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Control of Airy-beam self-acceleration by photonic lattices
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We demonstrate control over the acceleration of two-dimensional Airy beams propagating in optically induced
photonic lattices. Depending on the lattice strength, we observe a slowing-down and suppression of the self-
acceleration of Airy beams, as well as a formation of discrete lattice beams. Moreover, we explore the effects of
different artificial single-side defects on the propagation and acceleration. For positive defects, the localization
of the Airy beam to the defect site is further enhanced, while for negative defects most of the power is repelled

from this site.
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I. INTRODUCTION

Since their discovery in 1979 by Berry and Balazs [1], the
fascinating class of Airy beams has attracted huge interest
in different fields of physics. Originally, Airy beams were
introduced as wave functions, solving the one-dimensional
Schrodinger equation for free particles. Their probability
density remarkably stays nonspreading under time evolution,
while being transversely accelerated to follow a parabolic
trajectory. Due to the formal equivalence between the
Schrodinger equation in quantum mechanics and the paraxial
equation of diffraction in optics, the concepts and solutions
can be transferred to optics, where Airy beams can be directly
observed and explored in experiments.

The first realization of optical one- and two-dimensional
Airy beams [2] initiated an active field of research, leading
to a number of systematic investigations of the generation,
the manipulation, and the general properties of Airy beams in
linear and nonlinear regimes [3—8]. The unique nonspreading
and self-accelerating features of Airy beams moreover led to a
huge variety of applications, including so-called autofocusing
beams [9], optical snowblowers [10], and optical routers [11].
Also the influence of inhomogeneous potentials and the
presence of dielectric interfaces on the propagation of Airy
beams have been studied in the past [8,12—17].

Controlling the propagation behavior of light with light
itself is the key requirement to realize new all-optical guiding
and switching architectures. It is well known that the presence
of discrete photonic lattice structures dramatically changes the
propagation dynamics of light. Thus, one promising approach
towards this goal is to tailor the transverse acceleration of
two-dimensional optical Airy beams using photonic lattices.
Recently, defect guided Airy beams in optically induced one-
dimensional waveguide arrays were observed [18]. Despite
the fact that Airy beams have been subject to many research
activities, the propagation of such accelerated beams inside a
two-dimensional optically induced photonic lattice has only
been studied numerically with an isotropic refractive index
potential assumed [19].
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In this paper, we investigate and analyze the propagation
dynamics of self-accelerating Airy beams in two-dimensional
photonic lattices including defects, both theoretically and
experimentally. The lattices were fabricated by optical in-
duction [20] in photorefractive strontium barium niobate and
the refractive index modulations are numerically calculated
in the anisotropic model [21]. We consider how the discrete
lattice changes the shape of the Airy beam and influences
its self-acceleration. The propagation dynamics and beam
acceleration are controlled by varying the lattice strength. We
find that increasing the refractive index modulation reduces
the Airy beam acceleration and leads to the formation of
discrete lattice beams. Additionally, we realize different defect
lattices by embedding two types of single-site defects into
the regular lattice and investigate the impact onto the Airy
beam. The defects remarkably change the beam dynamics. For
the negative defect the beams experience a strong repulsion,
while in the presence of the positive defect they form strongly
localized waves or defect modes.

II. THEORETICAL BACKGROUND AND
EXPERIMENTAL SETUP

To study the propagation characteristics of Airy beams in
an optical system with induced photonic lattices, we consider
the scaled paraxial equation of diffraction for the electric field
W
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Here, x = x/wo and v = y/wq are the dimensionless
transverse coordinates scaled by the characteristic length wy.
L=z /kw% represents the dimensionless propagation distance
with k = 27n/A. The photonic lattice enters this equation
in terms of an intensity-dependent refractive index modu-
lation An?(linaw), Which is described by the full anisotropic
model [21] and precisely models the optical induction process
in an externally biased photorefractive crystal. Moreover,
Eq. (1) is also suitable to cover nonlinear light propagation
when the inducing intensity becomes a function of the field
U itself. In this contribution, however, we restrict ourselves to
linear effects.
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For the case of linear light propagation in homogenous
media, where An? = 0, the wave equation (1) can always
be separated into two parts, each depending only on one
transverse coordinate, x or v, respectively. Consequently, also
the solution W separates and can be written as product in the
following form: W(x,v,¢) = ¥ (x,¢)¥(v,¢), where ¢ is the
longitudinal coordinate. As first shown in Ref. [1], each part
of the wave equation can be solved by a nondispersive one-
dimensional Airy function Ai(X). Thus, the overall solution
of Eq. (1) in two dimensions reads as

V(xv,8) =9y x.OPWm,0) 2)
with
Y(X,0) = AilX — (¢/2)]expli(X£/2) —i(C*/12)]  (3)
and X = {x,v}.

The solution W(x,v,¢) describes a nonspreading, two-
dimensional optical Airy beam which is transversely accel-
erated while propagating along the longitudinal coordinate
¢. At first glance, the acceleration of the wave packets in
homogeneous media without any index gradient seems to
contradict the Ehrenfest theorem, which states that the center
of mass of a wave function moves with constant speed if there
is no force acting. Since W is not square integrable, the center
of mass cannot be defined. This also implies that the wave
function contains infinite energy and extends over the whole
space, both being nonphysical [6,22].

We instead have to consider a truncated solution with finite
extent and energy, written as ¥ (X,0) = Ai[X]explaxX],
with the positive decay length ay, typically ay < 1. It has
been shown that this truncated solution still solves the wave
equation (1) and that the distinguished properties of two-
dimensional Airy beams are mostly preserved [23]. Although
the truncated intensity pattern is now nonspreading only over a
limited propagation distance, this easily covers the longitudinal
range which is necessary to observe sufficient transverse
displacement of the Airy beam.

The characteristics of a two-dimensional optical Airy
beam propagating inside a homogeneous medium are shown
experimentally in Fig. 1. The transverse intensity distributions
of the Airy beam at the front and the back faces of the
photorefractive crystal are shown in Figs. 1(b) and 1(c),
respectively. In addition, the intensity profile is recorded for a
huge set of transverse planes along the crystal to demonstrate
the accelerated transverse shift of the Airy beam during
propagation. A cross section through this three-dimensional
intensity volume along one vertical axis is shown in Fig. 1(a).
This picture reveals that the experimentally realized Airy beam
follows the expected accelerated trajectory and it proves that
the unavoidable truncation with a, , # 0 in the experiment
only negligibly affects the beam propagation compared to the
ideal case of infinite beams.

A. Optically induced photonic lattices

To experimentally realize the photonic lattices for control-
ling the acceleration of the Airy beam we use the technique
of optical induction [20], which in the past has proved its
flexibility to create various types of two- and three-dimensional
photonic lattices [24-26]. Moreover, this approach provides a
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versatile platform to study different fundamental linear and
nonlinear propagation effects, such as Anderson localiza-
tion [27] or discrete lattice and vortex solitons [28,29].

The optical induction method relies on the property
of photorefractive materials, e.g., strontium barium niobate
(SBN), to locally change their refractive index according to the
intensity distribution the crystal is illuminated with [30]. For
this reason the resulting refractive index structure is directly
linked to the intensity of the induction beam. In all experiments
presented in this contribution we require two-dimensional
photonic lattices, implying that the induction beam may be
conveniently realized by choosing from the wide class of
nondiffracting beams [31,32].

For the realization of photonic lattices with the optical in-
duction technique, we use nondiffracting beams characterized
by optical fields whose intensity distributions are modulated
in the transverse plane and stay unchanged in the longitudinal
dimension. Such beams share the property that in Fourier space
all contributing field components lie on an infinitely small ring
with radius k, defining the structure size of the transverse
pattern in real space. In particular, we consider a photonic
square lattice which would be constituted from superimposing
four tilted plane waves. The electric field E,gp then reads as

4
Enap(x,y,2) = ) EpeltCeomtysinmeiic (4

n=1

with ¢, =7 (2n 4+ 1)/4 and k= kt2 + kzz. To minimize
the anisotropic response of the photorefractive effect, the
induction beam is rotated by 45°.

Figure 1(d) shows the recorded intensity distribution of
the experimentally realized nondiffracting beam which is used
to optically induce the two-dimensional square lattice. The
lattice period A = m/k; &~ 25um is chosen to exactly match
the distance between the main and the next neighboring lobes
of the Airy beam. To realize different lattice strengths An, we
utilize that the optically induced refractive index modulation
in SBN builds up with time. By illuminating the crystal with
the writing beam intensity for different times we thus are
able to control the depths of the index modulation. To verify
that the appropriate photonic lattice is actually induced, we
illuminate the front face of the crystal with a plane wave after
the writing process was completed. The initially homogeneous
intensity of the plane wave is redistributed by the imprinted
refractive index modulation to be locally increased at regions
of higher refractive index. Thus, by recording the intensity
at the back face of the crystal we can visualize the written
photonic structure [Fig. 1(e)] [24].

B. Experimental setup and numerical methods

All experiments were carried out using the experimental
setup sketched in Fig. 1(f). The beam from a frequency-
doubled, continuous wave Nd: YVO, laser emitting at a
wavelength of A = 532 nm is divided into two separate beams,
each illuminating a high-resolution, programmable phase-only
spatial light modulator (SLM). The first modulator (SLM1),
in combination with the following two lenses and the Fourier
mask, is employed to shape the nondiffracting induction beam.
We address a specially calculated phase pattern to this SLM
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FIG. 1. (Color online) Experimental realization of two-dimensional Airy beams and photonic lattices. (a) Experimentally recorded
profile during propagation, (b) intensity distribution of the Airy beam at the front face, and (c) intensity distribution at the back face.
(d) Intensity pattern of the induction beam; (e) picture of the induced refractive index using wave guiding. (f) Experimental setup: (P)BS,
(polarizing) beam splitter; FM, Fourier mask; L, lens; MO, microscope objective; SBN, strontium barium niobate crystal; and SLM, spatial

light modulator.

which allows us to modulate the phase and the amplitude
of the incident plane wave simultaneously [33]. Thereby, we
obtain the complex field of the desired nondiffracting beam.
Afterward, this modulated beam illuminates the 20-mm-long
photorefractive Sty goBag40NbyOg (SBN:Ce) crystal, which is
externally biased with an electric dc field of Ey &~ 2000V /cm
aligned along the optical ¢ axis. To minimize the feedback
of the written refractive index structure onto the induction
beam itself, the induction beam is set to be ordinarily
polarized with respect to the crystal’s optical ¢ axis. The
high polarization anisotropy in the electro-optic coefficients of
SBN:Ce [34], however, allows us to induce sufficient refractive
index modulations to substantially affect the propagation of the

extraordinarily polarized Airy beam. The Airy beam is realized
in the same manner by directly encoding the complex field
calculated in real space with Eq. (2) onto the second modulator
(SLM2). To accurately overlay the two beams in the crystal,
a beam splitter is placed directly in front of the SBN crystal.
In addition, by illuminating the crystal homogeneously with
white light, we can erase written refractive index modulations.
By means of an imaging lens and a camera mounted on a
translation stage we can record the intensity distribution in
different transverse planes.

We support our experiments with comprehensive numerical
simulations by solving the paraxial wave equation (1), which
models the light propagation in media with inhomogeneous
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FIG. 2. (Color online) Airy beam propagation in a regular diamond lattice. (a), (f) Input Airy beams at the front crystal face in experiment
and numerics [the layout of the lattice beam is indicated by open circles in panel (a)]. (b)—(e) Experimental recorded intensity distributions at
the back face for different refractive index change An; (g)—(j) corresponding numerical results. (k) The shaded area represents the mask for
the calculation of power ratio. (1) Dependance of the percentage of the Airy beam power in the incident waveguide on refractive index change

An and propagation length z.

refractive index modulations. The resulting optically induced
index modulation in the photorefractive material is represented
by An?(Iinay), which can be calculated in the full anisotropic
model [21] with a relaxation method. Since only linear effects
are considered, the inducing intensity [jg, is solely given
by the intensity of the nondiffracting beam, lipg, = |EndB|2
[cf. Eq. (4)]. Even though the paraxial wave equation stays in
the linear regime, it is not solvable analytically and we need
to rely on proven beam propagation methods. The propagation
equation (1) is solved numerically, using a split-step Fourier
method described earlier in Ref. [35,36].

III. TWO-DIMENSIONAL AIRY BEAMS
IN PHOTONIC LATTICES

In this section, we investigate the influence of an optically
induced photonic lattice onto the self-acceleration of two-
dimensional optical Airy beams. We set our focus on the
competition between the self-bending propagation of Airy
beams and the waveguiding and discrete diffraction effects
of the photonic lattice. Therefore, we successively increase
the strength of the induced refractive index modulation and
observe the effect on the beam acceleration. While increasing
the lattice strength, the Airy beam more efficiently excites
different linear Bloch modes of the lattice which hinders the
acceleration during propagation of the undisturbed Airy beam.
This results in an effectively slowed down acceleration, which
for a certain value was effectively stopped completely.

Figure 2 summarizes our results with respect to the propa-
gation of the Airy beam inside a regular photonic lattice. The
top row [Figs. 2(a)-2(e)] contains our experimental results,
while the corresponding numerical simulations are shown in
the second row [Figs. 2(f)-2(j)]. The first two columns recap
the typical transverse displacement of the Airy beam that
propagated between the front face [Figs. 2(a) and 2(f)] and
the back face [Figs. 2(b) and 2(g)] of the homogenous crystal.
Now, the Airy beam is launched into the induced photonic
lattice with the main lobe exactly located at one lattice site.
As the refractive index modulation strength growths, the
interaction of the Airy beam with the lattice sites becomes
stronger and consequently the bending of the Airy beam is
decreased. Our experimental results [Figs. 2(c)-2(e)], as well
as our numerics [Figs. 2(h)-2(j)] clearly show the frustration
of the self-acceleration of the Airy beam. Depending on the
different lattice strengths, various kinds of discrete structures
arise until the lattice finally suppresses the acceleration of the
Airy beam completely. Most of the energy then stays in the
lattice site, where the main lobe of the Airy beam was initially
launched.

To get a more detailed insight into the propagation dynam-
ics, we monitor the ratio between the power guided in the
central waveguide and the total power of the Airy beam as a
function of the lattice strength and the propagation distance. In
Fig. 2(1) the numerical results for this power ratio are shown.
With this reduced representation we are able to illustrate the
key signature of the complex evolution of the Airy beam during
the propagation for the different lattice strengths. It illustrates,
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spatially resolved, how much energy is guided in the central
lattice site and thus how strong the Airy beam acceleration is
frustrated by the lattice. The shaded area in Fig. 2(k) represents
the mask to calculate the power in the central waveguide. This
graph clearly demonstrates the impact of optically induced
photonic lattice on the formation of discrete structures, as well
as suppression of the acceleration and bending of the Airy
beam. For certain values of An one can see oscillations of the
beam power in the central waveguide along the propagation
distance. This is due to the self-bending property of Airy beams
and the influence of the central waveguide not only on the main
lobe but also on other lobes that overlap with this particular
waveguide along the propagation. As a result, the part of
their power is monitored in the central waveguide for some
propagation distances. For higher refractive index modulations
An, one can observe the localization of most of the beam power
to central waveguide as the beam leaves the crystal. Again,
to experimentally control the index modulation depth we take
advantage of the time-dependent buildup of the induced lattice,
which grows monotonously with the writing time.

In contrast to a corresponding situation of one-dimensional
Airy beams propagating in a waveguide array [18], here the
localization of the two-dimensional Airy beams at the output
strongly depends on the strength of the photonic lattice,
which also can be seen at the right edge of Fig. 2(1). This
different behavior can be explained by the fact that in two
dimensions each lattice site has four next neighbors (in the
one-dimensional case only two). Thus, here the interaction of
the Airy beam which is launched with its main lobe exactly
placed at one lattice site is more pronounced.

This dependency of the beam localization on the lattice
strength, for example, can be harnessed to realize a fast switch
or router for Airy beams based on their polarization. The
optical induction in SBN leads to an internal space charge field
that modulates the refractive index via the linear electrooptic
effect. Because of the strong polarization anisotropy of the
electrooptic coefficients, rj3 < r33 [34], the lattice strength
experienced by the Airy beam strongly depends on the
polarization. Consequently, the shape as well as center of mass
of the intensity distribution that leaves the photonic lattice
can be controlled solely by changing the polarization of the
incoming Airy beam.

We also study the transition of the Airy beam that leaves
the SBN crystal with the inscribed photonic lattice to a linear
medium (e.g., air) and its further propagation. It has been
shown recently that only an Airy beam initially driven by a
particular self-defocusing nonlinearity experiences anomalous
diffraction and can maintain its shape over a long distance after
exiting the nonlinear medium [37]. In our crystal with optically
induced photonic lattice we could not observe that the exiting
field pattern propagates robustly with the properties character-
istic for Airy beams over a long distance after the crystal.

IV. AIRY BEAM PROPAGATION IN PHOTONIC LATTICE
WITH DIFFERENT DEFECTS

Besides the influence of regular photonic lattices on
the behavior of two-dimensional Airy beams, we investigate
the propagation effects caused by defects embedded in
these lattices. In particular, we consider two-dimensional
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single-site defect lattices with positive or negative variable
defect strengths.

To realize the different defect lattices, we use a well-
localized zero-order nondiffracting Bessel beam to locally
increase or decrease the refractive index modulation at one
selected lattice site. It is important that the resulting defect
lattice remains two-dimensional. Therefore, the lattice is
induced by an effective intensity distribution resulting from
an incoherent superposition of the discrete and the Bessel
nondiffracting beam. This incoherent superposition is essential
to get rid of the phase relation between both beams, which
otherwise would lead to additional undesired intensity mod-
ulations due to interference. To avoid the coherent effects,
we illuminate the crystal one after the other with the discrete
and the Bessel beam, respectively. Thereby, we utilize the
high dielectric response time of the SBN crystal for the used
intensities that allows for switching frequencies in the order
of seconds. As shown in the past, this multiplexing method
is capable of fabricating a whole set of two-dimensional
aperiodic structures, superlattices, and defect lattices [38—40].
In order to realize negative defects, the index modulation at one
selected lattice site is decreased by switching to defocusing
nonlinearity while the crystal is illuminated with the Bessel
beam. This is achieved by applying the static electric field
antiparallel to the optical ¢ axis [40].

Figure 3 illustrates the basic scheme of the defect realization
using multiplexed nondiffracting beams. The regular lattice is
induced with the intensity distribution shown in Fig. 3(a).
Simultaneously, the Bessel beam intensity shown in Fig. 3(b)
increases or decreases the induced refractive index at one
lattice site, depending on the direction of the applied electrical
field. The resulting effective intensity distributions for the
positive and negative defect lattices are shown in Figs. 3(c)
and 3(d), respectively. Figures 3(e) and 3(f) show the numer-
ically calculated refractive index modulations that result for
both types of defect lattices.

Once the defect lattices are realized, we finally study how
the different defects influence the Airy beam propagation
and acceleration. We keep all parameters from the previous

numerics

oo
=
[}
£

=
@
o
b3
[}

FIG. 3. (Color online) Defect generation in optically induced
photonic lattice. (a) Experimental realization of the diamond lattice,
(b) the Bessel beam, (c) the positive defect lattice, and (d) the negative
defect lattice. Numerical realization of (e) positive and (f) negative
lattice defects.
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FIG. 4. (Color online) Airy beam propagation in different positive defect lattices. (a) Numerical results for the dependance of the Airy
beam power propagating in defect site on refractive index change An and propagation length z. (b) Experimentally observed percentage of
the Airy beam power propagating in the defect site as a function of the refractive index change An and defect strength Sq4. (¢), (d) Exemplary
numerical results of Airy beam intensity distribution at the back crystal face. (e), (f) Experimentally recorded output intensity distributions.
The letters in panels (a) and (b) indicate the corresponding intensity pictures.

experiments, but change the sign of the defect to both positive
and negative. The Airy beam is positioned with its main lobe
exactly located at the defect site. For the different defects,
we record the intensity profiles of the propagated Airy beam
at the back face of the crystal and monitor the percentage
of the power guided in the central waveguide, as described
previously.

power ratio (numerics)

In Figs. 4 and 5 we show our results for the positive and
negative defects, respectively. The numerical results for the
power ration as a function of the propagation distance ¢ and
the refractive index modulation An are presented as panels
(a) in both figures. We picked two particular cases with An =
0.75 x 10~* [panel (c)] and An = 2.25 x 10~* [panel (d)] for
representation and show the intensity profile at the back face

defect strength

power ratio (experiment)

FIG. 5. (Color online) Airy beam propagation in different negative defect lattices. (a) Numerical results for the dependance of the Airy
beam power propagating in defect site on refractive index change An and propagation length z. (b) Experimentally observed percentage of
the Airy beam power propagating in the defect site as a function of the refractive index change An and defect strength S. (¢), (d) Exemplary
numerical results of Airy beam intensity distribution at the back crystal face. (e), (f) Experimentally recorded output intensity distributions.
The letters in panels (a) and (b) indicate the corresponding intensity pictures.
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of the crystal. The positions corresponding to these intensity
profiles are indicated with the letters (c) and (d) in the power
ratio plot (a).

Because in experiments it is not possible to record the
intensity pattern inside an inhomogeneous crystal, we are
restricted to the profiles at the back face. In Figs. 4(b) and 5(b)
the experimentally measured power ratio at the back face is
plotted as a function of the refractive index modulation and the
defect strength. Therefore, we have repeated the experiments
for five different defect strengths for both positive and negative
defects and recorded the intensity profile at the back face. The
modulus of the defect strength Sy is given by the ratio of the
peak intensities of the discrete and the Bessel nondiffracting
beam, while the sign is determined by the direction of the
applied electric field. In the experiment, we also select the two
representative lattice strengths An to show the intensity profile
at the output of the crystal [panels (e) and (f)]. Again, their
positions in the experimental power ratio plot (b) are indicated
with the letters (e) and (f).

These results illustrate the strong dependence of the
propagation and acceleration properties of the Airy beam on
the lattice depths, as well as the defect strength. The positive
defect [Fig. 4(a)] strongly enhances the localization of the
Airy beam, while for the negative defect [Fig. 5(a)] the power
guided in the defect site is significantly reduced and finally
completely repelled. A similar behavior was reported earlier
for one-dimensional Airy beams propagating in a waveguide
array with defects [18], and it was predicted that it qualitatively
agrees with the results in two dimensions.

PHYSICAL REVIEW A 90, 033802 (2014)

V. CONCLUSION

In summary, we have demonstrated the control over the
propagation dynamics of two-dimensional Airy beams in
optically induced photonic lattices. We have shown, both the-
oretically and experimentally, that depending on the depths of
the induced lattice, the acceleration and the bending of the Airy
beam are strongly affected. For increasing refractive index
contrast, different discrete patterns arise and for a certain value
the acceleration of the beam is effectively stopped. Moreover,
we demonstrated the influence of various single-side defects
on the propagation dynamics of the Airy beam. The defect
strength as well as the lattice depth dramatically change the
initial Airy beam shape and its self-bending. For positive
defects, the localization is remarkably increased, while for
negative defects, the situation is changed to transport nearly
no power along the defect site. All presented experimental
results fully agree with the supporting numerical simulations.
Our results can readily be generalized to other kinds of
optically induced lattices and defect types, including more
complex or even three-dimensional lattices. Also other classes
of self-accelerated optical beams can be controlled using the
presented ideas and methods.
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