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We experimentally demonstrate all-optical vortex switching in nonlinear coupled waveguide
arrays optically induced in photorefractive media. Our technique is based on multiplexing of
nondiffracting Bessel beams to induce various types of waveguide configurations. Using double- and
quadruple-well potentials, we demonstrate precise control over the coupling strength between
waveguides, the linear and nonlinear dynamics and symmetry-breaking bifurcations of guided light,
and a power-controlled optical vortex switch. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4886414]

Low dimensional photonic structures, such as wave-
guide couplers, form basic building blocks for integrated op-
tical devices and their nonlinear counterparts support the all-
optical switching and routing controlled by the signal
power.! Periodic arrays of coupled waveguides represent
two-dimensional photonic crystals* and many recent funda-
mental results were achieved in these so-called photonic lat-
tices.™ Existing fabrication techniques include etching of
ridge waveguides™® and direct femtosecond laser writing,” "'
also  supporting  three-dimensional  architectures.'*"?
However, such waveguides are written permanently and very
high peak powers up to 1000kW are required to observe
nonlinear effects such as discrete soliton formation.®%*

The optical modulation of the refractive index in photo-
refractive materials is an alternative approach without the
above restrictions. It allows for comprehensive reconfigur-
ability, soliton formation with low power cw laser beams,
and additional electrical tunability."*'> Optically induced
periodic lattices have provided a fruitful setting for exploring
nonlinear phenomena in one'®'” and two spatial dimen-
sions,'® 2" including optical pattern formation*'~>* and vari-
ous analogies to quantum®! and condensed matter
phenomena such as Bloch oscillations*® and Anderson local-
ization.”® The noise-free processing of optical signals
encoded in the quantized topological charges of optical vorti-
ces?”*® is of particular interest and has found numerous
applications in nonlinear optics,” optical micromanipula-
tion,30 free-space data transfer,31 and quantum informatics.>?
Thereby, photonic lattices well support discrete vortex*>=*
and multivortex solitons,35’36 as well as power-controlled
switching of vorticity.*” ¢

On the other hand, studies of phenomena associated
with localized waveguiding structures so far have been lim-
ited to lattice defects*'** or surfaces,43 because optical
induction requires nondiffracting beams, whereas spatially
localized writing beams inherently diffract during propaga-
tion in homogeneous media. We solve this problem by
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taking advantage of a recently demonstrated experimental
method that allows for optical induction of arbitrary two-
dimensional waveguide arrays.** This approach is based on
nondiffracting Bessel beams, which are well-suited beams to
cope with this unavoidable fundamental diffraction effect.
The zero-order Bessel beam, for example, exhibits a trans-
verse intensity distribution with a well confined region of
high intensity which propagates in longitudinal direction
without changing its shape. Therefore, the Bessel beam is
suitable to induce single isolated waveguides,* but interfer-
ence limits the types of multi-waveguide systems accessible
via a coherent superposition. For example, higher order
Bessel beams can induce ring arrays of waveguides,*® but
they do not allow for individual control of coupling constants
or waveguide depths. A way around this restriction is to use
an incoherent superposition of multiple Bessel beams, e.g.,
using optical multiplexing techniques.***"** The basic idea
is to subsequently illuminate the photorefractive material
with the individual Bessel beams at different transverse posi-
tions for a short time compared to the dielectric response
time of the material. Repeating this sequence multiple times
leads to a steady-state induced refractive index modulation
which replicates the predetermined pattern of all wave-
guides. With this innovative approach, a much wider variety
of potential landscapes becomes accessible to optical induc-
tion, with practically arbitrary number, positions, widths,
and depths of induced waveguides.

In this Letter, we experimentally demonstrate how the
multiplexing of nondiffracting Bessel beams can be har-
nessed to optically induce reconfigurable clusters of coupled
waveguides to study propagation dynamics in low-
dimensional nonlinear systems. Starting with the two-
waveguide directional coupler, replicating a fundamental
double-well potential, we first demonstrate selective control
over all system parameters, e.g., coupling strengths and well
depths, and nonlinear effects such as symmetry-breaking
bifurcations.**® We show that this approach readily gener-
alizes to different genuinely two-dimensional structures,
such as circular waveguide arrays,*® which support a much
richer variety of states and nonlinear dynamics.’'™> In this

© 2014 AIP Publishing LLC
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framework, we investigate the propagation dynamics of dis-
crete vortices, including power-controlled switching of their
vorticity, i.e., the sign of topological charge. We emphasize
that our observations can be explained by relatively simple
coupled mode theory and substantiate our experimental
results by numerical simulations in the anisotropic photore-
fractive model.>*

Experimentally, we use the setup sketched in Fig. 1.
Light from a frequency-doubled Nd:YVO, laser at a wave-
length 2 =532 nm is divided into two beams, each illuminat-
ing a high-resolution programmable phase-only LCoS spatial
light modulator (SLM). Encoding a pre-calculated phase
map onto the modulator allows us to simultaneously shape
the intensity and phase distribution in order to produce the
desired complex light field. The first modulator (SLM1)
thereby generates a nondiffracting induction beam, while the
second (SLM2) structures the probe beam. The power of
each inducing Bessel beam is set to Ppgegel ~ 1.3 pW. In all
experiments, we use a 20 mm long photorefractive strontium
barium niobate (SBN) crystal which is externally biased with
a dc electric field E., =2kV/cm applied along the optical c-
axis to generate focusing nonlinearity. To erase an inscribed
refractive index modulation, we can illuminate the crystal
with white light for few minutes. Thus, this setup provides a
highly flexible platform to reversibly realize various nonlin-
ear refractive index landscapes. We record the intensity and
phase distributions at the front and back face of the crystal
with a CCD camera mounted on a translation stage. For
phase measurements, we interfere the probe with an addi-
tional reference beam.
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FIG. 1. Top panel: experimental setup. BS: beam splitter, FF: Fourier filter,
L: lens, SLM: spatial light modulator. Bottom panels: Incremental multi-
plexing of multi-well structures with Bessel beams. (a)—(d) Horizontal two-
well structure: (a) and (b) experimentally measured intensity of induction
beams, (c) effective induction beam intensity as digital superposition of
these beams, and (d) the simulated refractive index profile for this configura-
tion. (e)—(h) Four-well structure: (e) and (f) total effective intensity of the
induction beam at the front and back crystal faces, and (g) and (h) simulated
intensity and refractive index.
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First, to demonstrate our technique, we consider the sim-
plest nonlinear two-waveguide configuration,’ generated by
incrementally multiplexing two zero-order nondiffracting
Bessel beams. In Figs. 1(a)-1(c), the experimentally
recorded intensities for each Bessel beam and the intensity
of the incoherent superposition are displayed. The numeri-
cally calculated refractive index modulation based on the
anisotropic photorefractive model for the corresponding
experimental parameters is shown in Fig. 1(d) (see supple-
mental material for details). There are two principal orienta-
tions of the structure: parallel or perpendicular to the c-axis,
which produce different refractive index profiles due to the
anisotropic material 1response.54 We use the former one
which generates a configuration of two well-defined wave-
guides. Their depths can be controlled independently through
the Bessel beam intensities or the relative exposure times.

To first approximation, each potential well hosts a single
bound mode  with an exponentially decaying tail,
W (r) ~ exp(—+/Br), where f3 is the mode’s propagation con-
stant and r is the distance from the well center. Within the
coupled mode approach, the coupling strength between the
wells scales with their separation d as C(d)  exp(—d/d).
Thus, the coupling strength critically depends on the wave-
guide separation, which we can control by changing the dis-
tance between the two Bessel beams. The evanescent
coupling between the wells results in mode hybridization
into symmetric and antisymmetric linear combinations .
with propagation constants . = f£C. An excitation of a
single well always excites superposition of both modes .,
resulting in oscillations of mode intensities in each wave-
guide /; and /5. In the linear regime at low probe beam
power, this oscillation evolves as ;(z) < cos’*(Cz) and
I»(z) o sin?(Cz). Since, in our experiments, the total propa-
gation distance is fixed by the length of the crystal
L =20mm, the coupling strength C controls the relative out-
put intensities.

In Fig. 2, we demonstrate the control over the coupling
constant by observing the splitting of the output power
between the two waveguides at the back face of the crystal.
We select four particular values for d to experimentally pres-
ent the extreme points of the oscillation. For d =36 um in
Fig. 2(a), the coupling is too weak, so no oscillation is
observed. Decreasing the distance d, we increase the cou-
pling constant C and observe equal outputs in Fig. 2(b) with
d =24 pm, full transfer of power from right to left wave-
guide in Fig. 2(c) with d=20pum, and full cycle of the
intensity oscillation at the given crystal length in Fig. 2(d)
with d = 14 um which allows us to estimate C ~ 7/L in this
case.

Repeating the experiment for a whole set of well separa-
tions d, we measure the output intensities in the two wells
I, ; to extract the variation of the coupling strength C(d). The
results are plotted in Fig. 3. They reveal a good agreement
between our experiments and the predictions from the
coupled mode theory. Thus, observing intensity oscillations
allows us to precisely calibrate our setup in order to adjust
the coupling strength.

Increasing the probe beam power, we enter the nonlinear
regime. The coupled mode theory for a nonlinear dimer is an
integrable model,' forming a simple setting for exploring
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FIG. 2. Oscillations of normalized output intensities in a linear two-well
photonic potential for different well separations ((a)—(d)). (Left) Digital
superpositions of the individually measured intensity distributions of the
Bessel beams at the front face, (middle) probe beam intensity at the front
face, and (right) probe beam at the back face.

interplay between linear oscillations and nonlinear self-
trapping. The nonlinear modes of the dimer are shown in
Fig. 3(b). A symmetry-breaking pitchfork bifurcation occurs
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FIG. 3. Coupled mode theory and symmetry breaking bifurcation.
(a) Measurements of the normalized intensities /; and I, as a function of
well separation d, the shaded areas correspond to the measurements shown
in Fig. 2. The solid lines represent the predictions from coupled mode
theory. (b) Modes of the nonlinear dimer and their linear stability: solid lines
indicate stable modes and dashed line shows the unstable mode.
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at a critical power P, = 2.>° Above this power, the symmetric
excitation of both waveguides becomes unstable, resulting in
a localization of the output in one single waveguide (asym-
metric mode). In this case, the output intensity is highly sen-
sitive to small perturbations. The nonlinear antisymmetric
mode, in contrast, remains stable against perturbations, with
both wells remaining strongly excited at the output.

In Fig. 4, the experimental results for the symmetry-
breaking bifurcation are shown for a waveguide distance of
d =720 pm, confirming that we are in the nonlinear regime,
P> P.. If any small asymmetry is introduced to the wave-
guides, for example, by changing the relative power of the
two Bessel beams, or simply due to experimental noise, the
intensity of the symmetric mode is easily directed to the
stronger waveguide at the output, see Fig. 4(d2). The inten-
sity profile is slightly shifted towards the center. This could
be explained by the relatively low probe beam intensity in
the vicinity of the bifurcation point where the nonlinearity is
not sufficiently strong to completely trap all intensity in one
well. We conclude that the coupled mode approximation
remains valid also when the probe beam is strong enough to
observe nonlinear effects.

The optical induction technique is not limited to such
simple systems like the directional coupler introduced above
and readily generalizes to larger arrays of coupled wave-
guides. With more than two waveguides, the coupled mode
equations are no longer integrable, allowing for a much
richer variety of nonlinear dynamics, including chaos.”
Ring-like configurations of waveguides are particularly inter-
esting because they support modes with energy circulation,
e.g., discrete vortices,”’34 which have no one-dimensional
counterparts.*” We here specifically aim for the implementa-
tion of a stable switching, but extensions towards complex
nonlinear dynamics are possible since our system provides a
lot of flexibility with controlling the photonic structure and
shaping the probe beam to exciting different types of
oscillations.

To explore the dynamics of a discrete optical vortex, we
employ a basic configuration of four waveguides shown in
Figs. 1(e)-1(h). For simplicity, we consider four identical
Bessel beams for the optical induction. Due to the aniso-
tropic response of the photorefractive SBN, this does not
produce four identical waveguides. Instead, there already is a
detuning J; between the depths of the horizontally and
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FIG. 4. Nonlinear symmetry breaking in two-well potential. (Top row)
Probe beam at the front face, (bottom row) output at the back face. (a) and
(b) Linear (anti)symmetric modes, (c) and (d) nonlinear (anti)symmetric
modes.
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vertically aligned waveguide pairs. However, the symmetry
of the induction beam ensures that opposite waveguides are
identical. This system hosts a pair of double-well antisym-
metric eigenmodes, {|H),|V)}, aligned either horizontally
(H) or vertically (V) and consisting of a m-out-of-phase exci-
tations of opposite waveguides in each pair. These modes
persist even when nonlinearity is included and they are split
by a detuning ¢ = . + dnr, which incorporates linear split-
ting of the waveguide depths d; and nonlinear shift of their
propagation constants dnp, proportional to the strength of the
mode excitation.

A discrete vortex is an excitation with the intensity
localized at the positions of the waveguides and a phase
winding around the origin.*® For a discrete vortex in a four-
well system, the phase reads as ¢, = m2nn/4, where m is
the topological charge and n=1, ..., 4 specifies the wave-
guide. The trivial case with m =0 shows no phase circula-
tion, while m= =1 corresponds to vortices with (anti-)
clockwise circulation of energy. In this case, opposite vortex
lobes are m out of phase and thus the discrete vortex can
be written as superposition of the two antisymmetric eigenm-
odes, |[H)xin|V), where 7 is a relative strength of excitation.
For the case of zero detuning, é = 0, the two eigenmodes |H)
and |V) are degenerate, following that vortices as their super-
positions also are eigenmodes of the system. In contrast, if
0 # 0, the modes |H) and |V) accumulate a phase difference
during propagation, which turns the vortex first into a multi-
pole state and then into an oppositely charged vortex. This
periodic oscillation of the topological charge of discrete vor-
tices was originally predicted theoretically for discrete vorti-
ces in square periodic lattices.>” Corresponding experiments
revealed complex dynamics with multiple phase dislocations
and charge-dependent deformations of the intensity of self-
trapped states.”®%

Here, we demonstrate that charge flipping of discrete
optical vortices can also be observed in finite systems of few
coupled waveguides. In contrast to spatially extended latti-
ces, our system does not show discrete diffraction and thus
the discrete vortex does not suffer spreading into the lattice
at low power levels. The probe beam completely stays local-
ized only due to the presence of the coupled waveguide
structure. Therefore, we can implement a power-controlled
vortex switch where the output state purely depends on the
probe beam power. We have tuned the well depths of our
system, shown in Figs. 1(e)-1(h), such that the linear split-
ting is 0L L. &~ 7. Hence, a linear, left-handed vortex input has
its topological charge inverted after propagating through the
crystal, as experimentally shown in Figs. 5(a) and 5(b).

Entering the nonlinear regime, the relative strength 7
now determines the nonlinear detuning dyp, which can be
adjusted to compensate the linear detuning. When 7 # 1, the
two eigenmodes will experience different nonlinear shifts to
their propagation constants. By making the shallower pair of
wells host the brighter lobes of the probe beam, increasing
the probe beam power will decrease the effective detuning o.
By increasing the probe beam power, we can continuously
tune the output phase profile, while simultaneously preserv-
ing the intensity pattern, as shown in Fig. 5 and more
detailed here.®> At a critical vortex beam power of
Pyorex &= 102nW, the nonlinear phase shift Jdy; exactly

Appl. Phys. Lett. 104, 261111 (2014)
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FIG. 5. Nonlinear vortex switch in four coupled waveguides. (a) Intensity
and phase profile of the input beam at the front face. Intensity and phase at
the back face for (b) linear propagation, (c) for an intermediate power level,
(d) for the certain power level at which the input vortex is exactly preserved.

balances the effect of the well detuning, such that 6 =0 and
the input vortex is completely preserved (Fig. 5(d)) and the
nonlinear eigenmodes {|H), |V)} are stable up to small mod-
ulation due to experimental noise. Therefore, just by chang-
ing the input power, we can control the charge of the vortex
at the output, or even select an intermediate vortex-
antivortex pair. This demonstrates an all-optical switch of
the vortex topological charge.*’

In summary, we have demonstrated the experimental
realization of an all-optical vortex switch which allows us to
control the vorticity by simply changing the beam power.
The two-dimensional array of coupled nonlinear waveguides
was optically induced with an innovative approach based on
multiplexing of Bessel beams. Both one- and two-
dimensional geometries with individually positioned and
controlled waveguides are now accessible to optical induc-
tion. Moreover, we have demonstrated precise control over
the coupling strength between the waveguides and nonlinear
symmetry-breaking bifurcations, which, as we showed, is
well described by the coupled mode theory. The presented
approach may be further generalized to other types of
propagation-invariant or self-similar beams, such as self-
accelerating Bessel-like beams,® thus providing a versatile
tool to explore nonlinear dynamics in low-dimensional
systems.

This work was supported by the German-Australian
DAAD-Go8 travel grant and the Australian Research
Council.
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