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Scattering of dipole-mode vector solitons: Theory and experiment
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We study, both theoretically and experimentally, the scattering properties of optical dipole-mode vector
solitons—radially asymmetric composite self-trapped optical beams. First, we analyze the soliton collisions in
an isotropic two-component model with a saturable nonlinearity, and demonstrate that in many cases the
scattering dynamics of the dipole-mode solitons allows us to classify them as ‘‘molecules of light’’—extremely
robust spatially localized objects which survive a wide range of interactions and display many properties of
composite states with a rotational degree of freedom. Next, we study the composite solitons in an anisotropic
nonlinear model that describes photorefractive nonlinearities, and also present a number of experimental
verifications of our analysis.
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I. INTRODUCTION

An understanding of the interaction of simple physic
objects leading to the formation of more complex objects
an ultimate goal of fundamental research in many fields
physics. The recent progress in generatingspatial optical
solitons—the self-trapped states of light with particlelik
properties—in various nonlinear bulk media allows us
study the truly two-dimensional self-trapping of light an
different types of interaction of multidimensional solita
waves, including the formation of more complicated loc
ized states@1#.

Spatial optical solitons have attracted considerable at
tion as possible building blocks of all-optical switching d
vices where light is used to guide and manipulate light its
@1#. The robust nature of spatial optical solitons displayed
their propagation and interaction@2# allows us to draw an
analogy with atomic physics, treating spatial solitons as ‘‘
oms of light.’’ Furthermore, when several light beams gen
ated by coherent sources are combined to produce vect
composite solitons, this process can be viewed as the for
tion of composite states or ‘‘molecules of light.’’

Recently, the existence of robust molecules of light in
form of dipole-mode vector solitons was predicted theor
cally @3# and also verified experimentally@4#. The dipole-
mode solitons~or ‘‘dipoles,’’ for simplicity! originate from
the trapping of a dipole-mode optical beam by an effect
waveguide created by a mutually incoherent fundame
beam of nearly radial symmetry. The first observation of t
novel type of optical vector soliton was reported in Ref.@4#,
where the dipoles were generated using two different m
ods: the phase imprinting technique and a symme
breaking instability of a vortex-mode composite soliton, a
other type of fundamental~radially symmetric! composite
soliton created by the incoherent coupling of two optic
beams@5,6#. It is worth mentioning that vector solitons ca
1063-651X/2003/68~1!/016612~8!/$20.00 68 0166
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also be created in certain processes involving the cohe
interaction of waves such as second harmonic generation
this particular situation, the two constituent beams formin
soliton molecule are the fundamental and its second h
monic @7#.

The concept of vector solitons as molecules of light c
be compared with photonic microcavity structure
micrometer-size ‘‘photonic quantum dots’’ that confine ph
tons in such a way that they act like electrons in an atom@8#.
When two of these ‘‘photonic atoms’’ are coupled togeth
they produce a photonic molecule whose optical modes b
a strong resemblance to the electronic states in a diato
molecule such as hydrogen@9#. The self-trapped states o
light we study here can be viewed as somewhat similar p
tonic structures, where the photonic trap and the beam
guides are both made of light and create self-trapped p
tonic atoms and molecules.

In this paper, we present a comprehensive study of
scattering properties of the dipole-mode vector solitons,
analyze, in particular, the interaction between these obj
and other self-trapped structures such as scalar optical
tons and other dipoles. We describe a number of interes
effects observed in numerical simulations of such inter
tions, for both isotropic saturable and anisotropic nonlo
nonlinear models. These include the absorption of a sol
by a dipole and the replacement of the soliton with a dip
component, the field momentum redistribution that can
viewed as the transformation of a linear momentum into
angular momentum with the subsequent dipole spiraling,
Additionally, we verify experimentally some of our analyt
cal predictions by studying the generation and scattering
the composite spatial solitons in photorefractive nonlin
crystals. The versatility of the phenomena described h
makes dipole-mode vector solitons of great importance,
only because of the fundamental interest in nonlinear phy
but also because of potential promising applications in
©2003 The American Physical Society12-1
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KROLIKOWSKI et al. PHYSICAL REVIEW E 68, 016612 ~2003!
optical switching and integrated optics.
The paper is organized as follows. Section II studies

scattering of scalar solitons and dipole-mode vector solit
in the framework of an isotropic saturable nonlinear mediu
In this section, we also present the most important exam
of the dipole-soliton interactions. Section III includes t
studies of the formation and interaction of the dipole-mo
solitons in an anisotropic nonlocal nonlinear model which
used for describing the nonlocal anisotropic nonlinearities
photorefractive media. In Sec. IV, we summarize the res
of our experimental studies of the interaction of the dip
solitons in photorefractive nonlinear crystals. Finally, Sec
concludes the paper.

II. SOLITON SCATTERING IN A SATURABLE
ISOTROPIC MEDIUM

A. Model and solitons

We consider here the propagation of two light beams
teracting incoherently in a saturable nonlinear medium.
the steady-state regimes in the paraxial approximation,
mutual beam interaction can be described by a system of
coupled nonlinear Schro¨dinger equations@3–5,10#

i
]u

]z
52

1

2
D'u1F~ I !u, ~1a!

i
]v
]z

52
1

2
D'v1F~ I !v, ~1b!

whereu(r' ,z) andv(r' ,z) are the dimensionless envelop
of the beams which are self-trapped in the cross-sec
plane r'5(x,y) and propagate along the directionz. The
function F(I )5I (11sI)21 characterizes a saturable nonli
earity of the medium, wheres is a dimensionless saturatio
parameter (0,s,1) andI 5uuu21uvu2 is the total beam in-
tensity.

We would like to mention that here we consider only t
stationary propagation of light, excluding any nonlineari
mediated temporal effects. In fact, the experimental obse
tions indicate that this is a common situation in many no
linear systems involving free~no feedback! propagation of
optical beams in both fast~such as atomic! and slow~photo-
refractive, thermal! nonlinear media. Typically, the only dy
namics which may occur in such cases are related to sw
ing effects and die out within the time scale determined
the temporal response of the medium. However, the temp
response in noninstantaneous media such as photorefra
crystals may lead to a number of novel transiting effects~see,
e.g., Refs.@11–14#!.

Equations~1! describe different types of spatially loca
ized composite solutions. The dipole-mode vector soliton~or
a molecule of light! is a stationary state which is compos
of a node-less beam in thev component and a dipole bea
~or a pair of out-of-phase solitons! in theu component. Soli-
tons in theu component have opposite phases and thus t
repel each other, but the role of the complimentary beamv is
to stabilize the structure making it robust. A numerical ana
sis of the linearized equations~1! shows no signs of linea
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instability of this composite structure@3#, as was also re-
cently confirmed by means of the asymptotic analyti
theory @15#. Moreover, it was shown@3# that such robust
dipole-mode vector solitons exist for a wide range of t
beam powersPu5* uuu2dr' andPv5* uvu2r' . Since we are
interested in showing stability far from the regime in whic
one beam is dominant, all numerical experiments are p
formed using as initial conditions the stationary states
which Pu.Pv .

We are interested in the dynamics of the dipole solit
under the action of finite external perturbations introduc
by its collision with other objects. The word ‘‘finite’’ empha
sizes the fact that we can no longer make use of lineari
equations and that we must deal with the full system~1!.
This fact, combined with the complex structure of the dipo
which lacks radial symmetry, makes analytical predictions
the dipole dynamics very difficult. Nevertheless, as will
shown below, one may extract some general rules on wh
qualitative predictions may be based.

The idea is that the dipole can be seen as a bound sta
a soliton beam~in v) plus a pair of vortices with opposite
charges~in u) and, therefore, many of the effects observed
the composite beam collisions and described below can
understood once the mutual interaction of these simpler
jects is studied.

One of the components of the dipole is a soliton beam~to
be referred to as soliton hereafter!. Spatial solitons are stabl
localized states which have no nodes and are the state
minimum energy of the system for a fixed power. When tw
of these solitons are in different, mutually incoherent bea
~say, one inu and the other inv), they interact incoherently
and attract each other. Thus, during an incoherent interac
two solitons may become either bound or scatter. In
former case, we have an example of what we call a molec
of light, which is typically referred to as a ‘‘vector soliton.
However, when two solitons are derived from the sa
beam, they interact coherently and the outcome of their m
tual interaction depends on their phase difference. When
quantity is small or zero, solitons experience mutualattrac-
tion, whereas if their mutual phases differ byp, they repel
each other.

Another nonlinear structure that should be mentioned
this context is a vortex-mode composite soliton, introduc
in Ref. @5#, which in our model~1! is stable only in the
vicinity of the bifurcation point@15#. Thus, the vortices may
only be stabilized by copropagating with a very large solit
beam~e.g., when a vortex in the linear beamu is guided by
an effective waveguide created in the componentv). Other-
wise, a composite state of a vortex plus a soliton constitu
an unstable molecule of light.

A dipole can be seen as a pair of vortices as descri
above or, alternatively, as a bound state of two solitons w
a phase difference ofp. While, in principle, these solitons
should repel each other, the system is stabilized due to
interaction with a soliton-induced waveguide created by
other, mutually incoherent, component.

B. Numerical results for the soliton collisions

1. Soliton-dipole scattering

The first type of numerical simulation we present he
consists of shooting a scalar soliton against a dipole-m
2-2
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SCATTERING OF DIPOLE-MODE VECTOR SOLITONS: . . . PHYSICAL REVIEW E 68, 016612 ~2003!
vector soliton. All the simulations discussed here have b
performed using a split-step operator technique using~fast!
Fourier transform, with grid sizes of up to 5123512 points
covering a rectangular domain of 68334 adimensional units
The initial data are always a combination of stationary sta
For instance, when a soliton is launched against a dipole
start with

u~x,0!5udipole~x!1usoliton~x2d!e2 ip0x, ~2!

v~x,0!5vdipole~x!. ~3!

Here,d5(dx ,dy), dx@dy , dy is the impact parameter an
p0 is proportional to the initial~linear! momentum of the
incoming scalar soliton. The initial dataudipole , usoliton , and
vdipole are obtained numerically by a suitable minimizati
procedure as outlined in Ref.@3#.

The result is an inelastic collision in which the solito
becomes deflected and the dipole gains bothlinear andan-
gular momenta. The whole process is depicted in Fig.
Soliton scattering occurs when the incident beam has
dium to large linear momentum or when it has an appropr
initial phase. For instance, in Fig. 1, the incident soliton h
sign (2) and it crashes against the part of the dipole w
(1) sign. A conservation law forces the dipole to rotate a
the soliton becomes deflected, sometimes as much as
90° angle.

When the linear momentum of the incident soliton
large, it moves too fast to suffer a destructive influence fr
the dipole. In Fig. 2, we plot the exchange of the line
momentum between the soliton and the dipole as a func
of the impact parameter. The effective interaction is clea
attractive: the soliton coming from below (dy,0) feels the
drag of the dipole above it and gets deflected upwardspy
.0), while the dipole moves downwards.

The second family of numerical experiments is perform
with solitons which are slow and, as is usual in scatter

FIG. 1. Soliton-dipole scattering.~a! Snapshots of the intensit
profile of each of the beams taken at a few points along their pro
gation distance.~b! Three-dimensional plot of the total intensit
uuu21uvu2, which shows the dipole rotation induced in the collisio
~c! Same as~b!, but with theu andv components shown separatel
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processes, the effects of the interaction process may be m
drastic. For some impact parameters, the soliton gets
close to the lobe of the dipole with the smallest phase diff
ence and fuses with it with some emission of radiation an
subsequent rotation of the dipole. This is well reflected
Fig. 3 ~radiation is not seen!.

2. Dipole-dipole collisions

The third family of numerical simulations corresponds
shooting dipoles against each other. These collisions, wh
resemble the interaction of atomic molecules provide a r
source of phenomena depending on the mutual orientatio
the dipoles and on the initial energy. Figure 4 summari
the main results observed. There we see three cases,
~a!–~c!, in which the dipole solitons are preserved. The fi
ure shows an in-phase collision with weak interaction@Fig.
4~a!#, an out-of-phase collision with repulsion@Fig. 4~b!#,

a-

FIG. 2. ~a!,~b! Components of the linear momentum of the i
cident soliton~solid line! and dipole~marked by circles! after an
inelastic collision with a large incident momentumpu

[*u*“u dr' , as a function of the impact parameterdy , which
shows the crucial role of the dipole asymmetry. Totalpy does not
vanish because of radiation~not seen in the figure!.

FIG. 3. Absorption of a soliton by a dipole.~a! Intensity profile
of each of the beams at various values of their propaga
distance—the darker the more intense;~b! Three-dimensional plot
of the total beam intensity;~c! Same as in~b! but with theu andv
components separated.
2-3
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and an example of the collision with nonzero impact para
eter in which two vortex states are created and they de
into a pair of spiralling solitons@Fig. 4~c!#.

The last case, Fig. 4~d!, shows an interesting inelasti
process when two dipoles fuse into a more complex s
which then decays creating a new dipole and a pair of sim
solitons. All these processes may be understood in term
the phase of the lobes of each dipole as described abov

III. SOLITON SCATTERING IN ANISOTROPIC
NONLOCAL MEDIA

A. Composite solitons

The dipole-mode vector solitons considered so far w
restricted to those realized in isotropic nonlinear med
However, up to now, the majority of experimental observ
tions of dipole-mode and multipole vector solitons have be
performed in photorefractive nonlinear crystals which a
known to exhibit anisotropy in their nonlinear response@16#.
In effect, even circularly symmetric optical beams indu
strongly asymmetric refractive index changes which sign
cantly affect the formation of spatial solitons as well as th
interaction.

In this section, we employ the commonly accepted mo
for the photorefractive nonlinearity that takes into account
most important properties@17# to investigate some of the
previously discussed examples of interactions of vector s
tons.

The interactions we consider here involve dipole-mo
vector solitons and scalar solitons. The dipole-mode ve
solitons consist of two mutually incoherent optical bea
with the envelopesu andv, propagating in a bulk anisotropi
nonlocal nonlinear medium such as a biased photorefrac
crystal. When the characteristic spatial scales are larger
the photorefractive Debye length and the diffusion field m
be neglected, the steady-state propagation along thez axis of
a photorefractive crystal with an externally applied elect

FIG. 4. Collisions of two dipoles with the zero@~a!, ~b!, and~d!#
and nonzero@~c!# impact parameter, and different orientation of t
dipole prior the collision@cf. ~a! and ~d!#.
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field along thex axis is described by the following equation

i
]u

]z
1

1

2
¹2u52

g

2

]w

]x
u,

i
]v
]z

1
1

2
¹2v52

g

2

]w

]x
v,

¹2w1“w“ ln~11I !5E0x0

]

]x
ln~11I !, ~4!

whereg and E0 are the normalized nonlinearity coefficien
and external field, respectively,I[uuu21uvu2 is the total in-
tensity,“5 x̂(]/]x)1 ŷ(]/]y), and w is the dimensionless
electrostatic potential induced by the light with the bounda
condition “w(rW→`)→0. The propagation coordinatez is
measured in units of the diffraction length, and the transve
coordinates are normalized by the characteristic beam
x0. The above system of equations was solved numeric
by applying concurrently the finite difference and split-st
fast Fourier methods to the electrostatic potential and pro
gation equations, respectively, and using a 2563256 grid
size computational window.

B. Soliton-dipole scattering

The first two of the numerical simulations we present h
consist of colliding a scalar soliton into one lobe of a dipo
mode vector soliton. The scalar soliton is coherent with
dipole component of the vector soliton and can thus be c
sidered as a part of the same beam in the theoretical m
~4! above. The initial data for all cases presented in t
section reflect the experimental conditions in which they
not exact solutions to the model. The fundamental com
nents of the vector soliton and the scalar beam are Gaus
beams, and the dipole component is the first derivative o
Gaussian beam along they coordinate.

The first example of the collision between the dipo
mode vector soliton and the scalar soliton is shown in Fig
Here, the scalar soliton is in phase with the lobe of the dip
with which it collides. This leads to a strong attraction b

FIG. 5. Soliton absorption in the anisotropic nonlocal mod
The top row shows the dipole components of the vector solito
while the bottom row shows the Gaussian components when a
liding soliton is absorbed by the dipole. Relative intensitie
Gaussian51.4, dipole51.1, and coherent beam51.0. Frames are
taken atz50.0, 1.1, 2.6, 4.1, and 5.6 diffraction lengths, respe
tively. Collision angle50.24°. The applied field is in the horizonta
direction.
2-4
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SCATTERING OF DIPOLE-MODE VECTOR SOLITONS: . . . PHYSICAL REVIEW E 68, 016612 ~2003!
tween the scalar beam and the lobe, and eventual absor
of the former followed by, as in the isotropic case, a rotat
of the whole dipole-mode vector soliton. In a photorefract
crystal, the complete rotation of a dipole soliton is prohibit
by the anisotropy of the nonlinear refractive index chan
@18#. Hence, unlike the isotropic case~see Fig. 1!, the vector
soliton exhibits only angular oscillations about the vertic
axis. Figure 5 clearly shows that the collision leads to
dipole soliton also experiencing a lateral shift which is due
the transfer of linear momentum from the scalar soliton
the vector soliton. Our numerical simulations show that
outcome of this collision can be more dramatic if the inte
sity of the scalar beam is increased. In such a case, the
lision may result in the break up of the vector soliton su
that the two out-of-phase lobes of the dipole are no lon
trapped. Such an effect occurs when the intensity of the
lar beam is comparable to that of the fundamental compon
of the vector soliton.

In the next example shown in Fig. 6, the scalar soliton a
the lobe of the dipole it interacts with are out of phase. B
solitons propagate initially along parallel trajectories. B
cause of the phase relation, the interaction is now repul
leading to rotation of the dipole. Again, the rotation is lim
ited by the anisotropic refractive index distribution. On fu
ther propagation, the vector and scalar solitons are cle
repelled and the vector soliton will reorientate to the sta
vertical direction once the effect due to presence of the sc
beam is negligible. Our simulations show that by increas
the angle between initial trajectories of both solitons, one
induce even stronger rotation of the dipole but this con
tutes so drastic a perturbation to the dipole that it of
breaks up so that the dipole lobes are no longer trapped

C. Dipole-dipole scattering

The next few examples of the numerical simulations
volve the collisions of two dipole-mode vector solitons. U

FIG. 6. Soliton-dipole interaction in the anisotropic model. T
top row shows~a! initial dipole components,~b! stable orientation
of the dipole components with no interacting scalar soliton az
52.3, and~c! rotated dipole when in the presence of a scalar soli
also atz52.3. The scalar soliton is of out of phase with the dipo
lobe closest to it. The bottom row shows the corresponding fun
mental components. The applied field is in the horizontal direct
Relative intensities: fundamental component51.2, dipole51.1, and
scalar beam51.0.
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less stated otherwise, the dipole components of the ve
solitons are coherent with each other, while the fundame
components are mutually incoherent.

In the example depicted in Fig. 7, the two identically o
ented vector solitons collide centrally, propagating along
direction of the applied electric field. The mutual interacti
is now attractive~phases of dipoles coincide! and since the
intersection angle~or transverse velocities! of the solitons is
relatively small, the solitons fuse forming a new dipole-mo
vector soliton. This fused soliton undergoes internal osci
tions as its parameters are quite different from the exact s
ton solution. Further simulations show that after emitti
some radiation, the structure reaches a steady state.

In Fig. 8, the phase of one of the dipoles has been shi
by p and hence each lobe now collides with an out of ph
lobe of the other dipole. This leads to the mutual repulsion
the dipole-mode vector solitons, which the weak attraction
the incoherent Gaussian beams is unable to counteract.
ther simulations show that the structure of each soliton
well preserved throughout the interaction and therefore
collision could be considered as an almost elastic collisi
Note the very close similarity between this result and
simulations of dipole interaction in isotropic medium show
in Fig. 4.

If the initial trajectories of both solitons are chosen su
that the collision is noncentral, then both dipoles usually u
dergo spatial rotation as shown in Fig. 9. This rotation
initiated by the mutual repulsion of the out-of-phase lobes
respective dipole components. Again, the rotation is limi

n

a-
.

FIG. 7. Dipole fusion in the anisotropic model. The top ro
shows the dipole components of the vector solitons, while the b
tom row shows the Gaussian components. Relative intensi
fundamental51.0, dipoles51.8. Frames are taken atz50.0, 3.4,
4.8, 5.9, and 7.0, respectively. Collision angle50.13°.

FIG. 8. Elastic collision of two dipoles in the anisotropic mode
The top row shows the dipole components of the vector solito
while the bottom row shows the Gaussian components. Rela
intensities: Gaussian51.0, dipole51.8. Frames are taken atz
50.0, 1.5, 3.0, 4.5, and 6.0, respectively. Collision angle50.21°.
2-5
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KROLIKOWSKI et al. PHYSICAL REVIEW E 68, 016612 ~2003!
by the anisotropic induced refractive index change as
dipoles force their way past each other. As the solitons p
the zone of interaction, they undergo oscillatory rotati
about the vertical axis which is again due to the orientat
perturbation caused by the collision as can be seen in F
9~d!, 9~e!, and 9~f!.

Figure 10 shows another example of the noncentral co
sion of the two dipoles for the case when the initial an
between soliton trajectories is increased to 0.21°. As the
pact parameter~i.e., lateral mismatch of initial trajectories! is
smaller than in the preceding case, the repulsive interac
of dipole components is weaker. This, combined with
larger mutual velocity of the solitons~larger intersection
angle!, allows the solitons to pass through one another wit
weak, but still visible, intermediate tilt of their axes. Th
final state corresponds to the perturbed dipole states wit
excited internal oscillation which is reflected in an uneq
energy distribution between both lobes in each dipole.

Finally, Fig. 11 shows an example of two dipole-mo
vector solitons colliding along their long~y! axes. In this
particular example, the fundamental components of both
pole solitons are coherent and in phase. The initial orien
tion of the dipoles was such that the two directly interact
lobes were out of phase, hence their interaction was re
sive. On the other hand, the interaction of the fundame
components is strongly attractive. Since the mutual velo
of the solitons is less~smaller intersection angle!, the funda-
mental components fuse in collision trapping two out-
phase lobes. In this way, a new dipole-mode vector sol
was formed with its dipole component being constituted
two out-of-phase lobes coming from two different soliton

FIG. 9. Dipole rotation in the anisotropic model. The top ro
shows the dipole components of the vector solitons, while the
tom row shows the Gaussian components. Relative peak intens
Gaussian51.0, dipole51.2. Frames are taken atz50.0, 2.3, 3.4,
4.5, 5.6, and 6.7, respectively. Collision angle50.19°.

FIG. 10. The same as in Fig. 9, but for the collision ang
50.21°. Frames are taken atz50.0, 2.3, 3.0, 3.7, and 4.4, respe
tively.
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Note that because of the symmetry of the problem, this n
vector soliton does not exhibit any transversal motion. T
remaining outmost lobes are no longer bound and separa
fundamental solitary beams as can be seen in Fig. 11~e!.

IV. EXPERIMENTAL RESULTS

The generation of an isolated dipole-mode vector soli
was reported earlier in Refs.@4,19,20#. Figure 12 shows
schematically the experimental setup used in those and
rent studies.

The dipole-mode soliton can be created using a few
ferent processes:~i! phase imprinting, when one of the beam
components is sent through a phase mask in order to imp
the required phase structure,~ii ! symmetry-breaking instabil
ity of a vortex-mode composite soliton or~iii ! superposition
of two oppositely charged vortex beams. In this way, o
obtains a dipolelike structure with a phase jump along
transverse direction that is perpendicular to the optical a
of the crystal@see Fig. 13~a!#. This dipolelike beam is then
combined with the second, nodeless beam and the resu
composite beam is focused on the input face of the phot
fractive strontium barium niobate~SBN! crystal ~the crystal
has the same parameters as in Ref.@4#!, biased with a dc field
of 1–2.5 kV applied along its optical axis. The exit and inp
facets of the crystal are viewed by charge-coupled dev

t-
es:

FIG. 11. Dipole collision in the anisotropic model. The top ro
shows the dipole components of the vector solitons, while the b
tom row shows the fundamental components. Relative intensi
Gaussian50.65, dipole51.1. Frames are taken atz50.0, 1.5, 3.7,
5.2, and 6.7, respectively. Collision angle50.17°.

FIG. 12. Experimental setup. PM, phase mask;F-filter; l/2,
half-wave plate;P polarizer; PBS, polarizing beam splitter; PZTM
mirror mounted on piezoelectric transducer;O, microscope objec-
tive; F, filter; V, dc biasing field applied to the crystal; and CCD
camera.
2-6
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~CCD! cameras and images stored in the computer. To c
trol the degree of saturation of the nonlinearity, we illum
nated the crystal with a wide beam derived from a white lig
source. In our experiments, the ratio of the peak intensity
the soliton beam to the intensity of white light illuminatio
was always of the order of unity. To ensure that both bea
forming a composite structure are mutually incoherent, o
of them is reflected by a mirror mounted on a piezoelec
transducer. When the transducer is driven by a 1 kHz signal,
it introduces a phase modulation into the beam. Since
photorefractive crystal is slow, it cannot follow fast chang
of the relative phase of both beams making them effectiv
incoherent. Propagating in a self-focusing saturable medi
such a composite input beam creates a dipole-mode ve
soliton, as shown in Figs. 13~b!–13~d!. As discussed above
the fundamental component creates an effective asymm
waveguide that guides a dipolelike mode in the form of t
out-of-phase solitary beams that otherwise would repel
fly apart.

To observe the soliton-dipole interaction effects, w
launched a scalar soliton beam against the dipole soliton.
input state is shown in Fig. 13~e!, where the dipole-mode
soliton is presented by its two-lobeu component only. The
relative phase of the soliton and the upper lobe of the dip
is close top. Therefore, when the soliton interacts with
dipole, it gets deflected~repulsive interaction! and trans-
forms a part of its linear momentum into an angular mom
tum of the dipole that starts rotating clockwise, which
clearly visible in Figs. 13~f!–13~h!. When the scalar soliton
is removed, the vector soliton rotates back until it realigns
its original stable orientation, which is vertical in the expe
mental situation discussed here. Figure 14 illustrates the
namics of this process showing the intensity of both, dip
~top row! and fundamental~bottom row! components. It
should be noted that the above experimental observation
in accordance with the results of numerical modeling. In p
ticular, the intensity distributions shown in Figs. 13~e!–13~h!

FIG. 13. Experimental results. Top row: the formation of t
dipole soliton.~a! Initial intensity of the dipole component;~b! total
intensity of the vector soliton after 10-mm propagation in a bia
SBN crystal;~c!,~d! the dipole and fundamental components of t
vector soliton after propagation. Bottom row: interaction of dipo
and scalar solitons.~e! Initial intensity of the dipole and soliton
beams;~f! the same after interaction in a biased SBN crystal;~g!,~h!
dipole and fundamental components of the rotated vector so
after the interaction. Voltage: 1.3 kV. Intensities: dipole, 1.5mW;
the fundamental component, 0.9mW; and scalar soliton, 1.6mW.
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closely resemble theoretical results displayed in Figs. 1~a!
and 6~c!. Also, the observed dynamical behavior of the d
pole agrees well with our~not shown here! numerical simu-
lations.

In the subsequent graph~Fig. 15!, we show the interaction
of two closely spaced dipole-mode vector solitons. The
solitons were propagating in parallel. Graphs, Figs. 15~a! and
15~b!, show the intensity of dipole and fundamental comp
nents at the input face of the crystal. Figure 15~c! depicts the
dipole components of both solitons seen at the exit of
crystal. This picture was obtained by superimposing t
graphs corresponding to different solitons, hence it displ
propagationwithout interaction. The dipole-soliton interac
tion is shown in the bottom row of this figure. Graphs
Figs. 15~d!–15~f! show the total intensityd, the intensity of
dipole e and fundamental components of the interacti
dipole-mode solitons. Because of thep phase difference be

d

n

FIG. 14. Temporal evolution of the dipole component of t
tilted vector soliton after the scalar soliton is blocked.~a! Initial
intensity of the scalar soliton and vector solitons;~b! dipole com-
ponent immediately after the scalar beam is blocked;~c!–~g! tem-
poral evolution of the dipole component. The time step betwe
frames is 0.5 sec.

FIG. 15. Experimental results for the interaction of two dipole
Top row: ~a!,~b! intensity distribution of the two dipoles and tw
fundamental components;~c! superimposed images of the dipo
components of two independently propagating vector solitons~no
interaction!. Bottom row: soliton interaction.~d! Total intensity dis-
tribution of two interacting solitons;~e!,~f! their dipole and funda-
mental components. Voltage:V51.1 kV. Intensities of both di-
poles: 1.5 and 1.6mW. Intensities of the fundamental componen
1.6 and 1.7mW.
2-7
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KROLIKOWSKI et al. PHYSICAL REVIEW E 68, 016612 ~2003!
tween nearest lobes, the interaction leads to a repulsio
the corresponding lobes and the clockwise rotation of b
vector solitons. This behavior is analogous to that found
our numerical simulations shown in Figs. 9~b! and 9~c!. In
both theory and experiment, the mutual rotation of the in
acting dipoles is evident.

V. CONCLUSIONS

We have studied interactions of dipole-mode compo
solitons with different nonlinear localized structures such
scalar solitons and other dipole-mode solitons. Our stud
demonstrate that, apart from the robustness of the dip
mode solitons against strong perturbations such as the i
action with other solitons~which is a consequence of the
linear stability predicted earlier!, in many cases the dynamic
of the dipole-mode composite solitons can be underst
qualitatively as that of the bound states of simpler solito
Such dynamics involve two major degrees of freedom of
composite soliton, namely, the rotation of the structure a
whole and the relative oscillation of the lobes of the dipo
both can be excited in collisions. In some cases, the exc
tion of the dipole soliton is so strong that the dynamics of
composite structure resembles that of a pair of spira
beams analyzed earlier in Ref.@10#. This is only one of many
interesting phenomena observed in our numerical sim
tions of dipole-mode soliton scattering which also inclu
the excitation of rotational motion by collision with a scal
soliton, annihilation or strong deflection of the incident so
.
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ton, etc. Even richer effects are observed when two dipo
mode solitons collide with a nonzero impact parameter. I
remarkable that the rich dynamics observed here may be
derstood qualitatively in terms of the structure of the coll
ing objects and the relative phases of the dipole compone
To make our results more realistic providing a comparis
with the experiment, we have extended our analysis and h
studied the anisotropic nonlocal model that is more relev
for describing photorefractive nonlinearities. Finally, w
have verified some of our theoretical predictions experim
tally employing the self-trapping effect in nonlinear photor
fractive crystals.

A rich variety of the scattering effects described theore
cally and verified experimentally might make the dipol
mode solitons attractive candidates for realistic applicati
in the field of integrated optics.
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McCarthy, W. Królikowski, and B. Luther-Davies, J. Opt. Soc
Am. B 19, 586 ~2002!.

@20# K. Motzek, F. Kaiser, C. Weilnau, C. Denz, G. McCarthy, W
Królikowski, A. Desyatnikov, and Yu.S. Kivshar, Opt. Com
mun.209, 501 ~2002!.
2-8


