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Is it possibile to find ab initio soliton 
solutions of Maxwell’s equations in the 
presence of the most general expression 
of the third-order tensorial polarizability 
describing the optical Kerr effect? We 
have been able to prove the existence of 
both bright and dark one-dimensional 
spatial solitons without resorting to any 
scalar and paraxial approximation2 [see 
figure, parts (a) (b), (d) and (e)], so that 
the whole range of possible soliton widths 
is considered without any formal distinc-
tion between paraxial and nonparaxial 
regimes. 

The comparison with the standard 
paraxial approach reveals, as expected, 
that, for bright solitons, non-paraxial 
corrections become relevant whenever the 
normalized field amplitude u becomes 
comparable with unity and the associ-
ated width  with  [see figure, part (c)]. 
Dark solitons do not exist if u2 exceeds 
1/6, so they appear to be much less sensi-
tive to non-paraxial effects within their 
existence range (f ). This is also true in the 
two-dimensional case, in which solitons 
are proved to exist as exact vectorial solu-
tions of Maxwell’s equations in the form 
of dark azimuthally polarized solitons, 
provided that u2 is smaller than 1/2.3

Our results do not simply amount to 
a refinement of the established optical 
soliton picture. More fundamentally, they 
imply that Kerr solitons possess a general 
significance that extends far beyond the 
stringent limits of paraxial optics. 
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Spatial Kerr solitons are associated 
with the optical Kerr effect. The 

analytic description of this effect is usu-
ally framed as the phenomenological 
approach to optical propagation in con-
tinuous media, neglecting contributions 
to the nonlinear polarizability higher 
than third-order ones. In this context, it 
is possible to derive a tensorial analytic 
expression for the third-order polariz-
ability, which provides a good model of 
the underlying physical mechanism if the 
transverse dimensions of the propagating 
beam exceed some small fraction of the 
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Plot of the transverse (a) and longitu-
dinal (b) field components of various 
bright solitons. Comparison (c) between 
the exact (blue line) and paraxial (red 
line) bright soliton existence curves.  
Plot of the transverse (d) and longitudi-
nal (e) field components of various dark 
solitons. Comparison (f) between the 
exact (blue line) and paraxial (red line) 
dark soliton existence curves.
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wavelength  and its normalized intensity 
u2=(n2/n0)E

2 is less than unity. 
Under these conditions, one typically 

distinguishes two separate regimes, the 
paraxial and the non-paraxial one, accord-
ing to whether the transverse dimension 
of the beam  is larger or smaller than 
the wavelength, respectively. In practice, 
the first situation is usually considered 
the most relevant one and is dealt with by 
relying on the non-linear Schroedinger 
(NLS) equation, which follows from the 
Helmholtz equation under the paraxial 
conditions. 

However, non-paraxial effects, which 
are clearly essential from a fundamental 
point of view, become significant when 
subwavelength features are present, and 
they need to be taken into account in a 
number of cases. Until recently, this has 
been done either numerically or analyti-
cally, by using some asymptotic expan-
sion in the smallness parameter ε=/.1

Paraxial Theory
Exact theory
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In recent years, the study of opti-
cal solitons has attracted consider-

able interest.1 Usually, most features of 
solitons are associated with their coher-
ent nature, and soliton parameters such 
as amplitude, phase and frequency are 
well defined, as they are responsible for 
the strength and character of the soliton 
interactions in nonlinear media. The 
remarkable property of optical solitons is 
their particlelike interactions:2 Two soli-
tons attract (or repel) each other when 
they are initially in phase (or out  
of phase). With the relative phase be-
tween these two critical values, there is 
energy transfer from one soliton to the 
other, in addition to the repulsive or at-
tractive interaction.1 

In our recent work, we have dem-
onstrated theoretically and confirmed 
experimentally the existence of a new 
type of soliton interaction that is ob-
served when two solitons are partially 
incoherent.3 We have revealed that the 
soliton interaction dynamics can become 
dramatically different from the case when 
the solitons are mutually coherent. The 
interaction strength can be controlled by 
the total coherence and, most remarkably, 
it may change from attractive to repulsive 
or vice versa.

In our experiment, we used the inter-
action of stripe photorefractive solitons 
as the study object.4 We passed the laser 
beam through a rotating diffuser to make 
the light partially incoherent.5 The light 
beam was split into two parts. We then 
made these two parts propagate in paral-
lel by using a second beam splitter. The 
parts were then focused one dimensional-
ly by a cylindrical lens onto the front face 
of a biased photorefractive crystal. The 

partially coherent waves in nonlinear 
media, and that it can be found in other 
fields. 
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Kivshar are with the Nonlinear Physics Centre, Re-
search School of Physical Sciences and Engineering, 
Australian National University, Canberra, Australia. ]

References

1. Yu.S. Kivshar and G.P. Agrawal. Optical Solitons: From 
Fibers to Photonic Crystals, Academic Press, San Diego 
(2003).

2. J.P. Gordon. Opt. Lett. 8, 596 (1983).

3. T.-S. Ku et al. Phys. Rev. Lett. 94, 063904 (2005)

4. H.X. Meng et al. Opt. Lett. 22, 448 (1997).

5.  M. Mitchell et al. Phys. Rev. Lett. 77, 490 (1996).

entire crystal was 
illuminated with a 
background intensity 
that was a bit stron-
ger than the soliton 
intensity to make the 
nonlinearity close 
to the Kerr-type 
nonlinearity with 
weak saturation to 
avoid the transverse 
instability.1 

We observed that, 
due to the in-phase 
attraction, two soli-
tons merge into one 
at the output face of 
the crystal [see figure, part (a)]. We kept 
the optical paths fixed for the entire sys-
tem, but inserted the rotating diffuser to 
make the total field partially incoherent. 
At the output face of the crystal (b), these 
two solitons apparently repel each other. 
This confirms our theoretical predictions 
that if the solitons are incoherent enough, 
the attractive interaction can change to a 
repulsive one.3 

We then tuned the relative phase to 
be π/2. When the solitons are coherent, 
there is a strong energy transfer from the 
left to the right solitons (c). However, 
when the solitons are partially incoherent, 
we observed a substantial change of the 
soliton interaction at the output (d).

In summary, we have revealed theo-
retically and demonstrated experimentally 
a novel type of soliton interaction. The 
strength and character of interaction can 
be controlled by varying soliton coher-
ence. We believe that this novel type of 
the coherence-controlled soliton interac-
tion is generic for the interaction of  

Experimental results for the interac-
tion of a pair of in phase solitons for 
(a) coherent light and (b) incoher-
ent light, and a pair of out-of-phase 
solitons for (c) coherent light and (d) 
incoherent light.
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