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Abstract: We introduce numerical modeling of two different methods for the deterministic
randomization of two-dimensional aperiodic photonic lattices based on Mathieu beams, optically
induced in a photorefractive media. For both methods we compare light transport and localization
in such lattices along the propagation, for various disorder strengths. A disorder-enhanced light
transport is observed for all disorder strengths. With increasing disorder strength light transport
becomes diffusive-like and with further increase of disorder strength the Anderson localization is
observed. This trend is more noticeable for longer propagation distances. The influence of input
lattice intensity on the localization effects is studied. The difference in light transport between
two randomization methods is attributed to various levels of input lattice intensity. We observe
more pronounced localization for one of the methods. Localization lengths differ along different
directions, due to the crystal and lattice anisotropy. We analyze localization effects comparing
uniform and on-site probe beam excitation positions and different probe beam widths.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The phenomenon of Anderson localization (AL) originally discovered a few decades ago is
one of the basic prominent phenomena in solid-state physics [1,2]. Originally introduced to
explain the localization of electronic wave functions in disordered crystals, it has found growing
applications in a variety of classical and quantum systems [3-5], including light waves in different
materials [6-8]. AL of light has achieved renewed interest due to the potential for the realization
of localization of optical waves in random media, especially in discrete systems [9], laser-written
waveguide arrays [10—13], and/or optically induced randomized potential [14]. It is in the focus
of investigations, especially in nonlinear optics and photonics, due to the development of new
optical technologies and media, such as disordered photonic crystals and photonic lattices, in
which the presence of AL appreciably changes the propagation of light [15—17]. Owing to the
analogy of paraxial photonic systems to solid-state systems, where the wave function evolution
corresponds to propagation of light and thanks to the fact that longitudinally invariant disorder
can be effectively realized in lattices, experimental activities in AL of light started to attract the
attention of optical community [8].

Up to now, periodic photonic structures have led to light control by photonic band gaps in
space and time, whereas random photonic structures give rise to localization [6,8,18]. Dynamical
control and manipulation of light by deterministic aperiodic or complex photonic structures
[19-21] at the intersection between periodic and random crystal structures, especially the
randomization of aperiodic structures, have not yet been fully understood nor exploited for
applications. Two-dimensional aperiodic photonic lattices were experimentally realized by the
optical induction technique in photorefractive crystal by different combinations of nondiffracting
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Complex optical systems such as deterministic aperiodic
Mathieu lattices are known to hinder light diffraction in a
manner comparable to randomized optical systems. We sys-
tematically incorporate randomness in our complex optical
system, measuring its relative contribution of randomness,
to understand the relationship between randomness and
complexity. We introduce an experimental method for the
realization of disordered aperiodic Mathieu lattices with
numerically controlled disorder degree. Added disorder
always enhances light transport. For lower disorder degrees,
we observe diffusive-like transport, and in the range of high-
est light transport, we detect Anderson localization. With
further increase of disorder degree, light transport is slowly
decreasing and localization length decreases indicating more
pronounced Anderson localization. Numerical investigation
at longer propagation distances indicates that the threshold
of Anderson localization detection is shifted to lower disor-
der degrees. © 2022 Optica Publishing Group

https://doi.org/10.1364/0OL.445779

Localization of light has drawn considerable attention in many
areas of light-matter interaction owing to the evident potential
for the realization in disordered media [ 1-4]. In contrast, Ander-
son localization (AL) is a well-known effect in condensed-matter
physics, which predicts that electrons may become immobile in
a disordered crystal. This concept of waves in disordered media
has been subsequently transferred to many other areas, such as
matter waves, ultracold atoms, and light or sound waves [2].
Realizing that AL is a wave phenomenon relying on interfer-
ence, these concepts were extended to optics and photonics.
The AL of light has been successfully demonstrated in various
customized configurations, when the disorder degree (DD) is
increased [5—10]. In optically induced disordered photonic qua-
sicrystals with weak disorder, it is observed that weak disorder
enhances light transport. When increasing disorder finite-time,
diffusive-like transport appears, while a further increase of disor-
der leads first to coherent backscattering [11] and for the strong
disorder to AL. Thereby, the spatial extent of the probe beam
decreases and its central part of the log-plot intensity profile
displays an exponential decay [9,12,13].

0146-9592/22/030702-04 Journal © 2022 Optica Publishing Group

In nature, perfect periodicity, in contrast to disorder or
aperiodicity, is not very often encountered. Deviation from peri-
odicity results in higher complexity. In optics, the properties of
various photonic quasicrystals and aperiodic systems have been
studied [13—-18]. Considering localization characteristics, such
structures lie between periodic and random structures. Numer-
ous aperiodic and quasiperiodic photonic structures have been
realized artificially [19-21]. Non-diffracting beams, with propa-
gation invariant transverse intensity distributions, are applicable
in modern photonic research e.g. numerous two-dimensional
aperiodic photonic lattices have been optically induced in
photosensitive media using them [21-23]. Aperiodic lattices
contain non-uniform distances between the lattice sites with
non-homogeneous intensity depth distributions, and hence light
propagation crucially depends on the nature of the local envi-
ronment of the probe beam positions. In contrast that occurring
in periodic systems, light diffraction is hampered owing to the
aperiodicity [12,21,22,24]. Still, light localization in aperiodic
lattices is an unexplored area of research, especially in random-
ized aperiodic lattices. In our previous studies, we introduced
a method for the creation of various two-dimensional aperiodic
photonic structures by the interference of Mathieu beams, exper-
imentally realized in a single optical induction process in parallel
[23]. We showed that such obtained aperiodic Mathieu photonic
lattice (AML) hinders linear light expansion in comparison to
periodic lattice and supports nonlinear light localization[24].

In this Letter, we introduce a numerical method for control-
lable randomization of AMLs to investigate if they support
AL. We construct an experimental system for the realization
of disordered lattices by a single optical induction process in
parallel using a spatial light modulator (SLM) and numerically
precalculated disordered patterns with adjustable DDs. This
numerical method and experimental configuration, in compar-
ison to the previous one [5,12], enable us direct control of the
lattice DD and parallel optical induction of the corresponding
light intensity in the whole volume of the photorefractive
crystal.

Here, we investigate the light propagation in disordered AMLs
numerically and experimentally. We study the conditions for
light localization in such lattices as well as the effects of dis-
order during the propagation. For all DDs, we experimentally
obtain and numerically confirm disorder-enhanced transport in


https://orcid.org/0000-0001-9092-5223
https://doi.org/10.1364/OL.445779
https://crossmark.crossref.org/dialog/?doi=10.1364/OL.445779&amp;domain=pdf&amp;date_stamp=2022-01-31
jadranka
Highlight


™ |

Check for
updates

Research Article Vol. 31, No. 18/28 Aug 2023/ Optics Express 28946 |

Optics EXPRESS : N

Interdimensional radial discrete diffraction in
Mathieu photonic lattices

i VLADIMIR P. JOVANOVIE,?
ALEKSANDAR Z. TOMOVIC,* DEJAN V. TIMOTIJEVIC,? RADOMIR
ZIKIC,2 MiLIVoJ R. BELI¢,® AND DRAGANA M. JoVIC SAvI¢!

! Institute of Physics, University of Belgrade, P.O. Box 68, 11001 Belgrade, Serbia
2 Institute for Multidisciplinary Research, University of Belgrade, Kneza Viseslava 1, 11030, Belgrade,
Serbia

? Division of Arts and Sciences, Texas A & M University at Qatar, 23874, Doha, Qatar
“jadranka@ipb.ac.rs

Abstract: We demonstrate transitional dimensionality of discrete diffraction in radial-elliptical
photonic lattices. Varying the order, characteristic structure size, and ellipticity of the Mathieu
beams used for the photonic lattices generation, we control the shape of discrete diffraction
distribution over the combination of the radial direction with the circular, elliptic, or hyperbolic.
We also investigate the transition from one-dimensional to two-dimensional discrete diffraction
by varying the input probe beam position. The most pronounced discrete diffraction is observed
along the crystal anisotropy direction.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The ability to tailor and manipulate light in photonic lattices is an important topic of scientific
investigations and practical applications in optics [1]. Photonic lattices or arrays of evanescently
coupled waveguides are typical examples of structures where discrete effects and dynamics can
be investigated. Light focused into one waveguide that linearly propagates along the waveguide
array will tunnel to neighboring sites, exhibiting a characteristic diffraction pattern with the
intensity mainly focused in the outer lobes. This phenomenon, called the discrete diffraction
of light [2] was theoretically and experimentally observed in one-dimensional (1D) waveguide
arrays [3] and two-dimensional (2D) photonic lattices [4]. It is also investigated in aperiodic
photonic lattices [5—8] as well as in other systems, such as atomic photonic lattices [9—-11].

The truncation of periodic photonic lattice causes an additional distortion in the periodicity
and results in the formation of optical surface states that are analogous to the surface states in
the electronic theory of periodic systems [12,13]. Optical self-trapped discrete surface waves -
surface solitons - have been demonstrated in 1D waveguide arrays [14,15] and in 2D photonic
lattices [16]. Physical systems with dimensionality crossover have attracted huge attention, for
example, the continuous transformation of photonic lattice from one dimension to two dimensions
[17]. In such systems, intermediate states can occur that do not exist in either 1D or 2D geometries.
For these structures, there are still open questions: How, when and why does a system cross over
from one to two dimensions?

Nondiffracting beams are convenient for the generation of 2D photonic lattices, since they
can retain propagation-invariant structure even under weak nonlinearity [18]. There are four
major nondiffracting beam families that are exact solutions of the Helmholtz equation in different
coordinate systems [19,20]: plane waves in Cartesian, Bessel beams in circular cylindrical
[21], Mathieu beams in elliptic cylindrical [22], and parabolic beams in parabolic cylindrical
coordinates [23]. We opt for Mathieu beams, since they are used for optical lattice-writing that
allows solitons or even elliptically shaped vortex solitons [24]. They are also used for the creation
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Complex systems may be governed by just a few simple rules, not unlike highly ordered systems such as periodic,
still, they produce patterns that can be compared to random systems. Complex photonic lattices are suitable for the
investigation of many physical phenomena from solid-state to atomic physics with easier experimental realization.
Light transport in complex optical systems is a rich and fascinating topic of research. From the investigation of
light propagation in aperiodic and disordered media plentiful interesting optical phenomena are obtained, such as
Anderson localization.

Nondiffracting beams are highly relevant in optics and atom physics, particularly because their transverse intensity
distributions propagate unchanged for hundreds of diffraction lengths [1]. They have potential applications in free-
space wireless communications, optical interconnections, long-distance laser machining, and surgery. Four
different fundamental families of propagation invariant light fields, distinguish in the underlying real space
coordinate system, exist: Discrete, Bessel, Mathieu, and Weber nondiffracting beams [2-4], also, suitable for
generation of photonic lattices [5-8].

We realized deterministic aperiodic photonic lattices with controllable complexity, using Mathieu beams
combined in metastructures and spliced in both transverse dimensions with different offsets [7], and shown that
such lattices hinder light diffraction in comparison to periodic lattices [9]. A further step of randomization of these
structures allows for an additional level of diffraction control. Also, the propagation of light in such structures is
an unexplored topic, hence will be one of the topics of investigation in this paper. The aim is to involve the
fundamental concepts of structured dielectric materials, photonic crystals, as promising candidates for advanced
information processing with the unique property of light localization as a nonlinear light-mater interaction
phenomenon. We focus our research on the generation of randomized aperiodic lattices with gradually controlled
disorder degree in various systems with the investigation of the relationship between complexity and randomness.

We present a comprehensive numerical study of the transverse localization of light in disordered aperiodic Mathieu
photonic lattices comparing disorder degree differentiation. A disorder-enhanced light transport is observed for all
disorder degrees. With increasing disorder strength light transport becomes diffusive-like and with further increase
of disorder degree the Anderson localization is observed. Furthermore, the influence of lattice intensity on the
localization effects is studied. The difference in light transport is attributed to various levels of lattice intensity
managed by disorder degree. Additionally, we show that localization length differs along different directions, due
to the crystal and lattice anisotropy.
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Light transport and localization in disordered aperiodic Mathieu lattices
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Complex photonic lattices are suitable for the investigation of many physical phenomena from solid-state to atomic
physics with easier experimental realization. Light transport in complex optical systems is a rich and fascinating topic
of research. Nondiffracting beams are highly relevant in optics and atom physics, particularly because their transverse
intensity distributions propagate unchanged for hundreds of diffraction lengths, moreover, suitable for the generation
of photonic lattices. Four different fundamental families of propagation invariant light fields, distinguish in the
underlying real space coordinate system, exist: Discrete, Bessel, Mathieu, and Weber nondiffracting beams. We
realized deterministic aperiodic photonic lattices with controllable complexity, using Mathieu beams combined in
metastructures and spliced in both transverse dimensions with different offsets, and shown that such lattices suppress
light diffraction comparing with periodic lattices. A further step of randomization of these structures permits an
additional level of diffraction control. The propagation of light in such structures is an unexplored topic, hence it is
one topic of investigation in this paper. The aim is to involve the fundamental concepts of structured dielectric
materials, photonic crystals, as promising candidates for advanced information processing with the unique property
of light localization as a nonlinear light-mater interaction phenomenon. We generate randomized aperiodic lattices
with gradually controlled disorder degree in various systems to investigate the relationship between complexity and
randomness. We present a comprehensive numerical study of the transverse localization of light in disordered
aperiodic Mathieu lattices comparing disorder degree differentiation. A disorder-enhanced light transport is observed
for all disorder degrees. With increasing disorder strength light transport becomes diffusive-like and with further
increase of disorder degree, the Anderson localization is observed. Furthermore, the influence of lattice intensity on
the localization effects is studied. The difference in light transport is attributed to various levels of lattice intensity
managed by disorder degree.
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generated with two different randomization methods
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ABSTRACT

We present the numerical modeling of two different randomization methods of two-dimensional aperiodic photonic
lattices based on Mathieu beams, optically induced in a photorefractive media. We numerically study light
propagation in such lattices. For both methods, we compare light transport and localization in such lattices
along the propagation and for various disorder strengths. For all disorder strengths, a disorder-enhanced light
transport is observed. With increasing disorder strength light transport becomes diffusive-like while with further
increase of disorder strength, the Anderson localization is observed. For longer propagation distances this
transition is more pronounced. The influence of input lattice intensity on the localization effects is studied. We
observe more pronounced localization for one of the methods, and different diffraction and localization along
different directions, due to the crystal and lattice anisotropy. The difference in light transport and localization
between two randomization methods is attributed to various levels of input lattice intensity.

Keywords: light propagation, disordered lattices, Mathieu beams, Anderson localization, disorder-enhanced
light transport, diffusive-like transport

1. INTRODUCTION

Some of the fascinating effects observed when light propagation through different types of periodic photonic
structures was studied are light discrete diffraction or discrete spatial solitons.' It was demonstrated that
periodic lattices have essential characteristics of photonic crystal structures (Brillouin zones, band structure, etc.)
leading to light control by photonic band gaps in space and time. Also, light localization in disordered media was
investiagted.®® Anderson localization (AL), a basic phenomenon from solid-state physics has found applications
for light waves in different materials,®® Bose-Einstein condensates,” and sound waves.'® It was demonstrated
an appreciable change of light propagation in the presence of disorder, the transition from the diffraction of light
to spatial AL is observed by increasing disorder strength in different customized configurations.® '-14

Deterministic aperiodic structures are at the intersection between periodic and disorder crystal structures.
Various aperiodic and quasiperiodic photonic structures were realized artificially,'® !¢ their properties have been
studied for light control and manipulation.'” '® Aperiodic lattices contain non-uniform distances between the
lattice waveguides with unequal waveguides intensity depths. Therefore in such lattices in contrast to peri-
odic, light propagation strongly depends on local environments of the probe beam excitation position,'® ¥ and
linear light diffraction is hampered owing to the aperiodicity.!®!? Also, aperiodic lattices support nonlinear
light localization.!?>20 Still, numerous aperiodic structures exist and have not yet been fully explained or ex-
ploited for applications. For instance, Penrose or Fibonacci structures have limited variation in probing local
environments, however aperiodic Mathieu lattices?! with the adjustable spatial and intensity distribution allow
the tunable optical response which is provided with numerous different probing local environments, as well as
introducing structure anisotropy variability. For the experimental realization of photonic lattices by optical in-
duction technique in general, nondiffracting beams are convenient since they are propagation invariant for weak
nonlinearity.?? Two-dimensional aperiodic photonic lattices based on multiplexing of nondiffracting beams were
experimentally realized by the optical induction technique in photorefractive crystal.?'>23
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Fundamental numerical study on controlling chromaticity with the simplest
diffractive structure is carried out. Observed various characteristics on

transmission/reflection and dielectric/metal will be useful guidelines for
practical optimisation of device structures.
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We present the numerical modeling of two different randomization methods
of photonic lattices. We compare the results of light propagation in
disordered aperiodic and disordered periodic lattices. In disordered aperiodic
lattice disorder always enhances light transport for both methods, contrary to
the disordered periodic lattice. For the highest disorder levels, we detect
Anderson localization for both methods and both disordered lattices. More
pronounced localization is observed for disordered aperiodic lattice.
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lon traps are a promising platform for the realisation of high-performance
quantum computers. To enable the future scalability of these systems,
integrated photonic solutions for guiding and manipulating the laser light at
chip level are a major step. Such passive optical components offer the great
advantage of providing beam radii in the pm range at the location of the ions
without increasing the number of bulk optics. Different wavelengths, from UV
to NIR, as well as laser beam properties, such as angle or polarisation, are
required for different cooling and readout processes of ions. We present
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Abstract. We present the numerical modeling of two different randomization methods of photonic lattices. We
compare the results of light propagation in disordered aperiodic and disordered periodic lattices. In disordered
aperiodic lattice disorder always enhances light transport for both methods, contrary to the disordered periodic
lattice. For the highest disorder levels, we detect Anderson localization for both methods and both disordered
lattices. More pronounced localization is observed for disordered aperiodic lattice.

1 Introduction

Anderson localization (AL), a well-known phenomenon in
solid-state physics [1] is transferred to other fields like
ultracold atoms, matter, light or sound waves [2], and
demonstrated in various customized configurations [3—
6]. The physics of periodic photonic systems has funda-
mental importance. Still, deviations from periodicity are
significant as they may result in higher complexity, like
the realization of photonic quasicrystals, the structures
that are between periodic and disordered ones. Hereto-
fore, light propagation properties have been studied in pe-
riodic photonic lattices [7, 8], as well as in disordered
ones [3, 9, 10]. However, the quasiperiodic and aperiodic
photonic lattices are merged as a further attractive research
field for light propagation.

In our previous studies, we introduced aperiodic Mathieu
structures with controllable complexity [11] and we stud-
ied light localization in them [12]. In such lattice, light
expansion is hindered in comparison to periodic lattice
and nonlinear light localization is demonstrated [12]. Ran-
domization of periodic lattices can lead to AL [3, 9] or
its suppression [13], while disordered quasiperiodic Pen-
rose lattice can support AL and disorder-enhanced trans-
port (DET) [14].

In this paper, we present two numerical methods for con-
trollable randomization of photonic lattices and study dis-
order level (DL) influence on light propagation. For both
methods, we numerically investigate the linear light prop-
agation in disordered aperiodic Mathieu (DA) and dis-
ordered periodic (DP) lattices. For all DLs, we observe
DET and AL is verified for higher DLs in DA lattices, for
both methods. In contrast, in DP lattices disorder suppress
diffraction and AL is observed for higher DLs. Localiza-
tion length differs along different transverse directions ow-
ing to the crystal and lattice anisotropy. We confirm a more
pronounced localization for DA lattices in both directions
and both methods.

*e-mail: jadranka@ipb.ac.rs

2 Light propagation in DA and DP lattics

Two-dimensional disordered structures DS, with an ad-
justable DL, are numerically realized by combining an
original structure S with a disorder pattern D according
to the relation Aps = (1 —p) xAs + p *Ap, where A is
the field amplitude, and parameter p is the relative con-
tribution of the original structure and disorder pattern, i.e.
DL. To ensure propagation invariant structures with the
same propagation constant, we preset the Fourier spec-
trum of the disorder pattern, numerically calculated by in-
terfering plane waves with constant amplitude and random
phases, to be located on the same circle with radius & as the
original structure [15]. As the original structure we use an
aperiodic Mathieu structure created as in our paper [11],
or square lattice with period d equal to the characteristic
structure size a = 25 um of Mathieu beams used for the
creation of the aperiodic structure. Disorder pattern’s mean
grain size 27 /k is equal to a of Mathieu beams. A case
when the maximum lattice intensity I, of the disordered
lattice Ip;, = |ADS|2 for each DL is unscaled, we will refer
as M1, and M2 is the case when Ip; is scaled with I, for
each DL. For both methods, an increase of DL modifies
the transverse intensity distribution of the original struc-
ture until completely substitutes it with the disorder pat-
tern. For the same DL, the spatial intensity distributions of
the disordered lattices are the same for both methods, but
they differ in waveguides depths. For both methods, I,
dependencies of DL for DA and DP lattices are almost the
same (Fig. 1 (A)). Opposite to the periodic lattice, our ape-
riodic lattice is not uniform in waveguide’s distances, and
their depths vary. We calculate averaged lattice intensity
Lyg = Y Ipr.(r) of DA and DP lattices for both methods
(Fig. 1 (B)). For both methods, Lygs are lower for DA than
for DP lattices. For M1, Iy, and I,y are lower than for M2.

We study the difference in light propagation in DA and DP
lattices realized with these methods. We use intensity dis-
tributions of disordered structures Ip; in numerical sim-
ulation of the light propagation along the z-axis in dis-
ordered lattices in a photorefractive crystal, numerically

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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ABSTRACT

We demonstrate transitional dimensionality crossover of radial discrete diffraction in optically induced radial-
elliptical Mathieu photonic lattices. Varying the order, characteristic structure size, and ellipticity of the Mathieu
beams used for the photonic lattices generation, we control the shape of discrete diffraction distribution over
the combination of the radial direction with the circular or elliptic. We also investigate the transition from
one-dimensional to two-dimensional discrete diffraction by varying the input probe beam position. Discrete
diffraction is the most pronounced along the crystal anisotropy direction.

Keywords: Dimensionality crossover, radial discrete diffraction, photonic lattices, discrete diffraction, Mathieu
beams, optical induction, strontium barium niobate crystal

1. INTRODUCTION

One of the main areas of research and applications in optics is the control and manipulation of light in photonic
lattices.! Arrays of evanescently coupled waveguides or photonic lattices are common structures for discrete
effects and dynamics studies. When light is focused into one single waveguide and propagates linearly along the
array, it will tunnel to the neighboring waveguide and display a distinctive diffraction pattern, with the intensity
mainly concentrated in the outer lobes. The discrete diffraction of light? was observed in one-dimensional (1D)
waveguide arrays®and two-dimensional (2D) photonic lattices,* both theoretically and experimentally. It is also
studied in other systems, like atomic®® and aperiodic”'° photonic lattices.

An additional periodicity distortion is produced by the truncation of the periodic photonic lattice, leading
to the development of optical surface states that are analogous to the surface states in the electrical theory
of periodic systems.!!:12 Surface solitons (optical self-trapped discrete surface waves) have been found in 2D
photonic lattices'® and 1D waveguide arrays.'® !> Physical systems that exhibit dimensionality crossover have
gained significant interest; one such example is the continuous transformation of 1D into a 2D photonic lattice.'6
One can observe intermediate states that do not have 1D or 2D geometry in such systems. An unanswered
question regarding these structures remains: How, when, and why does a system transition from one to two
dimensions?

Nondiffracting beams are practical for 2D photonic lattice creation as they retain their propagation-invariant
structure even with weak nonlinearity.!” Four principal nondiffracting beam families are exact solutions of the
Helmholtz equation in different coordinate systems:'®1? plane waves in Cartesian, Bessel beams in circular
cylindrical,?® Mathieu beams in elliptic cylindrical,?! and parabolic beams in parabolic cylindrical coordinates.??
Mathieu beams are utilized for optical lattice writing, even allowing the development of elliptically formed vortex
solitons.?? They are additionally used for different aperiodic photonic lattices generation by the optical induction
technique in photorefractive crystals'®-2* and for particle manipulation.?®

Further author information: (Send correspondence to Jadranka M. Vasiljevié)
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Light manipulation in photonic lattice (PL) is a prime area of investigation and application in optics [1]. PLs provide a huge
platform for investigating discrete light diffraction effects. Discrete diffraction of light was theoretically and experimentally
observed in both one-dimensional (1D) and two-dimensional (2D) structures, as well as in aperiodic or other systems.
Truncating periodic PLs cause additional distortion of the periodicity, resulting in the formation of optical surface states akin
to electronic surface states in periodic systems [2]. The continuous transition from 1D to 2D PLs is an attractive field of study,
with a still open question regarding intermediate states that can occur in such physical systems with dimensionality crossover
that do not exist in either 1D or 2D geometries [3].

Nondiffracting beams, propagation-invariant fields over hundreds of diffraction lengths even in the presence of weak
nonlinearity [4], are ideal for generating 2D PLs and have diverse applications in free-space wireless communications, optical
interconnections, long-distance laser machining, and surgery. There are four fundamental families of such propagation-
invariant light fields: Discrete, Bessel, Mathieu, and Weber nondiffracting beams [5-7]. Among these, Mathieu beams are
preferred for optical lattice writing, enabling solitons, elliptical vortex solitons, and the creation of various aperiodic and
disordered PLs through optical induction in photorefractive crystals, as well as for particle manipulation [8-12].

In this paper, experimentally and theoretically we examine conditions for discrete diffraction occurrence in aperiodic Mathieu
PLs. The unique shape of Mathieu beams enables the creation of naturally truncated aperiodic PLs with our advanced one-
pass experimental realization by optically induction in the photorefractive crystal using a single Mathieu beam [13]. Such
photonic structures in elliptical-radial geometries offer diverse shapes, with circular, elliptical, and hyperbolic waveguide paths
and radial spikes, raising questions about discrete diffraction dimensionality. Mathieu lattice period and the refractive index
modulation are connected via Mathieu beam parameters (the beam order, characteristic structural size, and the ellipticity of the
beam). Different local environments within these lattices during propagation create additional variations in discrete diffraction
effects.

We study weak nonlinear light propagation in various aperiodic Mathieu PLs and experimentally and numerically demonstrate
radial and angular discrete diffraction in them. We are able to control discrete diffraction in the radial direction and shape their
distributions in perpendicular directions: circular, elliptic, or hyperbolic, by modifying the Mathieu beam's order, size, and
ellipticity. Additionally, we investigate the transition from 1D to 2D discrete diffraction, highlighting the significant role of
crystal anisotropy in our medium, with the most prominent 2D discrete diffraction observed along the crystal anisotropy
direction. Our findings lay the groundwork for exploiting light propagation in a novel class of optical lattices, extending beyond
these specific lattice configurations, and generalized to diverse types of optically induced lattices. Such adaptivity and
reconfigurability of light-guiding structures are vital for advancement in modern photonics with a significant step towards
innovative wave-guiding applications and light-routing approaches.
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Dimensionality crossover of radial discrete diffraction in optically induced Mathieu photonic
lattices

N B V 1adimir P. Jovanovi¢?, Aleksandar Z. Tomovié?, Dejan V. Timotijevié?, Radomir Zikic2, Milivoj
R. Beli¢?, and Dragana M. Jovi¢ Savi¢!
L Institute of Physics, University of Belgrade, P.O. Box 68, 11001 Belgrade, Serbia
2 |nstitute for Multidisciplinary Research, University of Belgrade, Kneza Viseslava 1, 11030, Belgrade, Serbia
3 Division of Arts and Sciences, Texas A & M University at Qatar, 23874, Doha, Qatar

We focus our experimentally and numerical investigation of weak nonlinear light propagation in various aperiodic Mathieu
lattices optically induced in the photorefractive medium using our advanced one-pass experimental setup. We demonstrate the
transitional dimensionality of discrete diffraction within such radial-elliptical Mathieu photonic lattices. We control the shape
of discrete diffraction distribution over the combination of the radial direction with the circular, elliptic, or hyperbolic through
adjustments of beam order, characteristic structure size, and ellipticity of the Mathieu beams used for the photonic lattices
generation. By varying the input beam position, we investigated the transition from one-dimensional to two-dimensional
diffraction, and we observed the most prominent discrete diffraction along the crystal's anisotropic direction.
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Twisted Photonic Lattices Created by Elliptical Mathieu
Beams

I . 7 ~~orri2, D V TiMOTIEVIGS, C DENZ2, AND D .M JovIC SAVIC!

LInstitute of Physics, 11080, Belgrade, Serbia. Contact Phone: +381113713088
2 Institute of Applied Physics and Center for Nonlinear Science (CeNoS), 48149 , Munster, Germany
3 Institute for Multidisciplinary Research, Belgrade, Serbia
Contact Email: jadranka@ipb.ac.rs

Nondiffracting beams are highly applicable in optics, photonics, and atom physics, peculiar because
their transverse intensity distributions propagate unchanged for hundreds of diffraction lengths and allow
the creation 1D and 2D photonic lattices in photosensitive media[l|. Four different fundamental families
of propagation invariant light fields exist, distinguish in the underlying real space coordinate system:
Discrete, Bessel, Weber, and Mathieu nondiffracting beams [2-5|. Mathieu beams are the solution of
the Helmholtz equation in elliptic cylindrical coordinates [5-7], therefore they are the best suited to
address physical effects in elliptical coordinates. Mathieu beams are classified according to their symmetry
properties as even and odd. Their transverse discrete intensity distributions can be shaped by their order
and an ellipticity parameter. These real-valued beams are characterized by only discrete spatial phase
distributions. By complex superposition of appropriate even and odd Mathieu beams, elliptical Mathieu
beams are obtained, with remarkable continuously modulated spatial phase distributions that act as orbital
angular momenta, related with transverse energy flow [8].

Experimentally and numerically, we investigated linear and nonlinear self-action of elliptical Mathieu
beams in a photorefractive SBN crystal [8]. Linear propagation of elliptic Mathieu beams enables a
nondiffracting transverse intensity distribution with transverse energy redistribution along elliptic paths
compensated in each point. In contrast, their nonlinear self-action in SBN breaks this sensitive equilibrium
and leads to the formation of high-intensity filaments, which rotate in the direction determined by the
energy flow. We show that such filamentation depends on the strength of the nonlinearity and the
structure size of used Mathieu beams. We investigate the nonlinear propagation of such refractive index
formations in SBN crystal and show they are convenient as lattice-writing light to optical induction of
two-dimensional chiral twisted photonic refractive index structures with tunable ellipticity. This study
provides considerably advancing the field of chiral light and photonic structures since we demonstrated
that elliptical Mathieu beams are suitable for the fabrication of two-dimensional photonic lattices with
elliptic trajectories by optical induction technique.
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Experimental realization of chiral photonic lattices
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Nondiffracting beams find their applications in optics, photonics, and atom physics. Particularly, their
transverse intensity distribution propagates unchanged for hundreds of diffraction lengths, consequently
allowing the creation of 1D and 2D photonic lattices with nondiffracting beams in photosensitive media.
Low diffraction and robustness of nondiffracting beams make them appropriate for deployment in free-
space wireless communications, optical interconnections, long-distance laser machining, optical tweezers,
biology, surgery, etc. There are four different propagation invariant light fields: Plane waves, Bessel, Weber,
and Mathieu nondiffracting beams. Mathieu beams are the solution of the Helmholtz equation in elliptic
cylindrical coordinates, therefore being the best suited to address physical effects described in elliptical
coordinates. They are classified according to their symmetry properties as even and odd Mathieu beams.
Elliptical Mathieu beams are obtained as a complex superposition of appropriate even and odd Mathieu
beams, with remarkable continuously-modulated spatial phase distributions that create orbital angular
momenta, related with a transverse energy flow. Their transverse intensity distribution can be shaped by
their order and the parameter of ellipticity.

We study linear characteristics and nonlinear self-action of elliptical Mathieu beams in a photorefractive
crystal experimentally and numerically. Linear propagation of such beams validates a nondiffracting
transverse intensity distribution with transverse energy redistribution along elliptic paths compensated
in each point. In contrast, their nonlinear self-action breaks this sensitive equilibrium and leads to the
formation of high-intensity filaments, which rotate in the direction determined by the energy flow. Our study
advances the field of chiral light and photonic structures by pointing to the suitability of Elliptical Mathieu
beams as light patterns for optical induction of chirally twisted photonic lattices with elliptic envelopes in
the transverse plane. The order of used Elliptical Mathieu beam determines the number of created chiral
waveguides, where the waveguides slopes can be manipulated by changing the nonlinearity strength or the
structure size of the used beam.

Biography

Dr. Jadranka M. Vasiljevi¢ received her Ph.D. degree in 2020 at the Faculty of Physics at Belgrade University, Serbia. Since
2015 she joined the research group of Dr. DraganaJovi¢Savi¢ at the Institute of Physics, University of Belgrade, Serbia. She
is part of the Laboratory for Nonlinear Photonics at the Institute of Physics, University of Belgrade, Serbia. Her research area
is Nonlinear Optics and Photonics. Currently, research interests are nondiffracting beams, in particular, based on the family of
Mathieu beams. She is studying the realization of two-dimensional dynamical structures in the photorefractive medium by Mathieu
beams, aperiodic and complex structures with Mathieu beams, and investigating phenomena correlated with light propagation in
Mathieu photonic lattices.
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Composite photonic structures: generation and light propagation in them

I BEEEEED . V. Timotijevic?, D. M. Jovi¢ Savi¢!
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Presenter Name: Dr. Jadranka Vasiljevi¢

Email: jadranka@ipb.ac.rs

Phone:

Institute/ Organization: Institute of Physics, Belgrade
Country: Serbia

Presentation Category: Oral Presentation

Abstract: Nondiffracting beams are highly applicable in optics, photonics, and atom physics,
because their transverse intensity distributions propagate unchanged for hundreds of diffraction
lengths and allow the creation of 1D and 2D photonic lattices in photosensitive media [1].
Depending on coordinate system four fundamental families of propagation invariant light fields
exist: Discrete, Bessel, Weber, and Mathieu nondiffracting beams [2-4]. Mathieu beams are the
solution of the Helmholtz equation in elliptic cylindrical coordinates [4-6]. According to their
symmetry properties they are classified as even and odd. Their order and an ellipticity parameter
can shape their transverse discrete intensity distributions.

Deterministic aperiodic or complex photonic structures are at the intersection between periodic
and disorder crystal structures. In optics, the properties of such structures have been studied, as
appealing structures for the control and manipulation of light. Various aperiodic and
quasiperiodic photonic structures are realized artificially and light propagation is investigated in
them. We experimentally realized the aperiodic photonic structures with controllable complexity,
created by different combinations of Mathieu beams, by splicing them in both transverse
dimensions in different offsets [7] and we studied light localization in them. In such lattice, light
expansion is hindered in comparison to periodic lattice and nonlinear light localization is
demonstrated [8].

Furthermore, we numerically modeled two different randomization methods of photonic lattices
[9]. We compare the results of light propagation in disordered aperiodic Mathieu lattices and
disordered periodic lattices. In disordered aperiodic lattice disorder always enhances light
transport for both methods, contrary to the disordered periodic lattice. For the highest disorder
levels, we detect Anderson localization for both methods and both disordered lattices. More
pronounced localization is observed for disordered aperiodic lattices.
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