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ABSTRACT We investigate the interaction of two-dimensional
solitons propagating at small angles in a photorefractive crys-
tal. We observe fusion of the beams when the intersecting angle
is lower than some critical value. We measure the critical angle
for fusion for different relative phase relations of the beams and
demonstrate how this effect can be used to steer and switch the
propagation of an additional optical beam.

PACS 42.65.Tg; 42.79.Ta

1 Introduction

The characteristic features of optical solitons, such
as their stability, robustness, and consequent practical rele-
vance, have been the subject of extensive studies in recent
decades [1–3]. Temporal solitons are currently used to code
bit signals in data streams transmitted through multi-channel
telecommunication networks [4], while their spatial counter-
parts potentially offer important applications in all-optical
processing [5] and parallel computing [6–8]. Spatial solitons
(non-diffracting beams) propagating in nonlinear media can
be used to form reconfigurable optical circuits – virtual cir-
cuitry created by light alone in which all-optical switching or
processing is achieved through the evolution and interaction
of the various soliton beams [9].

The continual interest in spatial optical solitons has been
motivated to a great extent by their unique collisional proper-
ties. It appears that the majority of these properties are univer-
sal and do not depend significantly on the particular type of
nonlinear model supporting the solitons [2]. From the advent
of soliton physics, it has been apparent that, in many aspects,
solitons behave like particles. They are robust objects display-
ing interaction “forces” whose nature is determined by the
their relative phase and/or mutual coherence. Depending on
whether they collide elastically or inelastically, solitons may
either pass through each other virtually intact in the former, or
fuse, be annihilated, or split in the latter case [10–13].

Soliton collisions have been observed in a variety of
nonlinear media, including liquids [14–16], nonlinear glass
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waveguides [17], and atomic vapours [18]. An enormous
boost to soliton physics, especially to its experimental en-
deavours, was provided by the discovery of spatial solitons
in photorefractive materials [19–21]. The strong nonlinearity
at extremely low optical power (microwatts) makes photore-
fractive materials very attractive for soliton studies. In fact,
the most spectacular examples of the soliton interaction pro-
cess have been achieved with photorefractive solitons, includ-
ing soliton fusion, fission, and birth [22–25]. Although many
experiments have demonstrated the interaction behaviour of
coherent [22–24] and incoherent [25, 26] beams, no quanti-
tative investigation of the conditions for trapping, fusion, or
repulsion in terms of angular separation and relative coher-
ence has been made up to now. Such an investigation would be
indispensable for applications.

In this work we present detailed experimental and theoret-
ical studies of the mutual self-trapping of two optical beams
in a biased photorefractive crystal. We consider the interac-
tion of two beams when they overlap at the front (input) face
of the nonlinear medium, a geometry also discussed by Ma-
maev et al. [27]. However, in contrast with that work, which
was mainly concerned with the demonstration of switching
between soliton fusion and repulsion, the goal of our research
is broader. By varying the crossing angle between the beams
we show how the beam interaction depends on their mutual
phase and coherence properties. We also discuss the applica-
bility of these effects in soliton-based switching and show that
optimal conditions exist for the crossing angle for maximal
switching contrast. While experiments are performed in a spe-
cific nonlinear medium, namely a photorefractive crystal, our
numerical calculations show that the results are sufficiently
general to represent generic features of soliton interaction in
other nonlinear systems.

2 Experimental arrangements

In our experimental realisation we consider a geom-
etry in which two input beams overlap at the input face of the
crystal (inset in Fig. 1). This geometry is chosen for two rea-
sons. Firstly, it allows for maximal separation of the beams at
the output face. Secondly, it facilitates the experimental align-
ment and allows for monitoring of the relative phase of the
beams at the point of collision. A disadvantage is that the in-
teraction length is effectively reduced and it requires that the
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FIGURE 1 Experimental setup: PBS, polarizing beam splitter; λ/2, half-
wave plate; M, mirror; BS, beam splitter; PZTM, piezoelectric transducer
mirror; S, electrical switch; L, lens; P, polarizer; IF, interference filter; O, mi-
croscope objective; F, filter; SBN, photorefractive crystal; PDs, photo-diodes;
CCD, camera. Inset: position of the two beams inside the photorefractive
crystal

input beams are close to the size and shape of the actual soliton
beams.

The experimental setup is shown in Fig. 1. It uses an elec-
tronic control and stabilisation of the relative phase between
the two beams for accurate phase control during measure-
ments. The beam of a green (532 nm) frequency-doubled
Nd:YVO4 laser is split in two by a polarizing beam splitter
(PBS), forming the two arms of a Mach–Zehnder interfer-
ometer. The splitting ratio is controlled by a half-wave plate
placed in front of the PBS, while a second half-wave plate ro-
tates the polarization of the transmitted beam to the vertical
direction. The two beams are then combined at a beam splitter
and directed to the 10-mm-long photorefractive strontium bar-
ium niobate (SBN) crystal with its c-crystalline axis parallel
to the (extraordinary) polarisation of the beams. An external
biasing field is applied to the crystal along its c-crystalline
axis (vertical direction). The (virtual) front and the (real) back
faces of the crystal are simultaneously observed by two CCD
cameras. The relative phase between the two beams is sta-
bilised and controlled by monitoring the interference pattern
of the two beams from the second output of the interferometer.
This interference pattern is stabilised by a split-photo-detector
and a proportional-integral-derivative(PID) controller. The
error signal from the controller is applied to a piezoelectric-
transducer mirror (PZTM) mounted in one of the interferom-
eter arms. The PZTM could also be set to vibrate at a high
frequency (∼ 1 kHz), thus making both beams effectively mu-
tually incoherent inside the crystal [28]. This is possible due to
the slow time response of the crystal (∼ 1 s).

Additionally, a red He-Ne beam can be made to co-
propagate with one of the green beams in order to explore the
guiding and switching properties of the created waveguides.
The crystal is illuminated with a homogeneous white light
in order to vary the dark irradiance of the crystal and subse-
quently to control the degree of saturation of the nonlinearity.

3 Experimental observations

The two beams are focused, with a 5-cm lens, onto
the input face of the SBN crystal such that they overlap at the

front face of the crystal. They interact in a horizontal plane
at a small crossing angle α (see the inset of Fig. 1), while the
external electric field is vertical. This orientation limits the
effects of diffusion associated with the anisotropic photore-
fractive nonlinearity on the beam interaction, which allows for
a better comparison between experiments and the theoretical
model. Both input beams have equal powers of 0.44 µW and
full widths half-maximum (FWHM) of 20 µm. The crystal is
biased with a field of 2800 V/cm and it is illuminated with
uniform white light of ∼ 80 mW/cm2. Under these conditions
a single beam propagates without changing its initial width,
therefore forming a soliton close to the input face. We meas-
ure the separation of the beams at the output face of the crystal
as a function of the crossing angle (α) between the beams and
their relative phase. When the double-peak structure in the
output intensity distribution disappears we assume that a sin-
gle beam is formed. In this case the separation between the
beams is measured as zero. In Fig. 2 we present the separation
curves for three different phase relations between the beams:
out-of-phase, in-phase, and mutually incoherent beams.

The interaction between the beams is practically indepen-
dent of the relative phase at higher angles (> 1◦). This phase
independence implies that the collision is not affected by the
interaction forces due to the large transverse momentum of
the beams. The beams only experience a small transverse shift
from their non-perturbed positions when there is no interac-
tion between them (dashed line in Fig. 2). This displacement
is attributed to the particular interaction geometry, that is,
overlapping the beams at the input face of the crystal. If the in-
teraction process happens inside the crystal and the beams are
well separated at the input, such a shift is not observed.

Decreasing the crossing angle between the beams leads
to a significant difference in the interaction behaviour for the
three different phase relations. The out-of-phase solitons al-
ways stay well separated at the output face of the crystal
(circles in Fig. 2). This behaviour is expected since the pre-

FIGURE 2 Experimentally measured separation between the solitons at the
crystal output as a function of the crossing angle between them: circles,
out-of-phase beams; squares, in-phase beams; triangles, mutually incoherent
beams; solid lines, polynomial fits to the experimental data. The dashed line
indicates the separation between the beams if there were no interaction be-
tween them. Error bars that account for the variation of the initial conditions
are shown for lower crossing angles. Inset: images of out-of-phase collision
and in-phase fusion for α = 0.39◦
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dominant interaction forces are repulsive. A small vertical
shift of one of the beams is observed, as seen in the inset of
Fig. 2. We attribute this displacement to the inhomogeneity
of the space-charge electric field inside the crystal, which in-
duces asymmetry in the diffusion effect for each beam.

For in-phase solitons (squares in Fig. 2) and incoherent
beams (triangles in Fig. 2), the interaction of the beams is at-
tractive. It is clearly seen that this attraction leads to a decrease
of the output separation between the beams with respect to the
linear dependence. The collision of the in-phase soliton beams
displays a threshold character leading to fusion of the two
solitons for crossing angles smaller than a critical angle αcr.
Under our experimental conditions we measured αcr = 0.49◦.
When fusion occurs, the two beams merge into a single elon-
gated beam that carries almost twice the power of the indi-
vidual beams. Two images of the output beams for “in-phase”
and “out-of-phase” beams are shown in the inset of Fig. 2 for
a crossing angle of α = 0.39◦.

In the case of incoherent collisions the interaction forces
are also attractive. However the attraction is weaker compared
with the in-phase solitons. This is clearly seen in Fig. 2, in
which the separation distance between the beams is always
greater than for the in-phase solitons. Incoherent interactions
lead to beam fusion at smaller angles: αcr = 0.38◦ compared
with 0.49◦ for the in-phase case.

At angles smaller than 0.27◦, it was not possible to accu-
rately measure the separation of the beams, since their inter-
ference causes a significant change of the intensity in the inter-
acting region. This is especially valid for out-of-phase beams,
for which the intensity in the interaction region becomes very
low, resulting in practically no nonlinear interaction.

The critical angles for fusion are dependent on the effect-
ive nonlinearity and can vary from the particular measured
values. In our case they can be changed by varying the bi-
asing voltage on the crystal or the background illumination.
However, under any conditions the general behaviour of the
interaction is preserved. In particular, the strongest attraction
between the beams is observed for in-phase solitons. This
strong mutual attraction causes the in-phase beams to fuse
at larger angles than the incoherent beams, while the out-of-
phase beams always stay well separated.

4 Theoretical analysis

To support our experimental results and to provide
a better insight into the dynamics of the collisions inside the
crystal, we carried out numerical simulations. We consider
the evolution of the electric field envelope E propagating in
a biased photorefractive crystal. In our experimental arrange-
ment the electric filed E = {E1, E2} consists of two incoher-
ent components{

E1
E2

}
=

{
u1 e−(r/w)2+ikx x+u2 e−(r/w)2−ikx x

u3 e−(r/w)2−ikx x

}
, (1)

where r2 = x2 + y2 is the radial coordinate, w is the beam
width, kx = (2πn/λ) α/2, and uj , j = 1...3, are the amplitudes
of the different beams. For out-of-phase beams u1 = −u2 and
u3 = 0. For in-phase beams u1 = u2 and u3 = 0, while for
incoherent beams u1 = u3 and u2 = 0. The theoretical descrip-
tion of the beam propagation employs the Zozulya–Anderson

model, which takes into account the most important properties
of photorefractive nonlinearities [29, 30]. When the character-
istic spatial scales are larger than the photorefractive Debye
length and the diffusion field is neglected, the steady-state
propagation along the z axis of the crystal with an externally
applied electric field along the y axis is described by

i
∂E
∂z

+ 1

2
∇2 E = −γ

2

∂ϕ

∂y
E ,

∇2ϕ+∇ϕ∇ ln(1 + I ) = E0x0
∂

∂y
ln(1 + I ) , (2)

where ∇ = x̂(∂/∂x)+ ŷ(∂/∂y), and γ and E0 are the nor-
malized nonlinearity coefficient and external electric field,
respectively. ϕ is the dimensionless electrostatic potential in-
duced by the light with the boundary condition ∇ϕ(�r → ∞)

→ 0. The propagation coordinate z is measured in units of the
diffraction length, and the transverse coordinates are normal-
ized by the characteristic beam size x0.

We calculated the output separation between the beams at
different relative phases, confirming the general behaviour of
the interactions. The results for the output separation between
the solitons as a function of the crossing angle are presented in
Fig. 3a and are in good agreement with the experimental data.
They clearly illustrate the threshold-type behaviour of the in-

FIGURE 3 Numerical calculations for interaction of solitons in a photore-
fractive medium. a Dependence of the separation between the two beams at
the output face of the crystal with respect to the crossing angle: circles, out-
of-phase beams; squares, in-phase beams; triangles, incoherently interacting
beams. The dashed line indicates the separation between non-interacting
beams. b–d Contour plots displaying the beam evolution when propagat-
ing through the crystal at a crossing angle of α = 0.39◦: b out-of-phase;
c in-phase; d incoherent beams. White corresponds to high intensity
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teraction of in-phase and incoherent solitons, leading to fusion
of the beams. In the calculations the effective dark irradiance
was adjusted such that the critical angle for fusion of the in-
phase beams matches the experimental value of 0.49◦. The
angle for fusion of incoherent solitons in this case is 0.35◦,
which is 10% lower than the experimentally measured value.
The out-of-phase solitons exhibit a repulsive interaction and
stay separated, approaching the separation for non-interaction
for large crossing angles.

The presence of the optical beam in the self-focusing
medium induces a refractive index change that reflects the
light intensity distribution. In particular, a finite beam forms
a waveguide that simultaneously guides the beam. For the ini-
tially overlapping incoherent and in-phase beams the resulting
index change is largest in the centre of the light intensity dis-
tribution. As a result, both beams are directed toward this
region exhibiting attraction. Fusion of the beams will take
place when their crossing angle (α) is smaller than the criti-
cal angle for total internal reflection. The latter is determined
by the maximum refractive index change induced by the over-
lapping beams. Its value can be estimated using simple geo-
metric optics, which predict that a light ray associated with
a trajectory of one of the beams will experience total internal
reflection if the initial propagation angle satisfies the con-
dition α/2 = √

2∆n(0)/n [31]. The parameter ∆n(0) is the
maximum value of the intensity-dependent refractive index
change induced by the beams. Since for two identical in-phase
beams the maximum intensity is two times higher than for the
incoherent beams, the resulting index modulation is higher,
leading to stronger attraction of the beams and a larger value
of the critical angle.

The performed numerical calculations allow us to monitor
the dynamics of the interaction inside the nonlinear medium.
In Fig. 3b and c we show the evolution of the transverse
section of the propagating beams. The out-of-phase solitons
cannot trap each other and stay separated at all propagation
distances. More interesting though is the dynamics of the in-
teraction between the in-phase and incoherent beams. Due to
the interaction forces, both beams may be trapped together.
In the experiments the nonlinear propagation is limited, there-
fore we observe that below the critical angle the beams merge
into a single peak state. In the calculations, on further propa-
gation, we can actually see that this single state possesses
internal oscillation modes (Fig. 3c) and its width and intensity
oscillates with the propagation length.

In order to show that our results, in particular those repre-
sented by experimental measurements (Fig. 2) and numerical
calculations (Fig. 3), reflect generic behavior of interacting
solitons, not affected by the specific properties of the pho-
torefractive nonlinearity, we simulated collisions of solitons
described by the generalized nonlinear Schrödinger equa-
tion. For the slowly varying envelope of the electric field
E = {E1, E2} it has the form

i
∂E
∂z

+ 1

2
∇2 E − f(I )E = 0 , (3)

where f(I ) is a general function dependent on the total in-
tensity I = ∑

m |Em |2, m = 1, 2. In our simulations we used
f(I ) ∝ 1/(1 + I ), which represents typical saturable behav-
ior of nonlinear optical media. The initial conditions for the

interacting beams as well as the total nonlinear refractive in-
dex change are the same as those employed for the simulations
of (1) and (2). We varied the angle between interacting soli-
tons and measured their final separation after propagating in
a 10-mm-long nonlinear medium. The results show analo-
gous behaviour to Fig. 3 for the photorefractive nonlinearity
in that the threshold for fusion is quantitatively the same and,
in agreement with the earlier results and physical intuition,
the fusion threshold for the in-phase coherent interaction cor-
responds to a higher critical angle than that of the mutually
incoherent beams. Therefore it is clear that our experimen-
tal results correctly describe generic interaction properties of
spatial solitons, which are independent of the particulars of
the nonlinear model supporting the formation of the solitons.

The calculations for different types of nonlinearity, includ-
ing Kerr-type nonlinearity, also display the decrease of the
output separation between the beams (at higher crossing an-
gles) with respect to the separation of non-interacting beams.
These results confirm our earlier statement that the observed
shift is a result of the particular interaction geometry. This de-
crease in the separation between the beams, however, tends to
zero as the crossing angle is increased further.

5 Towards optical switching

The fusion of two in-phase interacting beams can
possibly be implemented into a scheme for optical switch-
ing [27]. Such switching is based on the ability to control the
beam interaction from repulsive to attractive by simply alter-
ing the phase of one of the beams with respect to the other
one. Changing the relative phase from 0 to π results in switch-
ing between two states, for which two separated beams or one
single beam is observed at the crystal output for crossing an-
gles below the fusion threshold. The phase could be changed
by increasing/decreasing the optical path for one of the beams
by λ/2. Since a very small change is required for the actual
switching it can be realised in many different ways. In our ex-
periments it is achieved by inverting the error signal driving
the PZT mirror.

For practical optical switching, the two states have to be
clearly distinguishable. We define the contrast of the switch-
ing as the ratio of the gap between the double-peak structure
of the out-of-phase beams, G, to the width of the fused in-
phase beams, P (inset of Fig. 4). This ratio has to be bigger
than unity in order to claim switching for any practical pur-
pose. To determine the optimal crossing angle between the
beams, such that the contrast of the switching is maximal,
we measured the separation between the two peaks at half of
the maximum intensity, and the full width at half maximum
of the fused beam. In Fig. 4 we plot the ratio between these
two parameters (G/P). The experimental data are presented
as points, while the results of the numerical calculations are
presented with a solid line. The dashed line in Fig. 4 is the best
fit to the experimental points, obtained as the ratio of the fits
for the two functions G(α) and P(α). Though the statistical
error of these measurements is rather large, there is a distinct
region of angles α ∈ [0.35–0.45◦] in which the ratio G/P is
higher than one. In this region a clearly pronounced single
maximum exists at α = 0.4◦, for which G/P ∼ 2. This region
exists significantly below the critical angle, since the fused in-
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FIGURE 4 Separation between the two out-of-phase beams with respect to
the width of the two in-phase beams: dots, experimental data; solid line, nu-
merical results; dashed line, best fit; vertical dashed line, the critical angle
for fusion. Error bars that account for the variation of the initial condi-
tions are shown for lower crossing angles. Inset: numerically calculated beam
cross-sections at the output face of the crystal for a crossing angle of 0.39◦

phase beam is greatly elongated near the threshold leading to
a decrease in the ratio G/P.

The numerical results are in good agreement with the ex-
periments, showing correctly the existence of a single max-
imum, and predicting the correct shape of the curve G/P.
The numerics, however, display a much higher contrast for the
splitting ratio G/P with a maximal value ∼ 3.6. This differ-
ence is attributed to the idealised conditions described by the
model in (2).

Additionally we measured experimentally the power
losses due to the collision of solitons with different relative
phases. This power loss was estimated as the difference be-
tween the power transmission of a single beam and the power
transmission when the two beams collide. The power trans-
mission of a single soliton was estimated to be 83%, while the
transmission for interacting beams depends on the crossing
angle and the relative phase. The power loss for out-of-phase
interacting beams varies from 8 to 18% for small to large
crossing angles (for α ∈ [0.27–1.0◦]) respectively. For at-
tracting beams the dependence is inverted. The losses for the
in-phase interacting beams vary from 23 to 8%, respectively,
for the fusion and non-fusion cases. The incoherently inter-
acting beams exhibit similar but smaller losses – from 8 to 3%
depending on whether the beams have fused or not. The above
estimates show that a significant amount of the energy is lost
in the interaction process. Beam fusion results in higher ra-
diation losses compared with interactions in which no fusion
occurs.

A practical realisation of optical switching is associated
with the use of the solitons as information-carrying chan-
nels when the solitons guide and switch (information) optical
beams at different wavelengths [32]. To demonstrate this fea-
ture we launched a red He-Ne laser beam (632.8 nm) into one
of the waveguides. Both green beams cross each other at the
angle for the maximum separation ratio (G/P), α = 0.4◦. In
Fig. 5 we show the images of the transmitted He-Ne laser
beam for the cases in which the two soliton beams are out-
of-phase (Fig. 5a) and in-phase (Fig. 5b). During switching,

FIGURE 5 Images of the probe He-Ne laser beam for a out-of-phase green
beams and b in-phase beams

the red beam is displaced by 16 µm from its original position.
This shift, however, is smaller than the shift of the central
part of the green beam for in- and out-of-phase interaction,
which is 21 µm. This implies that the guiding properties of
the formed waveguide structures are not perfect for the red
beam. Additionally, part of the energy of the He-Ne laser
beam is transferred to the other (left) channel when out-of-
phase beams form a two channel output.

In general, varying the inter-beam interaction from attrac-
tive to repulsive offers a method for easy and reliable high
contrast all-optical switching of probe beams.

6 Conclusion

In conclusion, we studied coherent and incoherent
interactions of optical spatial solitons in a biased photorefrac-
tive crystal. By varying the intersection angle between ini-
tially overlapping beams we identified the existence of a clear
threshold for the fusion of in-phase and mutually incoherent
solitons. The critical angle for fusion of the in-phase beams
was found to be higher than that for the incoherent ones, a re-
sult which agrees with the prediction of a simple waveguide
model for soliton interaction in nonlinear media. We also in-
vestigated a use for the soliton fusion effect in optical switch-
ing. Our experimental results are in excellent agreement with
numerical simulations of the full nonlinear model of photore-
fractive interaction and they represent generic properties of
soliton interactions in other nonlinear media.
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