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Interaction of incoherent two-dimensional photorefractive solitons
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Numerical and experimental investigation of the interaction between incoherent spatial photorefractive soli-
tons is performed. It is found that the interaction between two-dimensional solitons is different from the
interaction between one-dimensional solitons. Whereas one-dimensional incoherent solitons display only at-
traction, two-dimensional solitons can display repulsion as well as attra¢8a063-651X%98)50910-5

PACS numbds): 42.65.Tg, 42.65.Hw

Much attention is focused on the recently discovered phosition. When the effect of charge carrier diffusion is taken
torefractive(PR) spatial screening solito4]. They emerge into account, the solitons drift in the direction of the applied
when laser beams of appropriate wavelength, intensity, anfield [10]. However, this effect depends on the number of
shape are launched into a PR crystal, and a dc electric field solitons and on their position. When the drift of solitons, due
applied in the lateral direction, to induce self-focusing ofto nonparallel launching, is taken into account, then the “dy-
beams through PR screeniig]. Their unique properties namics” in the transverse plane becomes complicated. Soli-
make them promising for all optical application8,4]. tons spiral about each other, oscillate, fuse and defuse, drift,
Soliton-induced guiding or switching devices make use ofand produce other “dancing acts.”
two or more solitons, so that the study of their interaction With such premises, we furnish experimental and numeri-
behavior is of central interest. cal details and provide an explanation for the observed phe-

As is known[5], coherent solitons in one transverse di- nomena. Experimen{$] are performed on a crystal of stron-
mension(1D) and in two transverse dimensio(@D) display  tium barium niobite(6-mm cubg, doped with Cr. Incident
both attraction and repulsion, depending on the phase diffelbeams are derived from an argon ion laggt4.5 nm. Two
ence between them. The interference of optical fields causdeams with wo=15um full width at half maximum
an increase or decrease in the refractive index, and attractidf WHM) spot size are launched onto tadace of the crys-
or repulsion between solitons, respectively. In collisions,tal. They are polarized along theaxis to make use of the
they can exchange energy and thus are able to annihiladominantr ;5 electro-optic coefficient, which was measured
each other, or to give birth to new solitof]. The coherent to be 180 pm/V. A voltage of 2 kV is applied perpendicu-
solitons tend to build diffraction gratings, and an additionallarly to the propagation direction along tleeaxis. The dis-
energy transfer process, due to two-wave mixing, can play atance between beams, their position and launching directions
important role and can make the control of solitons difficult.in the transverse plane, as well as the degree of their coher-

Incoherent solitons are more manageable, but it was beence, can all be adjusted. One of the beams was phase modu-
lieved that they can only attra€?,8]. Recently it has been lated by a piezo-electric transducer to achieve incoherence.
demonstrated that incoherent spatial solitons can displap white light source was used to control the value of the
both attraction and repulsid®]. If two solitons propagating saturation intensity. The input and output light intensity dis-
parallel are launched in the plane parallel to the direction ofributions were recorded with a charge-coupled device
the applied field, they exhibit the so-called anomalous inter{CCD) camera, and the ratio between soliton intensity and
action behavior. They attract if the initial separation is of thesaturation intensity is chosen to be around 2.
order of the beam diameter, and they repel otherwise. In numerical simulations the input face is denoted as the

Based on these observations, we demonstrate that the dk,y) plane, and the direction of the external field is taken as
traction and the repulsion of 2D incoherent solitons is deterthe x axis. The beams are assumed to propagate roughly in
mined by their positions in the transverse plane and the dighe positivez direction. Initially, Gaussian beanid1] are
tance between them. Depending on the initial conditions, wéaunched into the crystal.
see both numerically and experimentally interesting propaga- The model for the crystal-light interaction is adopted from
tion effects. When the two solitons are launched in the plané&ef.[2], with some important changes, and extended to two
perpendicular to the direction of the applied figkhd the transverse dimensions. First, we include drift terms in the
diffusion field is small, they only attract and fuse, staying in propagation equations. This must be done as soon as one has
the plane. If the launching plane is at an angle to the appliedhore than one beam to contend with, which need not propa-
field, the solitons rotate or oscillate, still attracting or repel-gate in the same direction. Each beam defines its own
ling each other, depending on the initial separation and poparaxial propagation axis, and the slowly varying envelope
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wave equation for each of the beams must be transformed to 3
the common(x,y,2 coordinate system, which is attached to
the crystal. Second, to model the corresponding response of
the material to the presence of the propagating light beams,
we introduce the potential of the 2D field distributidy
=—V ¢, where theV operator acts in the transverse plane.
Third, we provide for the effects of the charge carrier diffu-
sion, which causes the bending of bear6]. Fourth, the
soliton propagation equations are augmented by a time de-
pendent equation for the development of the screening elec-
trostatic potential. This allows for the slow temporal changes
of solitons and the capture of various dynamical effects, such
as the development of dynamical lenses in the transient re-
gime of waveguide formatiofl2].

Propagation equations for the two spatial solitons in the
paraxial approximation are of the form

I AL+ e+ B30y + 010,) Ay —i(95+37)Al/2

3
=iydpA, (1a =
’
I Ao+ aPy+ B( 0305+ 050,) Ay —i 95+ 37) Agl2 -3
_ -3 0 3 -3 0 3
=iy dA,, 1b
YdxdA, (1b) x/xo x/xo

where « is the linear absorption over the diffraction length
Ip=knex3 (k is the wave numbem, is the extraordinary

index of refraction, and, is the transverse scaling length,
typically a beam spot sizeS=xo/lp, and 6 specifies the propagation(d)—(f) Spiraling of attracting solitons, injected along

launching angles of the_b_eam. After a propagatlorhﬁ),_f a they axis (initial distribution not shown; distance 32m): (d) after
beam launched at the origin of the transverse plane withe , 4\, propagation,(e) after 9.6-mm propagation(f) after

(in units ofx,) away from thex axis, and¢” (again in units 13 5. mm propagation.
of xo) away from they axis. y=k?n2x3r 53 is the coupling
constant andp is the electrostatic potential inside the crystal
Since the screening spatial solitons are observed only wh
an external electric field is applied, we write= ¢—EgX,

FIG. 1. Interaction of an incoherent pair of spatial solitons; nu-
merical simulation(a)—(c) Repulsion and rotation of solitonga)
initial distribution, (b) after 6-mm propagation(c) after 12-mm

élﬂop. In this Rapid Communication we only present steady-
state results without dampingrE&0).

. S~ . Figure 1 depicts repulsion and rotation of two incoherent
and deal only with the potentiah induced by the light. The spatial PR solitons. Solitons are launched parallel to each

incorporatio_n of boundary conditions_is then easy. The Myther and at a distand®1 um) that results in repulsion. If
poral equation for the space-charge field is similar to the on‘?ney were injected more closely, they would attract. Initially,

derived in Ref[13], written here for¢, solitons repel and rotate, until they reach thaxis. After-
wards(not shown they oscillate about thg axis and attract.
79(V2$)+V2+V In(1+1)-Vh=Egan(1+1) Solitons launched close to tlyeaxis always attract. Solitons
launched close to the axis can both repel and attract, de-
+ (kg T/€)[V2n(1+1)+(V In(1+1))?], (20 pending on the initial separation. The spiraling solitons are

shot at the position where they are attracting, and in nonpar-

where 7 is the intensity-dependent relaxation time of theallel directions(the angular separation is X@0 2 rad), so
crystal,| is the total intensitymeasured in units of the satu- as to boost their angular momentum to overcome an attrac-
ration intensity, and the operato¥ acts only on the trans- tive barrier along thg axis and a repulsive barrier along the
verse coordinatex andy. The last term on the right-hand x axis, and remain bounded. This requires some precise
side of Eq.(2) is the diffusion field of the crystal. It can be shooting. A similar behavior has been found experimentally
controlled, for example, by adjusting the temperaflire is  in Ref. [8].
the charge of the dominant carriers. The values of all param- Figure 2 offers an explanation for the observed repulsion
eters are chosen consistently with the experimental values.of solitons. It shows the space-charge field distribution of

Numerical integration of Eqg1) and(2) is accomplished  two solitons situated along theaxis, in one case lying close
by a modified spectral split-step methptil], which treats to each other and in the other case well separated. The dis-
propagating beams separately from the temporal evolution afibution of the space-charge field mirrors the change in the
¢, which is achieved by the Crank-Nicholson method.refractive index. Thus, the regions where the distribution is
Thanks to the adiabatic separation of the fast optical from théelow the background level of the applied field signify fo-
slow crystal processes, the spatial propagation loop can busing or attraction, and the regions where the distribution is
separated from and nested within the temporal integratiombove the background level signify defocusing or repulsion.
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FIG. 2. Transverse distribution of the space-charge field for tw
solitons situated along theaxis: (a) attracting solitons(b) repel-

ling solitons.
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FIG. 3. Numerical(a), (b) and experimentalc), (d) results in-
dicating an oscillation of solitons along tlyeaxis: (a) and (c) are
initial distributions;(b) and(d) are distributions after 6-mm propa-
gation.

the bending of one soliton, except for some possible wob-
bling of the center, due to energy exchange between solitons.
These effects are seen in numerical simulation as well. Fig-
ure 4 displays the bending of an individual soliton, and the
Jending of an interacting soliton pair. Approximately, the
bending is additive to the “motion” of solitons without dif-
fusion field effects. The direction of bending depends on the
sign of the charge carriers.

In the case where they are close enough, the solitons fuse. To conclude, we have investigated both experimentally
However, if they are far enough away, then repulsive shouland numerically the interaction of 2D spatial PR incoherent
ders appear, and the solitons fly apart. Note that along the solitons. It is found that they can both attract and repel, un-

axis only attraction is possible. Repulsive forces are induced
along the direction of the external field, which also causes
the squeezing of solitons along theaxis. Solitons become
elliptical in shape, which is also experimentally observed
[13]. If, however, more elongated beams are launched into
the crystal, and their intensity is insufficient for stable soliton
formation, then they disintegrate fast. Such effects cannot be
observed for 1D spatial solitons.

All of our numerical findings are corroborated by our ex-
perimental results. Figure 3 presents a comparison for the
case of oscillating solitons. In the experiment, two solitons
were injected along thg axis such that their individual tra-
jectories would not intersect. During propagation, however,
the mutual attraction of beams leads to the crossing of their
paths, the exchange of positions, and apparent oscillations
around the equilibrium point. The identities of the solitons at
the exit plane were determined by blocking one of the input
beams. Owing to the slow time scale of the photorefractive
process, the refractive index structure induced in the crystal
by both beams persisted for some time, thus allowing the
remaining soliton to propagate as if the interaction was still
present. Exactly the same behavior is found numerically. It is
noted experimentally, as well as numerically, that solitons
injected parallel offy axis tend to oscillate about the axis,
rather than to spiral.

Also, strong bending of solitons is observed experimen-
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FIG. 4. Soliton bending, owing to the diffusion fiel¢g)—(c)

tally, owing to the influence of the diffusion field. Individual One spatial soliton, launched along thexis. (a) Initial distribu-
solitons bend differently from the soliton pairs. However, thetion, (b) after 6-mm propagatioric) after 12-mm propagatiortd)—
bending of the “center of mass” of two solitons is similar to (f), Two bending solitons after the same distances.
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like 1D spatial solitons. It is found that they can spiral aboutchanical theory, as light and PR effects play an important
each other, but preferably they oscillate about jhaxis.  role. Another interesting extension would be to consider the
Repulsion of solitons is induced along tkexis, that is, in  interaction of more than two solitons, and the types of struc-
the direction of the external electric field. In addition to re- tures they could build in the transverse plane. It is conceiv-
pelling, the solitons drift in the direction of the external field, 2P!€ that the questions of the stability of transverse patterns,
once the diffusion field is accounted for. The drift of indi- 5 Well as the appearance of defeCtsirth and death” of
vidual solitons is different from the drift of two interacting solitons would come to the fore.
solitons. The research in Darmstadt was supported within the SFB
It would be interesting to construct a dynamical theory of185 of the DFG. Research at the Institute of Physics was
interacting incoherent 2D solitons, considering them as quasupported by Project No. 01MO07 of the Ministry of Science
siparticles. Such a theory cannot be a pure mechanical theoghd Technology of the Republic of Serbia. We would like to
of “orbiting” and “repelling” solitons, as electrical effects thank C. Denz for assistance with experiments and O. Sand-
are playing a prominent role. It cannot be a pure electromefuchs for interesting discussions.
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