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Stable soliton complexes and azimuthal switching in modulated Bessel optical lattices
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We address azimuthally modulated Bessel optical lattices imprinted in focusing cubic Kerr-type nonlinear
media, and reveal that such lattices support different types of stable solitons whose complexity increases with
the growth of lattice order. We reveal that the azimuthally modulated lattices cause single solitons launched
tangentially to the guiding rings to jump along consecutive sites of the optical lattice. The position of the output
channel can be varied by small changes of the launching angle.
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Weak transverse modulation of refractive index of nonlin- aq 1 52q azq
i i it =5\ 52 ) AP -pROA. (D
ear medium creates inhomogeneities that are able to capture o€ 2\ o " o2 7/,

and hold optical radiation. In the simplest case of periodic
modulation of refractive index, creating the array of Here the longitudinak and transversey,{ coordinates are
waveguides, the formation of discrete solitons is possiblécaled to the diffraction length and input beam width, respec-
because of the competition between discrete diffraction anévely. The parametep describes the lattice depth. The pro-
nonlinearity[1]. Waveguide arrays with tunable strength in- file of the modulated lattice is given byR(#.{)
. - . — 12 172 - 2\1/2 ; ;

troduce unique opportunities for soliton conti@]. It was  =J[(2byn)/*rJcos(ng), wherer =(77+¢?)"?is the radius¢
recently shown that such tunable arrays or lattices can bi¢ the azimuth angle, and the paramdigrdefines the trans-
induced optically in photorefractive mediuf—9], a possi- verse lattice scale. Note that a function(z,{,¢)
bility that enables controlling the lattice period and the re-=J.[(2by,)Y?rJcogne)exp—ib;,& describes a higher-order
fractive index modulation depth. The basic properties of oneazimuthally modulated Bessel beam creating the lattice. We
and two-dimensional solitons supported by harmonic latticesssume that the lattice profile mimics the intensity profile of
are now well establishefp—11]. the nondiffracting beam, as it occurs in photorefractive crys-

The landmark idea of all-optical lattice generation with tals. Due to a specific field distribution in higher-order Bessel
nondiffracting fields opens broad prospects for the creatioteams the depth of azimuthal refractive index modulation in
of lattices of different symmetry. We recently put forward the lattice is 100%. Note that with several incoherent Bessel
properties of solitons supported gdially symmetric lat- beams of different intensities and orders it is possible to pro-
tices induced by nondiffracting Bessel beamit2]. Such  duce lattices that are weakly modulated in the azimuthal di-
beams can be created by illuminating a conical-shaped optiection. Optical induction of lattices in photorefractive crys-
cal element, called an axicon, with a Gaussian beam, or btals is possible because of the large anisotropy of their
using a narrow illuminated annular slit that is placed in thenonlinear response. While linear anisotropy has almost no
focal plane of a focusing lengl3]. More elaborated holo- effect on propagation of the lattice-creating Bessel bftaen
graphic techniques can be used to produigher-order azi- cause of the small relative differencey,— xyy)/ xxxyy
muthally modulated nondiffracting beams and latticdsre ~ ~ 1072 between elements of linear susceptibility tefsonly
we show that such lattices support stable soliton complexethe nonlinear anisotropy breaks rotational symmetry and af-
that intuitively can be viewed as nonlinear combinations offects the properties of solitons supported by Bessel lattices.
several lowest-order solitons. We reveal that single solitoniVe checked by solving the full system of material equations
can be set into azimuthal rotation when launched tangentiallfor photorefractive crystals that main resukésg., possibility
to the main guiding ring of azimuthally modulated lattice. of azimuthal switching and existence of stable soliton com-
Such rotation is accompanied by small radiation that finallyplexe9 obtained with the modell) remain valid in the pres-
leads to the controllable trapping of solitons in one of theence of anisotropy of nonlinear response. Nevertheless, here
guiding lattice channels. we use model(1) since it also holds for trapped Bose-

We consider propagation of optical radiation along the Einstein condensates. Typical profiles of modulated Bessel
axis of a bulk focusing cubic medium with transverse modu-attices withn=1,2 areshown in Fig. 1. The local lattice
lation of linear refractive index described by the nonlinearmaxima situated closer to the lattice center are more pro-
Schrédinger equation for the dimensionless complex fielchounced than others and form a ring of guiding channels that
amplitudeq: will be referred to as the main lattice guiding ring. The num-
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FIG. 1. Azimuthally modulated Bessel lattices. All quantities are g
S . : <& 144 . 0.02]
plotted in dimensionless units. o o
- . L Q Q
ber of guiding channels in the main ring is given bg.2 & 4] ~ 0.01]
Equation(1) admits several conserved quantities, including ©
the power or energy flow=/~_[” |g|?d5d¢. (C)
We searched for soliton solutions of Ed.) in the form 0.0- : 5 5 0~000 s 07 15 %)
0,8 =w(n,dexpibé), wherew(r,{) is a real function ) ) ) ’
d(n, ¢, &=w(n,{)explibé) (17,4 Aemth B .

andb is a propagation constant. Soliton families are defined

b{ pargam)etersb(, in, ”'25‘“02' F)) Ci(r:]algég Jgir&ng rT:)abt,:g& FIG. 2. (a) Soliton supported by first-order Bessel lattice corre-
4 77.’5’ P I._>qux77.’|.X§’;( XD . furth sponding to point marked by circle in dispersion diagrém (c)
various soliton families from a given one, so further we selc o s jattice depth(d) Real part of perturbation growth rate vs

the transverse Spale in SUCh, a way tltngZ, and vgryb, P propagation constant gt=10. All quantities are plotted in dimen-
and n. To elucidate the linear stability of solitons we gjonless units.

searched for perturbed solutions of E(.) in the form

d(7,£,9)=[W(n,)+u(n,{,&)+iv(n,{,§lexpibé), with u

andv being the real and imaginary parts of the perturbation

V\;h'cg cgr:.grovy upt)_on propagatlorfl with a qoll;r;plex ré.tte!\ analysis of dipole solitons in lattices with moderate depth
standard finearization procedure for Ha) yields a SYSIeM * yeyealed the existence of an instability domain located near
of coupled Schrodinger-type equations for perturbation com-

ponentsu,v that we solved numerically, in order to find per-
turbation profiles and growth rate.

One- and two-dimensional lattice soliton configurations
can be stable only when the field changes sign betweer
neighboring channels. Since the highest refractive index_ 0
modulation occurs for the main guiding ring of the modu-
lated lattice, it is natural to expect that the main guiding ring
of annth order Bessel lattice can support stable soliton com-
plexes formed by 2 out-of-phase bright spots. The proper- '5_5 0 5 0 3 7 6
ties of the simplest soliton complexes or dipole solitons sup-

slightly. This behavior corresponds to discontinuity in the
Rutoff versus lattice depth cunj&ig. 2(c)]. Linear stability

5

ported by the first-order lattice are summarized in Fig. 2. The n parameter b
typical profile of dipole soliton, found with a standard relax- 3 0.04

ation method, is shown in Fig.(®. Such soliton can be (d)

intuitively viewed as a nonlinear combination of two out-of- 8 0.031

phase lowest-orders solitons supported by two guiding sitessS 2 =

of the main ring of the Bessel lattice. The lattice compen- % & 0.02

sates the repulsive interaction between out-of-phase soliton & 3 ~

and makes possible their propagation as a single entity. En 0.01

ergy flowU of the dipole soliton is a nonmonotonic function (C)

of propagation constantFig. 2b)]. At high-energy flows % 11 22 33 0% 15 116 130

when b—oo two spots forming the dipole become narrow
and almost do not interact. At small lattice depiks p,
where p.,~3, the dipole soliton drastically broadens with  FIG. 3. (a) Soliton supported by second-order Bessel lattice cor-
diminishing of the propagation constant and, as the propagaesponding to point marked by circle in dispersion diagiain (c)
tion constant approaches the termination point, the solitorCutoff vs lattice depth(d) Real part of perturbation growth rate vs
ceases to exist. A > p.,, the energy flow of the dipole soli- propagation constant qit=16. All quantities are plotted in dimen-
ton vanishes in the cutoff, while its width changes onlysionless units.

depth p parameter b
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FIG. 4. Stable soliton complex supported by third-order Bessel

lattice atb=3 andp=20 (a) and by sixth-order Bessel lattice lat
=5 andp=40 (b). All quantities are plotted in dimensionless units.

the propagation constant cutgffig. 2(d)]. The correspond-
ing instability is of an oscillatory type, and typically R®
<Im($). Both the width of the instability domain and the
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maximal real part of growth rate decrease with growth of the n n
lattice depth. For deep enough lattices dipole solitons be-

come free from instabilities in the entire domain of their
existence.

Properties of quadrupole solitons supported by second

FIG. 6. Fusion of soliton launched in zero channel and control
pbeam launched in fifth channel of third-order Bessel latti@®.
hput and(b) output intensity distributions for control beam energy

order Iattjce are summari.zed in Fig. 3. Quadrupole solitony_=10.64. (c) input and(d) output intensity distributions fotJ,
can be viewed as a nonlinear superposition of four out-0f=20.29. Input soliton energy;,=8.26.S,,, Syue S denote input,

phase bright spots. Its properties are similar to that of dipol@utput, and control beam positions. The parame8s§.1, p=2.
solitons. There exists a lower cutoff on the propagation conAll quantities are plotted in dimensionless units.
stant that is a nonmonotonic function of the lattice depth

with a discontinuity atp,,=~7 [Fig. 3c)]. Linear stability

for quadrupole solitonglocated near the cutoffis rather

analysis revealed that the structure of the instability domairfomPplex, with separate “stability windows,” and both oscil-

-6 0
n

FIG. 5. Azimuthal soliton switching t@a) second andb) fourth
channels of third-order Bessel lattice fof=0.49 anda,=0.626 at
p=2 and input energy flow;,=8.26.(c) and(d) show switching to
third and sixth channels of sixth-order lattice faf=0.8 anda,
=0.93 atp=5 and input energy flowJ;,=8.61. Input and output

latory and exponential instabilities may take place. Thus Fig.
3(d) shows the widest instability band for quadrupole soli-
tons atp=16. At a moderate lattice depth instability vanishes
above a certain propagation constant threshold. The quadru-
pole solitons were found to become stable in the entire do-
main of their existence for deep enough lattices.

To stress that the concept of stable soliton complexes can
be generalized to higher-order structures, we have studied
higher-order lattices witim up to 10. All of them can support
soliton complexes, whose properties are similar to that of
dipole and quadrupole solitorisee Fig. 4 with examples of
stable higher-order soliton compleyeblote that in homog-
enous media soliton complexdésr cluster tend to self-
destruct through expansion or coalescefied. The instabil-
ity may be reduced by the presence of competing
nonlinearities, but even then the complexes exist as meta-
stable object$15].

Another intriguing opportunity afforded by azimuthally
modulated Bessel lattices is that a single soliton initially lo-
cated in one of the guiding sites of the main lattice ring and
launched tangentially to the ring starts to travel along con-
secutive guiding sites of the ring, so that it can even return to
the input site. In pure cubic medium, the soliton is strongly
perturbed when it leaves the guiding site, making the above
process probably difficult to observe in practice. However,
even small nonlinearity saturation makes the process very

intensity distributions are superimposed. The arrows show the ditobust. To illustrate this point we included into the model Eq.

rection of soliton motion an&,,, S, denote input and output soli-
ton positions. The paramet&=0.1. All quantities are plotted in
dimensionless units.

(1) small nonlinearity saturation by rewriting the nonlinear
term as €|g/?/(1+9q|?, whereS<1. In such case, a laser
beam does not broaden in between guiding sites, and thus it
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is allowed to jump from one site to another. The soliton beandently of the phase difference between input solitons. Figure
was set in motion by imposing on it an initial phase tilt 6 shows the input and output field distributions for different

explia,n+ia ). Here we consider the situation when the energy flows of a control soliton, in the case when the con-
soliton beam is initially located in the outermost right guid- tro| and the input solitons are out of phase. If the energy flow
ing site of the main ring, and,,=0. The soliton leaves the y_ of the control soliton considerably exceeds that of the
guiding site V‘ihelnaé e;](ceed_(sj.a ce;rtag; critical Va"ﬁ.e r?nd input soliton all energy is concentrated in the site where the
starts to travel along the guiding ring g, IS not too high. rg:ontrol soliton was locateffigs. &c) and gd)]. When en-

Since solitons have to overcome a potential barrier whe f ble th tout solit be located
passing between neighboring sites, they radiate a small fra&'9y TOWs are comparabie the output soliton can be locate

tion of energy. In the presence of radiation, solitons can bd" the same channel as the input dfégs. &) and Gb)].
trapped in different guiding sites of the main ring and the In conclusion, we showed that azimuthally modulated
position/number of output site can be controlled easily byBessel optical lattices support soliton complexes that can be
changing the launching angle or soliton energy fléig. 5.  made stable in wide regions of their existence domain by
Thus a higher incident angle is typically required to achievevarying the lattice strength. We also showed that single soli-
trapping of a soliton with a higher-energy flow into the de-tons launched tangentially to the main guiding ring of the
sired guiding site. The potential of the effect to implementlattice can be trapped by its different guiding sites depending
controllable azimuthal soliton switching is clearly visible.  on the input angle and energy flow. Note that optically in-
Finally, we note that the azimuthal modulation of the lat-duced modulated Bessel lattices may find analogy with pho-
tice remarkably affects interactions experienced by solitongonic crystals.
located in different guiding channels. When solitons carry
identical energies, the formation of even or dipole solitons is  This work has been partially supported by the Generalitat
possible. However, we found that when solitons carry differ-de Catalunya and by the Spanish Government through Grant
ent energies, they may fuse into a single soliton, indepenNo. BFM2002-2861.
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