accordance with the existence curve®!® (Fig. 1). Then,
we observe the collision by launching the solitons
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(AE) Soliton width (FWHM)

Fig. 1. Theoretical (solid) and experimental (dashed) plots
of the normalized soliton width as a function of uy. Open
circles correspond to experimentally measured solitons.
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Fig. 2. Photographs and beam profiles at the input and
exit faces of the crystal for intensity ratio 8.5: a, input
beams, b, diffracted output beams at zero voltage, ¢, output
soliton beams when launched separately, and d—f, output
of the soliton collision for the 0, 7/2, and 7 relative input

phases, respectively.
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Fig. 3. Same as Fig. 2 but for intensity ratio 20: a, input
beams; b, diffracted output beams at zero voltage; ¢, output
soliton beams when launched separately; d, e, collision
output for 0 relative input phase with V = 1700 and V =
2400V, respectively; and f, collision output for 7 relative
input phase.

simultaneously. For zero relative input phase, the
solitons merge (fuse) and form a wider output beam
(of 13 um FWHM) than each of the input beams
(Fig. 3d). This corresponds to the transition from
point C to D on Fig. 1. Since, except for the width, all
parameters are the same in both points, the ratio (A¢
at point D)/(A¢ at point C) is equal to the (combined
width Ax at point D)/(individual width Ax of each
soliton at point C) = 1.3. Only when the voltage
is increased to 2400 V does the fused beam narrow
(Fig. 3e) to the width of each of the input beams.
However, if we launch each beam separately with
this increased voltage, each beam alone cannot form
a soliton, since it corresponds to a large deviation
from the existence curve (point G), which gives rise to
instability and beam breakup.”'®* When the relative
phase is adjusted to 7, the solitons repel each other,
increasing their output separation to 60 um, thus
diverging at 0.4° angle (Fig. 3f). Note the increased
repulsion between the solitons compared with that of
the u2 = 8.5 case (Fig. 2e), which is expected because
the nonlinear-index change scales with A¢2 « V and
is now larger. In the intermediate case of 7 /2, the
colliding solitons follow the same trend as for u2 =
8.5: emerging as two separate solitons with unequal
amplitudes. Similar results were found for u2 = 39.
Collisions of solitons with intensity ratios much
smaller than the existence curve minimum are ex-
pected to resemble collisions of Kerr-type solitons.

However, as we try to generate 1D solitons with
u? < 1 (point E, Fig. 1), the output beams suffer
from severe longitudinal and transverse modulation
instabilities.’® This is expected since, for ui << 1,
screening solitons are almost identical to Kerr solitons,’
which suffer from strong transverse instabilities in a
bulk medium. The instability is arrested at larger in-
tensity ratios, where the photorefractive nonlinearity
becomes saturated. In fact, no instability is observed
in all our experiments as long as the parameters of the
self-trapped beams are on the existence curve.

In conclusion, we have reported what is believed
to be the first experimental observation of coherent
collisions between photorefractive solitons.
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