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Solitons are self-localized wave packets arising from a
robust balance between dispersion and nonlinearity. They
are a universal phenomenon, exhibiting properties typically
associated with particles. Thus far, interactions between
solitons have been observed only between neighbouring
solitons at close proximity. Here, we study interactions
between solitons in highly non-local nonlinear media, and
demonstrate experimentally attraction between solitons
propagating in different samples, where their optical fields
never overlap and the interaction is mediated solely by
a non-optical wire. This increases the soliton interaction
range by orders of magnitude, and breaks the close-
proximity and nearest-neighbour limitations on soliton
interactions. We also experiment with three-dimensional
interactions between solitons that are far apart, where the
solitons capture each other into a spiralling motion with
a circular orbit, and a tangential velocity that does not
depend on the separation between solitons. Our study
suggests that these phenomena could be used in the
construction of novel model systems for studying the

behaviour of complex nonlinear networks.
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broaden while propagating in a dispersive environment'.

They interact with each other and exhibit properties normally
associated with particles, hence the name ‘solitons™. Solitons are
ubiquitous in nature, and can be found in a variety of systems:
from water waves, sound waves and charge-density waves to matter
waves and electromagnetic waves'. However, in spite of the large
diversity of the systems in which solitons exist, the basic properties
of solitons always follow the same trends, conserving quantities
such as power and momentum. Undoubtedly, the most fascinating
features of solitons are their particle-like interaction phenomena, as
solitons can exert forces on each other, and the interactions between
solitons can result in soliton fusion, fission and annihilation®?, as
well as spiralling®, breakup into multiple filaments”" and so on.
So far, the vast majority of experiments on soliton interactions
have been carried out in nonlinear media with a local response;
that is, the nonlinear effect at a given location is a function of
the field only at that same location. In ‘local’ nonlinearities, the
forces between solitons are determined by the overlap between their
wavefunctions''. Hence, the forces decay quickly as the separation
between solitons is increased, becoming negligible when the soliton
separation is approximately three times the soliton width.

Here, we experiment with solitons in highly non-local
nonlinear media, and demonstrate attraction between solitons
propagating in different samples, thereby increasing the soliton
interaction range by orders of magnitude, and breaking
the close-proximity and the nearest-neighbour limitations
on soliton interactions. Our experiments are carried out in
materials exhibiting the optical thermal nonlinearity, for which
the interaction is mediated by heat transfer'>. Nonetheless,
the new concepts presented here are universal and can be
implemented in other highly non-local nonlinearities, such as,
for example, semiconductor amplifiers, where the interaction is
mediated by transport of charge carriers”®. Our study suggests
that these phenomena could be used in the construction of
novel model systems for studying the behaviour of complex
nonlinear networks'.

In contrast to ‘local nonlinearities) the nonlinear response in
non-local media is carried to regions beyond the range of localized
wave packets. That is, the nonlinear effect at a given location is
a function of the field at some non-locality range surrounding

Solitons are self-trapped, localized, wave packets that do not
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Figure 1 Experimental observation of planar interactions between solitons that are far apart in non-local nonlinear media. a, Input beams. b, Broadened output
beams after propagating in the medium at low power (linear propagation). ¢, Individually launched output solitons. d, Simultaneously launched output solitons exhibiting

attraction from afar.

that location. Non-local optical nonlinearities are inherent in
many systems, when the underlying mechanism involves transport
(of heat™', atoms in a gas', charge carriers in dielectrics'
and semiconductors'*’, and so on), long-range forces (for
example, electrostatic interactions in liquid crystals?*?*, photon
attraction”) and many-body interactions (for example, plasma**?*
and matter waves®). Interestingly, in spite of the widening effect
of non-locality, even highly non-local nonlinearities can support
solitons'>****_ These observations raise a fundamental question: is
there an upper limit on the distance at which solitons can interact?
In non-local media, the range of soliton interactions is set by the
range of non-locality, and can get much larger than the soliton
width*. In optics specifically, Snyder and Mitchell suggested that
two solitons in highly non-local nonlinear media can attract each
other from a very large distance, with the interaction mediated
solely by the non-local property of the medium?. The interaction,
in this case, is determined solely by the power of the solitons, and is
independent of their relative phase®. In many cases, however, the
range of non-locality is limited by saturation effects, as happens
with photorefractives where the Debye length sets the range
of non-locality'®, and with liquid crystals where the molecules’
orientation angle has a maximum value®. For this reason, soliton
interactions in non-local media were thus far demonstrated with
solitons separated by up to approximately three soliton widths'.
Naturally, for long-range interaction effects, it is desirable to have a
non-saturable transport mechanism underlying the nature of the
nonlinearity. The simplest non-saturable transport processes are
those described by a Poisson-type (diffusion) equation, with the
light acting as a ‘source’®. In this spirit, our experiments are carried
out in lead glass exhibiting an optical thermal nonlinearity. The
heat, generated by the (small) light absorption, diffuses with some
thermal conductivity, thereby increasing the temperature in a large
area surrounding the illuminated region. The temperature increase
raises the refractive index. Hence, the lead glass acts as a non-
local nonlinear medium of the self-focusing type®. As there is no
saturation in the heat transport process, the non-locality range is
limited only by the finite size of the sample®®.
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We begin by demonstrating attraction between solitons with
an initial separation 10 times larger than the soliton width. The
details of our experiments are explained in the Methods section.
A 2W laser beam at 488 nm wavelength is split in two, and each
beam is focused onto the input face of the lead glass sample,
at normal incidence, so that the beams initially have parallel
trajectories. Figure la shows the two parallel-launched 60 um full-
width at half-maximum (FWHM) input beams, which are initially
separated by 600um. At low power (~10mW), these beams
propagate linearly and broaden to ~160 um at the sample output
(Fig. 1b). At high power (2 W), each individually launched beam
forms an ~60 um FWHM soliton. The output separation between
individually launched solitons is identical to their input separation
(Fig. 1c). However, when the high-power beams are launched
simultaneously, the solitons attract each other, in spite of their large
separation. The attraction bends the soliton trajectories, and they
emerge at the output separated by 516 um, that is, an 84 um change
in the separation between their centres (Fig. 1d).

From planar interactions between solitons, we move on to
full 3D spiralling interactions. In the past, such 3D soliton
collisions were explored in nonlinear media with a local response,
where it was demonstrated that two solitons launched with
initial trajectories that are not in a single plane can capture
each other into a spiralling motion®*”. For those experiments in
local nonlinearities, the spiralling orbits were generally elliptic®,
and the motion was always accompanied by power flow from
one soliton to the other’®>. Moreover, in local nonlinearities, the
forces between solitons, and consequently the tangential velocities,
decrease exponentially as the soliton separation is increased. In
non-local nonlinearities, on the other hand, we find that two
solitons can capture each other into a spiralling motion with a
circular orbit, and rotate around each other from a very large
distance, with a tangential velocity that does not depend on the
separation between the solitons.

For the 3D soliton interaction experiments, we launch two
solitons at small inclination angles relative to the propagation
direction, providing the system with angular momentum (Fig. 2a).
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Figure 2 Experimental observation of three-dimensional spiralling interactions between widely separated solitons. a, Experimental scheme. b—d, Two input beams
separated by five times their FWHM (b), form 60 um FWHM solitons at high power, and experience 40° and 60° rotation after 50 mm and 83 mm of propagation (¢ and d,

respectively). e-g, Two input beams separated by three times their FWHM (e), form 60 .um FWHM solitons at high power, and experience 66° and 95° rotation after 50 mm
and 83 mm of propagation (f and g, respectively). h,i, At low power, the beams linearly diffract and broaden. j, The experimentally measured tangential velocity and the

angular velocity of the interaction.

The conservation of angular momentum and the radial attraction
between the (widely separated) solitons lead to a spiralling motion,
where the solitons orbit around each other. Typical examples are
shown in Fig. 2, where the spiralling is in a circular orbit. In
the first example, we launch two solitons, each 60 um FWHM,
separated by five times their width (Fig.2b), and observe their
mutual rotation, of 40° and 60° after 50 and 83 mm of propagation,
respectively (Fig.2c,d). In this experiment we have tuned the
parameters to yield rotation in a circular orbit, that is, the
initial separation between solitons remains unchanged. We then
decrease the initial separation between the solitons to three times
their FWHM, while maintaining all other parameters (launch
angles, laser power and boundary temperatures) unchanged. As
the attraction between the solitons has increased, the solitons now
experience rotation at a higher angular velocity, exhibiting 66° and
95° rotation after propagation distances of 50 mm (Fig. 2f) and
83 mm (Fig. 2g), respectively. Note that in this second experiment,
the initial separation between the solitons remains unchanged
throughout propagation without any further tuning. That is,
setting the conditions of the first experiment to support a circular
orbit and then modifying only the separation between solitons,
maintains the circular nature of the spiralling orbit. This feature
occurs for any separation distance larger than ~2 soliton widths.
Moreover, plotting the experimentally measured tangential and
angular velocities as a function of soliton separation (Fig. 2j),
reveals that the tangential velocity is constant, independent of
the separation between solitons, whereas the angular velocity is
inversely proportional to the separation. Finally, for comparison,
when the power of the input beams is low, they broaden
considerably to a ~155 um output width (Fig. 2h,i).

Soliton interactions in our non-local thermal nonlinearity are
described by the nonlinear wave equation coupled to the heat-
diffusion equation®. The latter is essentially the Poisson equation
describing electrostatic forces, where the optical power of the
beam plays the role of the source (charge). By virtue of this
equivalence, we find (see the Methods section), that the attraction
between solitons that are far apart is proportional to the product
of their optical powers, divided by the distance between them,
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F = —kp,p,/r(¥), where p is the power in each soliton, r is
the distance between the solitons and k is a constant reflecting
the medium parameters. A manifestation of this interaction force
is nicely demonstrated in the 3D spiralling interaction between
solitons. When the solitons spiral around each other in a circular
orbit (as in Fig. 2), the attraction force is balanced by the centripetal
force, F = kp,p,/r = V*/r, with both forces being inversely
dependent on the separation r. Thus, the tangential velocity V
does not depend on the soliton separation r, whereas the angular
velocity w = V' /r is inversely proportional to r. These features are
highlighted by the experiments and plot in Fig.2 (see also the
discussion at the end of the Methods section on the many-body
aspect of our systems).

It is important to emphasize that the particle-like behaviour
is associated with solitons, and cannot be applied to non-soliton
beams. Generally, optical beams propagating at close vicinity in
a nonlinear medium always interact, whether they are solitons or
not. However, such interaction is complex, and generally cannot
be described by a finite set of interaction rules. Beams (fields)
generally have an infinite number of degrees of freedom. Thus, the
information contained in the outcome of an interaction between
non-soliton beams is embedded in an infinite number of degrees of
freedom. For example, when the initial information is embedded
in the position of the beams, the interaction between non-soliton
beams deforms the beams, hence the information contained in the
interaction product is no longer embedded solely in the beams’
position. This causes the information to ‘fade away’ in the system
in an irretrievable fashion. Solitons, on the other hand, have
conserved quantities, setting a finite limit on the possible degrees of
freedom. The interactions between solitons are therefore tractable,
and the information about their interactions remains contained in a
small number of degrees of freedom. To exemplify this fundamental
difference between soliton interactions and interactions among
other nonlinear beams, we carry out a set of experiments on 3D
spiralling interactions of solitons and of high-power non-soliton
beams, under comparative conditions. We set the experimental
parameters to be identical (same nonlinear medium, boundary
conditions, input beam trajectories and optical power), with a
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Figure 3 Experimental and theoretical comparisons of 3D interactions between
solitons and between high-power non-soliton beams. All are in the same settings
(same medium, boundary conditions, optical power and input beam trajectories).
The only difference between the initial conditions is that, for the solitons, the initial
beam width is appropriate to form solitons at the particular power level, whereas the
initial width of the non-soliton beams is too narrow to form solitons at the power
level used. The interacting solitons (upper level) maintain their identity and shape,
with the only parameter modified by the interaction being their rotation angle around
a common centre. On the other hand, the interacting non-soliton beams deform,
merge and lose their individual identities.

single difference: the width of the non-soliton beams is too narrow
to form solitons at the power level we use. The experimental and
numerical results (see the Methods section) are shown in Fig. 3. The
upper row shows the 3D interaction between two 60 um FWHM
solitons, which spiral around each other by 95° after a propagation
distance of 83 mm. In this example, the information about the
soliton interaction is embedded only in the relative position of
the solitons, because each soliton conserves its power and shape.
The lower row in Fig. 3 shows the interaction between two beams
launched with 35um width (FHWM), of the same power (1 W
each) and the same trajectories as the solitons. These high-power
beams self-focus and attract each other, but their self-focusing
rate is too weak to balance diffraction, hence they broaden. The
nonlinear interaction distorts these beams: a portion of each beam
reaches the centre, rendering the output beams indistinguishable.
Hence, the ‘usable’ information about the interaction (the relative
position of the beams) is lost when the beams are not solitons.
Moreover, even the basic ‘unit cell’ (the separate identity of
each beam) is not conserved. Thus, the information about the
interaction must be described by the change of shape, separation
and rotation of the beams. That is, the interaction between such
non-soliton beams is described by a continuous set of variables,
rather than a change in a single parameter (rotation angle), as
demonstrated by the soliton interaction shown in the upper panel
of Fig. 3, under the same launch conditions. This example is not
unique in any way: nonlinear interactions are described by a
continuous set of variables, whereas soliton interactions can be
described by a finite set of rules.

Under such reasoning, solitons have been suggested as the
building blocks of computation systems®™*, in the spirit of
soliton-like behaviour in cellular automata®. In fact, experiments
have demonstrated that solitons can indeed transfer and cascade
information from one collision event to another’**”. However, thus
far, all soliton interaction experiments (in local or non-local media)
have been between nearest-neighbour solitons, thus posing a severe
problem on the ‘connectivity’ of a ‘soliton network’.

In the final section of our article, we demonstrate how soliton
interactions in non-local nonlinear media can be ‘wired’ from one
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sample to another, thus breaking the nearest-neighbour limitation
on soliton interactions. The range of soliton interactions can be
extended far beyond the sample size by transporting the physical
property responsible for the nonlinearity (heat, in this case) by
some non-optical means over a large distance. We realize such
interactions between solitons propagating in different samples
by connecting the samples with a copper foil with a high heat
conductivity (Fig. 4a). The nonlinear response is now transported
between different samples that could be placed very far apart from
each other. In fact, the only limitation on the soliton interaction
range in such settings is the finite heat conductivity of the foil,
hence, in principle, the soliton interaction in this system is of
‘infinite’ range. The solitons in each of these samples ‘feel’ each
other, because the heat generated by each soliton diffuses to the
boundaries, and through the foil to the other sample. In symmetric
settings, heat accumulates on the foil, causing a temperature
increase on the boundaries of both samples connected to it.
This creates a small asymmetry in the induced index-change in
each sample, pulling the soliton beams towards the connected
boundaries. Thus, the solitons, each propagating in a different
sample, attract each other from a very large distance, with the
interaction mediated by the metal foil.

For the experiments on soliton interaction mediated by a
metal wire, we use two samples, as described in the Methods
section. In each sample, three transverse boundaries are thermally
connected to a heat sink at fixed temperature. The remaining
transverse faces, one in each sample, are connected at their
centres with a 100-pm-thick copper foil (Fig.4a). We use two
laser beams, each of 1.5W power, to generate a soliton in each
sample, with a 2mm initial separation between the centres of
the solitons, which is ~50 times their width. Figure4 shows
typical experimental results, where Fig. 4b,c shows the two 38 um
FWHM input beams, each launched in its own sample. At
high power (1.5W), each individually launched beam forms an
~38um FWHM soliton (Fig. 4d,e). However, when these high-
power beams are launched simultaneously, the solitons attract each
other, and bend their trajectories towards each other, decreasing
their separation by ~90 um (Fig. 4f,g). For completeness, at low
power (10mW), the beams broaden to ~188 um at the sample
output (Fig. 4h,i). In this experiment, the solitons attracted each
other from a distance ~50 times their width. This constitutes
the first experimental demonstration of essentially ‘infinite-range’
forces between solitons. We emphasize that the interaction length
in our setting is limited only by the power of the laser, the heat
conductance of the foil and the thermal insulation of the foil in the
regions between the samples. Such limitations are not fundamental,
and can be overcome by packaging techniques. Moreover, no
threshold or saturation occurs in such long-range interaction; a
higher laser power will yield narrower solitons and a stronger
heating, hence the attraction force will be acting from a larger
distance (in terms of soliton width) at the same efficiency.

The technique of using ‘wiring’ to mediate interactions between
solitons propagating in different samples overcomes the nearest-
neighbour limitation on soliton interactions: a soliton is no
longer restricted to interact only with its nearest-neighbouring
soliton. This technique, which can also be implemented in other
non-local nonlinear systems (for example, semiconductors" and
liquid crystals®'), opens up a variety of new possibilities. The
ability to ‘transport’ the soliton interactions over large distances,
connecting to multiple ‘addressees allowing feedback, gating and
amplification of the ‘interaction signal’ (heat, in our particular
case), suggests fascinating directions that have never been explored
in soliton science. It might be possible to harness such non-
local soliton interactions to construct model systems of complex
nonlinear networks', in ways that have been never explored
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Figure 4 Experimental demonstration of the interaction between two solitons propagating in separate samples, with the interaction mediated by wiring.
a, Experimental scheme. b,c, Input beams. d,e, Individually launched output solitons. f,g, Simultaneously launched output solitons exhibiting strong attraction. h,i, At low

power, the beams diffract and broaden.

experimentally. In such a complex network of solitons, solitons
would be the building blocks, the predesigned wiring architecture
(‘circuitry’) and optical feedback defining the information flow
in the network, and the nonlinear optical interaction providing
the switching, ‘programming’ and embedded logic. It might be
possible to study self-synchronization of a network of solitons,
‘small-world’ networks of solitons", fractals from solitons**** and
possibly chaotic networks of solitons.

METHODS

Here, we explain the experimental and theoretical methods used in our article,
and discuss the many-body aspects of soliton interactions in optical thermal
nonlinear media.

EXPERIMENTAL METHODS

All our experiments are carried out in lead glass samples, with a square
2mm X 2 mm cross-section, which are 83-mm-long in the propagation
direction. In the experiments on soliton interactions in a single sample
(Figs 1-3), the four transverse boundaries of the sample are thermally
connected to a heat sink and maintained at room temperature. In the
experiments on interactions between solitons propagating in different samples,
the samples are connected with a heat-conducting metal foil, as shown in
Fig. 4a. In all the experiments we use 488 nm wavelength laser beams, which are
focused onto the input face of the samples with their trajectories according to
the specific experiment. The intensity distribution of the beams at the input and
output faces of the sample are monitored by charge-coupled device cameras.
The parameters of the lead glass samples used in our experiments and
calculations are: refractive index of ny = 1.8, index change per temperature
degree =14 x 107°K™!, optical absorption coefficient @ ~0.01 cm™' and
thermal conductivity of k =0.7 (Wm™' K™1).

THFORFTICAL METHODS

The optical thermal nonlinearity in lead glass acts in the following manner. A
light beam gets slightly absorbed and heats the glass, acting as a heat source,
and the heat diffuses with a thermal conductivity . This yields a non-uniform
temperature distribution T induced by the light intensity I, satisfying the heat
equation in (temporal) steady state?:

kV2T(x,y,z) = —al(x,y,2), (1)
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where « is the absorption coefficient. The change in temperature, AT, results
in a proportional increase in the refractive index An = BAT = (T — T)),
with B being the thermal coefficient of the refractive index. Here, Tj is the
temperature when I = 0, which is imposed by the temperature at the sample
boundaries. These boundary conditions directly affect the temperature
distribution everywhere in the sample, and hence affect An induced by I as

ViAn(x,y,z) =—&l(x,y,2), 2)

where k is a constant of the medium. Equation (2) is formally equivalent to the
Poisson equation in electrostatics with a ‘source term’: V2 @ (x, y,z) =
—p(x,y,z), where @ is the potential and p is the charge density. By virtue of
this equivalence, and the dimensionality of the problem, the force between two
solitons in such a medium is equivalent to the electrostatic force per unit
length, between two oppositely charged wires. Thus, the attraction force
between two solitons is F = —kp1p2/7(7), where p; is the total power in the ith
soliton, r is the distance between the solitons and k = k /27tn,. This equivalence
to electrostatics reveals the nature of long-range interactions between two
solitons, and fails only when the fields of the solitons are at very close proximity
so they considerably overlap. The attraction between solitons that are far apart
in a medium exhibiting the optical thermal nonlinearity is therefore
proportional to the product of their powers, and inversely proportional to the
distance between them. In the more general sense, solitons in non-local
nonlinear media, whose nonlinearity is described by the archetypal Poisson
equation, interact like charged particles, with a force F oc 1/r9~, where d is the
dimensionality of the problem [(d+ 1) D solitons, d =1, 2, 3].

Equation (2) describes the transport process in the non-local nonlinear
medium. To study the propagation of optical waves in this medium,
equation (2) is augmented by the nonlinear wave equation. The
quasi-monochromatic optical field has the form E = A(x, y, z)ei(“’"kz) +c.c.,
with A being the slowly varying amplitude, k = wny/c, @ is the frequency, ¢ is
the time, n is the unperturbed refracting index (| An| < ny), ¢ is the vacuum
light speed and I = |A|*. The paraxial nonlinear wave equation describing the
light in this medium is

(874 02) A+2ikd.A+2k (An/ng) A=0. (3)

Past experiments have revealed that the medium is isotropic, hence the
equation is scalar. To identify solitons, we seek solutions of the form
A(x,y,2) = u(x, y)e'”?, where u is a complex function of x, y and y is a real
constant, for which A and AT are z-independent, hence so is An(x,y). We
find the solitons by solving equations (2) and (3) self-consistently, with optical
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boundary conditions such that A and its derivatives vanish at the boundaries®®.
The temperature boundary conditions and the parameters of the simulation are
similar to the parameters of the experiments with their specific configuration.
After identifying solitons and finding their wavefunction, we test their stability
in the presence of noise with a standard beam propagation method*®. After
finding solitons, we study their interactions by numerically propagating two
solitons in the experimental configurations, and solving equations (2) and (3)
iteratively (as in ref. 28). Typical results of the simulations are presented in

Figs 2 and 3.

It is now instructive to discuss the meaning and implications of the set of
equations describing the nonlinear dynamics of light waves in thermal optically
nonlinear media. Equation (1), which describes the transport of
(light-induced) heat in our system, is linear with respect to the temperature. As
such, it might be thought that the propagation of light waves in this medium is
also linear. This view would be conceptually erroneous, because equations (2)
and (3) together form a nonlinear set. In fact, equations (2) and (3) can be cast
into a single, nonlinear, integro-differential equation that can support highly
nonlinear entities as solitons.

In this vein, it is illuminating to emphasize the difference between
interacting solitons in an optical thermal nonlinear medium, and a single light
beam and an array of metallic wires that heat the sample at reconfigurable
positions. The latter case is equivalent to a single particle in a fixed potential.
The potential could be complicated, yet the problem is still a one-body
problem, and cannot lead to complex dynamics. On the other hand, two soliton
beams interacting nonlinearly form a two-body problem. Taking multiple
solitons will make it a many-body problem, and its complexity is such that it
can become chaotic, or evolve in patterns characteristic to complex nonlinear
networks. The wiring technique demonstrated in Fig. 4a makes it possible for
solitons to interact not only with their nearest neighbour, and as such it
facilitates the construction of complex nonlinear networks of solitons.

Received 24 February 2006; accepted 28 September 2006; published 29 October 2006.

References

1. Stegeman, G. I. & Segev, M. Optical spatial solitons and their interactions: Universality and diversity.
Science 286, 1518-1523 (1999).

2. Zabusky, N.J. & Kruskal, M. D. Interaction of ‘Solitons’ in a collisionless plasma and the recurrence
of initial states. Phys. Rev. Lett. 15, 240-243 (1965).

3. Shih, M. & Segev, M. Incoherent collisions between two-dimensional bright steady-state
photorefractive spatial screening solitons. Opt. Lett. 21, 1538-1540 (1996).

4. Krolikowski, W. & Holmstrom, S. A. Fusion and birth of spatial solitons upon collision. Opt. Lett. 22,
369-371 (1997).

5. Krolikowski, W., Luther-Davies, B., Denz, C. & Tschudi, T. Annihilation of photorefractive solitons.
Opt. Lett. 23, 97-99 (1998).

6. Shih, M., Segev, M. & Salamo, G. Three-dimensional spiraling of interacting spatial solitons. Phys.
Rev. Lett. 78, 2551-2554 (1997).

7. Tikhonenko, V., Christou, J. & Luther-Davies, B. Three dimensional bright spatial soliton collision
and fusion in a saturable nonlinear medium. Phys. Rev. Lett. 76, 2698-2701 (1996).

8. Firth, W. J. & Skryabin, D. V. Optical solitons carrying orbital angular momentum. Phys. Rev. Lett.
79, 24502453 (1997).

9. Torner, L. & Petrov, D.V. Azimuthal instabilities and self-breaking of beams into sets of solitons in
bulk second-harmonic generation. Electron. Lett. 33, 608—610 (1997).

10. Petrov, D. V. et al. Observation of azimuthal modulation instability and formation of patterns of
optical solitons in quadratic nonlinear crystal. Opt. Lett. 23, 1444-1447 (1998).

11. Gordon, J. P. Interaction forces among solitons in optical fibers. Opt. Lett. 8, 596-598 (1983).

774

12. Litvak, A. G., Mironov, V. A., Fraiman, G. M. & Yunakovskii, A. D. Thermal self-effect of wave beams
in a plasma with a nonlocal nonlinearity. Fiz. Plazmy 1, 60-71 (1975).

. Ultanir, E. A., Stegeman, G. I, Lange, C. H. & Lederer, F. Interactions of dissipative spatial solitons.
Opt. Lett. 29, 283-285 (2004).

14. Strogatz, S. H. Exploring complex networks. Nature 410, 268-276 (2001).

15. Dabby, F. W. & Whinnery, J. R. Thermal self-focusing of laser beams in lead glasses. Appl. Phys. Lett.
13, 284-286 (1968).

16. Litvak, A. G. Self-focusing of powerful light beams by thermal effects. JETP Lett. 4, 230-233 (1966).

17. Suter, D. & Blasberg, T. Stabilization of transverse solitary waves by a nonlocal response of the
nonlinear medium. Phys. Rev. A 48, 4583-4587 (1993).

18. Segev, M., Crosignani, B., Yariv, A. & Fischer, B. Spatial solitons in photorefractive media. Phys. Rev.
Lett. 68, 923-926 (1992).

19. Ultanir, E. A, Stegeman, G. 1., Michaelis, D., Lange, C. H. & Lederer, E. Stable dissipative solitons in
semiconductor optical amplifiers. Phys. Rev. Lett. 90, 253903 (2003).

20. Conti, C., Peccianti, M. & Assanto, G. Route to nonlocality and observation of accessible solitons.

Phys. Rev. Lett. 91, 73901 (2003).
. Conti, C., Peccianti, M. & Assanto, G. Observation of optical spatial solitons in a highly nonlocal
medium. Phys. Rev. Lett. 92, 113902 (2004).

22. Peccianti, M., Conti, C., Assanto, G., De Luca, A. & Umeton, C. Routing of anisotropic spatial
solitons and modulational instability in liquid crystals. Nature 432, 733-737 (2004).

23. Rivlin, L. A. Gravitational self-confinement of a photon beam. Quantum Electron. 28, 99-103 (1998).

24. Pecseli, H. L. & Rasmussen, J. J. Nonlinear electron waves in strongly magnetized plasmas. Plasma
Phys. 22, 421-438 (1980).

25. Rao, N. N. & Shukla, P. K. Triple-hump upper-hybrid solitons. Phys. Scripta T 82, 53-59 (1999).

26. Dalfovo, E, Giorgini, S., Pitaevskii, L. P. & Stringari, S. Theory of Bose—Einstein condensation in

trapped gases. Rev. Mod. Phys. 71, 463-512 (1999).

Turitsyn, S. K. Spatial dispersion of nonlinearity and stability of multidimensional solitons. Theor.

Math. Phys. 64, 797801 (1986).

28. Rotschild, C., Cohen, O., Manela, O., Segev, M. & Carmon, T. Solitons in nonlinear media with an
infinite range of nonlocality: First observation of coherent elliptic solitons and of vortex-ring solitons.
Phys. Rev. Lett. 95, 213904 (2005).

29. Snyder, A. W. & Mitchell, D. J. Accessible solitons. Science 276, 1538-1541 (1997).

30. Kolchugina, I. A., Mironov, V. A. & Sergeev, A. M. Structure of steady-state solitons in systems with a

nonlocal nonlinearity. JETP Lett. 31, 304-307 (1980).

. Peccianti, M., Brzdkiewicz, K. A. & Assanto, G. Nonlocal spatial soliton interactions in nematic liquid

crystals. Opt. Lett. 27, 1460-1462 (2002).

Buryak, A. V., Kivshar, Y. S., Shih, M. F. & Segev, M. Induced coherence and stable soliton spiraling.

Phys. Rev. Lett. 82, 81-84 (1999).

Jakubowski, M. H., Steiglitz, K. & Squier, R. State transformations of colliding optical solitons and

possible application to computation in bulk media. Phys. Rev. E 58, 6752—6758 (1998).

Steiglitz, K. Time-gated Manakov spatial solitons are computationally universal. Phys. Rev. E 63,

016608 (2001).

35. Park, J. K., Steiglitz, K. & Thurston, W. P. Soliton-like behavior in automata. Physica D 19,

423-432 (1986).

36. Anastassiou, C. et al. Energy exchange interactions between colliding vector solitons. Phys. Rev. Lett.
83, 2332-2335 (1999).

37. Anastassiou, C., Fleischer, J. W., Carmon, T., Segev, M. & Steiglitz, K. Information transfer through
cascaded collisions of vector solitons. Opt. Lett. 26, 1498-1500 (2001).

38. Soljacic, M., Segev, M. & Menyuk, C. R. Self-similarity and fractals in soliton-supporting systems.
Phys. Rev. E 61, R1048-R1051 (2000).

39. Sears, S., Soljacic, M., Segev, M., Krylov, D. & Bergman, K. Cantor Set fractals from solitons. Phys.
Rev. Lett. 84, 1902—-1905 (2000).

40. Wu, M., Kalinikos, B. A., Carr, L. D. & Patton, C. E. Observation of spin-wave soliton fractals in
magnetic film active feedback rings. Phys. Rev. Lett. 96, 187202 (2006).

@

2

@

s}

2

N

3

3

N

3

»

3

>

Acknowledgements

This work was supported by the Israeli Science Foundation, the Israel-USA Binational Science
Foundation and the German-Israeli DIP Project.
Correspondence and requests for materials should be addressed to M.S.

Competing financial interests

The authors declare that they have no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/reprintsandpermissions/

nature physics | VOL 2 | NOVEMBER 2006 | www.nature.com/naturephysics

©2006 Nature Publishing Group




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e005000470020005000520049004e005400200050004400460020004a006f00620020004f007000740069006f006e0073002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003300200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [666.000 855.000]
>> setpagedevice


