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Abstract

Various properties of counterpropagating mutually incoherent self-trapped beams in optically induced circular photonic lattices with
ring defects are investigated numerically. We utilize a local isotropic dynamical model with a Kerr-type saturable nonlinearity. Different
incident beam structures are considered. We find spontaneous symmetry breaking of the head-on propagating Gaussian beams. In the
case of vortices, we observe beam filamentation and a strong pinning of filaments to the lattice sites. Using a modified Petviashvili’s
method, we report several novel solitonic structures.
� 2007 Elsevier B.V. All rights reserved.

PACS: 42.65.Tg; 42.65.Sf

Keywords: Circular photonic lattices; Ring defects; Solitonic structures
1. Introduction

Optically induced photonic lattices attracted a lot of
interest recently, owing to intriguing waveguiding possibil-
ities [1]. Until recently, only simple stationary structures
have been described theoretically and generated experimen-
tally in optically induced lattices [2]. Optical lattices tend to
suppress rich instability-induced dynamics (rotating,
diverging, and self-bending) of beam filaments in a homo-
geneous nonlinear medium. Up to now different two-
dimensional lattices have been considered [1–4]. In this
paper we choose circular photonic lattices (CPL) with ring
defects, with an intention of locating and investigating
novel dynamical, as well as stable optical structures. We
investigate numerically the properties of counterpropagat-
ing (CP) mutually incoherent self-trapped beams in opti-
cally induced fixed CPL, and determine the conditions
for observing solitonic solutions.
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2. Modelisation

The behavior of CP beams in photonic lattices is
described by a time-dependent model for the formation
of self-trapped CP optical beams, based on the theory of
photorefractive (PR) effect. The model consists of wave
equations in the paraxial approximation for the propaga-
tion of CP beams and a relaxation equation for the gener-
ation of the space charge field in the PR crystal, in the
isotropic approximation. The model equations in the com-
putational space are of the form:

i@zF ¼ �DF þ CEF ; �i@zB ¼ �DBþ CEB; ð1Þ

s@tE þ E ¼ � I þ Ig

1þ I þ Ig
; ð2Þ

where F and B are the forward and the backward propagat-
ing beam envelopes, D is the transverse Laplacian, C is the
dimensionless coupling constant, s is the relaxation time of
the crystal, and E the homogenous part of the space charge
field. The quantity I = jFj2 + jBj2 is the laser light intensity,
measured in units of the background intensity. Ig is the
transverse intensity distribution of the optically induced
lattice array. It is formed by positioning Gaussian beams
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1174 D. Jović et al. / Optical Materials 30 (2008) 1173–1176
at the sites of the lattice, and is normalized by the dark irra-
diance Id. A scaling x/x0! x, y/x0! y, z/LD! z, is uti-
lized in the writing of dimensionless propagation
equations, where x0 is the typical FWHM beam waist
and LD is the diffraction length. The propagation equations
are solved numerically, concurrently with the temporal
equation, in the manner described in Ref. [5] and references
cited therein.

For the lattice array we choose a circular arrangement
of beams [3], with ring defects. The distance between lattice
sites is constant in each concentric circle, but slightly differs
in different circles. The ratio between the distance of neigh-
boring lattice sites in the first circle and the FWHM of lat-
tice beams is chosen to be 2.05. The beams are assumed to
be degenerate and incoherent in the forward and backward
components.
3. Counterpropagating Gaussian and vortex beams

We investigate the interaction of CP Gaussian and vor-
tex beams in a seven-fold symmetric CPL with two ring
defects. For the Gaussian–Gaussian interaction we choose
CPL with the first and the third ring missing, and with
FWHM of the input beams corresponding to the radii of
the missing rings. First, we consider CP Gaussians with
the same width (Fig. 1). When FWHM of the input beams
Fig. 1. Gaussian–Gaussian interaction of CP components with the same
width: intensity distributions of the forward (backward) field at its output
face, for FWHM = 30 lm (left column) and FWHM = 90 lm (right
column), and for various values of the control parameter CL. Parameters:
lattice spacing 30 lm, FWHM of lattice beams 9 lm, maximum lattice
intensity Ig = 5Id, jF0j2 = jBLj2 = 1.
corresponds to the radius of the first missing ring, the
observed structures are stable and pinned to the central lat-
tice beam (left column). For the input beam’s FWHM that
corresponds to the radius of the second defect, we get reg-
ular dynamics at the beginning, but unstable behavior
afterwards (right column).

Next, we consider CP Gaussians with different widths
(Fig. 2). We choose the forward beam to be narrower
(whose FWHM corresponds to the radius of the first miss-
ing ring) than the backward beam (whose FWHM corre-
sponds to the radius of the second missing ring). A
general result is the appearance of different stable fila-
mented structures with several parts, in the form of stand-
Fig. 2. Gaussian–Gaussian interaction of CP components with different
widths: intensity distributions of the forward beam with FWHM = 30 lm
(left column) and of the backward beam with FWHM = 90 lm (right
column), for various values of the control parameter CL. Other param-
eters are as in Fig. 1.
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ing waveguides. For particular values of control parame-
ters C and L, we observe stable dynamical structures, such
as the rotating five-fold structure (the fourth row). In all
the cases considered, the narrower beam is strongly pinned
to the central lattice site, whereas the wider one is more
spread out.

For the vortex–vortex interaction we choose CPL with
the second and the fourth ring missing, and also with the
central lattice beam absent. We consider the case with
two identical CP vortices, and vary only their input
FWHM (Fig. 3). For the beams with FWHM equal to
30, 45 and 60 lm, we observe almost regular rotation of
vortex filaments. In the case of FWHM = 75 lm, we find
stable structure strongly pinned to the lattice sites. For
wider vortices (90 and 120 lm) unstable structures appear.

Finally, we investigate different combinations of inter-
acting Gaussians and vortices, with various widths
(Fig. 4). We choose CPL with the second and the fourth
ring missing, and FWHM of the input beams correspond-
ing to the radii of the ring defects. In the case of interacting
Gaussians (first row), the wider beam can regenerate the
missing second lattice ring, which is not the case for
another situations. For the Gaussian–vortex interactions,
the narrower vortex filaments only to the nearest lattice
sites in the first ring (second row), while the broader vortex
acquires a more complex structure (third row). Both inter-
acting vortices (fourth row) do not preserve their form, fil-
amenting into a seven-fold structure. It is interesting to
note that Gaussians possess phase distributions which cor-
respond to the group symmetry of the lattice (C7), even in
Fig. 3. Intensity distributions of the backward vortex field at its output
face, for various FWHM of the input beams and for C = 17,
L = 1.5LD = 6 mm. Other parameters are as in Fig. 1.

Fig. 4. Intensity (bottom) and phase (top) distributions of different
combinations of the interacting Gaussians (G) and vortices (V), arranged
in 4 rows, for two values of FWHM (the first column 120 lm, the second
column 60 lm). Parameters: C = 11, L = 1LD; other parameters are as in
Fig. 1.
the case of Gaussian–Gaussian interaction. Vortices dis-
play the typical phase distribution, characteristic of vorti-
ces with the opposite topological charges (1,�1) (fourth
row).
4. Solitonic solutions

To investigate solitonic solutions in CPL, we consider
Eqs. (1) and (2) in the steady-state. Because of the rota-
tional symmetry, the above equations suggest the existence
of fundamental vector solitons, in the form [4]:

F ¼ uðx; yÞ cos h expðilzÞ; ð3Þ

B ¼ uðx; yÞ sin h expð�ilzÞ; ð4Þ

where h is an arbitrary projection angle, and l is the prop-
agation constant. Eq. (1) in the steady-state are trans-
formed into the same (degenerate) equation:



Fig. 5. Different kinds of solitonic solutions in the C–l plane. Lattice
parameters are as in Fig. 1. The inset lists possible soliton positions in the
lattice where the solitons are localized.

Fig. 6. Intensity distributions for all typical solitonic solutions: The on-
site solitons (first row), the off-site solitons (second row), the discrete
solitons (third row, left), and the lattice central beam soliton (third row,
right).
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luþ Duþ Cu
juj2 þ Ig

1þ juj2 þ Ig

¼ 0: ð5Þ

Solitonic solutions can be found from Eq. (5) using the
modified Petviashvili’s method. Of course, the CP beams
can not form a soliton if the medium is too long [6].

We investigate the form of the solitonic solutions in a
seven-fold symmetric CPL with the first and the third ring
missing. We find three basic kinds of solitons: the on-site
solitons (localized at the lattice sites), the off-site solitons
(localized between the lattice sites) and the discrete solitons
(spread over many sites). The on-site solitons are localized
on the second or fourth rings, the off-site solitons are local-
ized in-between the second (fourth) lattice ring sites, and
the less localized, discrete solitonic structures are spread
over many sites in the fourth and fifth rings. The distribu-
tion of different solitonic solutions over the regions in the
C–l plane is presented in Fig. 5. In addition to these typical
solitonic structures, there exist quasi-stable localized struc-
tures at the position of the lattice’s central beam (dot–dot
line in the C–l plane). The most stable soliton structure
there appears for C = 7.27 and l = 6.9. Typical intensity
distributions of all the solitonic solutions are presented in
Fig. 6.

5. Conclusion

We investigated numerically properties of the counter-
propagating mutually incoherent self-trapped beams in
optically induced circular photonic lattices with ring
defects. We observed spontaneous symmetry breaking of
the head-on propagating Gaussian beams, and regular
rotation of CP Gaussian filaments. In the case of vortices,
we found beam filamentation, a strong pinning of filaments
to the lattice sites, and irregular behavior. Using the mod-
ified Petviashvili’s method, we determined the conditions in
the parameter plane for observing solitons, and identified
different families of such solitonic solutions. Similar effects
can be expected in photonic crystal fibers.
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