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Abstract. (2+1)-dimensional optical spatial solitons have become a major field of research in nonlinear
physics throughout the last decade due to their potential in adaptive optical communication technologies.
With the help of photorefractive crystals that supply the required type of nonlinearity for soliton generation,
we are able to demonstrate experimentally the formation, the dynamic properties, and especially the
interaction of solitary waves, which were so far only known from general soliton theory. Among the
complex interaction scenarios of scalar solitons, we reveal a distinct behavior denoted as anomalous
interaction, which is unique in soliton-supporting systems. Further on, we realize highly parallel, light-
induced waveguide configurations based on photorefractive screening solitons that give rise to technical
applications towards waveguide couplers and dividers as well as all-optical information processing devices
where light is controlled by light itself. Finally, we demonstrate the generation, stability and propagation
dynamics of multi-component or vector solitons, multipole transverse optical structures bearing a complex
geometry. In analogy to the particle-light dualism of scalar solitons, various types of vector solitons can
—1in a broader sense — be interpreted as molecules of light.
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1 Introduction

From our everydays experience, we expect intuitively a wave to spread and broaden as it
propagates, like ripples on a lake. In nonlinear physics however, waves can be generated that
do not spread or disperse but retain their size and shape indefinitely. They are dynamically and
structurally stable objects — so-called solitons. The formation and stability of solitons stems
from the delicate balance of dispersion and nonlinearity. Dispersion or diffraction drives a
wave to spread which can be totally compensated by a nonlinear phenomenon. If the balance
between these two competing effects is lost, the generated soliton becomes unstable and,
eventually, ceases to exist. In this respect, solitons are completely different from ordinary
“linear waves . Solitons can be regarded as a quantity of energy that is permanently confined
to a definite region of space or time. It can be set in motion, but does not dissipate by spreading
out. In general, when two such waves collide, each comes away from the encounter with its
identity being intact. A behavior of this kind is extraordinary, even strange in the frame of
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wave physics, but it is familiar in another context. Given a description of an object with these
properties, we would call it a particle.

The term soliton was introduced in the 1960’s, but the scientific research of solitons had
already started in the 19th century when John Scott-Russell observed a large solitary water
wave in a canal near Edinburgh. Nowadays, many model equations of nonlinear phenomena
are known to possess soliton solutions that have been identified in a large variety of wave
and particle systems in nature. Among them are fluids, plasmas, condensed matter waves,
particle waves, and even waves in astrophysics. In optics, solitons manifest themselves in two
different classes — temporal and spatial solitons. The nonlinearity compensates either for the
dispersion-induced spreading of a short light pulse or the spatial divergence of a light beam
due to diffraction. The latter scenario is denoted as a spatial soliton which is the main subject
of our investigations.

Spatial optical solitons play an outstanding role in nonlinear optics because of their potential
of application in optical information processing. In linear optics, the only method to eliminate
spatial spreading is to use waveguiding. In a waveguide, the propagation behavior of the
beam in a high index medium is modified by the total internal reflection from boundaries with
media of lower refractive index. Under conditions of constructive interference between the
reflections, the beam becomes trapped between these boundaries and forms a guided mode. In
nonlinear optics, the effect of light-induced lensing or self-focusing can produce an effective
graded index waveguide in which a beam can propagate in a similar non-diffracting way.
Intuitively, this can occur when the optical beam modifies the refractive index in such a way
that it generates an effective positive lens. As a result, the beam becomes self-trapped and its
divergence is eliminated altogether, keeping the beam at a very narrow diameter which can be
as small as several vacuum wavelengths. Therefore, especially nonlinear optical effects are
capable to create waveguiding channels by solitary waves that make spatial optical solitons
attractive candidates for novel, adaptive concepts of waveguiding in telecommunication and
information processing applications. Nonlinear optics allow the unique possibility to combine
the basic features of nonlinear effects with definite applications in information technology.

Among various nonlinear optical systems that are suited for investigations of spatial soli-
tons, the photorefractive medium bears some special features — it has a saturable, but also
non-instantaneous, nonlocal and anisotropic nonlinearity. Due to these special features, the
investigation of photorefractive spatial solitons allows to prove experimentally many aspects
of general soliton theory.

Therefore, the present paper will concentrate on this distinct type of solitary structures,
investigating their experimental realization, their stability, their features of interaction as well
as their potential for applications in adaptive waveguiding. For this purpose, the paper is
structured in the following way: in the introductory Chapter 2, we review the special features
of spatial optical solitons, including questions of stability and analytical description. The
third chapter is dedicated to the photorefractive nonlinearity and the experimental realization
of spatial solitons in two transverse dimensions. The photorefractive effect allows for the
first time the experimental investigation of interactions and collisions that have been predicted
in soliton- and self-focusing theory several years ago. In Chapter 4 we demonstrate these
basic effects in our experimental system. Further on we will show, that the nonlocal and
anisotropic feature of the photorefractive nonlinearity supports new, anomalous interaction
scenarios for incoherently interacting solitons. In the fifth chapter we will apply these results
to realize nonlinear reconfigurable waveguides that allow to process parallel arrays of solitons,
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and demonstrate how interaction scenarios can be exploited to realize waveguide couplers and
dividers. Therefore, spatial optical solitons represent unique structures that allow to implement
novel concepts of how light can be guided and steered by light itself. Finally, we want to extend
our investigations to more complex soliton structures that lead to multi-component or vector
solitons that are described in Chapter 6. In this way light beams of an elaborate geometry that
do not form a solitary structure in nonlinear media by themselves can be stabilized to form a
stable non-diffracting object. These complex light structures can be realized in photorefractive
media due to the non-instantaneous nature of the effect. We will show that universal features
of stability of multipole structures and the decay of structures with phase singularities can
experimentally be demonstrated with a photorefractive system.

2 Self-focusing in nonlinear media

A first theoretical investigation of nonlinear optical phenomena in connection with self-trapping
of an optical beam was already performed in 1962 by Askaryan [1]. Only two years later,
following the first experimental observations by Hercher [2], Chiao [3] could show theoretically
that the governing equation of self-focusing is nothing but the nonlinear wave propagation
equation with a cubic potential, and that an optical beam can indeed self-trap in such a one-
dimensional nonlinear Kerr-medium. He considered a so-called (1+1)-D geometry which
indicates that the wave diffracts in one of the two transverse dimensions (z) perpendicular
to its propagation direction (z), whereas (2+1)-D denotes the diffraction in both transverse
directions (x,y). The index of refraction n of such a medium can be expressed in form of the
optical field strength E' as

n = ng + An(|E|*) = ng + na E?, (1)

where ny is the undisturbed linear refractive index, and ns is the quadratic term of the nonlinear
index variation An.

For the case of such a nonlinearity — which is denoted as a Kerr-nonlinearity — exact (1+1)-
dimensional self-trapped or solitary waves were consequently found by Zakharov and Sha-
bat [4]. These soliton solutions are more precisely representatives of the class of bright soli-
tons, although several other types of solitons as dark solitons — solitary propagation of a dark
notch within a spreading light beam — or grey solitons — solitary propagation of a lower light
intensity in a higher intensity surrounding — may appear. Details about these other types can
e.g. be found in [5].

2.1 The nonlinear Schrédinger equation

In general, the properties of spatial optical solitons with one transverse dimension can be
described by the nonlinear wave equation for the beam propagation in a nonlinear medium and
the appropriate material equations. The electric field of the optical beam

1
E = §A(ﬂc, z)exp (kz — wt) + c.c. 2)

obeys the wave equation, where k = wn/c is the wave number, w is the frequency of the optical
beam and A(z, z) represents the complex slowly varying amplitude of the electric fields, which
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is governed by the standard equation

0A 1 0A%  knolAP?
f—+ ——+ —— - A=0. 3
e + 2k Ox? no ®)
Due to its similarity to the well-known Schrodinger equation Eq. (3) is commonly denoted
as nonlinear Schrodinger equation, where the nonlinear term expresses a trapping potential.
Mathematically, the corresponding most simple solitary solution of Eq. (3) is a localized wave
packet of the form

A(z, z) = sech(zx) exp(iz/2). 4

This soliton solution A(x,z) can be expanded by introducing the simple transformation
A'(z,z|q) = qA(qr,q?z) with an arbitrary real constant ¢ that leads to a one-parameter
space of solutions. Further transformations such as the Galilean transformation [6] even lead
to a two-parameter family of soliton solutions. The general procedure to solve Eq. (3) is based
on the inverse scattering technique [4], which can be interpreted as a generalization of the
Fourier transform.

The stability properties of a soliton are of immense importance for their physical feasibility.
One can prove this property easily by using a stability criterion for soliton solutions of the
general nonlinear Schrodinger equation (Eq. (3)). It has been first derived by Kolokov et
al. [7-9] (or, for a general review [10]). The validity of this so-called Vakhitov-Kolokov criterion
is based on the specific properties of the eigenvalue problem that appears after linearizing the
nonlinear Schrédinger equation near the solitary solution. Ifitis fulfilled in the whole parameter
space, the soliton solution is stable against small fluctuations.

A linear stability analysis typically does not allow to predict the subsequent evolution of
unstable solitons. Therefore, the aspect of stability or instability can be investigated with
more complex dynamic studies of the nonlinear wave equation, giving qualitative results about
the possible deviation of the initial beam shape from the soliton solution. Recently, the so-
called nonlinear theory of soliton instabilities has been suggested in order to give quantitative
results about the evolution of unstable solitons [11-13]. This theory is based on the multi-scale
asymptotic technique and it allows to describe the soliton evolution near the stability threshold,
i.e. the marginal stability curve. According to this approach, unstable bright solitons display
three general scenarios of their evolution: they diffract, collapse or switch to a stable state with
long-lived oscillations of their amplitude. These oscillating solitons are possible due to the
existence of soliton internal modes, one of the major properties that separates integrable and
non-integrable models.

The nonlinear Schrodinger equation (Eq. (3)) is integrable owing to the fact that it has
an infinite number of conserved quantities. Especially, due to this property, the striking fea-
ture of its soliton solutions manifests in their interaction behavior. Solitons of the nonlinear
Schrodinger equation not only conserve energy and velocity upon collision, but also maintain
their transverse shape and their identity. Hence the number of solitons is conserved, and all
interaction scenarios display a fully elastic behavior.

2.2 Extensions to non-Kerr media

The idealized situation of a Kerr-like nonlinear medium does not include a wealth of phenom-
ena that appear during self-trapping of optical beams in real nonlinear optical media, due to
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two main factors: higher-order nonlinearities and higher degrees of freedom of the nonlinear
medium. In many cases, higher intensities give rise to a field-induced change in the refrac-
tive index that is influenced by higher-order nonlinearities. Often, the nonlinearity is of a
cubic-quintic type as i.e. An(|A|?) = na|A|*> +n4|A|?, which results not only in self-trapping
but gives rise to resonant four-wave mixing effects between the fundamental and a secondary
field. As long as the higher-order nonlinearity is stronger than the cubic one, i.e. a power-law
focusing, the nonlinear Schrodinger equation has localized solutions which blow-up, so that
a singularity appears at finite z and the so-called catastrophic self-focusing or self-focusing
collapse takes place.

Another source of phenomena beyond Kerr-like solitons is due to the surroundings of the
beam that may include more dimensions of freedom than the soliton itself needs for stable
propagation, giving rise to a broader class of perturbations and therefore instabilities of the
solitary wave solution. They are the reasons why in (2+1) dimensions, Kerr-nonlinearities
do not support the formation of a stable solitary wave. For two transverse dimensions in bulk
media the cubic nonlinear Schrodinger equation predicts a catastrophic unlimited self-focusing,
which leads to a random filamentation of an optical beam with an initial power larger than the
critical power of self-focusing [14]. In the following, we will discuss especially this aspect
and the changes it introduces to the possibility of spatial soliton formation compared to the
case of the Kerr-nonlinearity soliton.

2.3 Solitons in two-dimensional saturable systems

A key to the problem of self-focusing collapse and formation of filamentation is the change in
the nonlinearity. By introducing an upper limit for a Kerr-like nonlinearity stable self-focusing
in both transverse dimensions can be achieved [15]. Therefore, a saturable nonlinear behavior
is a prerequisite for solitary beam formation in bulk media. In order to take into account
this saturation behavior, the beam propagation by Eq. (3) can be described by the modified
nonlinearity

1

An = —Anpax——5—.
1+ |A|2/Isat

(&)
Here, Anyax denotes the maximum refractive index change. When the field intensity given
by | A|? is much smaller than the saturation intensity /s, the system operates in a Kerr-regime
and An o |AJ%. In the other limit, for |A|? > I, the refractive index change decreases
and thereby prevents the catastrophic collapse of the light beam. Because of this Kerr-like
but saturable characteristics of the nonlinearity, a stable self-focusing of a light beam in both
transverse dimensions can be realized.

Such a model can be used for the description of an off-resonant interaction of the optical
beam with an atomic system (e.g. semiconductor-doped glasses with highly nonlinear optical
properties) as well as for self-trapping due to saturation of the ac Stark shift of two-photon
states. Moreover, we will show in chapter 3.1 that the formation of all photorefractive solitons
can in principle be described with such a model.

The modification of the nonlinearity from Kerr- to a saturable Kerr-like nonlinearity brings
along some dramatic consequences for the solitary solutions of the system. The equation is
no longer integrable, so that in general analytical soliton solutions to Eq. 3 do not exist any
more. In contrast to the one-dimensional integrable system that has an infinite number of



C. Weilnau et al., Spatial optical (2+1)-D scalar- and vector-solitons 579

conserved quantities, the saturable system has only a limited number of conserved quantities.
Among those are the three lowest order conserved quantities energy ¢, momentum M, and the
Hamiltonian H [6]. Even though a system is not necessarily integrable it can still be classified
as Hamiltonian [6] as long as stationary solitary solutions can be found and shown to be stable
by a linear stability analysis.

Probably the most striking feature of solitons in nonlinear saturable system shows up in
their interaction behavior. Whereas soliton solutions of the (1+1)-dimensional Kerr system
are characterized by elastic collisions, energy- and particle conservation, solutions of saturable
systems display in general non-conservative properties, such as radiation dissipation, shape
transformation and even merging- and fission-processes upon collisions. Additionally, a whole
variety of soliton-like solutions exists that might be stable or unstable depending on their
specific parameters [16]. Although these distinct properties are in contradiction with a particle-
like behavior, the label ‘soliton’ is commonly used to describe various kinds of self-trapped
beams and pulses in models which are in fact non-integrable. The reader should keep this in
mind when we refer to solitons in two-dimensional transverse systems throughout the following
text. These are only solitary waves, but not soliton solution, according to the strict mathematical
definition.

2.3.1 Theory of (2+1)-D solitons in saturable media

Stable self-focusing of a light beam in two transverse dimensions has been realized in a variety
of physical systems that supply a saturable nonlinear refractive index change. The first experi-
ment dates back to 1974 where Bjorkholm and Ashkin [17] succeeded in self-trapping a circular
cw-laser beam in atomic sodium vapor. In the early nineties the existence of solitons in pho-
torefractive crystals has been predicted [18] and subsequently verified in an experiment [19].
Nowadays, photorefractive crystals have become the material of choice to investigate the gen-
eration, stability, interaction, and dynamical processes of spatial solitons [5,20]. This specific
system is the main subject of our investigation and it will intensively be described in Section 3.1.
For a recent review on spatial solitons in general, we refer to [21,22].

Here, we focus on the universal theory of solitary beam formation in a bulk saturable
nonlinear medium and describe its basic characteristics. Starting from the standard paraxial
approximation of the wave equation in a nonlinear material [23]

0A 1 kAn(I
i%JrEvifH%A:o, (6)
where V2 represents the transverse Laplacian (9%/0z2 + 92 /0y?), and z is the direction of
propagation, respectively. A general wave equation can be derived for propagation in a saturable
nonlinear medium by inserting Eq. (5) into Eq. (6). When scaling the spatial coordinates to
£ = kiz‘g’ 2’ = x/x0,y = y/x0, and the amplitude to A = A/+/T,,;, we obtain a normalized
propagation equation for a saturable isotropic nonlinear medium:

A
71+|[1|2

24 1 4

53 =0, )

where we define a coupling parameter ~ that depends on the specific physical system and
describes the impact and the specific material constants of the nonlinear medium. When z
is chosen to be the initial width of the incident light beam, k3 equals the diffraction length
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L, of an appropriate Gaussian beam. Therefore, in simulations the propagation distance ¢ is
commonly expressed in terms of the diffraction length which always gives an indication how
strong the beam would have spread if it was propagating in a linear medium.

The solution of the wave equation (Eq. (7)) can no longer be found analytically, which is the
major difference to the nonlinear Schrédinger equation (Eq. (3)). With the boundary condition
of I(z,y) — 0 for z,y — Fo00 and the radially symmetric ansatz

A(&, 1) = p(r) - exp(ipf), ®)

Gatz and Hermann [24] solved the resulting propagation equation numerically with an iterative
procedure. Thereby they were able to derive a whole family of soliton solutions. In these
solutions, the amplitude p is independent of the propagation coordinate &, which implies that it
does not vary as the beam propagates in the £ direction, whereas exp(i¢€) represents a uniform
phase factor that varies only with £ but is independent of the radial coordinate r = /x/2 + /2.
Solitary solutions exist for any v > ~¢it = 1.69, which is illustrated by the arrow in Fig. 1.

The most striking phenomenon is that the soliton amplitude becomes a two-valued function
of the parameter v depending on the soliton width. From the two-valued curve that is shown
in Fig. 1 it is evident that for an arbitrary v > 7.t there exist two soliton solutions with
different amplitude and power for the same . Such a property is similar to that in optical
bistable systems: there exist two possible (output) soliton states for the same value of an input
parameter. Therefore, we denote the soliton solution of Eq. (7) as bistable solitons. In the
specific physical system of [24] the initial beam width x( is proportional to v and therefore
a minimum beam width exists for the soliton to be stabilized. This remarkable fact does not
exist for non-saturable Kerr nonlinearities.

2.3.2  Stability of two-dimensional soliton solutions

The numerically calculated transversal shape p(r) of the derived solutions is almost Gaussian,
the deviations are within a range which is smaller than 5%. Starting from a Gaussian intensity
distribution, a dynamical analysis by applying the beam propagation method [25] reveals, on
the one hand, that a Gaussian beam with the appropriate choice of parameters does indeed
self-trap. On the other hand, the formation of a solitary solution is always accompanied by
oscillations of the beam’s amplitude and width as it propagates in the positive ¢ direction.
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This oscillatory behavior represents a constant reshaping process and stems from the slight
deviations from the numerically derived soliton solution. It depends strongly on the coupling
parameter y as well as on the initial beam power. For v < 2 the on-axis intensity deviations
do not exceed 10% from the soliton peak intensity. For larger coupling parameters v > 2, the
deviations become more dramatic and may even prevent a reshaping into a solitary solution,
the beam becomes subject to diffraction.

In contrast to solitons in (1+1)-D Kerr-systems this effect is not of transient nature. In a Kerr-
medium, beams with a transverse Gaussian profile converge into a stable soliton solution after
a certain propagation distance even if their initial parameters deviate up to 50% from those
of the soliton solution. In saturable (2+1)-D systems such a convergence from a Gaussian
beam into a soliton solution does in fact not exist. When the beam intensity and the coupling
parameter are within a certain range, self-focused light structures evolve from incident Gaussian
beams, but during propagation the beam undergoes a permanent reshaping process and shows
non-vanishing oscillations around the stable soliton solution [24].

2.3.3 General interaction features of (2+1)-D solitons

The most remarkable feature of solitons in saturable systems is manifest in their interaction
behavior. In general, the beams do not remain unaffected when they pass through each other
and the number of solitary beams is not necessarily conserved. These effects mainly depend
on the collision angle and the relative phase of the colliding beams. To classify this feature,
a critical colliding angle 6, can be defined which is in analogy to the critical angle of total
internal reflection of a linear waveguide [26]. When two beams with a phase difference of
¢ = 0 collide at a shallow angle § < 6., they can fuse into a single beam that in turn may
display strong oscillations, depending on the initial conditions. By changing the relative phase
to an intermediate value between 0 and 7, a deflection of both beams can take place and with
increasing propagation their amplitudes may change periodically. When the beams are finally
out of phase by 7, they repel each other and their transverse profile remains unaffected by the
collision process.

The situation changes dramatically when the collision angle § exceeds the critical angle 6..,..
Now, the solitons intersect and display an inelastic collision process which again induces strong
oscillations along the propagation direction. Depending on the relative phase, energy will be
transferred between the two components that leads to an asymmetric intensity distribution [24].
Eventually one beam merges completely into the other one. An intriguing effect takes place
in the highly saturated regime when the intersection angle is 6 ~ 6.,.. In this specific case an
additional solitary beam can be created due to the collision process [26] and three beams may
emerge from the collision center.

All interaction processes in bulk saturable media imply a certain dissipation of energy in
form of radiation. The energy within the solitary solutions is not conserved anymore, and
collisions are inelastic in contrast to Kerr-systems. The deviation from the initial soliton
profile due to radiation losses finally leads to the oscillating behavior described above. All
three interaction processes are universal for all saturable nonlinear systems [27-32], and most
of their features will be described more precisely by means of the photorefractive system in
Section 4.
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2.4 Vector solitons

Using the linear optical model of waveguiding to describe spatial soliton formation in two
dimensions, a two step process can be identified. First, a light beam which is incident on a
self-focusing saturable nonlinear medium induces a focusing refractive index structure. In a
second step, once the waveguide has been formed, it supports the non-diffracting propagation
of its eigenmodes. When the incident light beam coincides with the eigenmode of its induced
waveguide, the beam itself will be trapped and propagate with an invariant transverse profile.
This principle of self-consistency has been developed by Snyder et al. [33,34] and gives a very
intuitive insight into the soliton formation process.

So far we only described a single optical beam that induces a waveguide structure in which
it propagates as a fundamental mode. This is commonly denoted as a scalar soliton. In
contrast, if the refractive index waveguide is induced by several simultaneously propagating
optical beams and therefore represents a multi-mode waveguide structure, in which all invoking
beams can propagate as eigenmodes, the joint light structure is denoted as a vector or multi-
component soliton. This type of solitons has been suggested by Manakov [35] in the case
of a one-dimensional Kerr-system and has been realized experimentally in a semiconductor
material [36]. We investigate these structures in chapter 6 in their extension to two transverse
dimensions and show how these structures can be realized and stabilized.

The most important prerequisite for the generation of this new and fascinating type of optical
solitary waves is the absence of any interference between the several optical beams. Moreover,
self- and cross-phase modulation terms have to be equal for all contributing components. Thus,
the refractive index change which is induced by a distinct beam affects every propagating light
component in exactly the same way. The coupling between single solitary beams is only due
to the nonlinear response of the medium to the beams’ optical intensity distribution.

In general, there exist three ways to achieve these requirements. The original suggestion of
Manakov is based on two beams with orthogonal states of polarization. A second approach
can be realized by applying two beams of different wavelength as for the case of all quadratic
solitons [37]. Finally, using mutually incoherent beams is a very convenient way to realize
multi-component solitary waves especially in photorefractive systems, as will be shown in
chapter 6. Vector- or multi-component solitons inhibit an enormous potential towards future
applications since the single contributing light components can display different geometries
that give rise to rather complex scenarios. Moreover, higher-order multicomponent solitons are
utilized to describe spatially incoherent beams, therefore opening an insight into the question
whether an incoherent, white-light soliton can be formed and stabilized.

We will show in the next chapter that certain relations that have been described in this chapter
also exist for the most interesting and realistic experimental example of (2+1)-D spatial soliton
— the generation of photorefractive spatial screening solitons.

3 Solitons in photorefractive crystals

The most promising new type of spatial solitary waves are spatial solitons realized by the
photorefractive nonlinearity in an electro-optic crystal. The first type of such a photorefractive
soliton that has been studied stems from the nonlocal nature of the photorefractive effect and is
transient by nature [19]. It is named quasi-steady-state soliton. A second type of photorefrac-
tive soliton, denoted as a screening soliton, appears in the steady-state and is associated with
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an intensity-dependent screening of an external electric field [38—40]. Finally, in photovoltaic
materials, a third type of spatial soliton can be generated without the need of an external biasing
field [41,42].

The most attractive property of these spatial solitons in photorefractive materials is the very
low laser power in the range of a few microwatts that is necessary for their generation. This
shifts the investigations of spatial solitons to a power region that is accessible with conventional
cw-laser sources, and allows for the first time to think about realistic applications for wave-
guiding and switching due to the ease of availability, compactness and relatively low costs of
the experimental devices. Therefore, there has been an exploding interest in this new type of
spatial solitons within the last decade.

In a photorefractive medium with an external bias electric field oriented along one of the
transverse axes, an optical beam propagating along the z-axis changes the refractive index
due to the generation of free charge carriers and the subsequent creation of a space charge
field by the light-matter interaction inside the material. Because the optically induced space
charge field screens the externally applied electric field, the effective refractive index in a
photorefractive crystal becomes a nonlinear function of the light intensity /I, of the type that is
analogous to a saturable nonlinearity. Consequently, photorefractive screening solitons are the
most attractive candidates to prove numerous conclusions drawn from theoretical investigations
in an experiment. In that way, they represent the driving motor of recent theoretical attempts
to describe (2+1)-D spatial soliton formation in saturable media. In order to understand the
behavior of this attractive and new kind of spatial solitons, and to exploit them for investigations
of the basic nature of (2+1)-D spatial solitons, we first focus in Section 3.1 on the photorefractive
nonlinearity in detail before we describe the experimental implementations in Section 3.4.2.

3.1 General features of the photorefractive nonlinearity

The photorefractive effect has been discovered in LiNbOg crystals and was first denoted as
an optical damage [43], since the wavefront of a coherent light beam propagating in the
crystal became strongly affected. Since then, the effect has been observed in many different
crystals such as: BaTiO3, SBN, KNbO3, KTN, BSO, GaAs, and InP. These typically non-
centrosymmetric materials exhibit a x(?)-nonlinear response and their light-induced refractive
index change can grow up to the order of magnitude of An ~ 107°. The generic physical
process can be explained by a two-step mechanism. First, the crystals are photoconductive,
which means that free charge carriers can be generated due to light illumination. The electrons
or holes become mobile in the crystal’s conduction band and may migrate to non-illuminated
regions where they recombine with impurities. In this way an electrostatic field E. builds up
and due to the linear electrooptic effect, which is also denoted as Pockels effect, the material’s
refractive index will be modulated according to:

An =~ nra B, ©)
where r.g represents an effective electro-optic coefficient, which depends on the specific light
polarization and the crystal’s lattice geometry. The photoconductive properties can be designed
by inducing a distinct type of impurity atoms that act as charge donors or acceptors, respectively.

When the crystal is subject to a local light illumination, electrons (which are considered here
as the relevant charge carriers) can be excited from donor atoms into the crystal’s conduction
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band in case the photon energy is large enough. The resulting ionized donors serve as trap
centers that may recapture the free electrons. The excited free electrons in turn become mobile
and might either be captured by the ionized donors or they move towards non-illuminated
regions where they can be trapped by acceptor atoms.

This redistribution of electrons is due to two different charge carrier transport processes,
namely drift in an external or photovoltaic electric field and diffusion. It brings along the built
up of a static space charge field E;. which in turn is responsible for the desired refractive index
modulation. Although the typical time constants of electron excitation and recombination as
well as their migration in the conduction band are on a short time scale, the duration of the
built up process of the space charge field varies from milliseconds up to a few seconds. This
relatively long time interval stems from the fact that a relatively large amount of charge carriers
has to migrate until a state of equilibrium and hence a relatively strong electric space charge
field is created.

To gain insight into the relevant details we qualitatively explain the separate influence of
drift and diffusion effects on the generation of the space charge field and hence the refractive
index modulation. Fig. 2 demonstrates the impact of a drift-dominated charge carrier transport
process on the refractive index modulation in the left column (Fig. 2(a)-(d)) and the effect of
a diffusion-dominated process in the right column (Fig. 2(e)—(h)). Starting from a Gaussian
intensity distribution in Fig. 2(a), electrons from the central area will be excited into the
conduction band. Due to the presence of an external electric field Ej as depicted in Fig. 2(b),
the electrons will drift into a defined direction, and the resulting charge density p becomes
asymmetric. By integrating p(z) one can derive the optically induced space charge field
F (Fig. 2(c)) which transforms into a symmetric elevated refractive index modulation An
(Fig. 2(d)) via the Pockels effect given by Eq. (9). In this case the light intensity pattern in
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Fig. 2(a) induces a positive refractive index modulation that resembles a focusing structure.
When the external electric field in Fig. 2(c) points in the other direction, the opposite effect takes
place, and the net refractive index change will be negative leading to a de-focusing refractive
index profile that allows for the generation of dark solitons.

In the right column, the impact of diffusion on the induced refractive index change is
illustrated. Starting from the same intensity distribution in Fig. 2(e), the electrons diffuse
symmetrically to areas of lower light intensity in the vicinity if the optical beam. The resulting
space charge field in Fig. 2(f) is asymmetric and the net refractive index change in Fig. 2(h)
represents more an asymmetric and deflecting than a symmetric and focusing structure. From
this simple illustration it is clear that both effects, diffusion and drift induce different types
of refractive index changes, which can never be separated in a real physical system. To
obtain a focusing refractive index structure, the charge carrier transport process has to be drift-
dominated. Therefore, the crystal has to be biased by a dc-electric field in typical experimental
setups for the generation of photorefractive screening solitons. However, the diffusion process
is always present, and the net refractive index change consists of contributions from both —
the drift and the diffusion effect. This situation is reflected in a self-focusing effect that is
accompanied by a lateral shift of the beam while propagating in the nonlinear medium. This
effect is commonly denoted as bending [44,45].

3.2 The band transport model

To describe the charge transport processes quantitatively, we rely on a description based on
the band transport model that has been derived by N. Kukhtarev et al. [46] in 1979. Suppose
we have a light intensity pattern [ incident on a photorefractive crystal. In the steady state the
rate of generation of free charge carriers equals the recombination rate:

(B+ sI)(Np — Nj5) — vpneNj, =0, (10)

where NE is the density of ionized donor atoms, Np is the density of the donor impurities
and n. represents the density of free electrons. The optical and thermal excitation coefficients
are represented by s and f3, respectively, and the recombination coefficient is given by ~,.. The
net charge density p is connected to a current density j via the continuity equation

9p/0t = —Vj =0 (11)

and equals zero, because the system is in a steady state. Assuming that j consists only of the
two components — drift and diffusion — and neglecting the photovoltaic term, we express the
current density as a function of the electron density n. and the static space charge field E.

j = eﬂeneEsc + MeknTvne- (12)

Here, e and p. are the unit charge and electron mobility, k£ is the Boltzman constant, and T’
describes the absolute temperature. The first term of Eq. (12) represents the drift of electrons
due to an electric field and the second term describes the diffusion process. Since Egs. (10—
12) can not be solved analytically, several approximations have to be made in order to derive
an expression for the space charge field. Throughout this article we will illustrate numerical
results that are based on two different approaches that are denoted as isotropic and anisotropic,
respectively.
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3.2.1 Isotropic approximation of the space charge field

The isotropic approximation to solve Egs. (10-12) is described in detail in [39]. It starts
with a normalization of the beam intensity I in Eq. (10) relative to the so-called dark intensity
I, = /s which in turn represents the ratio of the thermal- to the photoionization coefficient. In
our experiments, the crystal is illuminated with a homogeneous white light source to control its
degree of saturation, which represents an artificial tool to tune the dark and thermal conductivity
of the material. This affects the generation of free electrons, but can be considered to be
equivalent to a thermal excitation.

According to Christodoulides [39], we assume that the optical intensity asymptotically
attains a constant value at the crystal border, and can be expressed by I (z — +00,2) = I. In
these regions of homogeneous intensity we also assume the space charge field to be independent
of the transverse coordinates x,y, i.e. Es.(rz — +00,2) = Ey. When the spatial extent of
the light wave is much smaller than the width of the crystal L, which is biased by an external
voltage V, the space charge field at the crystal border Fj is approximately V// L. Under strong
bias conditions, where Ey = V/L will reach appreciable values and the drift component of the
space charge field will be dominant, so that the diffusion terms can be neglected, Eqgs. (10-12)
can be processed to derive an expression for the space charge field

By =By~ "71 (13)

Note the isotropic character of the derived expression, because Ej. is only dependent on the
intensity distribution but not on any spatial coordinates. If we now assume that I, = 0, which
is reasonable for the case of soliton investigations in photorefractive materials, we can directly
insert Eq. (13) into Eq. (9). The resulting expression for the refractive index modulation An can
then finally be inserted into Eq.( 6). Successively performing the usual scaling transformation
which is described in Section 2.3.1 and defining I; as saturation intensity 5,4, we can scale
A = AVI; and end up exactly with the same equation as the general equation of beam
propagation in a saturable nonlinear medium given by Eq. (7). Since we now deal with a
specific physical system, the coupling parameter -y takes the definite form of

1
v = ikgxgnércﬁEo. (14)

Even though we apply an external voltage of V/L = Fj along the horizontal x-axis, the
propagation equation remains isotropic and the strength of the nonlinearity which is given by
~ depends only on the external electric field Ey. The optically induced space charge field,
which is given through Eq. (13) is proportional to the external field but does not depend on any
spatial transverse coordinates.

3.2.2 Anisotropic approximation of the space charge field

The second major approach — which is commonly denoted as anisotropic — describes the space
charge field of the material in a more complicated way. The model was introduced by Zozulya
and Anderson [47] and is based on the simple assumption that the space charge field can be
expressed in terms of an electrostatic potential Fs. = —V¢. With this relation one can rewrite
Eq. (12) as

7= —eueneVo + pekpT'Vne. (15)
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Assuming a quasi-uniform illumination, indicating that the spatial variation of the light intensity
exceeds by far the drift and diffusion length of the electrons in the conduction band, the local
charge density equals zero

p=Na+n.+Np=0, (16)

with N4 being the acceptor density. Assuming further that the density of the free electrons
is negligible compared to the acceptor density, n. < N4 and that the rate of generation of
free electrons is much smaller than the recombination rate (5 + sI) < +, N, one can derive
a simple expression for the electron density [23]:

_ Np—Na
== (B + sI). (17)

As in the isotropic approach, it is convenient to normalize the beam intensity / by /;. From
Eq. (17) we express the electron density by

Np — Ny
77'NA

Np — N -
B(L+1/1s) = =2——AB(1+1), (18)
VT'NA
and neglect the”-sign in the following. Inserting Eq. (18) and Eq. (12) into Eq. (10) yields:
kT _,
VIV¢+(1+I)V-(V¢)—?V (I1+1I)=0. (19)

Since we apply an external electric field along the positive z-direction, it is appropriate to
assume that the electrostatic potential consists of a light induced term ¢( and an external bias
term — Egx. Inserting ¢ = ¢o — Eox into Eq. 19 and dividing by (14 I) leads to an expression
of the potential equation for the electrostatic field:

V2py = =V In(1+1)Vo+ Egd/0x In(1+1) — %[W In(1+1)+(VIn(1+1))?]. (20)

With this specific type of nonlinearity the space charge field Es. = Ey— V¢ can be expressed in
terms of the externally applied voltage V' with V//L = Ej and by the light induced electrostatic
potential ¢y which can be calculated from Eq. (20).

Eq. (20) contains both contributions to the space charge field — drift and diffusion. The
first one is represented by the second term of the right side of Eq. (20), whereas diffusion is
described by the last term on the right side of Eq. (20).

Inserting the expression for Fg. into Eq. (9) and include the resulting refractive index
modulation An into Eq. (6) yields a propagation equation for an optical beam in a biased
photorefractive medium which can be written as

0A 1
i— + -V%3,A—~(1 —Ve¢o/Es)A = 0. (21)
0 2
Note that the amplitude is again scaled with the dark intensity as A = A /\/Igand AA* = 1.
All other parameters and scaling constants are unaltered compared to the isotropic and saturable
case expressed by Eqgs. (7,14). The potential ¢y can be calculated from Eq. (20) numerically
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for a given intensity distribution. It can then be inserted into the nonlinear term of Eq. (21)
allowing to find solitary solutions.

The saturable characteristics of the nonlinear term of Eq. (21) is not as obvious as in the
isotropic case given by Eq. (7). Its origin lies in the nature of the photorefractive effect which
is directly dependent on the generation of free electrons due to the formation of the space
charge field and hence the refractive index. Because the number of donor atoms is finite, there
always exists an equilibrium between electron generation and recombination. Therefore, the
space charge field and consequently the refractive index modulation display an upper threshold.
Comparing Eq. (21) with the standard equation of beam propagation in a nonlinear medium
(Eq. (6)), it is obvious that the external field decreases the refractive index globally whereas
the light induced potential leads to a positive refractive index change. The externally applied
field Ej is screened by the photoinduced charge carriers, which gives rise to screening soliton
generation.

The most important aspect of applying the complete photorefractive approach expressed in
Eqgs. (20, 21) is that the anisotropic nature of the system is seriously affecting the formation of
solitary beams. From the simple sketch in Fig. 2 it is obvious that the charge carrier process
has to be drift dominated to create a focusing refractive index structure. Applying an external
electric field in one transverse direction inherently introduces a symmetry-breaking of the
system, thereby destroying the isotropic situation. This aspect is only taken into account by
the anisotropic model since Eq. (20) bears a derivative with respect to the transverse coordinate
z. The diffusion as the second charge carrier transport process is neglected in the isotropic
approach in Section 3.2.1 but represented by the last term (x kp7'/e) of Eq. (20) in the
anisotropic model. Therefore, the anisotropic approach represents the propagation of an optical
beam in a photorefractive crystal in a more realistic way than the isotropic model. Nevertheless,
the isotropic model is able to demonstrate the most general features of soliton formation and
interaction. Since it can be described by just one propagation equation (Eq. (7)), it requires
less computational resources than the anisotropic model that consists of an additional equation
for the electrostatic potential (Egs. (20),(21)).

To summarize, the photorefractive nonlinearity exhibits some special features that are well-
suited for investigations of spatial solitons. The most important aspects can be summarized
as:

e Photorefractive materials exhibit a nonlocal light-matter interaction, leading to a response
to the optical beam that is broader than the tails of the beam. This nonlocality leads to
different unexpected effects in soliton interactions.

e Photorefractive materials react non-instantaneously on the light radiation, because the
formation of a significant refractive index modulation is connected with a high space
charge field.

e The propagation of an axially symmetric beam propagating in a photorefractive medium
can lead under certain conditions to self-focusing that corresponds to an effective optical
lens with astigmatism. This is mainly due to the fact that the external electric field induces
an anisotropy in the process. The deviation from the isotropic model therefore becomes
different for the two transverse directions, leading to astonishing effects of solitary beam
formation.
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e The photorefractive nonlinearity exhibits additional effects such as self-bending of solitary
beams during propagation due to diffusion effects that interplay with the effects of drift
due to the externally applied electric field or a possible polarization coupling process.

3.3 Features of the photorefractive index modulation

Starting from a Gaussian intensity profile one can solve Eq. (20) numerically with the help of a
relaxation technique [48]. A three-dimensional plot of the resulting refractive index modulation
for reg = 235 pm/V, ng = 2.3, xg = yo = 15 um, A = 532 nm and V' = 3 kV, is depicted in
Fig. 3. In this simulation we neglect the diffusion term in Eq.(20) and illustrate only the effect
of a drift-dominated charge carrier transport. According to Fig. 3 the anisotropic nature of the
refractive index modulation reveals clearly. It is not circular symmetric as its provoking light
intensity distribution. Remarkably, along the x-direction, the refractive index has focusing
as well as defocusing areas at the margins of the beam. In Fig. 4 we illustrate this peculiar
phenomenon more detailed since it represents the key to all subsequent effects of screening
soliton generation and interaction in photorefractive crystals.

Let us consider a Gaussian intensity distribution in Fig. 4(a) and its appropriate refractive
index modulation in Fig. 4(b) as a 2-dimensional plot. Figs. 4(c) and (d) illustrate the two trans-
verse cross sections of the modulation along the x- and y-direction respectively. Comparing
the frames of Fig. 4(a) and (b), the non-local nature of the refractive index modulation becomes
obvious. It even changes in non-illuminated regions away from the center of the beam. The
cross section along z for y = 0 (Fig. 4(c)) shows that the refractive index increases only in the
central region of the beam but even decreases at its border. In the horizontal border regions,
the material acts in a rather defocusing way, but the cross section along y (perpendicular to
the external field) for = 0 (Fig. 4(d)) displays a focusing structure everywhere. Taking
also into account the diffusion of charge carriers, the scenario gets even more complicated. A
more detailed analysis of the impact of both effects — diffusion and drift — on the refractive
index modulation can be found in [47]. Generally speaking, the diffusion process induces an
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asymmetric deformation of the focusing refractive index profile in a way depicted by Fig. 2(h).
Even though this leads to a lateral deflection of the beam it has no impact on the self-focusing
property in principle. The non-local, anisotropic and non-instantaneous nature of the optically-
induced refractive index modulation gives rise to a variety of distinct properties and effects of
photorefractive screening solitons that will be the focus of the next section.

3.4 Screening photorefractive soliton formation

3.4.1 Theory
Exact numerical solutions to Egs. (20,21) can be found by applying a numerical procedure
suggested by Petviashvili [49, 50]. For soliton solutions one can make an ansatz equivalent to
the one in Section 2.2 that the amplitude is independent of the propagation coordinate £, and
that only the phase varies with £ but is independent of the radial coordinates « and y. The
Petviashvili-method does not imply any further approximations, but transforms the equations
into a fix point problem that can be solved iteratively. A contour plot of the solution of
Egs. (20),(21) for £y = 2kV/cm is depicted in Fig. 5(a). It shows an exact soliton solution,
with the special feature that the beam shape is rather elliptical than radially symmetric as one
might already expect from the anisotropic refractive index change in Fig. 3. Although the
simulation neglects diffusion, the beam is narrower in the horizontal z-direction parallel to the
electric field and wider in the vertical direction. Fig. 5(b) shows the appropriate cross section
along the z- and y-axis in two dotted curves. For comparison a Gaussian beam with circular
symmetry and equal total power is fitted to the soliton solution and illustrated by the solid line.
As required by the ansatz, the elliptically shaped soliton solution remains entirely unaltered
when it propagates through the crystal.

In contrast, a numerical beam propagation starting from a Gaussian beam depicted by the
solid curve in Fig. 5(b), shows strong oscillations of its shape. Both transverse diameters
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Fig. 5 (a) Two dimensional contour plot of a soliton solution in anisotropic medium. (b) Cross sections
along z-axis (dashed) and y-axis(dotted) in comparison with a fitted Gaussian beam of equal total power
(solid). Evolution of a diameter of a Gaussian beam at the intensity of I/I; = 1.5 accompanied
by oscillations of its diameter in z(solid) and y(dotted) (Petviashvili-based simulation by K. Motzek,
TU Darmstadt)

oscillate. As a consequence, the beam shape varies from almost circular symmetric to strong
elliptical which is depicted in Fig. 5(c) for a distance of 7.2 cm in real units. It has been shown
by Zozulya et al. [50] that the ellipticity of the soliton solutions depends strongly on the beam
intensity and hence on the saturation parameter /.

As the normalized intensity I = Iyeam/Iq approaches zero, the diameters d, , at half
maximum are inversely proportional to the square root of the intensity, d; , o 1/ V1. In the
high-intensity limit they obey d, , o +/in(I). For I > 50, the oscillatory behavior becomes
very strong and reaches about 25% of the peak intensity. In the intermediate saturation regime
(I = 1 — 10), the fluctuations become reasonably damped and the self-focused beam almost
converges into the exact soliton solution. An optimized damping exists when the ratio of beam
to background intensity I =~ 0.5 [50,51]. In this case the oscillations are smaller than 5% and
the usage of the expression “soliton ” is indeed justified. For a stable photorefractive soliton
the diameter ratio is d /d, ~ 1/1.5.

Whereas theoretical studies explained the anisotropic shape of photorefractive screening
solitons, the first experimental results were somehow contradictory. In [52,53] a self-focused
light structure of a radially symmetric shape was observed. Such a behavior can be explained
due to the fact that the solitary beam is in a transient state at the experimental observation
plane. Meanwhile, it is commonly accepted that photorefractive screening solitons are indeed
anisotropic and display an elliptical transverse shape [54].

The self-focusing effect originates only from the drift of the photo-excited electrons in
the crystal. Figs. 3—4 illustrate that already the drift-induced refractive index modulation is
inherently anisotropic. Omitting the diffusion of electrons does not affect the refractive index
modulation and the formation of a photorefractive soliton in principle, but it is essential for a full
description of the physical processes that take place in the bulk medium. As already mentioned
and depicted in Fig. 2(h), the general influence of diffusion leads to a transverse deflection of
the beam during propagation [44]. This effect, which is a by-product of soliton generation, has
been predicted [45,47,51,55] as well as investigated experimentally [56,57]. The bending effect
takes place when the circumference of the light intensity distribution becomes comparable to
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the diffusion length of the free electrons in the material. Therefore it will be observed when
the light beam is already tightly focused. In our further investigations it should be taken into
account that the generation of photorefractive screening solitons always comes along with self-
bending of the soliton trajectory. Nevertheless, this has no direct influence on the self-focusing
effect itself. It only gives rise to a transverse shift of the beam towards the external electric
field.

3.4.2 Experiment

To generate screening solitons in a photorefractive crystal, the material has to fulfill several dis-
tinct requirements. For the generation of a light-induced focusing refractive index modulation
the charge carrier migration has to be drift-dominated (compare i.e. Fig. 2) and the net refrac-
tive index change An which is given by Eq. (9) has to be in the range of 10~* to compensate
the diffraction of the light beam. Taking these requirements into account, Strontium Barium
Niobate — SBN — is an ideal candidate for the generation of spatial (2+1)-dimensional soli-
ton, having a 4mm symmetry. When an external electric field is applied along the crystalline
c-axis and the incident light is extraordinarily polarized (parallel to the c-axis) the effective
electrooptic effect rog almost equals the relatively large 733 electro-optics coefficient of SBN,
which is in the range of 200 — 1400 pm/V depending on the specific dopant concentration and
crystal constitution.

Fig. 6 shows a sketch of the relatively simple experimental setup, which uses an extraordi-
narily polarized light beam at A = 532 nm derived from a frequency-doubled Nd: YAG-laser.
The lens L1 focuses the beam onto the front face of the SBN crystal, where it has a minimum
beam waist of 15 pm — 20 pum at the full width at half maximum (FWHM). We make use of
three different crystal samples that have the same transverse dimensions of 5 x 5 mm? but are
different in length, ranging from 10 mm via 13.5 mm up to 20 mm. Finally, the exit face of
the crystal is monitored with the help of lens L2 onto a CCD-camera allowing computer-aided
acquisition of the evolving light structure. In case of zero applied voltage the material acts as
a linear medium with a refractive index of n, = 2.3, and we are able to monitor the incident
light intensity. Depending on the beam’s incident size and length of the specific sample, the
propagation distance within in the crystal represents 3.5 to 5 diffraction lengths.

By applying a dc-voltage along the crystallographic c-axis of 2—4 kV/cm, the charge carrier
transport becomes drift-dominated and the material acts highly nonlinear. Because it is im-
possible to observe any structure within the bulk material, we are restricted to observe the exit
face of the crystal. Additional, the SBN crystal is illuminated homogeneously with incoherent
white light that corresponds to the dark intensity I;. Thereby, we have an effective tool on
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Fig. 7 Temporal sequence of
soliton generation. The single
frames (1-12) are taken every
0.5 s after the shutter has been
opened. First of all the beam ex-
periences a strong focusing (1-4)
before the diffusion effect comes
into play at fairly small beam di-
ameters, resulting in a horizontal
displacement (5-12)

hand to manipulate the dark and thermal conductivity of the electrons in the material. In all
our experiments we make sure that the ratio of dark- to beam intensity is in the range of unity
to achieve stable solitons.

The beam intensity is in the range of a few Microwatts, whereas the white light intensity is
measured in a separate experiment via two beam coupling. When all parameters are within the
soliton existence range, self-focusing takes place and diffraction can be completely balanced.
Finally, the initially Gaussian beam of circular geometry evolves into an elliptically shaped
photorefractive soliton without significantly changing its transverse size.

The dynamic generation process of a photorefractive screening soliton monitored from the
exit face of the crystal is illustrated in Fig. 7 in a temporally-resolved sequence. Before opening
the shutter, the white light illumination is in the range of the total beam power of 1.85 uyW
and the bias electric field is 3.8 kV/cm. In the first second after the shutter opens, the material
does not yet respond to the incident light beam which diffracts almost linearly. After about 0.5
s the photo-induced space charge field becomes large enough to modify the refractive index
significantly. As a consequence, the beam starts to self-focus (compare to Fig. 7(#2—#4)).
Once the beam is tightly focused the influence of the diffusion-driven electron transport grows
and the beam undergoes a transient re-shaping process while it deflects about 60 um in the
direction of the applied electric field (Figs. 7(#5—#11)). About 7 seconds after opening the
shutter, the soliton reaches a steady state and displays its typical elliptic shape in Fig. 7(#12).
The figure clearly shows that the diffusion process only becomes important when the light
structure is tightly focused [58]. Therefore, self-focusing is solely a result of a drift-dominated
redistribution process.

A reasonable effect of self-focusing of light exists within a fairly large range of parameters
around the exact soliton solutions given by the theory [47, 50, 51]. Therefore, it is a quite
easy task to generate stable self-focusing in a SBN crystal with a beam of Gaussian intensity
distribution. Nevertheless, it is still an open challenge to resolve any oscillations of the beam
profile along the propagation direction. The material is highly non-linear and a technique
of imaging through the crystal can not be applied [40, 59]. There have been basically two
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approaches to study the spatial evolution of photorefractive solitons. The first one [52] makes
use of a top-view photograph immediately after the background beam has been blocked. For
larger beam diameters, it shows nicely the formation of a solitary structure but the spatial
resolution is too poor and only one of both transverse profiles can be investigated. The second
method is based on a specially cut crystal [52]. Its exit face is not normal to the c-axis but
cut at a certain angle. By laterally shifting the input beam the authors of [52] were able to
investigate different propagation lengths. One has to take into account that all experimental
approaches bear the insufficiency of the sample due to inherent inhomogeneities of the material.
Additionally, the applied electric field cannot be estimated to be entirely uniform throughout
the bulk material, and the shape of the incident light beam is Gaussian and not of a required
soliton type. Taking these aspects into account we developed a third method that is based
on the exploitation of the dynamical behavior. From the response of slight variations of
the external parameters, one can draw all conclusions whether the observed self-focusing
represents a soliton solution or not: a soliton solution should be quite robust and withstand slight
disturbances within the system. In contrast, strong dynamical fluctuations are an indication
that the system operates outside the soliton existence range.

4 Interaction of scalar solitons

Solitons are not only characterized by their self-confinement in time or space. Several of
their most peculiar and specific features display in their particle-like interaction behavior [60].
Therefore, interaction studies are essential for a complete characterization of solitons. In (1+1)-
dimensional Kerr systems, the interaction of two single solitons is limited to a two-dimensional
plane. But since the system is integrable, a collision between single solitons is fully elastic,
which means that the number of solitons is conserved and that the single solitons recover their
initial trajectory and shape after the collision [61]. Investigating spatial soliton collisions in
the bulk material gives rise to a variety of new and fascinating effects since the system is not
restricted to one single collision plane anymore. However, we have to take into account that
stable self-trapping in both transverse dimensions is only possible if the nonlinearity of the
medium is of a saturable type at the expense that the system is no longer integrable. Therefore,
collisions are accompanied by radiation losses. As a consequence, the number of solitons
may not be conserved anymore and the shape of the beams may become strongly affected.
In general, collisions of solitary waves in a saturable nonlinear medium can be characterized
as inelastic since the collision progress comes along with energy dissipation, and the single
particle-like waves do not necessarily maintain their profile or identity. Since saturable media
support the formation of solitary beams in a bulk material, interaction scenarios can now be
studied in all three spatial dimensions. This gives rise to new and fascinating effects such as
fusion, fission, or mutual attraction and repulsion of solitons.

Among these different kinds of scenarios one has to classify between coherent and inco-
herent interactions. In coherent systems, the two (or more) solitons are mutually coherent and
naturally there exists some kind of interference pattern in their intersection region. When the
response time of the material is short and within the range of the interference fluctuations, the
interaction is said to be coherent, since the material responds to the interference pattern of the
two intersecting beams. In this case the resulting refractive index modulation corresponds to
the superposition of two (or more) beam amplitudes. In contrast, when the response time of
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Fig. 8 Schematic configuration of incoherent soliton interaction. BS: beam splitters, M1, M2: mirrors,
L1, Lo: lenses, PZT: piezoelectric transducer, V: externally applied voltage

the material is non-instantaneous, as e.g. for all photorefractive systems, coherent interactions
can only be realized when the interference pattern of the intersecting beams is stationary in
time. In contrast to that, an interaction is said to be incoherent when the phase fluctuations of
the interacting components are much faster than the response time of the material. In this case,
the nonlinear index change is only due to a superposition of the intensity of the single beams,
and they appear to be mutually incoherent.

To investigate interactions in the full three-dimensional geometry we make use of the exper-
imental setup depicted in Fig. 8. In contrast to the experimental setup for the generation of a
single soliton, we now derive two beams using a Mach-Zehnder-like configuration realized by
the mirrors M1, M2 and two beamsplitters BS1, BS2. In order to investigate coherent as well
as incoherent interactions, mirror M2 is connected to a piezoelectric transducer (PZT) which
may either shift the phase of one beam relative to the other or may oscillate at a frequency of
about one kHz, thereby inducing a rapidly oscillating interference pattern when the two beams
recombine in the crystal. The latter scenario makes the two beams effectively incoherent with
respect to each other. Moreover, with the help of the two mirrors, the beams can be aligned in
every desired direction and position. To reveal a certain interaction effect, we always compare
the position of the single beams in case of separate with simultaneous propagation. Due to
the slow response of the crystal we are even able to identify the single beams by blocking one
of them and recording immediately the resulting intensity distribution of the remaining light
beam at the exit face of the crystal.

4.1 Interaction of coherent solitons

To investigate coherent interactions of spatial solitons in a (2+1)-dimensional photorefractive
system, the interference pattern of the two light beams has to be temporarily stationary, since
the crystal has a rather slow response time. As will be demonstrated below, the main control
parameter of coherent interactions is the relative phase of the interacting beams, which therefore
has to be kept constant. Suppose we have two mutually coherent light beams of Gaussian shape
incident in a parallel way on a photorefractive crystal. The trajectories run within a z-z-plane
and keep a constant distance which is comparable to their transverse diameter. In Fig. 9 we
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Fig. 9 (a) Separate illustration of the intensity distribution of two coherent overlapping beams
(dotted curves). Resulting interference pattern for a relative phase difference of o = 0 (a) and
@ = m (b) (solid lines)

Fig. 10 Propagation dynamics
of two coherent Gaussian beams
in an isotropic saturable non-
linear medium visualized by an
isosurface-plot for I = 80% of
the soliton’s initial peak inten-
sity. Depending on their relative
phase, the beams attract (Ap =
0) (a), or repel (Ap = 7) (b)

illustrate the influence of the mutual phase on the net intensity distribution which induces the
refractive index modulation. The two slightly overlapping coherent beams are depicted as
dotted curves in Figs. 9(a),(b), and the resulting interference pattern is illustrated by the solid
line. In Fig. 9(a) the two beams are in phase (A¢ = 0) and the net intensity in their central
region increases remarkably. From our previous investigations it is clear that a non-zero light
intensity induces a refractive index elevation that acts in a self-focusing way. As a consequence,
light will be attracted towards the central region and the solitons appear to attract each other.
We now suppose that the beams are out of phase (Ayp = ), which is depicted by Fig. 9(b).
The destructive interference leads to a region of zero intensity in between the two beams. Now,
the opposite effect takes place. The intensity in the center of the two solitons is lower than it
would have been if the beams were further apart. Consequently the beam centers move away
from each other with increasing propagation distance and the solitons appear to repel each
other.

In Fig. 10 we present the typical propagation dynamics of two parallely launched coherent
solitons in an isotropic saturable medium. The three-dimensional visualization represents an
iso-surface of the propagating beams at 80% of the normalized beam intensity.

Fig. 10(a) illustrates a side-view when the relative phase between the beams is zero and the
two beams merge after one diffraction length and form a multi-mode waveguide. The scenario
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Fig. 11 Creation and annihilation of
photorefractive screening solitons due
to multi-soliton collision. (a)-(c) illus-
trate the exit face if the crystal and the
sketches on top depict the solitons propa-
gation through the crystal. Frames taken
from [32]
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changes dramatically when the beams are out-of phase, which is depicted in Fig. 10(b). The
two solitons repel strongly and their initial separation of 2.3 increases to 7.2 after a propagation
of 5 diffraction lengths.

Interaction scenarios in (2+1)-dimensional saturable systems are not limited to the relatively
simple effects of mutual repulsion and attraction for parallel propagating solitons, but show an
even more complicated behavior. In 1992 Gatz and Herrmann [62] demonstrated numerically
that two coherent in-phase solitons can fuse in a (2+1)-D saturable system when they intersect at
a shallow angle. Later on, Snyder and Sheppard [26] demonstrated theoretically that coherent
solitons can even undergo a fission process that gives birth to an additional solitary beam.
Both scenarios have also been verified experimentally. The fusion process is universal for all
saturable nonlinear systems, and has been observed in liquids [63], glass waveguides [61],
atomic vapours [27,64] and in photorefractive crystals [29, 65,66]. With the help of a simple
waveguiding model [26] these effects can sufficiently be explained. Both beams propagate in a
self-induced waveguide that is characterized by a critical angle aterit & (Rmax — Pmin)/Pmax
for guidance. Here, i characterizes the maximum angle up to which total internal reflection
and thus waveguiding occurs. When the intersection angle of two coherent beams is below
Qriy they couple light into each others waveguide and exchange energy. Because of the
attractive interaction, the two beams merge and form a joint multi-mode waveguide in which
they both propagate. In case the intersection angle exceeds the critical angle, the two beams just
intersect each other and remain almost unaffected. In [29] a..it was determined experimentally
to aerit = 0.6° and merging of two single solitons has been observed. In a similar experimental
arrangement Kroélikowski et al. [31] increased the intersection angle slightly to « ~ 0.8° and
observed the generation of an additional beam that was generated upon collision. Moreover,
the annihilation of one soliton via a multi-soliton collision process [32] was demonstrated.
This unique feature of photorefractive screening solitons is depicted in Fig. 11. The sketches
on top of each frame depict the geometry of the intersecting beams, whereas the single pictures
display the exit face of the crystal. In order to avoid photorefractive two-wave mixing that
takes place along the crystallographic c-axis, the intersection is carried out in the vertical y-z-
plane. Fig. 11(a) shows the birth of a soliton that results from two intersecting beams. Since
the centrally located created soliton is stronger in intensity than the two non-central beams, it
experiences a stronger bending effect which results in a lateral displacement. In Fig. 11(b) the
opposite effect takes place. Launching three beams at a slightly different intersection angle into
the crystal results in a transfer of energy from the outer solitons towards the central one. In this
way, a single soliton can be amplified. Fig. 11(c) finally illustrates the complete annihilation of
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the central soliton. In this way it becomes clear that in (2+1)-dimensional systems solitons can
be created as well as annihilated through coherent interaction processes. Even though these
effects may serve as principle tools for optically controllable waveguide interconnects, they
are strongly dependent on the relative phase of the single beams, which has to be kept constant
throughout the interaction. Because of this strong phase sensitivity, the realization of technical
applications that have to withstand strong perturbations is almost unapproachable. Therefore,
our further investigations focus on interaction of mutually incoherent beams.

4.2 Interaction of incoherent solitons

In contrast to coherent interactions, the optical fields of mutually incoherent solitons do not
produce any interference pattern. The resulting intensity which affects the material is equal
to the superposition of the intensity of the two single components. We like to emphasize
that in this context the expression incoherent interaction has to be interpreted as the interaction
process of two coherent light beams that are mutually incoherent. Their relative phase fluctuates
much faster than the response time of the nonlinear material. Therefore, the material responds
only on a time averaged intensity pattern and the beams appear to be mutually incoherent.
Since destructive interference as depicted in 9(c) is absent, any two mutually incoherent beams
do always attract but never repel in saturable nonlinear media. As well as in the coherent
case, two solitons can fuse if the relative angle is below the critical angle c.i¢ [29]. Pure
phase-dependent effects such as soliton fission or annihilation that were observed in coherent
systems shall not occur with mutually incoherent beams. From the practical point of view,
interactions of mutually incoherent solitons are very robust, since the effect of attraction is not
phase sensitive. This unique property motivates further investigations of interaction studies. A
potential application of re-configurable waveguide interconnects may be realized on the basis
of spatial soliton interactions [26,67-71].

4.2.1 Anomalous interaction in anisotropic media

The first investigations on incoherent interactions of screening solitons in a photorefractive
crystal [29] demonstrated indeed fusion and mutual intersection of solitons depending on their
collision angle. However, the anisotropic refractive index modulation of a photorefractive SBN
crystal bears a unique property that reveals a supplementary and surprising incoherent interac-
tion process. It is denoted as anomalous interaction and has been investigated experimentally
and numerically in [30]. Depending on their relative distance and orientation, mutually inco-
herent solitons do not always attract but can even repel as they propagate through the crystal.
Therefore, photorefractive solitons have become a promising tool to realize various interaction
scenarios that display both essential effects — repulsion and attraction — on the basis of mutually
incoherent optical beams.

Suppose we have two mutually incoherent beams of Gaussian shape launched in parallel into
the x-z-plane of a photorefractive SBN crystal. In contrast to coherent interaction, the beams
do not interfere but each single beam itself induces a nonlocal refractive index modulation as
depicted in Fig. 3. In Fig. 12 we demonstrate how the refractive index modulation (bottom row)
evolves for two different horizontal separations of the beams (top row). Due to the nonlocal
response of the material, the refractive index modulation that is due to the optically-induced
space charge field, covers a larger area than the optical field itself. Therefore, the single space
charge fields and hence the refractive index modulations of two closely propagating beams
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Fig. 12 Intensity distribution of two mutually incoherent Gaussian beams (a),(b) and the
corresponding refractive index modulation An for various horizontal separations of Az =
1.7(a),(c), Az = 3.5(b),(d)

superimpose. In Fig. 12(a) the separation of the beams is in the range of their diameter, the
optical fields do not overlap, but the induced space charge fields superimpose and form a
joint refractive index modulation which is illustrated in Fig. 12(c). Since the refractive index
decreases at the beam’s horizontal edges, the net refractive index change between the two
solitons becomes negative. Despite the fact of a non-zero intensity in the intersection region
and the lack of destructive interference, the solitons will repel as they propagate through the
crystal. When the separation of the beams is decreased further (Fig. 12(b)), the optical fields
start to overlap, and hence the net refractive index change depicted in Fig. 12(d) between the
two solitons becomes positive and the interaction will be attractive. In order to demonstrate this
remarkable behavior in experiments, we align two beams in the plane parallel to the electric field
at various horizontal distances and record the resulting images that appear at the exit face of the
material. The mutual interaction of the two solitons is illustrated in Fig. 13. The independently
propagating beams are illustrated versus a coupled and hence simultaneous propagation in the
upper and bottom row of Fig. 13, respectively. The frames that display the non-interacting
behavior (Fig. 13(a)—(c)) were obtained by allowing each beam to propagate separately in the
crystal and by superimposing the resulting images subsequently. We realized three different
configurations with varying lateral separations. Fig. 13(a) illustrates two closely propagating
non-interacting solitons that are separated by 13 um and their corresponding interaction in
Fig. 13(d). It is obvious that the two beams fuse as they interact and leave the crystal as
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Fig. 13 Experimental realization of separation-dependent interaction of incoherent solitons.
The upper row shows non-interacting solitons for various separations of Ax = 16 pm(a),
25 um (b) and 33 um (c), and their corresponding attractive (d), or repulsive interaction (e),
(), respectively

a single solitary beam. This behavior is essentially the same as that for overlapping beams
in an isotropic saturable Kerr-like medium [24]. In Fig. 13(b) we slightly increase the lateral
separation to 25 um and the appropriate interaction depicted in Fig. 13(e) displays a remarkable
repulsive effect. After propagating 13.5 mm through the crystal, the relative distance increases
roughly to 50 um. When we further increase the initial separation up to 33 pm in Fig. 13(c)
the repulsive effect is still present but reduced (compare Fig. 13(f)). Although the optical
fields hardly overlap in all depicted scenarios, the interaction behavior depends strongly on
the mutual separation of the two solitons. This soliton interaction effect is unique for spatial
solitons, displaying especially the nonlocal material response of a photorefractive crystal. We
like to emphasize here, that the experimentally obtained results are in a very good agreement
with numerical simulation based on the anisotropic model [30, 58, 72].

To characterize the anisotropic refractive index modulation more specific, we also investigate
interaction effects in the direction perpendicular to the externally applied field. In the transverse
y-direction the refractive index modulation increases over the entire transverse cross-section of
the beam (compare Fig. 4(d)). Therefore, from any superpostition of two mutually incoherent
beams in the z-y-plane, no negative index modulation can evolve and the solitary beams will
never experience any repulsive effect.

With the same technique as described above we illustrate in Fig. 14 the exit face of the crystal
in the case of non-interacting beams in the top row (Fig. 14(a)—(c)) and the corresponding inter-
action images underneath (Fig. 14(d)—(f)). The experimental parameters are nearly unchanged
compared to the interaction scenario in the horizontal plane which is depicted in Fig. 13. For a
small separation of the beams of 15 um (Fig. 14(a)), the strong attractive force causes the tra-
jectories of both solitons to intersect (Fig. 14(d)), which results in an oscillating behavior, that
leads to an exchange of the soliton’s position at the exit face. For a larger distance of 30 pum,
the attractive force weakens and leads to a much longer propagation distance until the solitons
collide (Fig. 14(e)). In this particular case the solitons merge very close to the observation
plane at the end of the crystal. For an even larger initial separation of 50 um (Fig. 14(c)) only a
significantly weaker attraction can be observed which results in a slightly decreased separation
at the exit face (Fig. 14(f)). The isosurface plots in Figs. 14(g),(h) depict the trajectories of the
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Fig. 14 Experimental (a)—(f) and numerical (g)—(h) results of attraction of incoherent solitons in the
vertical direction. Separate and coupled propagation for a separation of 15 pum (a),(d), 30 um (b)(e), and
50 um (c)(f). Frames taken from [58]

Fig. 15 Three-dimensional in-
teraction. (a) incident beams,
(b) non-interacting solitons at
crystal’s exit face, and (c) the
corresponding interacting sce-
nario that displays a rotation of
about 90°

beams at 80% of the initial peak intensity for an initial separation d,,/yo = 2.4 in Fig. 14(g)
and dy/yo = 4.0 in Fig. 14(h). As already demonstrated in the experiment, the attraction
increases with decreasing initial separation, and the beams even intersect each other.

In general, our numerical results are in a good agreement with the experimentally ob-
served phenomena. The movement and the intersection in particular can be interpreted on the
background of an induced transverse momentum which is due to the mutual attraction. The
particle-like waves accumulate a transverse momentum as they mutually approach. When they
finally collide, their collision angle is above the critical angle of the self-induced waveguides.
Consequently, the solitons do not merge but intersect and their transverse separation increases
again. Since they still attract each other, the whole process repeats several times leading to
a periodic collision of solitons. Because the system is of a self-focusing saturable type, the
amplitude of these transverse oscillations is damped and the solitons might coalesce at very
large propagation distances [58].

In contrast to a propagation of the solitons within the plane parallel to the externally applied
field, the interaction in the perpendicular direction is always attractive. Since both effects,
mutual repulsion as well as attraction depend on the orientation and on the separation of the
single solitons, a superposition of these effects by means of tilting the propagation plane with
respect to the z-axis gives rise to three-dimensional interaction processes, that are subject of
the next section.
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4.2.2  Three-dimensional interaction scenarios

Due to the anisotropic refractive index modulation there exist attractive or repulsive domains,
depending on the position and separation of the single solitons. This remarkable characteristics
is well-suited to study interaction effects of an elaborated geometry. The simultaneous interplay
of attraction and repulsion leads to rotational effects that are studied in detail in [58,72]. In
Fig. 15 we present the experimental result of such a rotational interaction when two beams are
launched almost in parallel but tilted with respect to the x-axis. In this way they experience
attraction along the y-axis but repulsion along the z-axis. Fig. 15(a) illustrat’es two Gaussian
beams of circular symmetry that are incident on the SBN crystal. Beam A is horizontally
but also slightly vertically shifted relative to beam B. When each beam itself propagates in
the biased crystal and forms an elliptically shaped photorefractive soliton, they end up in a
horizontal plane at the exit face of the crystal, which is indicated by the horizontal line in
Fig. 15(b). This image displays again a superposition when each soliton propagates separately.
When the two beams finally propagate simultaneously, the position of both solitons becomes
strongly affected and their propagation plane rotates about 90°. Additionally, their absolute
separation increases remarkably as shown in Fig. 15. This behavior is only due to the anisotropic
refractive index modulation. Numerical studies [58] on the basis of the anisotropic model reveal
the same effect in good agreement with the experimental data.

Since the solitons rotate remarkably as they propagate simultaneously in this configuration
with a negligible initial transverse momentum, it is of huge interest to investigate interaction
effects when both beams are propagating with non-parallel, but skewed trajectories. In the
early nineties it has already been demonstrated numerically that rotational effects can occur in
isotropic saturable nonlinear media [73,74] if the beams are launched with skewed trajectories.
It has been predicted that spatial solitons can even fulfill a spiraling helix-like motion when the
divergence of the trajectories is counterbalanced by their mutual attraction. This is certainly
the case in an isotropic medium whereas photorefractive crystals may not support such a
continuous motion due to their inherent anisotropy.

With the help of the experimental configuration depicted in Fig. 8, Shih et al. [75] report
on the observation of a continuous spiraling motion of photorefractive solitons. This is a
quite involved task because it is generally not possible to follow the beam trajectories inside
the crystal experimentally. Since the medium is highly nonlinear one cannot simply record
various transverse planes inside the crystal. Experimentalists are therefore always restricted
to an observation of the crystal’s exit face. To investigate at least two different observation
planes, Shih et al. flipped the SBN crystal in such a way that the beams propagated either
along the crystallographic a- or b-axis that were different in length for the given crystal sample.
Comparing the resulting images at the three different stages of propagation, they concluded that
the two solitons perform a continuous rotation of about 540°, but were not able to give a final
proof. In a subsequent publication [76], the authors tried a different experimental approach by
recording a series of output images while keeping the relative angles of the beams constant but
modifying their initial separation. The beams are launched at a fairly large lateral distance into
the crystal in a way that they start to interact after a certain propagation distance. When only
the initial lateral displacement is decreased, the interaction region moves toward the front face
of the crystal and the effective spiralling path — the distance between the interaction region and
the exit face — becomes larger. Now, Shih et al. were able to observe a rotational motion as
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they modify the initial separation of the beams and interpreted that the two soliton trajectories
describe a spiraling path as they propagate through the medium.

In order to reveal the nature of this complex propagation scenario, we implemented a novel,
third approach that is based on the formation dynamics of photorefractive solitons. Two
appropriately aligned beams are launched subsequently into the crystal. Fig. 16 illustrates a
temporal sequence when the first beam A has already formed a soliton and the second beam B
is just launched into the crystal. Comparing frames (#1) and (#5) of Fig. 16, one can detect a
clockwise rotation of about 60° of the soliton’s propagation plane. Whereas in the subsequent
frames of Fig. 16(#6—#12) a counter-clockwise motion of about 180° can be observed. This
sequence gives a clear indication that the two beams propagate along spiraling or at least
twisting trajectories through the nonlinear medium. The question if photorefractive screening
soliton are, under special circumstances, really capable of fulfilling a spiraling and not only a
twisting motion can finally not sufficiently answered from the experimental results. However,
numerous numerical studies [77,78] demonstrate clearly the impact of the anisotropy on such a
spiraling motion. They revealed that the optical beams have to be launched in a special skewed
way to propagate as spiraling solitons, otherwise the inherent anisotropy prevents the solitons
from spiraling around each other and creates an oscillatory and twisting motion as the beams
propagate in the material.

5 Wave guiding in photorefractive solitons — ““light is guiding light

Because every phenomenon of confined light propagation can be interpreted by means of
linear waveguide theory [79], the special case of self-trapped optical beams can be explained
by means of the so-called self-consistency principle (see e.g. 2.4 and [33,34]). In this model, an
incident light beam induces a refractive index waveguide which is capable of guiding the beam
itself as an eigenmode. Moreover, (1+1)D Kerr-type spatial solitons are not only able to guide
their basic induced mode but also other beams due to cross-phase modulation effects [80, 81].
Therefore, a single beam basically creates a waveguiding structure in which other beams of
different power, wavelength or transverse geometry can be guided. This optical control of one
beam by another one bears an immense potential for applications in all-optical switching and
waveguide-coupling purposes.
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Fig. 17 Dynamics of soliton formation of a beam at A = 532 nm (G) when guiding a probe beam at
A = 633 nm (R). The probe beam is located at the right side of the soliton due to a spatial frequency
selection by using a prism in front of the recording CCD camera. The time interval between consecutive
frames (a)—(c) is At = 3s)

Due to these generic and obviously promising features of nonlinear spatial solitons in linear
optics, investigations of the waveguide characteristics of self-trapped optical beams in saturable
photorefractive media suggest themselves. Moreover, a helpful feature that facilitates the re-
alization of waveguide structures is the strong wavelength dependence of the photorefractive
effect. Therefore, it is possible to derive a soliton from a weak incident beam and guide a much
stronger beam of a different wavelength for which the material is much less photosensitive.
Consequently, waveguiding has been observed soon after the experimental realization of pho-
torefractive solitons for quasi-steady-state solitons [82], and subsequently for stable screening
photorefractive solitons [69,71,83].

5.1 Photorefractive waveguides

Exploiting the wavelength selectivity of the photorefractive effect, Shih et al. [69] demonstrated
guiding of a 15 uW He-Ne-laser (A = 633 nm) probe beam in a soliton, which was induced
by a ten times weaker writing beam of 1.5 UW,(A = 488 nm) derived from an Ar™-laser.
In the absence of the writing beam A = 488 nm, the probe beam of A\ = 633 nm diffracts
linearly in the biased crystal and does not form a self-confined structure. Only when the
writing beam is present, the refractive index of the material changes, the required waveguide
is induced, and the probe beam is trapped in the soliton. The coupling efficiency of the red
beam into the soliton waveguide could be determined to be 85%, normalized to the absorption
of the material (o = 0.21). If the dark conductivity of the material is low, the refractive index
channel formed by the photorefractive soliton can even be persistent enough to guide other
beams without being present. In our experimental investigations, we were able to use such a
waveguide structure for guiding purposes of a beam at A = 633 nm for several days without
significant degradation of the waveguide structure [71]. For details on fixing photorefractice
solitons see e.g. [84]. Fig. 17 shows the formation of such a waveguide at A = 532 nm and
the guiding of a probe beam of A = 633 nm. Both beams have an intensity of about 30 uW
and propagate in a 13.5 mm long SBN crystal. During the formation of the soliton waveguide
channel, the effects of self-focusing, which is accompanied by beam diameter oscillations and
beam bending effects can clearly be identified in the soliton G as well as in the guided beam
R. Note that in steady state (Fig. 17(c)), the typical anisotropic nature of the waveguide also
defines the shape of the guided beam.

Generic multi-mode waveguides are not only capable of guiding modes with a different
wavelength, but also with a different and more complex geometry. In contrast to Kerr media,
where only relatively weak beams can be guided by a soliton, the saturable nonlinearity supports
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Fig. 18  Excitation of ground- and
higher-order waveguide modes with a
red probe beam. (a) fundamental mode
TEMoo, and the higher-order modes
TEMo: (b), and TEMy2 (c)

the realization of multi-mode soliton-induced waveguides, where the probe beam can even be
much stronger than the guiding beam. Due to the fact that the number of supported waveguide
modes is directly proportional to the degree of saturation, it increases with increasing ratio of
beam to background intensity. In the regime of moderate saturation, which corresponds to the
region of the two-dimensional soliton solution, only a limited number of modes can be excited,
moreover reflecting the anisotropic nature of the photorefractive soliton.

Therefore, guiding of a double- or triple-humped transverse light structure resembling
TEMj; and TEMy transverse laser modes has successfully been demonstrated in both trans-
verse directions for the case of high saturation (where the background intensity was 120 times
stronger than the waveguide-inducing structure) [69, 85]. However, in this case, the transverse
structure formed by the nonlinear refractive index change is no longer close to the soliton
solution, thereby demonstrating that a stable solitary beam formation is not obligatory for
waveguiding purposes.

In a recent numerical and experimental study [83] that emphasizes the anisotropic nature of
the refractive index modulation and hence the self-induced waveguide structure, the waveguid-
ing features have been exploited to visualize the anisotropic refractive index modulation of the
photorefractive nonlinearity. Using a soliton-induced waveguide with a size of about 15 pm in
diameter, a probe beam enlarged to a diameter of 100 wm was used to scan the entire transverse
structure of the waveguide. Since the probe beam is much wider than the solitary structure,
only part of the incident light is coupled into the waveguide. The remaining light diffracts
and gets scattered at the waveguide’s borders. When the probe beam propagates coaxially
with the waveguide, only the TEMy transverse mode will be excited, which is illustrated in
Fig. 18(a). Note the elliptical shape of the guided beam and the dark (defocusing) domains at
either side, where the refractive index change is negative according to the anisotropic model
depicted in Figs. 3 and 4. Higher-order modes of the waveguide can be excited by shifting
the probe beam a few micrometers with respect to the center of the waveguide. Then, only a
part of the intensity of the probe beam will be coupled into the waveguide, thereby selecting a
certain range of transverse k-vectors. As a result, the light intensity confined by the waveguide
propagates non-paraxially as a higher-order mode. This method as well as the excitation of
modes by slightly tilting the probe beam are generic for all kinds of linear waveguides [79]. In
the configuration of Fig. 18(b) the vertical shifting of the probe beam of 15 um led to the exci-
tation of a TEMy; mode. Shifting the probe beam for another 15 um excited the TEMg2 mode
as shown in Fig. 18(c). In contrast, it is not possible to excite any TEM;y or TEMsy modes.
The inherent anisotropy of the waveguide is reflected in its modal structure, since higher-order
modes can predominately be excited in the vertical direction, perpendicular to the external
electric field. According to numerical simulations [83] this behavior is based on a general rule
that horizontal modes can only be excited when the transverse size of the waveguide exceeds
the typical soliton diameter of ~ 15 pm.
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Fig. 19 Realization of a 3 x 3 waveguide array induced by photorefractive solitons. (a) Front face of the
crystal where the spot-array is imaged (distance between spots dx = 60 um,dy = 80 WU m; intensity in
every channels 110 nW; diameter of each spot 15um). (b) Array of 9 focused solitons, (c) waveguiding
in separate channels of the array of a probe beam at A = 633 nm

5.2 Arrays of photorefractive soliton waveguides

The parallel nature of optical information processing suggests the extension of soliton waveg-
uides to two dimensions. However, up to now only a few publications studied the parallel prop-
agation of several spatial solitons [86,87]. To our knowledge, none of these were performed
for the special case of a photorefractive nonlinearity so far. A crucial point in the parallel prop-
agation of photorefractive spatial solitons is their anisotropic mutual interaction as described
in chapter 4. Because the refractive index modulation induced by each single soliton reaches
beyond its effective waveguide, phase-dependent coherent as well as separation-dependent
incoherent interactions as repulsion, attraction or fusion may appear. These interaction effects
also affect the waveguiding features in a soliton channel. Therefore, the parallel propagation
of a multitude of solitons can only be achieved if the separation is carefully chosen in such a
way to prevent all forms of interactions.

To create an array of solitons in a photorefractive crystal, the typical setup of soliton for-
mation (see Fig. 6) was modified in such a way that the laser beam derived from a frequency-
doubled Nd:YAG-laser emitting at A = 532 nm illuminates a spatial light modulator, which
imprints the image of a spot array onto the beam. Passing a set of different lenses the spatial
light modulator is imaged onto the front face of a photorefractive SBN60:Ce crystal.

For the creation of a soliton array and its waveguiding properties, a regular pattern of 9 spots
each with a diameter of 15 um and an intensity of ~ 110 nW is imaged onto the front face of
the crystal (Fig. 19(a)). In the linear case — without applied electric field — the beams diffract on
their way through the crystal and display a typical interference pattern. Applying the external
electric field, self-focusing in this now nonlinear material forms an array of solitons without
interaction (Fig. 19(b)). To obtain a propagation without mutual interaction, we take care that
the initial distance between single channels is just large enough to prevent soliton interactions.
Therefore, the horizontal and vertical initial separations are chosen to be Az = 60 um and
Ay = 80 um in order to exceed the coverage of the different transverse interaction effects.

A distance smaller than the critical distance for coherent interactions between the solitons
in either case would cause the solitons to fuse uncontrollably due to their own mutual attractive
force. The enlargement of the array compared to the spot array at the front face is due to the
imaging optics, while the slight deviation of the symmetry is due to inhomogeneities of the
crystal. To test for the waveguide properties of the single channels of such a soliton array, the
wavelength selectivity is exploited to scan the soliton array with an intense red probe beam
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Fig. 20 Application of soliton waveguide arrays to focus depth enlargements in images.
(a) front face of the crystal where the spot-array is imaged, (b) interference pattern due to
linear propagation of the beams, (c) array of solitons

without significantly destroying the single soliton channels. Positioning the red probe beam
successively to the positions of the previously induced solitons on the crystals front face, we
find the probe beam to be guided in each of the nine channels solely. The scan of this array
with the red probe beam is shown in Fig. 19(c). To obtain information of the complete array,
every single channel is scanned separately, and the nine individual images are superimposed
electronically.

Naturally, larger arrays of solitons can also be formed. Their number is mainly limited
by the aperture of the photorefractive crystal and the resolution of the inducing spatial light
modulator. In larger arrays, several applications of parallel soliton and waveguide formation
can be imagined. As an example, digitized images consists of large arrays of pixel-like spots
arranged on a square lattice. In the linear regime, such an image can be reconstructed only in
arange that is limited by the depth of focus of the imaging optics due to the blurring effects of
diffraction. However, if these arrays of spots are propagating in a nonlinear, solitonic regime,
we are able to enlarge the range of focus depth to the length of the soliton formation, i.e. to the
length of the nonlinear crystal. This idea, first suggested by [86], has also been demonstrated
by our group with a regular pattern of 25 spots with a diameter of 15 um and an intensity of
~ 20 mW/cm?.

The formation of larger soliton-patterns in principle is not limited to symmetric arrays.
Consequently, and as an extension of this idea, reconstructions of selective array configurations
that correspond to images, can be processed. Fig. 20(a) shows the configuration of the letters
“AP” at the front face of the crystal, Fig. 20(b) illustrates the corresponding blurred image
resulting from the linear diffraction when the external voltage is switched off and Fig. 20(c)
depicts the reconstructed image when the voltage is applied.

5.3 Soliton-induced couplers and Y-junctions

In the previous sections we demonstrated that both separate effects of waveguiding and scalar
interactions of spatial solitons may lead to fascinating and rather complicated light configu-
rations. Combining these effects leads to the demonstration that waveguiding in interacting
solitons can be exploited to design a whole variety of different waveguide couplers and dividers.

Here, we restrict ourselves to the demonstration of the capability of guidance of two in-
coherent interacting solitons. For this case, two different cases of soliton interaction can be
distinguished. Depending on the initial launching conditions (mutual distance and direction),
the two simultaneously propagating solitons can display attraction, separation, rotation or even
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a spiraling motion, accompanied by a mutual exchange of energy [72]. In interaction scenarios
of parallely propagation solitons, where attraction, repulsion or rotation can be expected, a
soliton which guides a signal wave can be moved to another position by launching a second
soliton as a controlling beam. This function is the basis for every adaptive all-optical switch.
In order to demonstrate such a scenario, two beams G1 and G2 each with an intensity of I ~ 30
mW/cm? are focused onto the crystal’s front face. Their initial diameter is about d, ~ 15 um
in z- and d, ~ 5 pm in y-direction. When self-focusing of the beams starts, the two solitons
form and interact strongly and their propagation plane rotates about an angle of 60°. Coupling
a He-Ne-laser probe beam R (A = 633 nm) into either one of the soliton channels, the probe
beam can be found to be guided only in this particular soliton without energy coupling into
the other soliton. An example of such a situation is shown in Figs. 21(a),(b) where the probe
beam is guided in the soliton G1 or G2 respectively. Similar to Fig. 17 the probe beam appears
laterally shifted with respect to the writing beams G1 and G2 due to the wavelength selective
prism in front of the camera. Even though the beams do not propagate in a perfect solitary
form, the probe beam R is guided properly in the structure written by the beam G1 or G2
(Figs. 21(a),(b)). To use this situation as an all optical switch i.e. beam G2 can be used as a
steering beam for the beam G1, guiding the signal beam R.

For an interaction scenario with a mutual exchange of energy, waveguiding is expected
to result in a splitting of a single beam among several soliton channels. To investigate this
feature, the two interacting beams are launched in a skewed way into the photorefractive
crystal, thereby inducing an angular momentum comparable with the scenario of spiraling
scalar solitons depicted in Fig. 16. For that purpose, the two writing beams G1 and G2 are
launched with a lateral distance of approximately one spot diameter (d, ~ 15 wm) and at a
relative angle of approximately 0.1° towards each other. The mutual exchange of energy of the
two solitons can easily be proved in blocking one of the beams, which results in a light intensity
which is still apparent in both channels at the back side of the crystal. Due to the persistence
of the waveguides once written in our sample, the probe beam can be guided easily while the
writing beams are blocked. Therefore, we illustrate the back face of the crystal for such a
configuration in Fig. 22(a). When directing the probe beam R to one of the soliton channels
at the front face of the crystal, one finds the intensity of the probe beam to be guided in both
channels. This situation is shown in Fig. 22(b) and (c) where we couple the probe beam into the
soliton channel G1 or G2, respectively. In both cases the principle division of the probe beam
is obvious. Due to the complex interaction of the beams on their way through bulk material, the
solitons loose their identity for the benefit of a multi-soliton complex, which leads to crosstalk
of the waveguiding structure. Therefore, by exploiting the features of energy-exchanging
soliton interaction, an effective y-coupler can be created.
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Fig. 22 Division of a probe beam R due to the incoherent interaction of two solitons G1,
G2. Crystal’s exit face when the solitons G1 and G2 fulfill a spiraling motion inside the bulk
material (a). The red probe beam R splits into two channels when it is coupled into the soliton
channel G1 (b) or G2 (c)
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Fig. 23 Optical control of a soliton array. (a) The spot array at the entrance face of the nonlinear crystal
(distance between spots dx = 50 um, dy = 70 um; diameter of each spot of 12um), (b) the uncontrolled
soliton array, (c) sketch of the position of the steering soliton beam, (d) the controlled array probed by a
beam at A = 633 nm

5.4 Interaction in waveguide arrays

With the experimental realizations in the previous sections — the formation of soliton arrays and
soliton interactions for waveguiding purposes — we have all tools available to realize steerable
interconnections of waveguide arrays. In order to demonstrate an example of the various
interaction scenarios we demonstrate a controlled interaction between two distinct channels of
a 3x3 soliton array. To manipulate the mutual attractive interaction between coherent spatial
solitons, a third beam positioned between two adjoining channels, is used to steer the distinct
spots of the soliton array. Therefore, a separate beam derived from the Nd: YAG-laser is focused
appropriately onto the front face of the crystal. While in this experiment each soliton of the array
has an intensity of I ~ 55 mW/cm?, the additional steering beam is about three times stronger.
In Fig. 23(a), the front face of the crystal with the uncontrolled array is shown, with a lateral
distance between the single spots of Az = 50um, éy = 70um and a spot diameter of 12um
(FWHM). Fig. 23(b) displays the undisturbed array of solitons after a propagation of 20 mm in
the biased crystal. Once the control beam is positioned between the central lower two solitons,
which is depicted by the sketch in Fig. 23(c), the new soliton array forms which leads to the
attraction and subsequent fusion of the central and the lower central spot. Fig. 23(d) shows the
probe beam of A = 633 nm guided in each channel of the controlled array separately (again the
single snapshots are superimposed electronically). Nevertheless, the fusion of the two lower
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middle channels is obvious, creating a y-coupler within the waveguide array. Therefore, the
case of coupling the probe beam into the central or the lower middle channel on the front face
of the crystal reveals an effective guiding into the same output, respectively.

In principle, the fusion of neighboring channels in the direction of the electric field is also
possible. In this case however, the distance between the control beam and each channel has to
be smaller than in the y-direction in order to compensate for the different coherent interaction
coverage.

These examples show clearly that all-optical control of single channels of soliton arrays
is possible by inducing a determined interaction within the waveguide array. Although these
first experiments focus on coherent interactions, the case of mutually incoherent beams is even
more promising, allowing to realize rotations and energy exchanges between definite spots of
large arrays. With these tools it is possible to realize all-optical, adaptive processing elements
that include all scenarios necessary for complex optical interconnection tasks.

6 Vector solitons

Vector solitons consist of different components of comparable intensity and contribute equally
to the induced refractive index modulation of the material. The participating optical beams
induce a joint refractive index modulation in which they propagate self-consistently as eigen-
modes. This it totally different to the waveguiding approach describe in chapter 5, where only
one beam creates an effective refractive index waveguide in which another beam, typically of
different wavelength is only guided passively. The essential requirement for vector solitons is
the absence of any interference between the single components, which can either be achieved
by using beams of different wavelength, different polarization [36] or just mutually incoherent
beams. Because photorefractive materials are highly wavelength sensitive and the refractive
index change due to the electro-optic effect depends on the plane of polarization, the only
effective approach to destroy the mutual coherence between the single components without
changing the electrooptic properties is to make the beams incoherent with respect to each other.
Experimentally, this can be realized with the same technique as described above for incoherent
interactions of scalar solitons (i.e. Section 4.2 and Fig. 8). The single beams of the vector
solitons are typically of different geometry which can be realized by imprinting a required
phase- or amplitude modulation on one of the two beams.

For the (1+1)D geometry, incoherently coupled soliton pairs have been predicted to exist
in photorefractive nonlinear materials in 1996 by Christodoulides et al. [88] and subsequently
demonstrated experimentally by Chen et al. [89]. It could be demonstrated that a modulation
instability that appeared for each separate beam could be suppressed when both beams propa-
gate simultaneously. Each beam itself does not propagate in a stable way, because the external
parameters are not within the soliton existence range. When both beams propagate simultane-
ously, the total intensity increases and the parameters shift towards a domain of stable solitons.
Pairs of bright — as well as bright-dark pairs — of photorefractive solitons were realized [89].

In 1998 the first observation of composite multimode solitons in photorefractive medium
has been reported by Mitchell et al. [90] who demonstrated the stable propagation of (1+1)
dimensional higher-order mode solitary beams. It these experiments the typical transverse
spreading of multi-humped optical beams could be prevented in the presence of a fundamental
stripe beam of Gaussian shape. Multi-humped beams, that represent higher-order transverse
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Fig. 24 TIllustration of some low-order transverse modes. Intensity pattern of a Hermite-Gaussian
HGo1(a), HGo2(b), HG11(c) and Laguerre-Gaussian LGy (d) modes

modes of a waveguide, typically display one or several m—phase jumps across their transverse
plane which leads to a mutual repulsion of the single beamlets when they propagate in a self-
focusing medium. In principle this behavior is directly comparable to the coherent interaction
described in Section 4.1. The authors of [90] demonstrated various stable combinations of
such multi-humped multi-component light structures consisting of a fundamental and a double-
humped or even triple-humped mode. Their stability was subsequently analyzed by a linear
stability analysis [91, 92], which revealed that only the fundamental double-humped pair is
modulationally stable, whereas all higher-order modes of triple-humped type become subject
to instability for larger propagation distances, which could not be revealed experimentally due
to the limited length of the crystal sample.

As for the case of scalar beams, the expansion from a one-dimensional to a two-dimensional
transverse system of vector solitons is a non-trivial task. In contrast to the one-dimensional
system the realization of multi-humped beams in two dimensions promises a manifold of
possible configurations because of the additional transverse dimension. Therefore, higher-
order mode beams can display either a transverse or circular symmetry, similar to transverse
laser modes of Hermite-Gaussian or Laguerre-Gaussian type, respectively. (2+1)-dimensional
vector solitons of radial symmetry bearing a topological charge have been predicted for an
isotropic threshold nonlinear model [93, 94], but shown to be modulationally unstable in a
medium with a saturable nonlinearity [95]. This numerically found instability shows a distinct
breakup behavior that leads to the generation of a dipole-mode vector soliton that has been
subject to numerous investigations [95-100].

6.1 Vector solitons of Hermite-Gaussian and Laguerre-Gaussian type

In Fig. 24, we illustrate several transverse modes of Hermite-Gaussian and Laguerre-Gaussian
type, that may serve as higher-order constituents of a two-dimensional vector soliton. Fig. 24(a)
depicts a dipole-like Hermite-Gaussian mode (HG1 ), that consists of two bright lobes separated
by a dark vertical notch with a m-phase jump across its vertical direction. Introducing two
phase jumps of 7 either leads to a triple-humped HGg2 or to a quadrupole-like HG1; mode,
illustrated in Fig. 24(b) and (c). Whereas all modes of Hermite-Gaussian type display a vertical
and horizontal symmetry axis, the doughnut modes of Laguerre-Gaussian type in Fig. 24(d) are
radially symmetric. The transverse phase distribution of a doughnut mode varies azimuthally
and covers A¢ = 2wm for 360°. Moreover, a phase singularity exists in the central region of
the mode, where the intensity drops to zero. The integer m indicates the mode’s topological
charge. In experimental realizations, a vortex beam reveals clearly by interference with a
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plane- or spherical wave [101]. In case of the plane-wave-interference, the phase singularity
manifests via the splitting of one single interference stripe into m + 1 stripes. In contrast,
interference with a spherical wave shows a helical structure from which the commonly used
name optical vortex was derived. Investigations on the stability of optical vortices while
propagating through a nonlinear self-focusing medium revealed hat they do not propagate self-
consistently [27,64,101]. Moreover, multiply-charged optical vortex beams disintegrate via a
two-step mechanism [102]. A vortex with m = n (n > 1) first decays into n singly-charged
optical vortices (m = 1) which in turn become subject to further disintegration.

The experimental generation of the dipole beam depicted by Fig. 24(a) can be realized by
partially inserting a thin glass slide into the beam. That part of the beam which is transmitted
through the glass slide experiences a phase shift due to the different refractive index. A phase
shift of 7 can be realized by varying the optical path length in the glass slide by tilting the slide
with respect to the optical axis. Higher-order mode beams as depicted in Fig. 24(b),(c) can
be realized by applying two glass slides in different transverse directions or by superimposing
several mutually coherent beams with the required relative phase shift. The generation of an
optical vortex is not as straightforward but can be realized with the help of computer-generated
holographic phase masks. Transmission of an optical beam through the phase mask will then
produce the required beam shape in the first and minus first diffraction order.

6.1.1 Lowest-order (2+1)-D vector solitons

Musslimani et al. [93] demonstrated numerically that two-dimensional vector solitons carrying
a topological charge do exist in a self-focusing threshold nonlinear medium. The typical break-
up of an optical vortex can be prevented in the presence of an additional co-propagating beam
with a node-less shape, e.g. a Gaussian beam. In this way, a light beam with a complex internal
geometry that does not propagate self-consistently itself in self-focusing media can be stabilized
when combined with a mutually incoherent fundamental beam. After this prediction of multi-
component solitary beams in both transverse dimensions, Garcia et al. [95] revealed that these
solitary solutions of a Gauss-vortex-pair is modulationally unstable and disintegrates into a
azimuthally rotating dipole structure after a fairly long propagation distance. The structure
has been reported to maintain its shape for some 10 diffraction lengths before the inherent
numerical noise leads to the described instability. This instability is demonstrated in Fig. 25
in an isosurface plot for I = 0.151y and z = 100 Ly4. The simulation depicted in Fig. 25 is
based on the isotropic model and shows that the propagation of the vortex component is first
accompanied by some minor oscillations of the beam diameter but finally disintegrates into two
spiraling lobes that resemble a rotating dipole structure. As the propagation distance increases
it becomes also apparent that the rotation period decreases due to continuous radiation losses,
which can be interpreted as friction in terms of the particle model for solitons.

Our further investigations are twofold. First, it is interesting to know if such a breakup that
occurs in an isotropic medium can be observed in an anisotropic experimental system. Second,
does the evolving dipole-like light structure represent a mode of a stable vector soliton?

To investigate these open questions experimentally, we slightly modify the experimental
setup depicted in Fig. 8 in such a way that one of the two mutually incoherent beams is
transmitted through a computer-generated holographic phase mask in order to obtain the desired
vortex mode with m = 1. Both beams are then superimposed and focused into the crystal.
Fig. 26(a) depicts the incident light intensity of the vortex component — and its rather filamented
structure after propagating 10 mm in the crystal separately (Fig. 26), which has already been
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Fig.25 Evolution of the vortex
component of a vortex-Gaussian
vector soliton on the basis of an
isotropic simulation. The pres-
ence of the Gaussian beam pre-
vents the transverse spreading of
the vortex that decays after z =
50Lg4 into an azimuthally rotat-
ing dipole mode

Fig. 26 Propagation of an optical vortex (m = 1) in the photorefractive crystal. Incident
vortex (a) and its break up after a separate propagation of 10 mm in the biased crystal (b).
Simultaneous propagation with a mutually incoherent Gaussian beam leads to a tilted dipole
structure (c)

observed in previous studies [64]. When we superimpose an incoherent Gaussian beam of equal
total power, the vortex component transforms into a tilted double-humped structure which is
depicted in Fig. 26(c). By visualizing the phase distribution via an interference with a plane
reference wave (Fig. 26(d)), we are able prove that the two lobes are 7 out of phase. Thus we
conclude that the vortex transformed into a dipole mode [96]. The general breakup behavior
is in good agreement with the isotropic numerical simulations of Garcia et al. [95]. Albeit the
decay into the dipole-structure can be observed in the isotropic simulation as well as in the
inherently anisotropic experimental system, it occurs at a totally different stage of propagation.
Whereas we observe the breakup after about 3.5 diffraction lengths in the experiment, it occurs
roughly at a 10 times larger propagation distance in the isotropic simulation. This indicates that
the role of anisotropy is of major importance for the propagation of circular symmetric light
structures. As soon as the circular symmetric vortex beam propagates in the nonlinear medium
it experiences the non-uniform refractive index modulation depicted in Fig. 3 that may lead to
an immediate disintegration and hence leads to the decay into the dipole structure. Therefore,
the more realistic anisotropic model has to be applied to reveal the propagation dynamics of the
vortex component. In contrast to the isotropic simulations, the numerical beam propagation
on the basis of the anisotropic model reveals a typical decay at about one diffraction length
which corresponds to the experimentally observed situation. In a recent publication, Beli¢ et
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Fig. 27 Numerical (left) and experimental (right) generation of a dipole-mode vector soliton. The
dipole and fundamental components are depicted in the upper and bottom row, respectively. Incident
light intensity in (a),(f) and the diverging beamlets for a separate propagation of z = 6.95 Lg4(b), or
z = 20 mm(d). Simultaneous propagation leads to a self-confined light structure (c),(h) and (e),(j). The
repulsion of the dipole lobes (a),(e) is prevented in the presence of the Gaussian beam

al. [103] demonstrate the difference of the two models and reveal that the anisotropic model
does not support a homogeneously rotating but a rather twisting and oscillating motion of the
resulting dipole component. In analogy to the case of interacting incoherent solitons, the two
dipole lobes preferably align along the vertical y-axis perpendicular to the externally applied
electric field which is a stable orientation in a biased photorefractive crystal [100].

In order to verify whether the evolving dipole structure really represents a component of
a stable vector soliton, we generate a dipole beam with the above-mentioned method directly
which is then superimposed with a mutually incoherent Gaussian beam of equal total power.
Figs. 27(a),(f) depict the initial intensity distributions of the dipole and Gaussian beam of equal
total power in a numerical simulation (left) and in an experiment (right). In principle, the dipole
beam can be thought of as two out-of-phase beamlets that become self-trapped in the nonlinear
medium and display the soliton-typical repulsive coherent interaction (Figs. 27(b),(d)). The
Gaussian component in contrast forms an ordinary photorefractive soliton as it propagates
separately in the crystal (Figs. 27(g),(i)). The situation changes dramatically when both beams
are co-propagating simultaneously, see Figs. 27(c),(h) and (e),(j). The formerly natural sep-
aration of the dipole lobes is prevented (Figs. 27(c),(e)), whereas the Gaussian component
becomes elongated in the direction of the dipole-axis and adapts slightly a double-humped
shape(Figs. 27(h),(j)). This observation demonstrates a generic feature of unstable structures
that co-propagate incoherently with a stable soliton beam: both beams are now constituents of
a stable and very robust soliton, a so-called dipole-mode vector soliton. These experimental
results (right side of Fig. 27) are in excellent agreement already with the predictions of the
isotropic simulations depicted in the left side of Fig. 27 and constitute the first experimental
observation of this novel type of multi-component soliton, a dipole-mode vector soliton. It has
been reported independently by two groups [96, 97].

We like to emphasize, that this phenomenon can not be understood in terms of a linear
waveguide theory, since both beams contribute equally to the nonlinear index change. The
Gaussian component of the dipole-mode vector soliton does not only serve as a stabilizing
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component but it is also affected by the dipole mode. As a consequence, it becomes elongated
in the direction of the dipole mode.

The aspect of the dipole-mode vector soliton’s stability and transverse shape is extensively
investigated in [98] where we make use of a two-beam expansion of the Petviashvili approach
(compare Section 3.4.1). In this work we explore the parameter space for numerically exact
soliton solutions of the anisotropic photorefractive model. For a given external voltage the
relative beam power Pgauss/ Pbipole can range from almost infinity to 0.3, which in turn leads
to a Gaussian- or dipole-dominated shape of the resulting vector soliton. In the limit of a
vanishing dipole beam, the entire complex can be considered as a scalar soliton that is derived
from a Gaussian beam.

In the other limit, the separation of two dipole lobes increases as the power of the Gaussian
beam decreases, which in turn becomes more and more elongated in the vertical direction and
even adapts the dipole structure. We were even able to demonstrate this specific characteristics
experimentally that displays an excellent agreement with the numerical parameters. In the limit
of a vanishing fundamental mode, the specific property of the photorefractive response leads
to the formation of a bound dipole soliton, that has been investigated by Mamaeyv et al. [104].

Another direct consequence of the anisotropic nature of the photorefractive nonlinearity
reveals in the fact that the dipole-mode vector soliton preferably aligns along the vertical
direction, perpendicular to the applied electric field [100]. In terms of a particle model,
this represents a state of lowest potential energy for the vector soliton, and therefore can
be considered as a global minimum. If the dipole-mode is launched at a non-zero azimuthal
angle with respect to the vertical axis, it starts to oscillate around its stable vertical orientation.
Additionally, there exists a local minimum when the dipole is oriented in the horizontal direction
parallel to the external field. This state is not modulationally stable since the double-humped
structure will align in the vertical direction again, when it is slightly disturbed. In this way the
anisotropic nature of the refractive index modulation not only reveals via the distinct shape and
interaction of scalar solitons but as well and especially in the formation and stability of vector
solitons.

From the above discussion it is obvious e.g. in the spiraling of interacting scalar solitons
and the decay of a vortex-mode that the photorefractive nonlinearity does not directly support
the continuous rotation of light structures in the transverse plane, but tends to transform any
kind of angular momentum into a twisting or oscillating motion.

6.1.2 Higher-order mode vector solitons

The robustness of the dipole mode vector soliton motivates an extension of the investigations
to higher-order multi-humped solitary waves. Since multi-humped multi-component (1+1)D
light waves become subject of modulation instability for the local and isotropic model [91], we
investigate the generation of higher-order mode and multi-pole vector solitons on the basis of
the anisotropic nonlocal model. Thereby we want to reveal if these higher-order mode beams
display a universal propagation characteristics.

In analogy to the breakup of a singly-charged vortex (see Fig. 26), we now investigate the
propagation dynamics of a higher-order optical vortex in form of a doubly-charged (m = 2)
doughnut beam in combination with a fundamental Gaussian mode, expecting similar char-
acteristics as the unstable propagation of singly— or doubly—charged optical vortices them-
selves [27,64]. In Fig. 28, we combine a doughnut beam of 1.7 W with a mutually incoherent
fundamental mode of comparable total power of 1.9 UW and proceed in the same way already
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Fig. 28 Experimentally observed breakup (b) of an optical vortex (m = 2) (a) and its successive decay
into a twisting triple-humped structure (d) via an intermediate state two singly charged vortices (c) in the
presence of a Gaussian beam

described above. Fig. 28(a) depicts the incident doughnut mode that displays a fairly disordered
disintegration after 13.5 mm of separate propagation in the self-focusing medium in Fig. 28(b).
In the presence of the Gaussian beam we flip the crystal in order to investigate a propagation of
5 mm along the crystallographic b-axis and observe the light structure depicted by Fig. 28(c).
A distinct deformation of the initially circular symmetric beam and the evolution of two dark
notches in its center is clearly visible. With the help of an interference experiment we were able
to connect each of the dark spots to a singly charged vortex [105]. Investigating the same beam
configuration along the propagation distance of 13.5 mm and keeping the external voltage of
1.8 kV constant, we detect the decay of the vortex into a tilted triple-humped light structure
which is illustrated in Fig. 28(d). In [105] we also compared these experimentally obtained
results with anisotropic numerical beam propagation studies and reveal a good agreement.

According to our experiments, the Gaussian beam has a stabilizing influence on the propa-
gation dynamics of topologically charged doughnut modes, which in turn is not strong enough
to compensate for the decay into a well-defined multi-humped light structure. This is a strong
confirmation of the universal effect that all topologically charged light beams transform into
a rotating or twisting multi-humped object in self-focusing media [27,64]. Additionally, we
observe the well-known phenomenon [102] that an optical mode of charge m transforms into
am + 1 multi-humped light structure. Each initial phase singularity leads to a -phase jump
in the transverse profile of the mode in accordance to previous investigations. Comparing our
numerical results in [105] with the propagation dynamics in an isotropic atomic vapor sys-
tem [27] we conclude, that an oscillating transverse motion around the vertical axis stems from
the inherent anisotropy of our photorefractive system. Finally, the additional Gaussian beam
prevents a further separation of the single humps with increasing propagation distance. This is
underlined by studies of the self-focusing properties of a triple-humped mode with a Gaussian
beam that demonstrate the generation of a stable triple-humped multi-component soliton in a
nonlocal anisotropic medium [105]. Similar to the dipole-mode vector soliton (refer 6.1.1),
this specific triple-humped light structure tends to align in the vertical direction perpendicular
to the externally applied electric field due to the anisotropy of the photorefractive medium.

Soon after the prediction of the dipole-mode vector soliton and its subsequent experimen-
tal observation [96, 97], numerous experimental and numerical investigations deal with the
problem of stabilization of various multi-pole structures due to the co-propagation with a fun-
damental mode [99, 106, 107]. Desyatnikov et al. [107] demonstrate the existence of various
types of composite solitary structures in the isotropic regime. A HG;;-mode with a m-phase
jump across both transverse directions resembling a quadrupole structure as well as a hexapole
and a dodecagon multipole can indeed serve as a higher-order component of a non-diverging
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Fig. 29 Experimental observa-
tion of a quadrupole-mode vec-
tor soliton generation. (a) Inci-
dent HG1; -mode beam, and its
diverging/non-diverging profile
after a separate/coupled propa-
gation of 13.5 mm (b)/(c)

light structure and form a stable vector soliton in combination with a fundamental mode. In
Fig. 29 we illustrate the formation of a quadrupole-mode vector soliton in an experiment.
Fig. 29(a) displays the incident light intensity at the front face of the crystal and its diverging
profile at the exit face of the biased crystal in Fig. 29(b). Each of the single beamlets forms
a quasi-soliton that repel mutually due to their relative w-phase shift across the horizontal
and vertical direction. When we superimpose a slightly stronger Gaussian beam of 2.7 pW,
the repulsion of the four quadrupole lobes is completely compensated and the two compo-
nents co-propagate self-consistently in the material which is depicted in Fig. 29(c). Again the
isotropic simulation in [107] is in a good agreement with the experimentally obtained data,
but when we rotate the quadrupole structure by 45° the anisotropy of the experimental system
becomes apparent and the quadrupole structure undergoes a shape transformation that can only
be simulated with the anisotropic model [106]. A single successful generation of experimental
hexapole vector soliton has been reported [106], but the inherent anisotropy of the photore-
fractive nonlinearity merely leads to a disintegration rather than to a stable self-focused light
structure. Highly symmetric transverse optical structures are quite difficult to realize due to
crystal inhomogeneities and the inherent anisotropy if the photorefractive system. Other even
more complicated geometries like double-ring flower modes [106] have not been demonstrated
so far, and may even not be realizable.

6.2 Vector solitons due to mutual stabilization

Up to now, we achieved non-diverging structures due to the stabilizing impact of a fundamental
mode. The question, if two or more unstable, diverging light structures can also mutually sta-
bilize is therefore a crucial point for the general understanding of vector-solitons. This mutual
trapping of a double- and a triple-humped mode has been first successfully demonstrated in a
one-dimensional photorefractive system [90] but up to now never been observed in the two-
dimensional configuration. From the scenarios described above it is obvious that neither the
double- nor the triple-humped optical beam itself propagate self-consistently in a self-focusing
medium. To investigate the propagation behavior of such a specific beam constellation, we
create two mutually incoherent optical fields, depicted by Fig. 30(a),(d). When the two higher-
order modes propagate separately for 13.5 mm in the nonlinear crystal, all their single beamlets
form quasi-solitons. But due to their relative m-phase shift, they repel strongly as they propa-
gate, which results in an increasing vertical separation as can be seen from Figs. 30(b) and (e),
respectively. The simultaneous propagation in contrast, which is depicted in Figs. 30(c) and (f)
leads to a mutual attraction of the single lobes and the overall spreading of the multi-component
solitary wave minimizes. Comparing the incident light structures with those that evolve from
the interaction in Figs. 30(c),(f) it is obvious that the shape of both higher-order modes be-
comes strongly affected. Especially the two lobes of the dipole as well as the innermost lobe
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Fig. 30 Experimental observation of the
mutual stabilization of a double- and a
triple-humped mode. Incident light inten-
sity in (a),(d), and the spatial spreading af-
ter 13.5 mm due to various 7w-phase jumps
across the beams (b),(e), and the mutual at-
traction in the case of simultaneous propa-
gation (c),(f)

of the triple-humped beam become strongly elongated in the vertical direction, which is a
consequence of the mutual attraction of these neighbouring beamlets. Since the resulting light
pattern deviates clearly from the initial conditions as depicted in Figs. 30(a),(d), and due to the
limited propagation distance that is experimentally available, we cannot prove that these light
structures do not eventually breakup when they propagate further. To gain more insight into
the stabilization or an eventual breakup process we apply simulations of the anisotropic and
non-local type that display comparable results [105]. The single beamlets also become strongly
elongated and after propagation distances that exceed the experimentally accessible range the
entire structure disintegrates and predominately forms a dipole-mode vector soliton. To reveal
whether solitary solutions exist we apply the Petviashvili-based numerical procedure for this
type of beam configuration. Our collaborating scientists were finally able to derive a soliton
solution that displays stable and hence non-diverging propagation characteristics [108]. These
numerical solutions reveal that especially the transverse shape of the single beamlets plays a
major role for the stability of these multi-component structures. The continuous realization of
various different beam shapes, that would be necessary to perform further experimental studies
is an almost inaccessible control parameter. Taking into account that we launch beams with
a Gaussian shape into the crystal that deviate clearly from the numerically derived profile we
are yet able to demonstrate a distinct effect in Fig. 30. Generally speaking, we are able to
demonstrate the striking effect of the mutual stabilization of inherently diverging higher-order
mode optical beams.

6.3 Controlled breakup of multi-component light structures

Recently, Desyatnikov and Kivshar [109] demonstrated the formation and propagation dynam-
ics of anew type of solitary structure, a so-called necklace-ring vector solitons. Necklace beams
have been suggested in non-saturable Kerr-media [87] as beams that display an azimuthally
modulated, ring-like intensity profile with 7-phase shifts between adjacent lobes. They show
remarkable propagation dynamics since they do not disintegrate in a bulk Kerr-medium but
propagate in a stable way for fairly large propagation distances of up to 50 diffraction lengths.
Due to the inherent phase configuration of the necklace, the structure sooner or later spreads
in the transverse dimension depending on initial conditions. One approach to compensate
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Fig. 31 Numerically obtained solution
of two perpendicularly oriented dipole
beams (a)-(c). Symmetry breaking in-
stability after a numerical propagation of
& = 16is depicted in (d)—(f). Evolution of
the horizontal and vertical dipole mode is
shown in the first (a),(d) and second (b),(e)
column. Total intensity is given by (c) and
(), respectively

for the spatial spreading of these necklace beams consists of applying the principle of vector
solitons via the coupling of mutually incoherent necklace beams whose single lobes attract
each other [109].

The simplest ring-like structure that represents such a necklace beam consists of two
perpendicularly-aligned mutually incoherent dipole modes. In [109] it has been demonstrated
that two perpendicularly oriented dipole-modes can indeed form a multi-component solitary
ring-structure in an isotropic saturable self-focusing material. The repulsion of two oppositely
located dipole lobes can be compensated by the mutual attraction of adjacent lobes that are mu-
tually incoherent. A stability analysis via numerical beam propagation reveals an astonishing
symmetry-breaking instability. The ring-like structure splits into three single lobes, positioned
at the edges of a regular triangle, that separate radially with increasing propagation distance.

In order to account for the experimental conditions of a circular symmetric incident light
structure, we applied the Petviashvili-method (see e.g. 3.4.1) to simulate the anisotropic experi-
mental system as realistic as possible [110]. Hereby, we obtain a horizontally squeezed ring-like
solitary solution which in turn shows a similar triangular-like symmetry-breaking instability
when it becomes subject to perturbations. The principle characteristics of this dipole-dipole
coupled pair is displayed in Fig. 31. The profiles of the incident horizontal and vertical dipole
components depicted in Figs. 31(a),(b) result from the Petviashvili-based simulation. The
separation and the shape of the horizontal dipole lobes in Fig. 31 vary slightly from those of
the vertical component in Fig. 31(b) due to the inherent anisotropy of the medium. As a result,
the overall intensity depicted in Fig. 31(c) resembles rather a horizontally squeezed ring than
a circular symmetric structure. Nevertheless, when both components co-propagate mutually
incoherent in the self-focusing material the repulsion of the oppositely located lobes, that are
m-out of phase, is prevented and the entire structure remains unaltered. Due to numerical noise
that stems from a quite rough discretization of the numerical array, the self-focused light struc-
ture starts to disintegrate at £ = 10. The breakup characteristics displays a symmetry-breaking
instability, since the two components split unequally in Figs. 31(d),(e) after £ = 16, and the
initial symmetry of the system is broken which reveals in the evolving triangular structure of
the total intensity distribution in Fig. 31(f). Because the experimental implementation of the
shape of the single lobes that are required to obtain the stable vector soliton-solution is beyond
our technical capabilities, we approach the configuration of two coupled dipole modes with
four Gaussian beams that are pairwise out of phase. The top row of Fig. 32(a)—(c) depicts
various experimentally observed stages of propagation. The initial total intensity distribution
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©)

Fig. 32 Experimental (top row) and

numerical (bottom row) implementa-

‘ . tion of the dipole-dipole coupled soli-

ton pair. Total intensity at z = 0 mm

) (a),(d), z = 5mm (b),(e) and z =
13.5 mm (c¢),(f)

(e

depicted in Fig. 32(a) consists of the two perpendicularly oriented dipole modes, that do not
exactly represent the desired shape from the numerical simulation depicted in Fig. 31(a)—(c).
As the two dipole modes propagate in the material for 5 mm, we observe in Fig. 32 that both
modes become strongly affected. The two horizontally-aligned lobes become clearly focused,
whereas the vertically aligned ones become somehow kidney-shaped and torn in the horizontal
direction. When we repeatedly flip the crystal sample and investigate the propagation along
the 13.5 mm long a-axis for the same parameters of 2.3 pW of beam power for each mode,
and an external voltage of 3.6 kV/cm, we detect a distinct breakup of the structure into two
intensity-modulated stripes, which is depicted by Fig. 32(c).

The experimentally-observed scenario deviates from the numerical simulation depicted in
Fig. 31. To account for these deviations, which we estimate to be due to different intensities in
the components of the vertical and horizontal dipoles, we simulate the experimental propagation
behavior by inducing a supplementary initial perturbation by changing the intensity of one
component relative to the other by 10%. The additionally induced noise leads in fact to a
different propagation behavior, which is depicted by the bottom row of Fig. 32. The initially
perturbed soliton solution is illustrated in Fig. 32 and the spatial evolution after £ = 2.5 and
& = 4.5 which roughly corresponds to 5 mm and 13.5 mm of propagation distance is depicted
in Figs. 32(e) and (f) respectively.

These results demonstrate an excellent agreement between the numerical and experimental

breakup characteristics. According to the numerical evolution for larger propagation distances,
the two arising stripes spread further in the horizontal direction, but remain self-confined
vertically. This can be interpreted in terms of two dipole-mode vector solitons that separate in
the horizontal plane.
The simulations as well as the experimental results demonstrate the mutual stabilization of two
perpendicularly-coupled dipole-mode beams in an anisotropic self-focusing medium. Both
optical modes propagate in a stable and non-diverging way for a few diffraction lengths before
they become subject to a noise-induced symmetry-breaking instability. This distinct unstable
propagation behavior in turn leads to a conversion of the vertical dipole mode into a horizontally
spreading quadrupole-like structure. Therefore, the whole process can be interpreted as the
controlled transformation of two dipole mode beams into two dipole-mode vector solitons.
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6.4 Clusters of vector solitons

As illustrated above, the coupling of two perpendicularly oriented dipole modes leads to the
formation of a semi-stable solitary light structure. By virtue of the well investigated effect
that a fundamental Gaussian beam can trap or stabilize complex transverse light structures in
order to become a higher-order component of a stable vector soliton, we now investigate the
stabilization of the above-mentioned coupled dipole structure with the help of an additional
Gaussian beam. In arecent numerical work [111], we could show that a configuration consisting
of a two perpendicularly oriented dipole modes and a Gaussian fundamental beam can indeed
form a non-diverging entity for the case of an isotropic saturable nonlinearity. These multi-
component dipole-mode solitons were shown to exist in a wide range of the parameter space.
Since the two dipole modes themselves bear a symmetry breaking instability, the power of
the stabilizing Gaussian relative to the two dipole components is of crucial importance for the
dynamical characteristics of this three-component object. We found an instability threshold
when the power of the vertical or horizontal dipole mode exceeds a certain value and the beams
propagate for an appreciable distance. In this case, an unstable soliton breaks the symmetry
along both symmetry axes of the initial light distribution. The products of this instability
typically evolve into a fundamental soliton and a rotating dipole-mode vector soliton that has
recently been introduced as a propeller soliton [112]. Near the instability threshold, an even
more intriguing dynamics accompanied by weak oscillatory instabilities arises. The symmetry
is broken only along one axis leading to the formation of a fundamental, a dipole and a
triangularly aligned triple-humped structure. The latter evolves from the weaker dipole mode
and displays a fascinating swinging dynamics as it propagates further. We expect that these
vibrational degrees of freedom, which are likely associated with long-lived soliton internal
modes, should manifest themselves in the rich dynamics of soliton collisions.

Since the generation of a stable three-component solitary structure has been clearly revealed
for an isotropic simulation, we expect to observe a comparable behavior in an anisotropic or
photorefractive medium. In order to compare our experiments with the stable solutions, the
Petviashvili approach was again used to find numerical solutions for the anisotropic case of
nonlinearity [113]. It indicates stable solitary structures for a vast parameter space of various
relative beam powers. We found that the power of the two dipole modes must not exceed
a certain threshold value in order to achieve a stable object, because otherwise the Gaussian
component is not capable to trap the two instability-inducing dipole modes. In contrast to
the isotropic system described above, rotating dipole- or swinging dynamical behavior near
the instability threshold has not been observed. In Fig. 33 we illustrate the numerical and
experimental generation of such a three-component light object.

Fig. 33(a) depicts the total light intensity distribution of the numerically calculated (top row)
and experimentally evolved light structure (bottom row) after propagating 10 mm in the biased
crystal. Comparing the single frames in the top and bottom row, a remarkable agreement
concerning shapes of the single components is obvious. We can clearly demonstrate the
experimental evolutions of the incident beams of Gaussian shape into specifically elongated
light structures which show a remarkable similarity to the numerically calculated profiles.

When perturbing the system by varying the initial intensity distributions, the structure breaks
as a whole and displays a symmetry-breaking behavior already known from [109]. Thereby,
the total intensity distribution evolves into a triangular structure, which is unequally distributed
among its constituents.
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Fig. 33 Numerical (top row) and experimental (bottom row) formation of a multi-component
vector soliton. Total intensity (a) and the contributions of Gaussian (b), vertical- (c) and
horizontal dipole component (d)

Fig.34 Numerically (top row) and experimentally (bottom row) observed unstable propagation
dynamics of a multi-component vector soliton. Total intensity (a) and the contributions of
Gaussian (b), vertical (c) and horizontal dipole component

Fig. 34 illustrates this numerically and experimentally obtained instability in the top and
bottom row, respectively. The total intensity distribution shows three spots of comparable
intensity in Fig. 34(a). The Gaussian component distributes almost equally on the three spots
(Fig. 34(b)), whereas the vertical dipole merely remains in its principle double-humped shape
(Fig. 34(c). In contrast to the latter, the horizontal dipole mode reveals one well-distinct peak
at its left side and two vertically aligned spots around its center. Again a striking similarity be-
tween numerical simulations and experimental results is obvious. Itis clear that the anisotropic
nature of the photorefractive nonlinearity leads to a symmetry-breaking instability of solitary
structures when the external conditions do not satisfy for the exact solution.

In general, we have demonstrated that the principle of stabilizing optical beams of complex
geometry leading to the formation of stable vector solitons is not restricted to a certain number
of constituent mutually incoherent beams. We believe that even more complex solitary beam
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configurations consisting of even more components such as rotating soliton clusters [114] can
be realized.

Multi-mode spatial optical solitary beams bear another interesting feature since they also
describe a light wave of partially spatial coherence [115]. The degree of coherence governs the
diffraction of a light wave, and in general it is a non-trivial task to trap spatially incoherent light
in a self-focusing medium [116]. On the other hand it offers the low-cost implementation of
light sources such as light emitting diodes for the realization of all-optical switching devices.
Recent investigations of spatially incoherent light in self-focusing media illustrate a whole
variety of intriguing effects in nonlinear physics [117, 118], and even the self-focusing of
white light from an incandescent light bulb has been demonstrated [119].

7 Summary

The photorefractive nonlinear system represents an excellent tool to investigate spatial optical
soliton phenomena. Various generic effects that have been predicted theoretically, have become
experimentally accessible due to the ease of implementation of soliton generation in these
nonlinear crystals. We believe, that the characteristic phenomena presented in this article lead
to a deeper understanding of nonlinear processes throughout nonlinear physical systems. After
an introduction to general soliton characteristics, we focus on the experimental generation of
solitons in a photorefractive crystal and their theoretical description. Thereby, we demonstrate
that only an anisotropic model describes the formation and propagation dynamics of these
solitary structures in a realistic way. We further demonstrate the impact of the two major
charge carrier transport processes — drift and diffusion — on the generation of photorefractive
screening solitons. Due to the drift of photo-excited electrons, a focusing refractive index
structure forms in the material, whereas diffusion leads to an asymmetric refractive index
structure that gives rise to a self-bending effect.

Solitons manifest in their interaction behavior, which is therefore investigated in chapter 4.
In our specific photorefractive system we are able to demonstrate several generic soliton in-
teraction effects such as fusion and fission of solitary beams as well as mutual repulsion and
attraction and even the unique effect of anomalous interaction. Our aims are twofold since
on the one hand, we demonstrated experimentally various effects known from general soliton
theory and on the other hand, we principally designed miscellaneous all-optical information-
processing devices based on photorefractive solitons.

In chapter 5 we demonstrate that due to the wavelength selectivity of the photorefractive
response, solitons can even operate as an effective waveguide for light beams of a different
wavelength. We implement an effective soliton-induced waveguide for a red laser beam that
usually diffracts linearly in the nonlinear material. Further on, we show that this waveguiding
is even of multi-mode nature since we are able to excite several higher-order modes. We also
demonstrate, that waveguide dividers as well as all optical interconnects can be implemented
with a photorefractive system and that the generic features of these effects can even be exploited
for all-optical data processing.

Chapter 6 is dedicated to a rather new and very intriguing field of optical spatial solitons.
Here, we demonstrate that the simultaneous co-propagation of several mutually incoherent
optical beams can induce a joint refractive index modulation in the medium which therefore
represents a multi-mode waveguide. In particular, we show the generation of various kinds
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of multi-component or vector solitons, that consist of a multi-humped beam that usually de-
composes in a self-focusing medium, but can spatially be confined via the interaction with
a fundamental beam. We demonstrate, that especially circular symmetric doughnut beams
undergo a symmetry breaking instability due to the inherent anisotropy of the photorefrac-
tive crystal. Further on, we reveal that such multi-component solitons can even be generated
without a fundamental beam, which is demonstrated by the successful mutual stabilization of
various higher-order mode beams.

This article conveys our recent work on the field of photorefractive screening solitons which has been
processed in collaboration with several research groups. We like to thank Professor Kaiser and the
Theoretical Nonlinear Dynamics group at TU Darmstadt and especially Kristian Motzek and Andreas
Stepken for providing some of the numerical plots presented in this work. We are grateful to Professor
Tschudi and his Light and Particle Optics group at TU Darmstadt for general support, and we appreciate
the support by the German Academic Exchange Service (DAAD) for the funding of scientific exchange
with the Australian National University (ANU), Canberra. Special thanks to Wieslaw Krélikowski, Glen
McCarthy, Barry Luther-Davies from the Laser Physics Centre at ANU as well as Yuri Kivshar and
Elena Ostrovskaya from the Nonlinear Physics Group at ANU, for a fruitful and ongoing collaboration.
We also appreciate enlightening discussions with Anton Desyatnikov, University of Miinster. Finally,
we acknowledge support from the Graduiertenkolleg “Nichtlineare Kontinuierliche Systeme” at the
University of Miinster, and the FAZIT foundation.
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