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Collisions and inhomogeneous forces between solitons of
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We exploit nonlinear propagation in photorefractive crystals to observe the phenomenology associated with the

collision and interaction of solitons of different tranverse dimensions:

a self-trapped stripe and a round soliton.

Along with evidence of particlelike behavior, our results indicate the emergence of a new phenomenology related
to the hybrid-dimensional system. [ 2000 Optical Society of America

OCIS codes: 190.5530, 190.5330.

Interactions and forces between solitary waves (see,
e.g., Refs. 1-4) are of crucial importance not only with
respect to applications but also because the very defi-
nition of a soliton is commonly associated with its
additional property of exhibiting elastic particlelike
collisions. In this Letter we experimentally tackle,
for the first time to our knowledge, a fundamental is-
sue that is meaningful for spatial solitons (henceforth
used as a synonym for solitary waves): the interaction
among solitons of different dimensionalities. To date,
spatial soliton scattering has been studied theoreti-
cally (see, e.g., Refs. 5 and 6) and experimentally®’~1°
only for solitons of the same dimensionality. Here, a
one-dimensional (1 + 1D) soliton (slab or stripe soliton)
is made to interact with a two-dimensional (2 + 1D)
soliton (needle or round soliton). The collision is sup-
ported by the photorefractive screening nonlinearity!!
that permits simultaneous observation of stripe and
needle self-trapping. Results indicate solitonic behav-
ior under the proper conditions. More importantly,
we observe a new phenomenology that stems from
the inherently inhomogeneous nature of the interaction
forces in the transverse plane, which in turn is due to
the different symmetries of the interacting particles.
Numerical results corroborate our belief that these ba-
sic features are ubiquitous, not qualitatively dependent
on the particular nonlinearity.

Experiments are performed in which narrow
(diffracting under linear conditions) laser beams are
launched into a biased photorefractive centrosymmet-
ric crystal. This system exhibits spatial self-trapping
of slab beams'? and needle beams'® when the para-
meters of each single beam obey appropriate conditions
for existence!®!? that are in close analogy to those of
noncentrosymmetric spatial screening solitons.!* The
experimental apparatus is shown in Fig. 1. Three
separate beams are made to impinge upon a 2.4-mm-
long sample of paraelectric potassium lithium tanta-
late niobate (KLTN; see Refs. 12 and 13 for sample
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details) kept at a constant temperature T' = 21 °C and
subject to an external voltage V, engendering a field
along the principal x axis. The beams are combined
by two nonpolarizing 50/50 beam splitters. The
background beam is a collimated y-polarized beam of
approximately 8-mm intensity FWHM obtained from
an argon-ion laser operating at A = 514 nm. The
beam that forms the slab soliton is obtained from
the same laser but is x polarized and focused along
x onto the input facet of the sample by means of an
f = 150 mm cylindrical lens. An x-polarized needle
beam is obtained either from the same laser for coher-
ent interactions or from a separate doubled cw diode
Nd:YAG laser (A = 532 nm) for incoherent collisions
and is focused onto the sample by means of a spherical
f = 150 mm lens. The setup allows us to vary the
mutual (collision) angle « at which the two soliton
beams intersect in the crystal. Photographs of the
input and output intensity distributions are taken by
imaging the input and output facets of the sample onto
a CCD camera. We get rid of the output background
illumination by means of an x-polarization analyzer
before the camera.
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Fig. 1. Experimental setup: BS’s, beam splitters; other
abbreviations defined in text.

00 2000 Optical Society of America



The two-beam operation point is found at @ = 0°,
displacing the two soliton beams far apart to prevent
their interaction (i.e., noninteracting parallel propaga-
tion). Given a value of V and a background illumina-
tion I, and having fixed the physical FWHM of the
input needle and slab beams (Ax, and Ax,, respec-
tively), we vary the peak intensities (independently)
of the two beams (I, and I, respectively). Simulta-
neous soliton formation for V = 1.4 kV, Ax, = 12 um,
Ax; = 10 um, and amplitude ratios u, = (I,,/I;)"2 = 2.2
and u, = (I;/I)"? = 1.6 is evident from Fig. 2.

In Fig. 3 we show the results of two qualitatively dis-
tinct cases that involve incoherent collisions, one for
a = 2° and the other for a = 1.3°. In the first case,
the needle and slab solitons maintain their self-trapped
characteristics after the collision, whereas in the sec-
ond case, for the smaller angle, the output beams are
appreciably distorted (the output evolution does not
refer to final asymptotic states because the system is
observed less than two diffraction lengths after the col-
lision point). In particular, the slab beam in proximity
to the needle (along the y axis) is destabilized, break-
ing its slab symmetry, whereas the needle is elongated
in the y direction, losing its circular symmetry. Dis-
cernible distortion was observed for values of o < 1.5°.
For values of o > 1.5° the self-trapped structure sur-
vives the interaction unchanged. For such scattering
conditions the pulses behave as quasi-rigid solitons.

A rough estimate of the critical angle can be given in
terms self-induced waveguides: Light can pass from
one soliton to the other, seeding interaction, when rela-
tive scattering angle a is comparable with angular
apertures 6. of the single waveguides.® We can ap-
proximately identify 6. with the equivalent (comple-
mentary) critical angle’ defined by the relationship
cos 6, = (n — An)/n, where An = (1/2)n®gerei(e, —
1)2(V/L)2{1 — [1/(1 + u?)]?}, € is the vacuum dielec-
tric constant, L is the distance between the electrodes
(L = 3.7 mm), and u = u; for slab solitons and u = u,
for needle solitons. In our conditions we obtain 6, = 1°
for the slab structure and 6, = 1.2° for the needle and
expect significant coupling for a = 6., as observed.

Perhaps the crucial physical difference between
conventional soliton scattering (see, e.g., Ref. 1) and
the system under investigation is the fact that the
interaction force, because of the interference in the
light caused by overlap of soliton tails, is inherently
inhomogeneous; it is strongest in the direction of the
shortest soliton separation. The presence of soliton—
soliton interaction indicates both rupture of the lower-
dimensional symmetry of the slab and distortion of
the radial symmetry of the needle. To study the
interaction in its most general manifestation, we
pass to the investigation of coherent beam coupling.
In conventional soliton phenomenology, coherent
interactions depend strongly on relative phase; they
are attractive for in-phase pulses and repulsive for
out-of-phase ones.? Coherent slab and needle par-
ticles are obtained from the same argon-ion laser in
a balanced Mach-Zehnder-like configuration. We
measure phase by observing the fringe pattern that
results from interference with the background beam
simply by rotating the polarizer before the CCD
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camera by 45° fine adjustments permit tuning of
the relative phase. The needle and the slab are
launched at « = 0° with a peak-to-peak distance
of approximately 20 um, and results are shown in
Fig. 4. In Fig. 4(b) the relative phase between the
needle and the slab input wave fronts is A¢y = =,
and during nonlinear propagation the two particles
locally inhomogeneously repel each other, leading to
a repulsive-type warping. In Fig. 4(e), A¢g = 0, and
the warping is attractive. Figures 4(c) and 4(d) show
the single trapped beam shapes with, respectively, the
needle and the slab beams blocked for the repulsive
case, whereas Figs. 4(f) and 4(g) refer to the attractive
case. Figures 4(c) and 4(d) and Figs. 4(f) and 4(g)
refer, respectively, to the same physical situation
illustrated in Figs. 4(b) and 4(e), as they are taken
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Fig. 2. Hybrid working point: at 7' = 21°C and V =
1.4 kV the crystal supports independent parallel forma-
tion of 130-um distant needle (left) and slab (right) soli-
tons: (a) input light distribution, (b) diffracted output
(V = 0) with Ax, s = 24 um, (c) output self-trapped light
distribution.
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Fig. 3. Hybrid soliton collisions: (a) noninteracting case
for a = 2.0°, (b) interacting case for @ = 1.3°, (c¢) single-
needle soliton, (d) single-slab soliton. Top, middle, and
bottom rows: input, diffracted output at V = 0, and
soliton output at V = 1.4 kV, respectively.
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Fig. 4. Coherent interaction: (a) input, (b) output in
the repulsive case A¢y = 7, (e) output in the attractive
case A¢gy = 0; (c), (d) same as (b) with needle and stripe,
respectively, blocked; (f), (g) same as (e) with needle and
stripe, respectively, blocked.
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Fig. 5. Slab—needle coherent interaction governed by
Eq. (1): (a) input (amplitudes u; = 1.3 and u, = 2),
(b) output at z = 10 with A¢o = 7, (¢) output at z = 10
with A¢y = 0.

before the system is allowed to evolve to the stationary
single-soliton state (typical relaxation times range
from a few seconds to minutes, depending on the in-
tensities). Figures 4(c) and 4(d) show how repulsion
leads to a substantial distortion of the stripe soliton
away from the needle and to a deformation of the
needle, suggesting a compression in the transverse x
direction. In the attractive case [Figs. 4(f) and 4(g)]
the warping is reversed, and the needle is slightly
elongated in the x direction.

A detailed and quantitative modeling of the specific
nonlinear interaction is beyond the scope of this Letter.
Nevertheless, to demonstrate that the basic features
of hybrid interaction driven by inhomogeneous forces
do not depend on specific features of the nonlinear
response of the photorefractive sample, we investigated
numerically the dynamics governed by the generalized
2 + 1D local nonlinear Schrédinger equation, which can
be put in the dimensionless standard form

P2 AL flulPu =0, M
9z 2

where A, = 9,2 + ayz. We take a local saturable non-
linearity f(|lu|?) = |u|?/(1 + y|u|?), which can also be
regarded as a local approximate model for screening
nonlinearities (significant differences in photorefrac-
tive crystals might arise from the anisotropic nature of
the nonlinearity; see, e.g., Ref. 14). Needle and stripe
solitary solutions of Eq. (1) are found numerically as
u = ug(x)exp(iBsz) and u = u,(x, y)exp(iB,z), respec-
tively. Here, a given value of propagation constant
B, or B, fixes both peak amplitude and width of the
soliton. The interaction is simulated by means of the
initial condition u(x, v, z = 0) = us(x — xo) + un(x +
x0, y)exp(iA¢g) in Eq. (1). A typical outcome obtained
for Bs = B, = 0.4 (i.e., peak amplitudes us; = 1.3 and
u, = 2 with y = 1) and a soliton input separation
2x9 = 6.25 is illustrated in Fig. 5. As shown, the
stripe—needle coherent interactions resemble qualita-
tively those observed experimentally. Similar results
are obtained for B; # B,, provided that the phase slip-
page Ad(z) — Apy = (B, — Bs)z remains negligible
over the characteristic distance z where soliton forces
are exerted. This constraint is usually fulfilled for
well-separated solitons of comparable peak amplitudes,
as those employed in the experiment. Otherwise, soli-
tons experience periodic changes from repulsion to
attraction.

The observed phenomenology opens up a new family
of hereto unexplored configurations whose description
involves a series of modeling riddles. Especially in-
triguing are the search for hybrid bound states and the
influence of the collision on single-soliton instabilities.
In the latter respect, we point out that the symmetry-
breaking short-scale interaction with the needle in-
hibits any transverse instability of the stripe.’® In
the pure Kerr case, the question of whether the soli-
ton force can arrest collapse of the needle remains
open. Finally, the index pattern induced in the crystal
can be used at nonphotorefractively active wavelengths
(i.e., A > 0.6 um) to investigate directional coupling
based on the hybrid resonance'® and produce a tunable
fiber—waveguide coupler as a remarkable extension of
soliton-based slab—slab couplers.*”
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