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Abstract: We generate higher-order azimuthally modulated Bessel
optical lattices in photorefractive crystals by employamghase-imprinting
technique. We report on the experimental observation éftssdping and
nonlinear localization of light in such segmented latticeghe form of
ring-shaped and single-site states. The experimentdtsezmgyree well with
numerical simulations accounting for an anisotropic aratiafly nonlocal
nonlinear response of photorefractive crystals.
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1. Introduction

In recent decades, many studies have been devoted to thesiareid experimental observa-
tion of self-trapping and localization of light in differetypes of nonlinear media [1]. The
self-trapped states, often referred to as spatial optaébas, are highly robust and may ex-
hibit particle-like behavior in interactions, what makéem promising objects for the beam
control and all-optical switching. The presence of peadly varying refractive index in the
medium affects the propagation and localization of optieglms, and many recently observed
new effects are associated with the soliton dynamics irogériwaveguide arrays [2]. As was
recently suggested theoretically [3] and demonstratekje@ments [4, 5, 6], a periodically
modulated refractive index can be induced by imprinting piical pattern in a photorefractive
crystal, and nonlinear localized states can exist in difiesspectral bands of the periodic lat-
tices. Many novel effects have also been predicted to occapndiffracting ring Bessel-like
optical lattices [7], and the first experimental resultstoaring lattices have been obtained very
recently [8].

Nondiffracting optical beams appear as a special classeatimodes propagating in the
free space without any distortion [9]. The simplest exangpliae nondiffracting beams has the
amplitude profile proportional to the zero-order Bessetfiom, and therefore such beams are
often calledBessel beamdn spite of the fact that the Bessel beams appear as eigenswmsd
lutions of Maxwell's equations of infinite transverse extand energy, they have been demon-
strated in experiments with finite beams, where the chaiatits of stationary propagation are
sustained over long distances [10, 11, 12, 13].

The purpose of this paper is twofold. First, we report on oyregimental results on the
generation of different types of nondiffracting Besselicgltbeams by employing a phase-
imprinting technique [14, 15] and concentrate on azimiyhmlodulated Bessel beams. Sec-
ond, we use the nondiffracting nature of the Bessel beantiacman optical lattice in a biased
photorefractive crystal and study the nonlinear trappifiight in such lattices. While non-
diffracting beams are extensively used for optical margpah of particles [16] and atoms [17],
we demonstrate that due to the nonlinear self-focusingorespof the material “optical trap-
ping of light” is also possible. We report on the first expegittal observation of self-focusing
and localization of light in azimuthally modulated Bessdtites considered theoretically [18].
In particular, we generate experimentally different typE®calized states positioned symmet-
rically or asymmetrically with respect to the segmentedsBetattice. We show that our ex-
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Fig. 1. Schematic structure of the experimental setup for generatingatielated Bessel-
like beams with a phase imprinting: PPM — programmable phase modul&8r:+-polar-
izing beam splitterd /2 — half-wave plate; L — lenses; M — mirrors; BS — beam splitter; FF
— Fourier filter; SBN —photorefractive crystal, Strontium Barium Niob&€D — camera.
Inset on the left: Images of the Bessel lattice, localized state, and its noigrden.

perimental results are in a good agreement with numerinallations of the nonlinear model
accounting for a nonlocal anisotropic response of photacéf/e nonlinear crystals [19, 20].

2. Generation of nondiffracting Bessel lattices

A Bessel beam is associated with a solution of the wave emjuatich that any cross-section
of the beam intensity distribution remains independenthef piropagation variable and it
can be presented as a superposition of an infinite humberaokeplvaves. In past years, a
number of practical ways to generate Bessel beams have bggested including the use
of passive optical systems such as ring apertures, Faliot-Erlons, and axicons [21], as
well as holographic methods [22], or diffractive phase edata [23]. In contrast to passive
methods, several active schemes have been proposed teeritute-aperture approximations
of different Bessel and Bessel-Gauss beams in resonattjr${@re, we generate nondiffracting
Bessel-like optical beams based on the phase-imprintocigutque [14, 15]. We then study the
propagation and self-action of probe beams in opticaldlestinduced by such Bessel beams.

In our experiments we employ a programmable phase modulaf¥), as shown in the
setup scheme [Fig. 1]. In this arrangement, the beam froracuiéncy-doubled cw Nd:YV§
laser (532nm) is split into two orthogonally polarized besaby a polarizing beam splitter
(PBS), where the splitting ratio is set by a half-wave pldtee beam transmitted through
the PBS is expanded approximately 10 times and illumina@sage modulator (Hamamatsu
X8267). The modulator is programmed to reproduce the exaase profile of a modulated
Bessel beam given by

E(I’,¢) = Ean(p/W)COin¢), (1)

wherep and ¢ are the transverse polar coordinatess the spatial scale, an#j is then-th
order Bessel function. Such a field distribution represamt®ll-known nondiffracting beams,
and it is ideal for the application of the optical inducti@chnique in a similar way as realized
earlier for square lattices induced by four interferingrbed4, 25].

In practice, the input pattern distribution is superimpbseto a broad Gaussian carrier beam
and the constant (nondiffracting) intensity profile can besprved only for a finite distance
(i.e., the focal region), which in our case far= 7.6 um is of the order of 2cm. In fact, the
phase modulator only reproduces the phase structure ofasseBbeam (1) and to obtain a real
nondiffracting beam we employ Fourier filtering in the fopéne of the telescope which im-
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Fig. 2. Experimental images: (a) Intensity profile of the generated thildr Bessel lattice;
(b) linear diffraction of the probe beam without the ilattice, the outer radiubeblack

circle shows the size of the input beam at the crystal front facet; (ecvr diffraction

(top row) and nonlinear self-focusing (bottom row) of the input beasitipmed (c,d) at
the lattice center, (e,f) between two cites, and (g,h) at one site of th&aftise ring.

ages the active plane of the modulator onto the front face26fram long SBN photorefractive
crystal. The crystal is externally biased by a DC electricfi8500V/cm) applied horizontally
along the crystal c-axis, allowing the study of self-actiffects.

3. Light localization in a Bessel lattice

The Bessel beam forming the lattice [Fig. 2(a)] is ordinaoyapized and its stationary prop-
agation inside the crystal is not affected by the appliedaga, due to a small value of the
electro-optic coefficient for this polarization. On the @thhand, an extraordinary polarized
probe beam feels the Bessel-type potential, and it expsggestrong self-action due to the
self-focusing nonlinearity of a photorefractive crystal 4, 5, 6]. As a probe, we use the beam
reflected from the PBS, which is combined with the latticeocateam splitter and is tightly
focused to a size of 13um onto the front face of the crystal. The input and outputtaiyfaces
can be imaged by a lens and recorded onto a CCD camera forzamathe transverse inten-
sity distribution. Additionally, a small portion of the dve beam is used as an interferometric
reference beam to monitor the phase profile of the probe bé#m autput.

Without the lattice, the narrow input probe beam [indicdtgd circle in Fig. 2(b)] diffracts
and greatly increases its size to 168 at the crystal output, as shown in Fig. 2(b), which
corresponds to 12 diffractions lengths of propagation.nlive switch on the PPM, which is
programmed to reproduce the phase distribution of the Bégsan [Eq. (1)]. The resulting
intensity distribution of this lattice forming beam (aftéourier filtering) has the form shown
in Fig. 2(a). Under the action of the bias electric field théain induces a refractive index
change following its intensity profile. It is important toteadhat we have to select the proper
orientation of the lattice pattern with respect to the @lste c-axis, in order to minimize the
distortion of the refractive index modulation due to thesatiopy of the photorefractive crystal
as previously discussed for square lattices [20]. In oue chborizontal bias field, we find that
the optimal orientation corresponds to a zero intensity tithe Bessel pattern perpendicular to
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the electric field, as shown in Fig. 2(a). Still the anisoyropthe nonlinear response cannot be
completely eliminated, and it affects the propagation efgilobe beam. This effect is different
for the Bessel lattice of different orders. In our experitsemve have tested the azimuthally
modulated Bessel lattices of the orders- 1,2,3, and 4. For the low-order lattices, the two
(n=1) or four (h = 2) sites in the inner ring dominate the structure of indu@drhctive index
and represent almost decoupled waveguides for the probm. bea the higher-order Bessel
beams i = 4) the effect of the crystal anisotropy leads to strong gattinerging of the closely
located lattice sites. Therefore, below we present refuitthe representative example of the
third-order modulated Bessel beams={ 3).

When the probe beam propagates in the direction of the genkeBrssel lattice, at low
laser powers (20 nW) the beam experiences discrete diffraatith the output profiles strongly
dependent on the specific location of the initial excitatibnis can be seen in Fig. 2(c) for the
excitation in the origin of the lattice, between two lattiges in (e), and on a single lattice
site in (g). At high beam power (250nW) the beam experiencedimear self-focusing and
becomes localized at the six sites of the first ring of the Bldastice [Figs. 2(d)-(h)].

We note that the nonlinear response of a biased photoreframtystal is anisotropic and
the effect of anisotropy is clearly visible. It results in efarmation of the induced Bessel-
type potential and, correspondingly, in an asymmetry ofbilput beam profile for the case of
symmetric excitation, when the input beam is positioneth@tattice center [Figs. 2(c,d)]. We
see that in the low-power regime [Fig. 2(c)] the beam spréaster in the vertical direction,
indicating that the lattice potential is stronger along liegizontal axis, coinciding with the
direction of the external bias field.

Further, we tested the nonlinearity-induced localizatbthe probe beam when the input is
offset from the lattice center. For the input position bedwéwo upper sites of the main ring
we observed beam localization at the power level of 600 n\Wénform of a double-peak in-
phase structure [Fig. 2(f)]. For the same excitation at l@wgrs (20nW) the beam diffracts
as shown in Fig. 2(e). Based on the generic properties a¢dagblitons [1, 2] and results of
numerical simulations, we expect that the double-pealkstatay be unstable with respect to
symmetry breaking. When the input probe beam is positioned arattice site of the first
ring, the beam diffracts for a low power [20nW - Fig. 2(g)] dondalizes to a single lattice site
at a larger power [450nW - Fig. 2(h)]. In all the cases (d), 4hd (h), the light localized on
first lattice ring was in-phase as interferometrically églstwhile the residual light in the lattice
centre appears weakly phase shifted as shown in the insig.df.F his phase shift is attributed
to fact that this residual light is propagating in a low retige index region of the lattice.

4. Numerical resultsfor the anisotropic model

In order to confirm the existence of localized states cooedimg to the experimental ob-
servations, we solve numerically the extended model adsayfor anisotropic and nonlocal
nonlinear response of the photorefractive material [18]sTodel describes the propagation
of the electric field envelope,

i0,E + 02E + yoy¢E = 0, 2)

coupled to the electrostatic potent@abf the optically-induced space-charge field that satisfies
the relation [19]:

0%¢ +0¢0In(141) = dkIn(1+1). ()
Here[d? = 02 + df and physical variables, §, andZ'correspond to their dimensionless coun-
terparts agX,y) = (wx,wy) and Z= 2kw?z, herew is the transverse scale factor [Eq. (1)]

and k = 2rmp/A is the carrier wave vector with the linear refractive indgx Parameter
y= WzKZn%refféa is defined through the effective electro-optic coefficiest and externally
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Fig. 3. Results of numerical simulations with the anisotropic nonlocal mgeds! (3)-(5):
(@) Intensity of the azimuthally modulated Bessel beam and (b) comesmmpinduced
refractive index profile~ dy¢; parameters ar@ = 2.5 andy = 2. (c,d) Examples of the
ring-like and single-site solitons corresponding to the experimental datensh Figs. 2(d)
and (h), respectively. The soliton wih= 0.13 and the peak intensity mg|2 = 0.05 in
(c) is close to the bifurcation point from the corresponding linear guidaeeywhile the
soliton in (d) with3 = 0.3 and ma)kE|2 =0.97 is essentially in the nonlinear regime.

applied bias DC fiel&’. The total intensity is given by the sum
| = |E|?+A2J5(r) cog(3¢) 4)

wherer? = x? +y?, ¢ =tanly/x, andl is measured in units of the background illumination
intensity, necessary for the formation of spatial solitonsuch a medium. We solve Egs. (3),
(4) and find that the modulated Bessel beam induces the tiggatdex modulation which has
a symmetry lower than the symmetry of the intensity pattefnHig. 3(a) and (b)]. Stationary
solutions of the system (2), (3) are sought in the standamd #(x,y,z) = U (x,y) exp(if2),
where the real envelop¢ satisfies the equation

—BU + 02U + yd¢pU = 0. (5)

To find localized solutions to the system Eqgs. (3), (5) we ypipé relaxation technique [19]
with initial profile in the form of a Gaussian ansatz. When theu&sian profile is positioned

in the origin of the induced potential, we find numerical $iols for ring-shaped solitons
[Fig. 3(c)], which closely resemble the localized statesesteed in the experiment [Fig. 2(d)].
However, if the propagation constafitexceeds some threshold, which corresponds to the
threshold for soliton power and peak intensity, our relaxaprocedure converges to the on-site
single soliton, shown in Fig. 3(d). We conclude that two fiési of solutions may be linked
through a bifurcation, which may correspond to the onseywifrsetry-breaking instability for
the effectively two-lobe “in-phase” soliton shown in FidcR

5. Conclusions

We have generated modulated Bessel-type optical latticasphotorefractive crystal by em-
ploying a phase-imprinting technique. We have studied thainear light propagation and
self-action in such segmented Bessel lattices and obsbkgiedbcalization in the form of ring-
shaped and single-site self-trapped localized statesrdddts are in a good agreement with
numerical simulations of the nonlinear model accountingafmonlocal anisotropic response
of photorefractive nonlinear crystals.

Acknowledgments

This work has been supported by the Australian Researchdllolihe authors thank Zhigang
Chen for discussions and a copy of the paper [8] made avaitahls prior its publication.

#10394 - $15.00 USD Received 23 January 2006; revised 17 March 2006; accepted 18 March 2006
(C) 2006 OSA 3 April 2006/ Vol. 14, No. 7/ OPTICS EXPRESS 2830



