
PHYSICAL REVIEW E APRIL 1999VOLUME 59, NUMBER 4
Collision-induced shape transformations of partially coherent solitons
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We present experimental results related to collisional properties of partially coherent solitons~PCSs!. In
experiments with a photorefractive crystal we show that collisions in nonlinear media cause the PCS comprised
of few mutually incoherent soliton components to change its shape.@S1063-651X~99!08804-2#

PACS number~s!: 42.65.Tg, 42.65.Jx, 42.65.Hw
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Partially coherent solitons are objects which have rece
attracted a great deal of attention@1–10#. Focusing of the
spatially partially coherent beams has been suggeste
early as in 1967@11# and studied subsequently in@12,13#. On
the other hand, temporally incoherent solitons have b
considered in the original works of Hasegawa@14–16#, both
for plasma waves and for nonlinear pulses in multimode
bers. However, the creation of incoherent solitons in opt
fibers requires unrealistically high pulse energies. In contr
photorefractive materials allow experimental studies at v
low optical powers as they generally exhibit strong nonlin
self-action effects@17–21#. In fact, the first experiments with
the partially coherent soliton have been conducted with p
torefractive nonlinearity@1,2,6#.

The interaction of partially coherent solitons~PCS! is an
interesting area of research and it has only been address
the recent works@8,22#. In the present paper, we experime
tally demonstrate new collisional properties of PCS. Name
we have discovered that the PCS may have variable sh
@23# and that the collision of the PCS leads to a transform
tion of the soliton profile. In order to explain these pheno
ena we will first briefly discuss the main features of partia
coherent solitons considering the solvable model of a K
like medium. However, the nonlinear susceptibility of a ge
eral nonlinear medium, such as a photorefractive crysta
usually well approximated by a saturable nonlineari
Therefore, we will comment on PCS in a saturable non
earity discussing experimental results.

It has been shown that incoherent solitons can be re
sented asN self-trapped mutually incoherent wave packe
which represent modes of the self-induced waveguide@5,6#.
From this point of view, incoherent solitons are analogous
higher-order vector solitons which can also be considere
multimoded self-induced waveguides@24#. One of the physi-
cal reasons which makes various modes phase indepen
~incoherent! is a slow response of the nonlinear mediu
Usually in photorefractive media the response time is m
slower than the random fluctuation of the phases of the
PRE 591063-651X/99/59~4!/4654~5!/$15.00
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tially coherent beam so its refractive index change is a fu
tion of the time-averaged light intensity. On the other ha
the light beam components can be initially incoherent in ti
leading to qualitatively the same phenomena. In either c
the evolution of theN self-trapped mutually incoherent wav
packets in a medium with Kerr-like nonlinearity can be re
resented by a set ofN coupled dimensionless equations

i
]c i

]z
1

1

2

]2c i

]x2
1dn~c i !c i50, ~1!

c i denotes thei th component of the beam,x is the transverse
coordinate,z is the co-ordinate along the direction of prop
gation, and

dn~c i !5 f S (
i 51

N

uc i u2D 5 f ~ I ! ~2!

is the change in refractive index profile created by the p
tially coherent beam, which, because of the lack of tempo
correlation between the modes, is a nonlinear function of
a sum of modal intensities.

For the sake of simplicity, we take here the functio
f (I )5I . As a result, the set of equations~1! is an integrable
set of coupled nonlinear Schro¨dinger equations~NLSE!. This
simplifies the analysis in the sense that all solutions can
written in analytical form. Examples of the lowest-ord
symmetric solutions and their interactions have been p
sented in recent works@7,8#. However, those solutions con
tain only one free parameter. They are symmetric soluti
of a given ~sech! profile and have variable amplitude~and
width! for any particularN.

More general analysis has been done in@22#. In particular,
it has been shown that the actual PCS profiles are mult
rameter families of asymmetric solutions and that their sh
and amplitude may vary. Moreover, it has been shown@22#
that PCS can be best understood using the principle
complementarity. Namely, we can think of PCS both as
4654 ©1999 The American Physical Society
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waveguide self-induced by its linear modes~characterized by
the corresponding propagation constantsl) and also as a
multisoliton complex consisting of a certain number of fu
damental solitons. Interestingly enough, the number of lin
modes in the waveguide coincides with the number of f
damental solitonsN in the multisoliton complex which forms
the PCS.

If the ability of PCS to take a variety of profiles is a
unusual novel feature itself, then the collisional properties
these solitons are even more amazing. We will first illustr
the collisions of PCSs using numerical simulations. The
sults are shown in Figs. 1 and 2. In both cases collis
involves standard coherent soliton and partially coher

FIG. 1. Numerical simulation of the collision of a fundamen
soliton (l51) with a partially coherent soliton formed by incohe
ent superposition of two modes.~a! Input and output intensity pro
file as well as amplitude profiles of the constituent components
PCS.~b! Surface plot illustrating the collision. In this case the co
responding eigenvalues for the components of PCS arel151,l2

50.65.
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soliton ~soliton complex! consisting of two~mutually inco-
herent! modes of the self-induced waveguide. These simu
tions reveal that the collision induces a dramatic change
shape of the PCS. After collision, PCS remains a soliton
has an intensity profile different from the initial one. It
evident from Fig. 1 that an initially symmetric soliton be
comes clearly asymmetric.

In the case displayed in Fig. 2 the structural change of
PCS involves asymmetry and change in the separation
intensity peaks. Additional simulations show that after n
merous collisions,N-component partially coherent soliton
may be completely separated intoN fundamental solitons.
This is a remarkable feature of a PCS collision, and it diffe
drastically from a standard collision between two fundam
tal bright solitons.

As has been pointed out in the earlier work@22#, to ex-
plain the reshaping phenomenon, we can think of the PCS
a multisoliton complex. Then the transformation of the sha

f

FIG. 2. The same as in Fig. 1 but for PCS withl151, l2

50.5.
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of the PCS is caused by different lateral shifts experien
during the collision by each individual soliton forming th
multisoliton complex. The complementary point of view
that the modes of the self-induced waveguide experienc
different rate of refraction when intersecting another PC
This also explains a change of shape of the PCS after c
sion. This simple physics is responsible for reshaping of P
not only in Kerr media but also in media with other types
nonlinearity including photorefractive media. In the latt
case, the effect of PCS formation can be studied by using
equation for solitons in media with saturable nonlineari
These simulations give qualitatively similar results and sh
the existence of multiparameter families of asymmetric so
tions. Numerical examples of asymmetric PCS in satura
media and their collision have been found recently in@25#,
while the experimental confirmation of this effect is give
below. We show in this paper that partially coherent solito
in photorefractive media also reshape after collisions,
though their subsequent dynamics might be more com
cated than in a model with Kerr-like nonlinearity.

Collision of partially coherent spatial solitons has be
studied experimentally with the screening solitons formed
a photorefractive strontium barium niobate crystal@19–21#.
We used a setup similar to that described in our prevo
works @26#. A laser beam~@514.5 nm! was split into two
parts. The first one was reflected from a PZT mounted mi
driven by an ac signal. The vibration of the mirror introduc
a frequency shift into the beam. This frequency-shifted be
constituted the fundamental component of the input beam
second, higher-order component was created by introdu
a phase mask across part of the second beam to inducep
phase shift. Both beams were then recombined and focu
by a set of cylindrical lenses to form a narrow ('20 mm)
stripe on the input face of the crystal. As the temporal
sponse of the photorefractive crystal is slow, fast change
the relative phase between both components~due to the fre-
quency shift! effectively make them mutually incoheren
when propagating together through the crystal~which re-
sponds to the sum of their intensities!.

This composite beam then intersected inside the cry
with another one-dimensional, single-component stripe
rived from the same laser. The optical path for this seco
beam exceeded that of the first one by a few cohere
lengths so both beams were mutually incoherent. The pro
gation distance inside the crystal was 10 mm. The out
face of the crystal was imaged onto a CCD camera and
corded by the computer. The crystal was biased with a
kV dc electric field applied along itsc axis while all beams
were extraordinarily polarized to make use of the largestr 33
electro-optic coefficient. Additionally, the crystal was illum
nated by the broad white light beam which provided t
necessary background illumination used to control the deg
of saturation of the nonlinearity which in our experimen
was estimated to be of the order of unity@27#.

Initially we propagated each beam separately. We fou
that each of them~composite as well as fundamental! formed
solitary beams. The total power of the single-compon
beam was 70mW while that of the composite beam varie
from case to case. Typical results are presented in Fig
where we show the light intensity distribution on the e
face of the crystal. In the graph in Fig. 3~a! we show the
d
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composite~or partially coherent soliton! propagating alone in
the crystal. To create this soliton the initial power ratio of t
fundamental to first-order mode was set to 3 while the to
power was 60mW. This is a single-peaked soliton. The ne
graph, Fig. 3~b!, shows the result of the collision betwee
this composite soliton and the fundamental soliton. It is qu
clear that after the collision the partially coherent solit
becomes strongly asymmetric, which is an indication of
partial separation of its constituent modes. For comparis
in Figs. 3~c! and 3~d! we show the collision between tw
fundamental solitons. The first graph@Fig. 3~c!# shows the
fundamental soliton propagating alone while the graph
Fig. 3~d! illustrates the effect of the collision. Besides th
usual lateral shift of the soliton, its profile remains symm
ric. The two final graphs, Figs. 3~e! and 3~f!, illustrate an-
other example of the collision of the composite and fund
mental solitons. This time the contribution of the first mo
of the PCS is stronger than before~the initial power ratio of
the fundamental to first-order mode equals 1.3 while the to
power is 70mW). The composite soliton exhibits clea
double-peaked structure with the separation between

FIG. 3. Experimental results of the collision of 1D partial
coherent solitons in photorefractive crystal. The plots show only
light intensity distribution on the exit face of the photorefracti
crystal. These stripes represent one-dimensional solitary beam
the left column we show free propagation of the PCS~no collision!.
The right column illustrates the effect of a collision with a singl
component solitary beam. The angle of collision is'0.6°. ~a! and
~b! Individual PCS and its collision with a single-component so
ton. The power of the fundamental component is much larger t
that of the first-order component.~c! and ~d! A single-component
soliton and its collision with another single-component soliton. T
structure of the solitons remains unchanged.~e! and ~f! Individual
PCS with a strong contribution of the first-order component and
collision with a single-component soliton.
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peaks of 24mm @Fig. 3~e!#. When it collides with the funda-
mental soliton, the two-peaked structure becomes even m
pronounced and the separation between peaks increas
34 mm. This is qualitatively the same type of behavior
found in our numerical simulations~Fig. 2!.

The above experimental results confirm the effect p
dicted both theoretically and in our numerical simulation
Namely, the composite solitons reshape during the collisio
However, for saturable media, the final state of each PC
not necessarily a stationary beam. The reason is the foll
ing. In the case of the completely integrable Kerr-like mod
there is no binding energy between constituent fundame
soliton components. Hence, after the collision the resha
PCS propagates as a stationary beam. It turns out that in
case of a saturable medium such as photorefractive cry
the deviation from integrability leads to the existence
binding energy among constituent soliton components. N
ertheless, the stationary asymmetric soliton shapes stil
exist but their parametrization is different. While details
this problem will be published elsewhere, let us only not
here that the main consequence of the interaction betw
the constituent fundamental solitons is that after the collis
the propagation of the PCS becomes nonstationary and
hibits strong mutual oscillations of the components. We
lustrate this behavior in Fig. 4, where the collision of tw
identical PCS formed by incoherent superposition of the f
damental and first-order components is shown. The non
earity in this example is modeled asDn}I /(110.05I ) and
for the peak intensityI max'5 corresponds to a mild satura
tion. It is evident from this graph that indeed collision lea
to the shape transformation of both solitons. However, as
new shape does not correspond to the proper soliton pro
beams do not propagate as stationary solitons but ex
mutual oscillation of the constituent components. In the in
of this figure we show both input and output intensity dist
butions. The asymmetry of the outgoing solitary beam
clearly visible. In the light of this simulation we can say th
tt.
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although experimental results shown in Fig. 3 show a t
dency of partially coherent solitons to transform their sha
upon the collision, the intensity distribution recorded on t
exit face of the crystal reflects the stage of nonstation
oscillation of the constituent components.

In summary, we have studied experimentally the co
sions of partially coherent solitons which are formed by
coherent superposition of the corresponding modes of
self-induced waveguide. We found that the collisions indu
a transformation of the intensity profile of these soliton
This effect is caused by the different lateral shifts of t
fundamental soliton components which constitute the p
tially coherent soliton. In Kerr-like media, the reshaped so
ton propagates as a stationary beam. On the other han
the saturable nonlinear medium, collision also induces
shaping of the partially coherent soliton but further propa
tion of the soliton is no longer stationary with strong mutu
oscillation of its constituent components.

FIG. 4. Numerical simulation of collision of two-componen
PCS solitons in a saturable nonlinear medium with the nonlinea
Dn}I /(110.05I ).
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