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Interaction of incoherent two-dimensional photorefractive solitons
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W. Królikowski
Laser Physics Centre, Australian National University, Canberra, Australian Capital Territory 0200, Australia

~Received 8 June 1998!

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 attraction.@S1063-651X~98!50910-5#

PACS number~s!: 42.65.Tg, 42.65.Hw
ho

an
ld
o

o
on

i-

ffe
s
ti

ns
ila

a
a

lt
b

pla

o
te
he

e
te
di
w
g

an

in
lie
el
p

en
ed
of
ue
y-
oli-
rift,

eri-
he-
-

d
u-

ions
her-
odu-

nce.
he
is-
ice
nd

the
as

ly in

m
wo
the
e has
pa-
wn
pe
Much attention is focused on the recently discovered p
torefractive~PR! spatial screening solitons@1#. They emerge
when laser beams of appropriate wavelength, intensity,
shape are launched into a PR crystal, and a dc electric fie
applied in the lateral direction, to induce self-focusing
beams through PR screening@2#. Their unique properties
make them promising for all optical applications@3,4#.
Soliton-induced guiding or switching devices make use
two or more solitons, so that the study of their interacti
behavior is of central interest.

As is known @5#, coherent solitons in one transverse d
mension~1D! and in two transverse dimensions~2D! display
both attraction and repulsion, depending on the phase di
ence between them. The interference of optical fields cau
an increase or decrease in the refractive index, and attrac
or repulsion between solitons, respectively. In collisio
they can exchange energy and thus are able to annih
each other, or to give birth to new solitons@6#. The coherent
solitons tend to build diffraction gratings, and an addition
energy transfer process, due to two-wave mixing, can play
important role and can make the control of solitons difficu

Incoherent solitons are more manageable, but it was
lieved that they can only attract@7,8#. Recently it has been
demonstrated that incoherent spatial solitons can dis
both attraction and repulsion@9#. If two solitons propagating
parallel are launched in the plane parallel to the direction
the applied field, they exhibit the so-called anomalous in
action behavior. They attract if the initial separation is of t
order of the beam diameter, and they repel otherwise.

Based on these observations, we demonstrate that th
traction and the repulsion of 2D incoherent solitons is de
mined by their positions in the transverse plane and the
tance between them. Depending on the initial conditions,
see both numerically and experimentally interesting propa
tion effects. When the two solitons are launched in the pl
perpendicular to the direction of the applied field~and the
diffusion field is small!, they only attract and fuse, staying
the plane. If the launching plane is at an angle to the app
field, the solitons rotate or oscillate, still attracting or rep
ling each other, depending on the initial separation and
PRE 581063-651X/98/58~4!/4112~4!/$15.00
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sition. When the effect of charge carrier diffusion is tak
into account, the solitons drift in the direction of the appli
field @10#. However, this effect depends on the number
solitons and on their position. When the drift of solitons, d
to nonparallel launching, is taken into account, then the ‘‘d
namics’’ in the transverse plane becomes complicated. S
tons spiral about each other, oscillate, fuse and defuse, d
and produce other ‘‘dancing acts.’’

With such premises, we furnish experimental and num
cal details and provide an explanation for the observed p
nomena. Experiments@6# are performed on a crystal of stron
tium barium niobite~6-mm cube!, doped with Cr. Incident
beams are derived from an argon ion laser~514.5 nm!. Two
beams with w0515mm full width at half maximum
~FWHM! spot size are launched onto thea face of the crys-
tal. They are polarized along thec axis to make use of the
dominantr 33 electro-optic coefficient, which was measure
to be 180 pm/V. A voltage of 2 kV is applied perpendic
larly to the propagation direction along thec axis. The dis-
tance between beams, their position and launching direct
in the transverse plane, as well as the degree of their co
ence, can all be adjusted. One of the beams was phase m
lated by a piezo-electric transducer to achieve incohere
A white light source was used to control the value of t
saturation intensity. The input and output light intensity d
tributions were recorded with a charge-coupled dev
~CCD! camera, and the ratio between soliton intensity a
saturation intensity is chosen to be around 2.

In numerical simulations the input face is denoted as
~x,y! plane, and the direction of the external field is taken
the x axis. The beams are assumed to propagate rough
the positivez direction. Initially, Gaussian beams@11# are
launched into the crystal.

The model for the crystal-light interaction is adopted fro
Ref. @2#, with some important changes, and extended to t
transverse dimensions. First, we include drift terms in
propagation equations. This must be done as soon as on
more than one beam to contend with, which need not pro
gate in the same direction. Each beam defines its o
paraxial propagation axis, and the slowly varying envelo
R4112 © 1998 The American Physical Society
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wave equation for each of the beams must be transforme
the common~x,y,z! coordinate system, which is attached
the crystal. Second, to model the corresponding respons
the material to the presence of the propagating light bea
we introduce the potential of the 2D field distributionEsc
52¹f, where the¹ operator acts in the transverse plan
Third, we provide for the effects of the charge carrier diff
sion, which causes the bending of beams@10#. Fourth, the
soliton propagation equations are augmented by a time
pendent equation for the development of the screening e
trostatic potential. This allows for the slow temporal chang
of solitons and the capture of various dynamical effects, s
as the development of dynamical lenses in the transien
gime of waveguide formation@12#.

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

]zA11aA11b~u1
x]x1u1

y]y!A12 i ~]x
21]y

2!A1/2

5 ig]xfA1 , ~1a!

]zA21aA21b~u2
x]x1u2

y]y!A22 i ~]x
21]y

2!A2/2

5 ig]xfA2 , ~1b!

wherea is the linear absorption over the diffraction leng
l D5knex0

2 ~k is the wave number,ne is the extraordinary
index of refraction, andx0 is the transverse scaling lengt
typically a beam spot size!, b5x0 / l D , and u specifies the
launching angles of the beam. After a propagation ofl D , a
beam launched at the origin of the transverse plane will beux

~in units of x0! away from thex axis, anduy ~again in units
of x0! away from they axis. g5k2ne

2x0
2r 33 is the coupling

constant andf is the electrostatic potential inside the cryst
Since the screening spatial solitons are observed only w
an external electric field is applied, we writef5f̃2E0x,
and deal only with the potentialf̃ induced by the light. The
incorporation of boundary conditions is then easy. The te
poral equation for the space-charge field is similar to the
derived in Ref.@13#, written here forf̃,

t] t~¹2f̃ !1¹2f̃1“ ln~11I !•“f̃5E0]xln~11I !

1~kBT/e!@¹2ln~11I !1~¹ ln~11I !!2#, ~2!

where t is the intensity-dependent relaxation time of t
crystal,I is the total intensity~measured in units of the satu
ration intensity!, and the operator¹ acts only on the trans
verse coordinatesx and y. The last term on the right-han
side of Eq.~2! is the diffusion field of the crystal. It can b
controlled, for example, by adjusting the temperatureT. e is
the charge of the dominant carriers. The values of all par
eters are chosen consistently with the experimental valu

Numerical integration of Eqs.~1! and~2! is accomplished
by a modified spectral split-step method@11#, which treats
propagating beams separately from the temporal evolutio
f̃, which is achieved by the Crank-Nicholson metho
Thanks to the adiabatic separation of the fast optical from
slow crystal processes, the spatial propagation loop can
separated from and nested within the temporal integra
to
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loop. In this Rapid Communication we only present stea
state results without damping (a50).

Figure 1 depicts repulsion and rotation of two incohere
spatial PR solitons. Solitons are launched parallel to e
other and at a distance~31 mm! that results in repulsion. If
they were injected more closely, they would attract. Initial
solitons repel and rotate, until they reach they axis. After-
wards~not shown! they oscillate about they axis and attract.
Solitons launched close to they axis always attract. Solitons
launched close to thex axis can both repel and attract, d
pending on the initial separation. The spiraling solitons
shot at the position where they are attracting, and in nonp
allel directions~the angular separation is 2.631023 rad!, so
as to boost their angular momentum to overcome an att
tive barrier along they axis and a repulsive barrier along th
x axis, and remain bounded. This requires some pre
shooting. A similar behavior has been found experimenta
in Ref. @8#.

Figure 2 offers an explanation for the observed repuls
of solitons. It shows the space-charge field distribution
two solitons situated along thex axis, in one case lying close
to each other and in the other case well separated. The
tribution of the space-charge field mirrors the change in
refractive index. Thus, the regions where the distribution
below the background level of the applied field signify f
cusing or attraction, and the regions where the distributio
above the background level signify defocusing or repulsi

FIG. 1. Interaction of an incoherent pair of spatial solitons; n
merical simulation.~a!–~c! Repulsion and rotation of solitons:~a!
initial distribution, ~b! after 6-mm propagation,~c! after 12-mm
propagation.~d!–~f! Spiraling of attracting solitons, injected alon
they axis ~initial distribution not shown; distance 32mm!: ~d! after
2.4-mm propagation,~e! after 9.6-mm propagation,~f! after
13.2-mm propagation.
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In the case where they are close enough, the solitons f
However, if they are far enough away, then repulsive sho
ders appear, and the solitons fly apart. Note that along ty
axis only attraction is possible. Repulsive forces are indu
along the direction of the external field, which also cau
the squeezing of solitons along thex axis. Solitons become
elliptical in shape, which is also experimentally observ
@13#. If, however, more elongated beams are launched
the crystal, and their intensity is insufficient for stable solit
formation, then they disintegrate fast. Such effects canno
observed for 1D spatial solitons.

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

Also, strong bending of solitons is observed experim
tally, owing to the influence of the diffusion field. Individua
solitons bend differently from the soliton pairs. However, t
bending of the ‘‘center of mass’’ of two solitons is similar

FIG. 2. Transverse distribution of the space-charge field for
solitons situated along thex axis: ~a! attracting solitons,~b! repel-
ling solitons.
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the bending of one soliton, except for some possible w
bling of the center, due to energy exchange between solit
These effects are seen in numerical simulation as well. F
ure 4 displays the bending of an individual soliton, and t
bending of an interacting soliton pair. Approximately, th
bending is additive to the ‘‘motion’’ of solitons without dif
fusion field effects. The direction of bending depends on
sign of the charge carriers.

To conclude, we have investigated both experimenta
and numerically the interaction of 2D spatial PR incoher
solitons. It is found that they can both attract and repel,

o

FIG. 3. Numerical~a!, ~b! and experimental~c!, ~d! results in-
dicating an oscillation of solitons along they axis: ~a! and ~c! are
initial distributions;~b! and~d! are distributions after 6-mm propa
gation.

FIG. 4. Soliton bending, owing to the diffusion field.~a!–~c!
One spatial soliton, launched along thez axis. ~a! Initial distribu-
tion, ~b! after 6-mm propagation,~c! after 12-mm propagation.~d!–
~f!, Two bending solitons after the same distances.
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like 1D spatial solitons. It is found that they can spiral abo
each other, but preferably they oscillate about they axis.
Repulsion of solitons is induced along thex axis, that is, in
the direction of the external electric field. In addition to r
pelling, the solitons drift in the direction of the external fiel
once the diffusion field is accounted for. The drift of ind
vidual solitons is different from the drift of two interactin
solitons.

It would be interesting to construct a dynamical theory
interacting incoherent 2D solitons, considering them as q
siparticles. Such a theory cannot be a pure mechanical th
of ‘‘orbiting’’ and ‘‘repelling’’ solitons, as electrical effects
are playing a prominent role. It cannot be a pure electrom
ev
.
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chanical theory, as light and PR effects play an import
role. Another interesting extension would be to consider
interaction of more than two solitons, and the types of str
tures they could build in the transverse plane. It is conce
able that the questions of the stability of transverse patte
as well as the appearance of defects~‘‘birth and death’’ of
solitons! would come to the fore.
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@11# M. Belić, J. Leonardy, D. Timotijevic´, and F. Kaiser, J. Opt.

Soc. Am. B12, 1602~1995!.
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