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Munubeme pyKoBOAMOLA MPOjeKTa

MoJsaum HayyHO Behe UHcTUTyTa 32 PU3HKY

Jla TIOKpEHe ToCTyIak 3a pen3z6op bojane boknh y 3Bame ncrpakmBad capagauk. bojana bokuh
je ymucana Ha JIOKTOpcke akageMmcke cTyauje Ha Du3mukoM QakynTery, YHHBEpP3UTETa Yy
beorpamy, cmep KBaHTHa omTWka © Jiacepu. Y4YeCcTBOBajla je y H3pagd IET pajoBa y
MeljyHapoIHUM YacomucuMa. AHrakoBaHa je Ha npojekty OU 171038 MunuctapcTBa mpocBeTe,
HayKe M TEXHOJIONIIKOT pa3Boja “Xosorpadcke MeTojie T'eHepHcama CHEIU(PUUHUX TaTIaCHUX
¢bpoHTOBa 32 ehUKACHY KOHTPONY KBAHTHHUX KOXEPEHTHHX e(ekara y HHTEpakIUju aTomMa H
macepa”, kao W Ha OwiatepanrHom ca HemaukoM, mon Ha3uBoMm ,llpomaramuja wu
JIOKaJau3amuja CBETJIOCTH y CHUCTEMHUMa ca KOMIUIEKCHHM (DOTOHMYHHM pelreTkama.
Pesynrtatu koje je mocturia bojana bokxwh, mokasyjy ma mocemyje HEOIMXOIHE CITOCOOHOCTH 3a
u3paay JOKTOPCKE AucepTalyje, Kao M Jia ¢e aKTHMBHO 0aBH HAYYHO-HCTPAKUBAYKUM PaJIOM.
OBuM HaBeJICHUM, MUCIIUM Ja 3a/I0BOJbaBa CBE HEONXOJIHE yCIIOBe MUHHUCTapCTBa MPOCBETE,
HayKe ¥ TEXHOJIONIKOT Pa3Boja 3a per300p y 3Barbe UCTPAKUBAY CapaTHHK.
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Bbuorpagmuja

Bbojana bokuh je pohena y beorpany 05.07.1981. rogune. Y Herotuny je 3aBpuuia
OCHOBHY IIIKOJIy ¥ TUMHA3H]y, IPUPOIHO-MaTeMaTuuku cMep. 2008. ronuHe aurmoMupa
(ocHOBHE akaneMcke crynuje) Ha EnekTpoTeXxHHMYKOM QakyiaTery, YHHBEp3UTETa Yy
beorpany, cmep HanoenekTpoHuka, ONTOENEKTPOHHMKA U Jlacepcka TEXHHUKa, ca
MIPOCEYHOM OIICHOM 7,94 W cTHue 3Bame AMIJIOMHUPAHOT MHXKEH-Epa EIEKTPOTEXHUKE.
Jlumiomcku paj je ondpanuia Ha teMmy lIpumena nacepa y meouyunu — /Jujacnocmuuxe
mexuuxe. 2010. 3aBpmaBa MacTtep akaaeMcke CTyauje Ha EneKTpoTeXHUYKOM
dakyntery, VYHuBepsutrera y beorpagy, Ha cryaujckom mnporpamy Jlummomcke
akajeMcke cryauje EnexkTpoTexHuMKa W padyyHapcTBO — MOAydl buomenunuHcku u
€KOJIOIIKH WHXKEHEPUHT ca MTPOCEYHOM OLIeHOM 9,86 u panom Ha TeMy [lpumena nacepa
U Opyeux CHONHUX mexHuxa y oujacHocmuuke u mepaneymcke cepxe y ouomeouyunu. On
1. oxtobpa 2010. je 3amocnena y llentpy 3a doronuky MHCTHTYTa 3a (DHU3UKY, Kao
UCTPKUBAY-TIPUTIPABHAUK, Ca AHTAKOBamkEM Ha MPOjeKTy MUHHUCTapCTBa MPOCBETE,
HayKe M TEXHOJIOIIKOT pa3Boja, IMOj Ha3uBOM “Xosorpadcke METojJe TEeHepucama
cneun(UYHUX TalacCHUX (PPOHTOBA 3a €(PHUKACHY KOHTPOJY KBAaHTHHX KOXEPEHTHHUX
edekaTa y HWHTEpaKIHMjU aroMa W Jacepa” moj pykoBoiacTtBoM mipod. mp Jlejana
[ManTenuha. Opx 2011. rommue je ymmcana Ha JIOKTOpPCKE akaleMCKe CTyIWje Ha
dusnukoMm ¢akynTery, YHuBep3uTera y beorpany, cmep KBanTHa omTuka u jacepw.
2013. u 2014. Ouna je aHra)koBaHa W Ha OuWJaTepaTHOM MPOjeKTy ca Hemaukom 1o
Ha3uBOM ,llpomaranuja u JoKanu3anyja CBETJIOCTH Y CHUCTEMHMa Ca KOMIUIEKCHUM
(dhoToHMYHMM pemieTkama” moJ pykoBojacTBoM npod. ap [parane Jouh Casuh. Bojana
Bbokuh je no cama myGnukoBana mer pagoBa y yacomucuma kareropuje M21 u jeman y
yaconucy M23 karteropuje.
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Abstract: The iridescent features of the butterfly species Apatura iris
(Linnaeus, 1758) and A. ilia (Denis & Schiffermuller, 1775) were studied.
We recognized the structural color of scales only on the dorsal side of both
the fore and hind wings of males of both of the aforementioned butterfly
species. The scale dimensions and microstructure were analyzed by a
scanning electron microscope (SEM) and transmission electron microscope
(TEM). The optical properties were measured and it was found that the peak
reflectivity is around 380 nm, with a spectral width (full width at half
maximum) of approximately 50 nm in both species. The angular selectivity
is high and a purple iridescent color is observed within the angular range of
only 18 degrees in both species.

©2011 Optical Society of America

OCIS codes: (050.2770) Gratings; (050.52980) Photonic crystals; (050.6624) Subwavelength
structures; (160.4760) Optical properties.
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1. Introduction

The diurnal active members of the order Lepidoptera (butterflies) are considered to be the
most attractive insects, together with representatives of the order Coleoptera (beetles). The
delicate beauty of butterfly wings is a consequence of several phenomena: selective
absorption by pigments, scattering, fluorescence and iridescence. The phenomenon of bright
iridescence attracted much attention [1-7] and is observed in a great number of butterfly
species, mostly tropical ones. Butterflies are known as the masters of mimicry (the type of
camouflage which serves to avoid predators) and aposemy (warning coloration which is
usually associated with an unpleasant taste to potential predators). In some species sexual
dimorphism is observed, as in the two species analyzed in this paper.

Structural coloration investigations have been very popular in the last few decades and
butterfly microstructure has been thoroughly investigated [8-10]. The following aspects have
been studied as well: nanostructure and optical properties of wing scales [1, 11, 12],
interference and diffraction in butterflies [2], ultraviolet reflection [13], structural blackness
and whiteness in butterfly scales [14], fluorescence emission [15], and coherent scattering-
induced structural color of scales [4]. The optical properties of butterfly scales have been
thoroughly measured and modeled [16] and their nanoscale structures could encourage further
developments in artificial material manufacturing [17].

The butterfly species Apatura iris (Linnaeus, 1758) and A. ilia (Denis & Schiffermdiller,
1775) (Fig. 1a and b) are distributed from Europe to Eastern Asia (China). The most obvious
difference between the two species is an extra eye spot on the fore wings of A. ilia. The males
of Apatura spp. possess the iridescent color on the dorsal side of their wings [18, 19]. This is
probably connected with intrasexual communication between males, rather than intersexual
communication and attraction [20]. The structural color of males is visible in flight when the
movements of the wings are noticeable within a certain range of angles. This kind of
iridescent coloration represents an excellent contrast to forest canopy — a natural habitat of
Apatura spp. Apart from structural coloration, pigment coloration is present as well.

The flight behavior of male Apatura iris was recently studied and it consisted mainly of
perching and patrolling flights. The daily aggregation of males at favored landmark sites from
approximately midday was observed as well [21].

Here we present a detailed study of two Apatura species with respect to their optical
properties and the relationship of these properties to the microscopic structure of the wing
scales.
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Fig. 1. a) Apatura iris; b) Apatura ilia. Observe that A. llia has an extra eye spot on fore wings.

2. Materials and methods
2.1 Collecting data

Specimens of the species Apatura iris and A. ilia were used for optical investigations (Fig. 1).
Both species were collected from the Balkan Peninsula: A. iris — Mt. Stara Planina,
Southeastern Serbia (July 2009, leg. D. Stojanovi¢), and Apatura ilia — Mt. Fruska Gora,
Northern Serbia (July 2009, leg. D. Stojanovi¢). The specimens were kept in the collection of
the Institute of Zoology, Faculty of Biology, University of Belgrade, Serbia.

2.2 SEM procedure

The specimens of Apatura iris and A. ilia were rinsed with diethyl-ether to obtain a clear
surface of the wings. The wings of the males were cut into rectangular shape (surface area of
several mm?). This was followed by dehydration in order to obtain dry samples, fixed on a
test-bed and subsequently covered with gold. Prepared samples were analyzed by a scanning
electron microscope (SEM) (JSM-6460LV, JEOL, Tokyo, Japan).

2.3 TEM procedure

Wings were cut into small pieces, fixed in 3% glutaraldehyde in 0.1M phosphate buffer (pH
7.2) and postfixed in 1% osmium tetroxide in the same buffer. The specimens were
dehydrated with serial ethanol solutions of increasing concentration and embedded in Araldite
(Fluka, Germany). For electron microscopic examination, the tissue blocks were trimmed and
cut with diamond knives (Diatome, Switzerland) on an UC6 ultramicrotome (Leica, Austria).
The thin sections were mounted on copper grids, stained with uranyl acetate and lead citrate
(Ultrastain, Leica, Austria) and examined on a Philips CM 12 transmission electron
microscope (TEM) (Eindhoven, the Netherlands) equipped with a Megaview Il digital
camera (Soft Imaging System, Minster, Germany).

2.4 Spectrometric measurements

A HR2000CG-UV-NIR Fiber spectrometer was used (Ocean Optics Inc., Dunedin, USA) to
collect the reflection spectra of the investigated butterflies. Wing samples were positioned on
a computer-controlled rotation platform and illuminated with a tungsten halogen lamp. Thus,
we were able to record the reflection spectrum of the wings as a function of the angle of
incidence. A MIRA titanium-sapphire laser with frequency doubler (Coherent Inc., USA) was
used to investigate the spectral dependence of the wing scattering pattern in the blue and UV
part of the spectrum. A diode-pumped Nd-YAG laser at 532 nm and diode laser at 630 nm
were used as well. The wings were irradiated with a laser beam and the scattered radiation
was photographed on the cylindrical screen by Canon EOS 50D camera. Rigorous coupled-
wave analysis was used to calculate the spectral reflectivity.
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3. Results

As in all butterfly species, the scales are positioned like roof tiles covering the entire dorsal
and ventral sides of the wing (Fig. 2a). We recognized two types of scales on the dorsal side
of both the fore and hind wings of Apatura iris and A. ilia. The cover scales are on top, while
ground scales are situated below. We found that the cover scales are responsible for the blue
iridescence of these two butterfly species (Fig. 2b) due to their much denser microscopic
structure in comparison to the ground scales. We have found that iridescent scales are
pigmented (see brownish scales in lower half of Fig. 2c).

Ground scak

]L Cover scale

L } :

b) c)

Fig. 2. Apatura iris: a) the cover scales on the dorsal wing side have a much denser structure in
comparison to ground scales (SEM image); b) the blue iridescence of the cover scales
positioned in regular rows. White scattering scales can be seen as well. The photograph is
recorded in reflection; c) scattering scales have a glass-like appearance, while the iridescent
scales are pigmented. Overlapping areas of glass-like scales are dark, indicating that the
scattering is intensified. Microscope image is recorded in transmission.

The white areas of the dorsal wing side are also interesting. Examination of the reflective
property revealed that the scales uniformly scatter light (Fig. 2b), while in transmission they
look completely transparent (Fig. 2c). Scale overlapping increases the scattering, which can
be seen as dark areas in upper half of Fig. 2c. We have found that there is a cumulative effect
of overlapping. A single scale transmits around 90% and we measured the transmission of the
overlapping scales to be about 60%.

By magnifying the iridescent butterfly scale surface of Apatura iris we observed long
parallel ridges, each having a number of lamellas positioned one over another (see Fig. 3 for
SEM images in two different views). The rows are mutually connected with orthogonally
positioned cross ribs. TEM images were used to obtain the exact morphological and
dimensional characteristics of each ridge and its lamellae (Fig. 4). The lamellae in cross
section exhibit a multilayer structure, conifer-like, with six pairs of lateral projections which
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are not widened distally and are triangularly pointed. The scale structure of Apatura ilia is
similar, except that the ridge density is slightly higher.

; :
% 3

b)

Fig. 3. SEM of the highly-magnified structure of a) Apatura iris cover scale in dorsal view; b)
A. iris cover scale in dorso-lateral view. A stacked lamellar structure is apparent.

Tum

Fig. 4. TEM image of cover scale cross section of Apatura iris.

Electron microscope images were used to construct a geometrical model of the structure
which was further utilized for theoretical analysis of the optical properties. Characteristic
dimensions can be seen in Fig. 5. Ridges form a surface relief diffraction grating, with an 820
nm period and approximately the same depth (830 nm). On the other hand, the lamellae form
a volume Bragg grating, with a roughly 75 nm period, with each lamella being 40 nm thick.

Butterfly wings were studied spectroscopically in relation to the illumination and
observation angles. Several spectra were recorded for different angular orientations (Fig. 6a).
Maximum reflectivity is observed in the UV part of the spectrum (380 nm) and does not
depend on the observation angle. Spectral width is small (50 nm FWHM) compared with
more visually spectacular species, such as Morpho butterflies [22]. There is a slight spectral
shift (in the order of 10-20 nm) as a function of the angle of illumination. All of this
apparently provides an evolutionary advantage when the butterfly reflectivity spectra (with
UV maximum) are compared with the canopy spectra (with almost no reflectivity in UV
region, a peak at 550 nm, and a plateau in the IR region) [23]. UV reflectivity makes the
butterfly very visible to its own species and considerably less visible to all other animals,
especially potential predators. The intensity of reflected light at visible and IR wavelengths is
much lower, making the butterfly appear dull brown from almost all directions — an excellent
camouflage in forest, where Apatura species is living.
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Fig. 5. Geometry of the microscopic structure of the Apatura iris wing scale (three orthogonal
projections of the upper scale surface). All dimensions are in nanometers.

The iridescence of Apatura iris is observed in a rather narrow angular range (18 degrees);
this is much narrower compared to other butterfly species [24]. Iridescence at 380 nm as a
function of the angle of incidence is shown in Fig. 6b. Nearly identical spectral properties
were observed in Apatura ilia.
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Fig. 6. a) Reflection spectra of the Apatura iris wing, with the angle of incidence as a
parameter; b) iridescence at 380 nm as a function of the observation angle.

In order to observe the spatial distribution of iridescent light, we irradiated the butterfly
wing with a laser beam from a tunable Ti-Sapphire laser coupled to frequency doubler. We
were able to continuously tune the laser wavelength from 365 to 450 nm. A simple
experimental setup is shown in Fig. 7a and 7b, and the typical spatial distribution of
iridescence can be seen in Fig. 7c. It should be emphasized that the images were recorded by
virtue of the natural fluorescence of the paper screen. In order to obtain an improved spatial
distribution we applied pseudo-coloring of the recorded images.
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Fig. 7. a) Experimental setup used for the detection of the spatial distribution of Apatura iris
wing iridescence (TL — titanium sapphire laser, SHG — frequency doubler, C — CCD camera, S
— reflective cylinder, W — butterfly wing, M — mirror); b) a butterfly wing inside a reflective

cylinder c) typical pattern of iridescence.
BN .

High
intensity

intensity

d)

©)
Fig. 8. Pseudo-colored images of iridescence recorded at: a) 365 nm; b) 387 nm; c) 405 nm; d)
450 nm. Patterns were recorded using a Ti-sapphire laser with frequency doubler. Light

intensities are color coded according to the bar at the top of the figure.
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Four images recorded at 365, 387, 405 and 450 nm are shown in Figs. 8a-8d. In
comparison to other wavelengths, the spatial distribution at 387 nm is much narrower,
indicating that at this particular wavelength the radiation is very directional. At 532 nm the
directionality of scattered radiation is almost completely lost, as can be seen in Fig. 9, which
was recorded by a diode-pumped Nd-YAG laser at 532 nm.

High
intensity

Low
intensity

Fig. 9. Radiation at 532 nm is almost uniformly scattered at the wing of Apatura iris. The
pattern was recorded by Nd-YAG laser. Light intensities are color coded — yellow representing
the highest intensity, and blue the lowest.

4, Discussion

The results presented in this study show that the iridescence of Apatura spp. butterflies is
spectrally and directionally constrained. With respect to the butterfly body, the radiation is
directed as shown in Fig. 10 in three orthogonal projections. This particular feature is a
consequence of the mutual orientations of lamellae with respect to the scale, and the scale
with respect to the wing membrane (Fig. 11). There is a critical angle of incidence (y + 2a +
2B = n/2) when the radiation is Bragg-reflected along the wing surface. At a greater angle, the
radiation cannot be further reflected (i.e., it is directed inside the material). In the case of
Apatura butterflies, the angle o of the scale is large (~20°), as can be verified by the strong
shadow cast by each scale in Figs. 2a and 2b.

White light

380 £ 27 nm

Ll &&K

‘ ‘ =

Fig. 10. Directions in which the blue iridescence can be observed (purple arrows). The
butterfly is schematically presented in three orthogonal projections.
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Fig. 11. Directionality of Apatura butterfly wing iridescence is a consequence of inclination of
both lamellae (angle B) and the scale as a whole (angle a). v is the angle of incidence of light
with respect to the wing membrane. Axes x and z are in agreement with Fig. 10.
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Fig. 12. a) Geometry of the butterfly cover scale in cross section, used for the calculation of the

spectral reflectivity of Apatura spp.; b) spectral reflectivity as obtained by exact analysis using
rigorous coupled-wave analysis; c) angular dependence of iridescence at 380 nm.
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The spectral selectivity of the Apatura spp. scale was analyzed using rigorous coupled-
wave analysis using simplified geometry as shown in Fig. 12a. We were able to correctly
reproduce the spectral reflectivity (as shown in Fig. 12b) using dimensions presented in Fig. 5
and the refractive index of 1.56 for chitin [25]. Angular dependence of iridescence was
calculated too and presented in Fig. 12¢c. Theoretical results slightly depart from experimental
data, but this is due to idealized nature of calculation. In reality the butterfly grating is
stochastically distorted, and the effect is averaged among many scales, inside illuminated
wing area.

This phenomenon is in contrast with the reflection of Morpho butterfly wings, which
direct radiation sideways and in a broad angular range. Also, the spectral maximum of
iridescence shifts significantly with the angle of observation [22]. The difference between
Morpho spp. and Apatura spp. is due to the different orientations of butterfly scales with
respect to wing membrane. In Morpho butterflies the scales are almost parallel to the
membrane (for example, Morpho aega), while in the Apatura species the scales are strongly
inclined. On the nanoscopic level, ridges on the Apatura scale are not as dense as in Morpho
butterflies. Even though the number of lamellas is almost the same in Morpho helenor [22]
and Apatura, their cross sectional profile (as seen in TEM) is quite different. All these factors
lead to radically different optical properties - Apatura iridescence is spectrally very pure, and
the angular pattern is narrow.

5. Conclusions

Apatura ilia and Apatura iris are visually quite similar. Apatura ilia males have an iridescent
purple color on the wings that dorsally arise from a fully ordered 3D structure, and a
yellowish-brown color produced by pigments on the wings ventrally. On the other hand the
males of A. iris have the same purple iridescent color on the dorsal side of the wings and a
brownish color on the ventral side.

The photonic-type nanostructures consisting of chitin, occurring in the butterfly wing
scales of the male individuals of the species Apatura iris and A. ilia, were investigated by
both scanning and transmission electron microscopy and reflectance spectroscopy. A tunable
laser was used to analyze the variation of spatial distribution of iridescence.

As in all butterfly species, the architecture of the scales is complex. They possess
numerous alternating air and cuticle layers responsible for iridescence. From an optical point
of view, both analyzed species behave similarly. Maximum reflectivity is observed in the UV
region of the spectrum for both species and depends to a certain extent on the observation
angle. We have found that the scale iridescence is remarkably narrow, both spectrally and
angularly, in the studied butterfly species. This is the consequence of the interplay between
scale structure and inclination with respect to the wing membrane. Iridescence is observed in
a rather narrow angular range (18 degrees for both analyzed Apatura species while it is much
greater in other butterfly species previously studied). The spectral width of the iridescence is
small (around 50 nm FWHM for both analyzed Apatura species and is much greater in
tropical Morpho butterflies).
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We demonstrate both theoretically and experimentally that a finite Airy beam changes its trajectory and shape
in optically induced waveguide arrays consisting of different kinds of defects. The propagation dynamics and
beam acceleration are controlled with positive and negative defects, and appropriate refractive index change. An
additional class of discrete beams and Airy defect modes are demonstrated.

DOI: 10.1103/PhysRevA.88.063815

I. INTRODUCTION

Self-accelerating Airy beams were first demonstrated in
quantum mechanics [1] as a dispersion-free solution of the
Schrodinger equation. By means of an important link between
quantum mechanics and paraxial wave optics, Airy beams
have been recently transferred into an optical field [2,3]. They
remain invariant along parabolic trajectories and attract a great
deal of interest because of their unique properties, including
transverse acceleration [4,5], nondiffraction [6,7], and self-
reconstruction [8,9]. Such features make these beams useful
for applications ranging from guiding and manipulation of
microparticles [5] and producing curved plasma channels [10]
to dynamically routing surface plasmon polaritons [11,12] and
frequency generation [13].

One reason for interest in these beams is their potential
application in nonlinear optics regimes: nonlinear interaction
of light with some material and a study of accelerating beam
dynamics inside nonlinear media. The behavior of Airy beams
propagating from a nonlinear medium to a linear medium was
studied in Ref. [ 14]. Formation of self-trapped accelerating op-
tical beams is demonstrated with different self-focusing non-
linearities [15], ranging from Kerr and saturable to quadratic
[16,17], and also with an optically induced refractive-index
gradient [18]. Recent experimental realization of electron
Airy beams [19] opens a novel ways of manipulating Airy
beams with various magnetic or electric potentials. Although
nondiffracting beams are not stationary solutions of the
Schrodinger equation with introduction of uniform waveguide
arrays, their modified counterparts are shown to exist and
remain nondiffracting [20]. Similarly asymptotic preservation
of a free accelerating property is observed [21] with Airy
beam introduced in uniform waveguide arrays. This gave us
motivation to study the impact of defects in waveguide arrays
on uniform waveguide array counterparts of Airy beams.

In this paper, we investigate and analyze both theoretically
and experimentally the active control of self-accelerating Airy
beams with an optically induced waveguide array consisting
of different kinds of defects. Various laser-written waveguide
arrays are produced in Fe:LiNbOj crystal, with periodic refrac-
tive index change and appropriate defect guides. We consider
how the positive and negative defects [22] influence the beam
self-bending as well as reduction of the beam acceleration.
In general, we find that with a modification of the refractive
index change, Airy beam acceleration can be reduced to the
discrete beams. However, close to the defect guides, the beam
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dynamics changes completely: the beams experience a strong
repulsion from the negative defect, while in the presence of
the positive defect they form simple localized waves.

II. EXPERIMENTAL REALIZATION AND THEORETICAL
MODELING OF AIRY BEAM PROPAGATION IN
WAVEGUIDE ARRAYS

We use an iron-doped (0.05%) Fe:LiNbOj3 crystal with
0.5 x 3 x 10 mm® dimensions. Waveguides are fabricated
using the laser-writing system at a laser wavelength of 473 nm,
which induces an appropriate structure change in the material
[see the schematic diagram in Fig. 1(a)]. By moving the sample
with respect to the perpendicular laser beam, a continuous
modification of the refractive index is obtained enabling light
guiding. The beam is focused by the 50 x microscope objective
with a numerical aperture (NA) of 0.55. Our sample has
waveguides of approximately 10 um width, with spacing
between the centers of the adjacent waveguides of d = 20 um.
We fabricate various one-dimensional waveguiding systems
with a refractive index change of An ~ 1 x 10~*, while two
of the guides are fabricated with either a lower (negative defect)
or higher refractive index change (positive defect), achieved
by a variation of the writing velocity. Experimental setup for
the investigation of Airy beam propagation in such waveguide
arrays is shown in Fig. 1(b). For the creation of the Airy beam,
an initial Gaussian beam from a 532 nm laser is projected
through a cubic phase mask onto a spatial light modulator
(SLM). The beam is then Fourier transformed and the 8 uW
input Airy beam, roughly 10 um wide in the main lobe, is
launched to the front face of the crystal. The output intensity
pattern, appearing at the end face of the crystal, is real time
observed by means of a charge-coupled-device (CCD) camera.
The intensity pattern evolution along the propagation direction
(z axis) through the crystal is obtained with another CCD
camera mounted above the sample, parallel to the x-z crystal
plane. The camera records scattered light from the crystal, with
the integration time of about 2 min.

To theoretically model Airy beam propagation in a waveg-
uide array, along the propagation distance z, we consider the
nonlinear Schrodinger equation

OE  10°E
"9z T 20x
where E is a slowly varying envelope, V(x)=n; —
An cos’(rx/d) is the periodic refractive-index profile of the

—V)E, (1)
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FIG. 1. (Color online) Experimental setup for an investigation
of Airy beam propagation effects in waveguide arrays. (a) Scheme
of the laser-writing waveguide arrays process in LiNbOj; crystal.
(b) Schematic of the experimental setup. Light from a 532 nm laser is
expanded and phase modulated by a spatial light modulator (SLM).
The beam is Fourier transformed and input into an LiNbOj; crystal,
and imaged into a CCD camera. L-lens, PH- pinhole, M-mirror,
O-objective, PC-computer.

02

LiNbO,

array with the lattice period d, n; is a bulk material refractive
index, and An is the optically induced refractive index change.

We investigate the propagation dynamics of Airy beams
in optically induced waveguide arrays, with emphasis on
the competition between the acceleration and self-bending
propagation properties of Airy beams, and the trend of waveg-
uide arrays to form discrete wave filaments. The propagation
characteristics of Airy beams in waveguide arrays with and
without defects are considered both theoretically and experi-
mentally. We compare our experimental results to numerical
simulations, carried out by the split-step Fourier method
with the parameters of our experiment. All theoretical results
are confirmed experimentally. First, to compare appropriate
effects we test the Airy beam propagation in our crystal
with no waveguide arrays fabricated. There is a typical Airy
beam bending with a transverse displacement at the output,
with no diffraction evident in the main lobe, observed both
experimentally [Figs. 2(a) and 2(b)] and theoretically Fig. 2(c),
after 10 mm of propagation.

Next, keeping all conditions unchanged, the Airy beam
is launched in the waveguide arrays fabricated in our

Homogeneous

Waveguide arrays

FIG. 2. (Color online) Airy beam propagation in homogeneous
LiNbOs; crystal (top row) and waveguide arrays optically induced in
the same crystal (bottom row). Intensity plots of Airy beam structures
in longitudinal direction during the propagation: (a), (d) experiment;
(c), (f) theory. (b), (e) Corresponding intensity distributions at the
back face of the crystal. Physical parameters: the crystal length L =
10 mm, lattice constant d = 20 um, width of the main Airy lobe
10 pm.
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crystal, with the main lobe positioned in one waveguide (an
incident waveguide). When refractive index change is optically
induced, the Airy beam, which remains self-similar during
propagation and has a ballistic trajectory, can interact with
the neighboring waveguides. One can see that the bending of
the main lobe of the Airy beam is weaker [Figs. 2(d)-2(f)],
in comparison with the uniform case [Figs. 2(a)-2(c)]. Also,
the presence of the waveguide arrays leads to a creating beam
that propagates similar to the discrete waves. With appropriate
refractive index change the output position of the Airy beam
moves downward, indicating suppressed acceleration of the
Airy beam, and it forms the various kinds of discrete structures.
A series of numerical investigations are also performed to
manipulate Airy beam acceleration with different refractive
index change (see Sec. IV, Figs. 4 and 5).

III. DEFECT-CONTROLLED AIRY
BEAM ACCELERATION

We also study the influence of various defect guides on the
Airy beam propagation, and active control and manipulation
of the beam acceleration with such defects. We show that
the balance between self-acceleration properties and defect
plays an important role in the evolution of the Airy beam. Our
results are shown in Fig. 3, obtained with the same Airy beam
as before, but using two different classes of waveguide arrays:
containing a single defect with a lower refractive index defect
guide (negative defect) and with a higher refractive index
defect guide (positive defect). In both cases the main Airy
lobe is positioned into the defect guides, at the input. First, we
consider waveguide arrays with negative defects and observe
strong beam repulsion from such defects [Figs. 3(a)-3(c)].
But, shifting the main lobe position to the waveguide close to
the defect channel, one can observe a typical discrete surface
waves (not shown). However, the Airy beam propagation is
drastically changed in the presence of a positive defect guide
so the formation of simple localized waves is possible with
appropriate positive defects [Figs. 3(d)-3()].

Negative defect

Positive defect

FIG. 3. (Color online) Airy beam propagation in waveguide
arrays with negative (top row) and positive (bottom row) defects.
Intensity plots of Airy beam structures in longitudinal direc-
tion during the propagation: (a), (d) experiment; (c), (f) theory.
(b), (e) Corresponding intensity distributions at the back face of the
crystal. Defect refractive index change is O for negative and 2An for
positive defect. Other parameters are as in Fig. 1.
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FIG. 4. (Color online) Dependence of the percentage of the Airy beam power in the incident waveguide (P, ) on refractive index change
An and propagation distance for (a) waveguide array, (b) negative defect, and (c) positive defect. Physical parameters are as in Fig. 3.

IV. DEPENDENCE OF AIRY BEAM PROPAGATION
ON THE REFRACTIVE INDEX CHANGE

Finally, we study numerically the dynamics of Airy beam
propagation in waveguide arrays with various refractive index
changes An. Again, we compare three cases with positive
and negative defects and with no defects. We show that
beams exhibit shape-preserving acceleration inside a low
refractive index change, but discrete diffraction and formation
of various discrete beams occur with an increasing refractive
index change, and very rich beam dynamics and amplitude
modulations are seen with further increasing of An. We
monitor a percentage of the Airy beam power in incident
waveguide (P,y), as the ratio between the power of the beam
in the incident waveguide (or defect channel in the case with
defect waveguides) and the total power of the Airy beam,

waveguide array
06 — — — negative defect
P e —— —— positive defect
w Pl -
0.4 p N - N
7 = '\‘ﬂ
/
0.2 /
74 ’ -~ — B“ N—— ~

— 2
il ———

0 1x10-4 2x104 3x104 4x104 5x10-4

FIG. 5. (Color online) Airy beam propagation dynamics in
different waveguide arrays. Typical intensity distributions of Airy
beam structures in longitudinal direction during the propagation
for waveguide arrays with (a), (d) no defects; (b), (e) negative
defect; and (c), (f) positive defect. (a)~(c) An =3 x 107*; (d)—(f)
An =5 x 107*. (g) Airy beam power in incident waveguide (P,,)
at the crystal exit as a function of refractive index change An.
A vertical dotted line shows experimental refractive index change.
Physical parameters are as in Fig. 4.

at appropriate propagation distance. A dependence of P,
on the refractive index change An and propagation distance
is presented in Fig. 4 for all three cases: (a) waveguide
array, (b) negative defect, and (c) positive defect. Figure 4
clearly demonstrates the impact of waveguide arrays on the
formation of discrete beams [Fig. 4(a)]. Also, it demonstrates
the impact of the defect inclusion on the acceleration beams,
the shape-preserving nature of these beams, and the refractive
index change caused with the defect inclusion [Figs. 4(b) and
4(c)]. One can see that discrete beam diffraction is more visible
in the case of waveguide arrays without defects. However,
an energy localization in the incident waveguide is more
pronounced in the waveguide arrays with the negative defect
[Fig. 4(b)], and the most with the positive defect [Fig. 4(c)].

Figure 5 presents some typical examples of the Airy beam
propagation along the longitudinal direction for An higher
than in our experimental sample. Intensity distributions for
two values of refractive index change are shown: An =
3 x 10~* (first row) and An =35 x 10~* (second row) for
waveguide arrays [Figs. 5(a) and 5(d)], negative defects
[Figs. 5(b) and 5(e)], and positive defects [Figs. 5(c) and 5(f)].
In the case without defects, discrete beam formation starts
at shorter propagation distance while the refractive index
change is increased. With the negative defect guide, increasing
An, amplitude modulations take place, and they are more
pronounced with higher An. The beam repulsion from defect
guide is also visible. At last, inclusion of a positive defect
leads to a more localized energy in the defect guide, but also
with some kind of amplitude modulations for higher refractive
index change. We monitor Airy beam power in the incident
waveguide (P;y,) at the crystal exit as a function of refractive
index change An [Fig. 5(g)]. For waveguide arrays with no
defects, P, after 10 mm propagation distance is slightly
changed, decreases with lower, but increases with higher An.
In the case of a negative defect, P, has maximal values at
An ~ 3 x 107%. The percentage of the Airy beam power in
incident waveguide is higher for positive defect guides, and
for parameters we used in our investigation it has maximum
at An ~ 1.3 x 107*. Also, we investigate defect guides with
different refractive index change, as well as different defect
size (not shown). Our analysis provides a very good tool for
manipulation and controlling of Airy beam acceleration and
self -ending properties, as well as appropriate conditions for
the formation of discrete, surface or localized waves produced
using Airy beams.
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V. CONCLUSIONS

In summary, we have demonstrated the propagation dynam-
ics of Airy beams in optically induced waveguide arrays. We
have analyzed experimentally and numerically how various
waveguides modify acceleration and self-bending properties
of such beams, resulting in the discrete beams or Airy defect
mode formation. We have demonstrated that the presence of
various defect types, their sizes, as well as the refractive index
change could drastically change the initial Airy beam shape.
The experimental results fully agree with the theoretical

PHYSICAL REVIEW A 88, 063815 (2013)

analysis. A similar method can be used for control of other
accelerating beams, such as parabolic beams. While we
performed all our analysis in one-dimensional waveguide
arrays, all our findings should also hold in two-dimensional
photonic lattices.
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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.

DOI: 10.1103/PhysRevA.90.033802

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

0w 1 (82\11 R

1
3z "o > + Sk wiAn* (finga) ¥ = 0. (1)

"9 T2

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.

©2014 American Physical Society
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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
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=
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£

=
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o
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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.

033802-6



CONTROL OF AIRY-BEAM SELF-ACCELERATION BY ...

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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Soliton formation by decelerating
interacting Airy beams
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Abstract: We demonstrate a new type of soliton formation arising from
the interaction of multiple two-dimensional Airy beams in a nonlinear
medium. While in linear regime, interference effects of two or four
spatially displaced Airy beams leads to accelerated intensity structures
that can be used for optical induction of novel light guiding refractive
index structures, the nonlinear cross-interaction between the Airy beams
decelerate their bending and enables the formation of straight propagating
solitary states. Our experimental results represent an intriguing combination
of two fundamental effects, accelerated optical beams and nonlinearity,
together enable novel mechanisms of soliton formation that will find
applications in all-optical light localization and switching architectures. Our
experimental results are supported by corresponding numerical simulations.
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1. Introduction and motivation

Airy wave packets, first predicted by Berry and Balazs [1] as free-particle solutions of the
Schrodinger equation are remarkable objects within the framework of quantum mechanics. The
envelope of these wave packets is described by Airy functions, centered around a parabolic
trajectory. Their unique ability to freely accelerate during propagation — even in the absence
of any external potential — stands out the Airy wave from any other known solution. Airy
wave packets were also predicted [2], and then realized [3] in the optical domain. Their spe-
cial self-healing properties — self-restoration of their canonical form after passing small obsta-
cles — were demonstrated theoretically and experimentally [4]. The unique ballistic-like and
self-accelerating properties of the Airy beam made it ideally suited for various applications
ranging from particle and cell micromanipulation, optical snow-blowers [5, 6], laser microma-
chining [7] and self-bending plasma channels [8] to ultrafast self-accelerating pulses [9].
While the potential of tailored light fields, especially Airy beams, is well recognized in these



fields, they are also of significant importance for advances in discrete and nonlinear modern
photonics. On the one hand, the influence of inhomogeneous refractive index potentials on Airy
beams has been investigated theoretically to design the beam caustics [10, 11, 12], on the other
hand it was experimentally demonstrated that a linear refractive index gradient or a photonic
lattice can be used to control and compensate the Airy beam self-acceleration [13, 14, 15].
Another inventive idea shifts the perspective and uses two-dimensional Airy beams itself to
optically induce light guiding structures for optical routing and switching of signals [16].

By considering nonlinearity a new degree of freedom is added to the system which leads
to interesting new effects of Airy beam propagation investigated in several theoretical and ex-
perimental studies [17, 18, 19, 20]. One of the most fundamental effect in nonlinear systems
is the existence of spatial solitons which represents localized structures that always preserve
their shape by the balance between diffraction and nonlinear self-focusing. In optics, they have
extensively been studies in various systems, including bulk nonlinear media or discrete sys-
tems [21, 22, 23], where fundamental solitons or even vortex solitons [24, 25] have been found.
The interesting question now is if solitons or solitary structures can arise from the interaction
of initially accelerated beams such as Airy beams. Very recently, first numerical studies have
started to explore the interaction between two one-dimensional Airy beams in an isotropic ide-
alized nonlinear model [26, 27, 28].

In this paper, we investigate the nonlinear interaction of two-dimensional Airy beams ex-
perimentally, as well as numerically. Therefore, we introduce advanced experimental methods
to synthesize multiple accelerated Airy beams with fully controllable parameters and observe
the nonlinear dynamics of this compound optical field in a photorefractive nonlinear crystal, an
ideal experimental testbed for nonlinear light-matter interaction. We demonstrate that these in-
teractions lead to solitary structures that arise from nonlinear interaction of two or four involved
accelerated Airy beams. Depending on the beam intensity and on different phase configurations
of the synthesized beams (in phase or out of phase), either one solitary solution or a pair is ob-
served that propagates almost stable with small intensity modulations (breathing). Moreover,
we demonstrate how the synthesized beams propagate in the linear regime, where interference
leads to interesting intensity modulations, including tight-focus structures. To precisely de-
scribe all our experimental observations in a theoretical framework, we extend and generalize
existing concepts to handle multiple Airy beams, as well as nonlinear propagation in the more
realistic anisotropic photorefractive model.

2. Theoretical model and numerical methods

To study the propagation characteristics of Airy beams in a nonlinear optical system with in-
tensity dependent refractive index modulations, we consider the scaled paraxial equation of
diffraction for the envelope A of the optical field:
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Here, x = x/wo and v = y/wq are the dimensionless transverse coordinates scaled by the
characteristic length wg. §{ = z/ kw% represents the dimensionless propagation distance with
k=2mn/A.

In this equation, the nonlinearity is given by an intensity-dependent refractive index mod-
ulation An?(I), with I o |A|?, which is caused by the nonlinear response of a photorefractive
medium. Theoretically, it is well described by the electro-optic effect combined with the band
transport model, which in our case can be approximated by the full anisotropic model for the



optically induced space charge potential ¢, [29]
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where the refractive index modulation results from the electro-optic effect as An? = néreffz?x(f),
and rfr is the effective electro-optic coefficient.

This model precisely describes the optical induction process in a photorefractive nonlinear
medium with applied electric field Ecx along the crystal’s c-axis and accounts for the orientation
anisotropy caused by the resulting directed transport of charge carriers. Moreover, this model is
capable to describe the effect of charge carrier diffusion in the internal space charge field. This
effects plays an important role for non-zero temperatures 7' and non-zero dark conductivity of
the crystal, and leads to effects such as nonlinear soliton steering in bulk nonlinear media.

2.1. Two-dimensional Airy beams

In the linear regime, where An(I) = 0 holds, the wave equation can be solved by two-
dimensional truncated Airy beam solutions that reads as
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Here, Ai(X) is the Airy function, A¢ the amplitude and ax a positive decay length that truncates
the solution to become physically relevant. In the focal plane ({ = 0) the one-dimensional
Airy functions reads as @(X,0) = Ai[X]explaxX], where the exponential decay clearly can
be seen. Without this truncations the solution will extended over the whole space and contains
infinite energy. These truncated solutions still solves the wave equation (1) and the distinguished
properties of Airy beams are mostly preserved [2]

2.2.  Numerical methods

Due to the inhomogeneous refractive index modulation An? (Iingu ), Which here is caused by
the nonlocal, anisotropic photorefractive nonlinearity, the paraxial wave equation (1) cannot
be solved analytically. Thus, we have implemented comprehensive numerical methods to solve
this equation and model the light propagation in nonlinear media. The propagation equation (1)
is evaluated numerically, using split-step Fourier methods. In the nonlinear regime, the inducing
intensity finq, = |A|? is given by the intensity of the propagating wave field itself (cf. (1)). There-
fore, it is crucial to calculate the optically induced refractive index modulation for each propa-
gation step. This index modulation, represented by An®(linqy), is calculated in full anisotropic
model [29] using a relaxation method.

3. Experimental realization of interacting Airy beams in photorefractive media

All the experiments presented here are performed using the setup sketched in Fig. 1(a). The
light from a frequency-doubled Nd:YVO, laser continuously emitting light at a wavelength of
A =532nm is expanded and illuminates a programmable, high-resolution phase-only spatial
light modulator (SLM). The plane wave that enters the modulator experiences a spatial phase



Fig. 1. Experimental setup and single Airy beam characteristics. (a) Experimental setup
(SLM: Spatial light modulator, BS: beam splitter, FM: Fourier mask, SBN: strontium bar-
ium niobate crystal, MO: microscope objective). (b—d) Linear propagation of a single two-
dimensional Airy beam through the homogeneous crystal. (b),(d): Intensity at the input and
output face of the crystal, (c) cross-section during propagation.

modulation, which in combination with two following lenses and a Fourier filter leads to any
desired complex light field at the input face of the nonlinear photorefractive medium. Therefore,
we address an explicitly designed phase pattern to the SLM that allows us to modulate phase
and amplitude of the light field at the same time [30]. In this way, we realize different complex
light fields as combination of multiple displaced two-dimensional Airy beams, whose field
distributions are calculated with (3).

This structured beam then illuminates the 20 mm long photorefractive Sty goBag.40Nb2Og
(SBN:Ce) crystal which is externally biased with an electric dc field of Eey ~ 1000Vem™!
aligned along the optical c-axis. We take care that the input face of the crystals coincides with
the plan corresponding to the SLM’s surface. To maximize the nonlinear self-action of the writ-
ten refractive index structure onto the beam itself — in other words the nonlinearity — the beam is
set to be extraordinarily polarized with respect to the crystal’s optical c-axis. The high electro-
optic coefficient of SBN:Ce [31] facilitates sufficient nonlinearity to substantially change the
propagation of the Airy beam. By illuminating the crystal homogeneously with white light, we
can erase written refractive index modulations. This reversibility make our experimental ap-
proach highly flexible to perform series of experiments using the same nonlinear material. By
means of an microscope objective and a camera mounted on a translation stage we can record
the intensity distribution in different transverse planes.

4. Linear propagation of multiple Airy beams

The propagation characteristics of single Airy beams have been subject to many experimental
and numerical studies in the past years, considering linear and nonlinear effects, or propagation
in inhomogeneous or periodically structured media. As it is well known, for linear propagation
in a homogeneous environment the Airy beams follows a parabolic trajectory while propaga-
tion. This behavior can clearly be seen from the experimentally recorded intensity profile of
one single Airy beam (Figs. 1(b—d)) realized with the presented experimental setup (Fig. 1(a)).
Although the main scope of this work is the interaction of multiple Airy beams, these basic
result are presented to demonstrate that our experimental approach and setup allow to realize
two-dimensional accelerated Airy beams with very high accuracy. These results serve as a good
starting point for the following experimenters about multiple interacting Airy beams.

To systematically investigate the propagation and interaction of multiple two-dimensional
Airy beams, we start our studies with considering the most fundamental case of two co-
propagating Airy beams in the linear regime. The beams are coherently superimposed with
an initial distance of d ~ 50um and are rotated by 180°, so that their accelerated trajectories
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Fig. 2. Interference of multiple Airy beams in homogeneous linear medium. (a—d) Evo-
lution of two Airy beams in experiment and numerics. (a,b) in phase, (c,d) with & phase
difference. (e—h) Evolution of four Airy beams in experiment and numerics. (e,f) in phase,
(g,h) with 7 phase difference. Each panel is normalized individually.

will intersect during propagation. The longitudinal position of this intersection point strongly
depends on the curvature of the Airy beams which is determined by their size, but also depends
on their initial separation. We aim to observe this defined intersection inside the volume of
the 20 mm long SBN crystal. Therefore, we set the Airy beam size, measured as the distance
between the main lobe and the next neighbor, to s ~ 25 um.

To visualize the complex evolution of the intensity distribution during propagation, we ex-
tract cross-sections through the experimentally recorded intensity volume along the coordi-
nate in which the acceleration happens. Our experimental setup allows to retrieve this three-
dimensional intensity volume by automatically recording the transverse intensity distribution
in many (here 100) different planes along the crystal and stacking them. It is worth to mention
that recording the intensity at planes inside the crystals is only possible if the refractive index
between this plane and the camera is uniform, in other words, if the crystals in homogeneous.

The experimental results for two Airy beams are shown in Figs. 2(a),(b), with the corre-
sponding numerical simulations in Figs. 2(c),(d). Thereby, we consider two cases where the
beams are either in phase, or 7 out of phase. These different initial conditions result in distin-
guishable transverse intensity profiles during propagation due to interference. For the in-phase
configuration, depicted in Figs. 2(a),(c), a well-pronounced focus is formed by constructive in-
terference of the beams in the intersection region of both accelerated trajectories. This feature
of a very high local intensity compared to the surrounding was previously emphasized as the
key advantage of so-called autofocusing beams [32, 33]. For the out-of-phase case, shown in
Figs. 2(b),(d), the phase difference of 7 between the beams at the input leads to the vertical
separation by a dark line of destructive interference which is preserved during the whole propa-
gation. In both cases, the parabolic trajectories of the two superimposed Airy beams can clearly
be identified. Since so far the propagation is completely linear, the complex intensity patterns
results only from interference, but the beams do not interact and influence each other. There-
fore, their initial general accelerated trajectories are preserved, albeit the beams trajectories
intersect.

By increasing the number of the superimposed beams, the next symmetrical configuration
can be constructed with four displaced Airy beams each rotated by 90°, as shown in Figs. 2(e—
h). In principle there are more possibilities to set the relative phases of the beams, but we want



to limit our studies to the following two cases: either all beams are in phase (Figs. 2(e),(g)), or
neighboring beams are 7 out of phase (Figs. 2(f),(h)). While the transverse intensity profiles
now look quite different compared to the situation where two beams are superimposed, the
longitudinal cross-sections reveal a similar propagation behavior. Again, a well-pronounced
high-intensity focus is formed in the region where the four in-phase Airy beams interfere con-
structively, while the dark line of destructive interference always separates the beams in the
out-of-phase case. Due to the fact that now four beams are interfering, the relative strength
of the focus for constructive interference is much higher than for two beams. The number of
interfering Airy beams could be further increased while the contrast between the focal inten-
sity and the background continuously grows to the limit achieved by radially distributed Airy
beams [32].

All presented experimental results are supported by corresponding numerical simulations.
For the propagation of multiple Airy beams in the linear regime the numerical results perfectly
fits to the experimental measurements. Although the wave equation (1) for homogenous media
(An(I) = 0) has analytical solution in form of truncated Airy beams which can be explicitly
calculated for any distance z, we already here employ the numerical beam propagation method
to prove and emphasize that the simulation methods we developed precisely describe the real
experimental conditions.

5. Nonlinear interaction of multiple two-dimensional Airy beams

From the above presented results we see, that during linear propagation of multiple Airy beams
interference alone already leads to interesting intensity distributions, even as the beams do not
interact and influence each other. If such an interdependency mediated by a nonlinear light
matter interaction is included into the theoretical models and experiments, interesting novel
effects can be expected, as for example soliton formation as predicted numerically in [26, 27].

In the following, we will investigate and analyze the nonlinear propagation and interaction of
multiple Airy beams experimentally in photorefractive SBN. As introduced above, the refrac-
tive index of the nonlinear crystal depends non-locally on the incident intensity distribution and
leads to a self-focusing, saturable nonlinearity. This complex nonlinearity completely changes
the propagation dynamics of the Airy beams and leads to fascinating new types of beam evo-
Iution that depends amongst others on the number of superimposed beams, their relative phase
and intensity. The experimental and numerical results for two and four superimposed Airy
beams are presented in the following sections.

5.1. Interaction of two Airy beams

We start our investigations about the nonlinear interaction with the most fundamental configu-
ration of two displaced Airy beams. We use the same beam parameters as described above for
the linear case (cf. Fig. 2). At the input, the two beams that are separated by d ~ 50 um and are
orientated to accelerate towards each other. Thereby, the trajectories of the undisturbed Airy
beams would intersect and the beams strongly interact. In contrast to the linear experiment,
we now increase the beam power, as well as the writing time to gain sufficient nonlinearity. To
observe the intensity dependency of the propagation dynamics we set four different probe beam
powers: Py = {237, 475, 950, 1.425} nW and perform the experiment for each value, while
keeping all other parameters such as external field, induction time, and background illumination
unchanged.

The experimental results for the in-phase beams are shown in Fig. 3(a). While increasing the
probe beam power we can see the transition from the almost linear interference pattern (al)
to a well-localizes, solitary output state for higher nonlinearities (a3),(a4). This localized state
origins at the intersection point of the beam trajectories, where the constructive interference
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Fig. 3. Formation of solitary states from the interaction of two in-phase Airy beams. (a) Ex-
perimental results for different probe beam power. Each panel shows the intensity pattern
at the output face of the SBN crystal (individually normalized). (b) Results from corre-
sponding numerical simulations. (c) Volumetric plot of the numerically calculated three-
dimensional intensity distribution (three times longer crystal) for strong nonlinearity. The
position of the marked plane corresponds to the length of the used SBN crystal, L =20 mm
and to figs. (a4),(b4).

of the in-phase Airy beams leads to a strongly increased local intensity. Afterward, it prop-
agates almost unchanged, except small breathing, due to the compensation of the diffraction
by nonlinear self-focusing. The merged localized state further propagates straight obviously
without any transverse momentum remaining from initial accelerated beams. The nonlinearity
allows for this complex interaction between the two beams that in consequence compensates
the acceleration. The peak intensity of the resulting state at the output of course is higher than
the peak intensity at the input where the individual beams do not noticeably overlap. The factor
F = Imax.out/Imax.in (€€ insets in Fig. 3) represents the ratio between the maximal intensity at the
output and the input, respectively. Due to the principal limitation that direct imaging through a
non-homogeneous medium is not possible, only the output face of the SBN crystal is accessible
for all nonlinear experiments throughout this paper. The factor r helps to compare experiments
and numerics also quantitatively.

The comparison between the experimental results Fig. 3(a) and the numerical simulation
presented in Figs. 3(b),(c) shows a very good overall agreement. According to the different
probe beam powers in the experiment, we simulated the nonlinear propagation for different
corresponding input intensities i, & {0.33,0.65,1.30,1.95}. The output profiles, as well as
the intensity factor r perfectly matches the real observations in experiment. This verifies that
our implemented numerical methods exactly describe the real situation and justify to employ
numerical simulations to get a detailed impression what dynamics happens during nonlinear
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Fig. 4. Formation of solitary states from the interaction of two out-of-phase Airy beams.
(a) Experimental results for different probe beam power. Each panel shows the intensity
pattern at the output face of the SBN crystal (individually normalized). (b) Results from
corresponding numerical simulations. (c¢) Volumetric plot of the numerically calculated
three-dimensional intensity distribution (three times longer crystal) for strong nonlinearity.
The position of the marked plane corresponds to the length of the used SBN crystal, L =
20mm and to figs. (a4),(b4).

propagation in the SBN crystal. As mentioned above, in the experiment these data are not
accessible due to principle physical reasons.

Figure 3(c) shows a volumetric rendering of the numerically retrieved intensity distribution
during nonlinear propagation. The formation of the solitary state is clearly visible. While during
the build-up process noticeable modulations in the shape and the intensity of the solitary state
occurs (i.a. due to the passing of the remaining side lobes of the initial Airy beams), after some
propagation distance the situation stabilizes and the solitary state propagates almost unchanged,
except small breathing. The marked plane in Fig. 3(c) corresponds to the length of the SBN
crystal and the pictures shown in Figs. 3(a),(b).

A similar localization behavior was also found numerically for simpler idealized isotropic
Kerr, and saturable Kerr nonlinearities [27]. For the presented experimental and numerical re-
sults in a realistic photorefractive SBN crystal, the situation is much more complicated, due
to the anisotropic, saturable and drift-dominated nonlinearity. The slight shift of the intensity
peaks in horizontal direction can be explained by additionally taking into account diffusion
effects in the numerical model.

In the opposite case where the two Airy beams are 7 out of phase, the situation is completely
changed, as can be seen from the results shown in Fig. 4. The two main lobes do not merge
(c.f. Figs. 2(c),(d)) due to the separating line of destructive interference in the middle between
the beams. As a consequence, two localized solitary spots build up and stably propagate as a
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Fig. 5. Interaction of four Airy beams. (left) Formation of solitary state for the case where
the beams are in phase. (right) Nonlinear propagation for 7 phase difference. (a),(d) Experi-
mental results for different probe beam power. Each panel shows the intensity pattern at the
output face of the SBN crystal (individually normalized). (b,e) Results from corresponding
numerical simulations. (c,f) Volumetric plot of the three-dimensional intensity distribution
(from numerics) for strong nonlinearity.

pair over large distances. Again, the build-up process is accompanied by intensity modulations,
but after a certain distance only small breathing remains. Introduced by the initial phase dif-
ference, these two solitons also have a phase difference of 7 and hence repel each other, as
reported for fundamental solitons [34]. Therefore, they propagate on straight lines but with a
small divergence, as can bee seen in Fig. 4(c). The remaining side lobes of the initially launched
Airy beams further follows their parabolic trajectory and quickly depart out of the volume.

5.2. Interaction of four Airy beams

After investigating the nonlinear processes for the fundamental case of two interacting Airy
beams, we now turn towards the more advanced case where four beams are synthesized. The
four Airy beams are combined in the way that their trajectories will intersect, as described
above (c.f. Fig. 2). In general, four beams allow more than two different phase configuration
with integer values in units of 7, nevertheless we restrict ourselves to the two cases: either all
beams are in phase, or with 7 phase difference between neighboring beams. These two cases
leads to completely different results.

For the case where all beam are in phase, the results are shown in Fig. 5 (left). Although
the transverse intensity structure at the input face of the crystal looks different since now four
beams are superimposed, the general nonlinear behavior is similar to the case where two Airy
beams were launched in phase (c.f. Fig. 3). With increasing nonlinearity, the intensity localizes
in the middle and forms a stable solitary state that emerges from the constructive interference
of the beams in the region where their trajectories intersect. The experimental results for three
different beam intensities P, ~ {0.5,1.0,3.0} uW (Figs. 5(a)) clearly show the described for-
mation of the solitary state as the transition from the four separated Airy main lobes (see (al))
to the high-intensity localized state (see (a3)). Here, the ratio r between the maximal intensity
at the input and the peak intensity of the built-up solitary state is much higher compared to the



two-beam case, which is understandable because four beams are merging.

The situation is completely changed for the configuration with a phase difference of 7w be-
tween neighboring beams. The corresponding results are shown in Fig. 5 (right). In contrast to
all other presented cases, here neither a straight soliton nor a soliton-pair or cluster is forming.
Owed to the phase differences, no pronounced high-intensity spot arises from interference at
the intersection of the beam trajectories that could develop into a soliton. Moreover, the remain-
ing side lobes of the four Airy beams prevent the build-up of a solitary states or clusters, like it
was observed in the previous case for two beams (Fig. 4). For higher intensities, the intensity
tends to localize predominantly on one side (cf. Fig. 5(d3)) and keeps traveling away from the
center.

Comparing all results of the nonlinear interaction of two and four Airy beams, we could
identity three different types of nonlinear dynamic. First, in all cases where the synthesized
beams are in phase, the interaction leads to the formation of one single stable spatial solitary
state initiated by the high intensity resulting from constructive interference of the main lobes.
The second type, the formation of a solitary pair, could be observed if two beams are super-
imposed with a phase difference of 7. For these two types the acceleration of the initial Airy
beams is exactly compensated, leading to straight propagating solutions. Interestingly, there is
a third type where no solitary structures appears, even for the same intensities and nonlineari-
ties. This could be observed if four Airy beams are superimposed with 7 phase difference, as
it was done in the last example. For this configuration the nonlinear dynamic shows symmetry-
breaking behavior that depends critically on small perturbations and asymmetries in the system.
The directed diffusion of charge carriers inside the photorefractive SBN crystals causes such
an asymmetry, that is also responsible for the horizontal shift of the other solitary solutions, as
reported above.

Conclusion

In summary, we have presented the first experimental and numerical study about nonlinear
interaction of multiple two-dimensional Airy beams. As the most important result, we could
demonstrate the build-up of solitary structures from the nonlinear interaction of multiple accel-
erated beams. By investigating the nonlinear dynamic of the superimposed Airy beams for dif-
ferent configurations (numbers of beams, phase relations), we could demonstrate the intensity-
dependent formation of straight propagating solitary states or pairs. These fundamental results
could be achieved using a highly-developed experimental platform to perform nonlinear exper-
iments which allows us to precisely shape the input beam as requested and reproducibly control
all relevant parameters, such as input beam power, external electric field, and illumination time.
Our experimental results and methods enable further investigations about the interaction of
other types of tailored optical beams (e.g. nondiffracting beams) and moreover could find ap-
plications in modern optical information processing architectures as a basis for light guiding
and switching approaches.
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The effects of UV femtosecond laser beam with 76 MHz repetition rate on two types of thin films on Si
substrate - the Al single layer thin film, and the multilayered thin film consisted of five Al/Ti bilayers (total
thickness 130 nm) - were studied. The surface modification of the target was done by low fluences and
different irradiation times, not exceeding ~300 s. Nanopatterns in the form of femtosecond-laser induced
periodic surface structures (fs-LIPSS) with periodicity of <315 nm and height of ~45 nm were registered
upon irradiation of the thin films. It was shown that: (i) the fs-LIPSS evolve from ruffles similar to high
spatial frequency LIPSS (HSFL) into a low spatial frequency LIPSS (LSFL) if a certain threshold of the fluence
is met, (ii) the number of LSFL increases with the exposition time and (iii) the LSFL remain stable even
after long exposure times. We achieved high-quality highly-controllable fabrication of periodic structures
on the surface of nanosized multilayer films with high-repetition-rate low-fluence femtosecond laser
pulses. Compared to the Al single layer, the presence of the Ti underlayer in the Al/Ti multilayer thin film
enabled more efficient heat transmittance through the Al/Ti interface away from the interaction zone
which caused the reduction of the ablation effects leading to the formation of more regular LIPSS. The
different outcomes of interactions with multi and single layer thin films lead to the conclusion that the
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behavior of the LIPSS is due to thin film structure.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The occurrence of periodic structures on material surfaces
induced by pulsed laser irradiation (LIPSS) has been attracting
attention due to potential and interesting applications [1-10].
Various materials have been used, ranging from metals and semi-
conductors to dielectrics and compounds, as well as from bulk to
thin films. Moreover, lasers with different operation modes and
beam parameters have been used [1,2,4,11-14]. Two types of peri-
odic structures generally occur, high spatial frequency LIPSS (HSFL)
and low spatial frequency LIPSS (LSFL) [15,16].

In the femtosecond range, near infrared (NIR) irradiation
(around 800 nm) with fluences >100 mJ/cm? is commonly used
with the tendency that produced periodic structures disintegrate
after a great number of pulses [4,7,9]. For many metals, the
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absorption for normal incidence is low in the infrared (IR) and NIR,
rising in the visible (VIS) and being high in the ultraviolet (UV) part
of the spectrum. However, by showing low absorption (high reflec-
tivity) in the UV, Al surpasses all the others, posing challenging
difficulties for laser-induced surface modifications [17-20]. Using
UV beams would in return lead to the formation of periodic struc-
tures of lower spatial period [16], which gives more opportunity
for finer nanopattening. The interaction of femtosecond laser beam
with surfaces leads to the adsorption of the oxygen and nitrogen
from the atmosphere, which changes the surface properties [21].
Formation of periodic nanostructures influences the tribolog-
ical properties of the surfaces [22]. Aluminum-titanium (Al/Ti)
multilayer thin films have been attractive for structural coatings
in mechanical applications, due to their extraordinary wearing
behavior and corrosion resistance. Adding a Ti to Al alloy can
lead to the formation of a fine scale, equiaxed grain structure,
which reduces hot tearing, increases feeding to eliminate shrink-
age porosity and thus improves the mechanical properties [23].
The fs-beam nanostructuring of Al surface has been present in
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the literature [24-27]. The interaction of femtosecond laser beam
with Al/Ti multilayer structures on silicon has not been sufficiently
described in literature, especially for low laser intensities, below
the ablation threshold. Therefore, it is expected that exposing the
Al/Ti multilayer to fs beam would change the tribological and
chemical properties of the surface. We have irradiated the Al/Ti
multilayer and Al single layer thin films with femtosecond UV
(390 nm) laser pulses of low single pulse fluence (<100 mJ/cm?)
and demonstrated the emergence of femtosecond-laser induced
periodic surface structures (fs-LIPSS) on the top surface of the mul-
tilayered structure. The evolution of initial nanoroughness to the
LSFL has been interpreted and the causes of the LSFL formation
have been suggested. The difference in surface modifications after
fs laser interactions with Al/Ti multilayered and Al single layered
thin films has been demonstrated.

2. Experimental setup

We have irradiated two types of targets. The target/specimen of
the first type was comprised of the silicon (100) wafer on which
five Al/Ti bilayers were deposited reaching the total thickness of
~130nm (each layer of ~13nm). The second type was Al single
layer of ~130 nm of thickness on the wafer of same type. The depo-
sitions were performed by the Balzers Sputron Il apparatus using
1.3keV argon ions and with 99.9% of Al and Ti targets purity.

The irradiations were performed in air with focused femtosec-
ond laser beam under normal incidence at the top layer (Al). The
beam was generated by the Coherent Mira 900 Ti:Sapphire sys-
tem, frequency-doubled by the Inrad 5-050 ultrafast harmonic

SHG

MPZ

PL

FB

generation system (as a second-harmonic generator, SHG), and its
wavelength monitored with the Ocean Optics HR2000CG-UV-NIR
fiber-optic spectrometer (Fig. 1). The beam properties at the tar-
get were: wavelength 390 nm, pulse duration ~150fs, repetition
rate 76 MHz (corresponding to ~13 ns of interpulse time), power of
160-260 mW, linear polarization in the horizontal plane, Gaussian-
like elliptic profile. The exposition times were between 1 and 300s.
The results have been analyzed by scanning electron microscopy
(SEM): the JEOL JSM 6560 LV system with the Oxford Instruments
EDS analyzer (typical spatial resolution ~2 wm?) and atomic force
microscopy (AFM) by the NT-MDT NTEGRA Prima system in the
tapping mode with NSGO1 probes (tip curvature radius 6 nm).

3. Results and discussion

Selected results of the surface changes after laser irradiation
(SEM micrographs) are presented in Figs. 2-5. Changing the beam
power resulted in the single pulse fluence range between 8.6 and
14 mJ/cm?2. The irradiation time was between 1 and 300s.

In Fig. 2(a), the illuminated area (IA) on Al/Ti multilayer thin film
sample generated by the beam of single pulse fluence14 mJ/cm?
during 1 s of exposition time is shown. This corresponds to effective
delivered power per spot of 1.06 MW/cm?2. The time between two
consecutive pulses (the interpulse time) was ~13 ns for all cases of
irradiation. The elliptically-shaped modified area (MA) of dimen-
sions 2.07 pm x 3.40 wm stands out from the surroundings by its
ruffles (the form of regrouping of the surface material), i.e. a noise
in which a certain periodicity can be recognized similar to high
HSFL [16]. For the same single pulse fluence but longer exposition

MPY

sample

MPX

Fig. 1. Experimental setup; PL - pump laser, PB - pump beam, FS - femtosecond laser, FB - femtosecond beam, SHG - second-harmonic generator, FL - focusing lens

(f=5mm), MPX, MPY, MPZ - micropositioners, SM - spectrometer.

Lniu,

Fig. 2. SEM micrograph of the spots generated on the Al/Ti sample by the beam of: (a) 14 mJ/cm? single pulse fluence and 1 s exposition time (effective delivered power per
spot 1.06 MW/cm?); (b) 14 mJ/cm? and 2 s (1.06 MW/cm?); (c) 13.6 mJ/cm? and 10's exposition time (1.03 MW/cm?). White bar represents 1 wm.
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Fig. 3. SEM micrograph of the spot on the Al thin film specimen, generated by the beam of 8.6 mJ/cm? single pulse fluence (effective delivered power per spot 654 kW/cm?):
(a) exposition time 1s; (b) exposition time 4s; (c) exposition time 10 s. White bar represents 1 pm.

Ui,

Fig. 4. SEM micrograph of the spot on the Al thin film specimen, generated by the
beam of 8.6 mJ/cm? single pulse fluence and exposition time of 2 s (effective deliv-
ered power per spot 654 kW/cm?). Detailed view with the dimensions of ripples.
White bar represents 1 pm.
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time, besides ruffles two prominent ripples were formed in the MA,
as seen in Fig. 2(b). The ripples, having the shape of a string of
nanoparticles, were 130 nm wide, 2 wm long and perpendicular to
the direction of the beam polarization. For even longer exposition
times, greater number of ripples was formed; however, the ripples
remained limited inside the MA, Fig. 2(c). The periodicities of the
LSFL have been determined from the extracted profile of the pixel
brightness and are given in Table 1.

Having the spatial period ~320 nm close to the incident wave-
length (390nm), the ripples are the LSFL. Comparing the LSFL
formed for different expositions, Fig. 2(b) and (c), both shape and

Table 1

LSFL periodicities over number of samples.
Sample  Fig. Number of pulses Number of Periodicity

LSFL stripes

AlTi 2(b)  152x10° 2 (~310+20)nm
AITi 2(c)  760x 108 8 (314+£20)nm
AlTi 5(a) ~23x10° and scanning  68-70 (320+20)nm
Al 5(b)  Scanning >50 (~350+20)nm
Al 3(a)  76x10° 5-6 (~260+20)nm
Al 3(b) 304 x 108 7-8 (~262+£20)nm
Al 3(c) 760 x 108 6-7 (~314+20)nm

polarization direction

Fig.5. SEM micrograph ofirradiated areas, white bar represents 5 um, the samples were translated during the irradiation (arrows indicate the direction of beam traversing over
the sample), exposition time ~300s: (a) Al/Ti specimen, single pulse fluence14 mJ/cm? (corresponding to 1.06 MW/cm?); (b) Al thin film sample, 8.6 mJ/cm? (654 kW/cm?).

Inset in (b) shows enlarged part.
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width of the LSFL seems to remain unchanged with exposition time.
The ruffles are the precursor to the formation of the ripples - the
strings of nanoparticles.

The specimen of the second type, the Al single layer thin film,
was exposed to 8.6 mJ/cm? of the single pulse fluence and the same
exposition times (for (a), (b) and (c), respectively) and the results
are presented in Fig. 3. For 1s of irradiation, Fig. 3(a), the material
in the MA regrouped in the form of ripples. For longer exposition
times, Fig. 3(b) and (c), ablation took part in the central part of the
MA (dark spot) and ablated material accumulated around in the
form of ripples (LSFL). The width of the ripples could be determined
to ~200-220 nm and approximate spatial period to ~260-314 nm
(Fig. 4). The ripples, with the direction perpendicular to the polar-
ization direction of the beam, show lower regularity compared to
the ones of the Al/Ti samples.

Inorder to see whether the relative movement between the laser
beam and the samples influences the occurrence of the LSFL, the
samples were slowly translated with estimated speed between 1
and 4 p.m/s while exposed; the irradiation lasted ~300s.

For 14mJ/cm? of the single pulse fluence (corresponding to
1.06 MW/cm?2), the Al/Ti sample was translated in parallel (Fig. 5(a),
zone 1 arrow) and both perpendicular and parallel (Fig. 5(a), zone
2 arrows) directions in respect to the beam polarization direction.
It is apparent that the arrangement of the LSFL is independent on
the sample translation. This suggests that the interaction between
the incident laser beam and induced surface wave [8,9], the surface
plasmon polariton (SPP), together with dewetting [28,29] plays an
important role in the formation of the LSFL. It should also be noted
that, in spite of the long exposition times (~300s while scanning),
the disintegration of the LSFL has not occurred for the Al/Ti sample.
From the extracted profile of the pixel brightness in Fig. 5(a), the
spatial period of the LSFL has been determined to be (315 +20) nm.
The sample was moved in such manner that the laser beam, after
being switched on, first traversed over the sample in the direc-
tion to the left and stopped. The rightmost group of the stripes
represents the position where the laser beam was shut off. Next
movement of the sample positioned the beam for next ~2 um to
the left, where the sample stopped and the beam was switched
on for ~300s. While the laser beam still being switched on, the
next movement with the speed of ~1-2 um/s led the beam for
next 10 wm (the long white arrow pointing to the left, Fig. 5(a)),
along the polarization direction, where the sample stopped and
the laser beam was left on for ~300s. Without switching the laser
beam off, the beam traversed (by sample movement) to the left
(the long white arrow pointing to the left) with speed ~3-4 pm/s
for next 10 wm, entered the zone 2, stopped and left for ~300s. The
discrepancies in the thickness of the ripple trace might come for
the reasons of the speed instability of the sample movement. Then
the beam traversed with ~2 pm/s in the direction of the small up-
pointing arrow for 5 wm, then back down for ~5 pwm, then to the
left ~5 wm and in the end back to the right and stopped, remain-
ing in the zone 2 for ~300s. In all cases of the movement, the
polarization direction was as shown in the Fig. 5(a), i.e. horizon-
tal.

The implementation of the low single pulse fluences
(~14mJ/cm?2, corresponding to 1.06 MW/cm?2) enables the
generation of permanent high-quality LSFL tracks (ripple trace)
on the multilayer film for the length of ~20 wm, indicating the
potential of LSFL fabrication, covering of large surface areas
without loss of quality. This is in contrast to the case of the Al
single layer sample, where obtained LSFL structure is loose and
contains bifurcations (Fig. 5(b)). The sample was translated along
the polarization direction (arrow in the Fig. 5(b), with the scanning
speed of 5 um/s). The LSFL are less prominent, but still noticeable
- see inset in Fig. 5(b). Fig. 5 demonstrates that the regularity of
LSFL is highly improved with using the multilayer configuration.

Table 2
EDS analysis (in weight %) of non-irradiated area and modified area (MA) irradiated
with single pulse fluence of 14 mJ/cm?.

Element (%) Non-irradiated area MA during 1s MA during 300's
Si 88.6 70.72 51.33
Al 3.58 3.05 217
Ti 8.36 6.52 4.53
N 0 19.70 31.25
¢} 0 0 10.72

The influence of the femtosecond laser beam irradiation to the
chemical modification of the surface has been investigated. The
adsorption of N into Al surface under the irradiation of femtosec-
ond laser pulses has been reported [21]. In Table 2, the EDS results
obtained from three spots of the Al/Ti sample are presented: (1)
from non-irradiated area (unmodified surface), (2) from MA irradi-
ated with 14 mJ/cm? single pulse fluence during 1 s (corresponding
to 1.06 MW/cm?) — where only the HSFL-like noise appeared, and
(3) from MA irradiated with 14 mJ/cm? single pulse fluence during
300 (corresponding to 1.06 MW/cm?) - where the LSFL appeared.
The results after short exposures show the appearance of N, but
not of O in the MA. The results of longer exposition, where the
LSFL occurred, show the increased content of N and the occurrence
of O in the MA. The adsorption of N is likely to occur for shorter
exposition times (smaller accumulated energies), while additional
oxides appear for longer expositon times (greater accumulated
energies). Due to the constraints of the EDS (spatial resolution,
i.e. great volume from which the information is obtained, and the
detection from the deep of the interaction volume) neither oxy-
gen nor nitrogen has been detected in non-irradiated spots. Their
common presence (particularly of natural oxides) is of much lower
contribution compared to irradiated spots.

The profile of structures developed on irradiated multilayer 5 x
(Al/Ti)/Si sample, together with 2D FFT (see Fig. 2), is shown as
the AFM images in Fig. 6. The irradiation by 14 m]/cm? during 2 s
(corresponding to 1.06 MW/cm?) changes the surface RMS rough-
ness from 0.5 nm (in non-irradiated area, mirror-like surface) [23]
to 6.8 nm (HSFL). The existence of the periodicity could be deter-
mined from the 2D FFT image, Fig. 6(c), where the orders are linked
to periodicities of LSFL (1st order) and also to HSFL-like ruffles (2nd
order), which approximate value of ~130nm could be estimated
from Fig. 6(b). Moreover, in the central part, the height of the LSFL
reached avalue of about (45 + 0.5) nm above the mean. On the other
hand, the irradiation during 10s produced a clearly regular peri-
odic topography of eight ripples (Fig. 2(c), AFM images with 2D FFT
and profile in Fig. 7). The average ripple height given by the AFM
in Fig. 7 is 45 nm above the mean, which is similar to the height
after 2 s of irradiation (Fig. 6). This may lead to the conclusion that
the height of the LSFL is not influenced by the exposition time;
increasing time of laser irradiation only increases the number of
the LSFL inside the MA. The SEM and AFM images indicate that
each ripple has a fine granular structure (the average granule size
is about 130 nm), which could be attributed to the formation and
self-arranging of nanoparticles. The growth of the LSFL could also
be explained by considerable nitriding and oxidation of the sample
material [28,30-34] with possible forming of intermetallic mixture
of Al and Ti [35].

The penetration depth, Iy, for the 390 nm laser beam in Al is
about 3 nm, and in Ti is about 9.3 nm, calculated by using the for-
mula [3] Iy =1/ = \[47k, for picosecond pulses [23,35,36], where
A is a laser beam wavelength, « is an absorption coefficient and «
is an extinction coefficient.

There are various explanations of the occurrence of nanostruc-
tures (ripples) on the surfaces irradiated by laser beam depending
on the laser type, beam characteristics (repetition rate, wavelength,
power ...) and the target material. The generation and evolution
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Fig. 6. (a) AFM micrograph of the irradiated spot (SEM presented in Fig. 2(b)): single pulse fluence14 mJ/cm?, exposition time 2 s (corresponding to 1.06 MW/cm?); (b) profile

along the dashed line, captured by AFM; (c) 2D FFT of the area shown in (a).

of the LSFL as surface ripples on metals (Pt, Ag, Au, Cu, W) under
the irradiation of femtosecond beam of 160-480 mJ/cm? fluences
and small repetition rates (1 kHz) have been reported in Refs. [7-9],
showing that the incident wavelength influences the periodicity of
the LSFL and that the LSFL gradually disappear in the central area of
the spot for further increase of the number of shots. Our SEM anal-
ysis has shown that the beam of ~10.3 mJ/cm? single pulse fluence
(corresponding to 783 kW/cm?) induced the occurrence of small-
amplitude ruffles, the HSFL-like noise, on the Al/Ti samples. The
beams of both 13.6 and 14 mJ/cm? (1.03 and 1.06 MW/cm?, respec-
tively) induced the occurrence of the HSFL-like noise for shorter
exposition times and the LSFL for longer exposition times. It could
be concluded from Fig. 7(b) that the number of the LSFL (ripples)
increased with the increase of the exposition time while their width
and height did not change. The damage threshold of the Al topmost
layerisincreased and the surface electron temperature is decreased
due to the presence of the Ti underlayer. The lattice temperature
is formed through the interplay between two competing mech-
anisms: electron-phonon (which induces heat localization) and
carrier transport linked to the electron heat conductivity (which
transfers heat away from the laser-exited region) [37]. The dif-
ference in electron-phonon coupling between the two materials
leads to the steep change of the lattice temperature inside the
inner (Ti) layer. Top layer electrons can quickly transfer energy to
the next inner layer (Ti). In this way thermal energy is transmit-
ted through the Al/Ti interface, it is then coupled to the lattice and
transferred away from the interaction zone [38]. On the other hand,
when the ratio between the interpulse time (~13 ns in our case)
and pulse duration (~150fs in our case) is more than five, more
energy from the surface is available to be transferred towards the
lattice before it dissipates to the bulk through transport mecha-
nisms. For even greater ratio, mass removal and phase transition
are less pronounced. This could be one of the possible causes of the
material regrouping in the form of ruffles/ripples on the surface of
Al/Ti system without ablation [39].

For the Al samples, the LSFL also occurred with similar spatial
period close to the irradiation wavelength. However, the LSFL show
much better regularity in Al/Ti samples compared to the single Al

films, that is most probably linked to the presence of the Ti layers
in the target. Ablated material re-deposited around the ablation
zone in the form of ripples (LSFL). For longer expositions, Fig. 3(c),
total accumulated energy prevented the regular formation of the
ripples. If compared to the Al/Ti case, the absence of the underlayer
(Ti) in the single Al layer case has the result that the temperature
of the top layer lattice is not reduced and in that way the damage
threshold is not increased [38].

Single pulse ablation threshold for various materials at applied
wavelength depends on the surface reflectivity, which in turn
depends on the number of accumulated pulses. Also, substan-
tial heat accumulation should take place for very high repetition
rate, providing decrease of the ablation/melting threshold. For the
mirror-like surface the ablation threshold should be slightly higher.
Following our results, the evolution of the surface morphology
could be explained. The laser beam changes the initial random-
ruffle state of the surface in the way that initial ruffles evolve
into the HSFL-like noise. For higher fluences the HSFL amplitude is
higher. If the fluence is above the threshold of ~13 mJ/cm?, corre-
sponding to 988 kW/cm?, the primary condition for the occurrence
of the LSFL is met. The exposition time is the secondary condition
for the LSFL generation. Thus, for the values above the threshold,
the exposition time of ~2 s (corresponding to ~150 million pulses)
is required for the generation of the LSFL (in the form of the strings
of nanoparticles), which is the cumulative effect. Possible explana-
tion is that there is a fluence threshold for the LSFL formation and -
moreover - that there exists the threshold in the number of pulses,
effective if the fluence threshold is reached.

Our results show that the beam induces the formation of
nanoparticles and their clusters, which regroup or redeposit on the
surface in the shape of the string of nanoparticles (the LSFL). The
possible driving mechanism in multilayer system may be dewet-
ting upon melting [28,29]. Also, dewetting possibly may occur only
in external Al layer, and continue to lower layers. Due to heat accu-
mulation effect, the ablation occurred in single layer configuration.
Absence of the ablation in the multilayer sample could be possibly
caused by dewetting. According to the measurements (Fig. 6), the
LSFL are grown well above the initial surface that can be explained
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Fig. 7. (a) AFM micrograph of the irradiated spot (SEM presented in Fig. 2(c)): single pulse fluence13.6 mJ/cm? and 10 s exposition time (1.03 MW/cm?); (b) profile along the

dashed line, captured by AFM; (c) 2D FFT of the area shown in (a).

by considerable nitriding and oxidation of the material in the irradi-
ated zone (consuming material not only from the sample depth but
also from atmosphere) [28]. However, dewetting is not pronounced
for single Al layer system of thickness >100 nm.

The dimensions of the individual nanoparticles were in the
interval from ~50 to ~150 nm. In the periphery of the MA, that is,
in the boundaries of the Gaussian laser beam profile, lower fluence
on the Al/Ti target generates nanoparticles of smaller dimension. In
the Al single layer sample, Fig. 3(a), the nanoparticles disintegrated
(due to melting) and the LSFL formed. In both the Al/Ti and Al single
layer samples, the LSFL were most probably caused by the surface
plasmon polariton (SPP).

The subwavelength spatial period of the LSFL seems to be
dependent on the implemented wavelength. The period of 280 nm
was obtained for the laser light at 400 nm, and of 542 nm for the
800 nm laser light [9]. Taking into consideration the previous inves-
tigations of the generation, evolution and disintegration of the LSFL
under high fluences, low repetition rates and specific wavelengths,
one could see different explanations for their occurrence, pointing
to various causes, but the most probable is the interaction between
the incoming beam and induced surface wave [9,12,40-41].In spite

of using low fluences, our results are consistent with [9], which
suggests similar causes of the LSFL generation. It is possible with
low-fluence beam - with high repetition rates - to generate HSFL
on the irradiated surface, and to induce and control their evolution
to the LSFL (subwavelength fs-LIPSS). Moreover, the implementa-
tion of low fluence will preserve the LSFL from disintegration even
after the great number of pulses, Fig. 5(a). The dielectric constant
variation leads to the increase of the optical penetration depth
[16,37]. Compared to the Al/Ti multilayer case, the optical pene-
tration depth in the single Al layer case is lower, having higher
values of heat accumulation (and absorbed energy) as a conse-
quence. Melting and ablation is induced and more pronounced, and
the ruffle/ripple structure is formed. On the other hand, in the Al/Ti
multilayer case, the dielectric constant of Ti leads to different val-
ues of optical penetration depth and absorbed energy, which means
that the mechanism of ruffle/ripple formation is different due to the
presence of the Ti layer. Also, due to higher concentration of the
laser-induced carriers in single Al layer case, the ripple structure
periodicity is lower compared to the Al/Ti case. In the Al/Ti case, the
observed monotonicity of the ripple period could be attributed to
the constant value of the laser-induced carrier concentration [16].
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Moreover, two competing forces (recoil and surface tension) would
squeeze the originally produced profile and therefore decrease the
period [39]. The presence of Ti underlayer would affect the squeez-
ing, resulting in different values of the periodicity for the two cases
(single layer Al and multilayer Al/Ti).

4. Conclusion

The study of surface modifications induced at two types of thin
films - five (Al/Ti) bilayers (total thickness of 130nm) on Si as
well as Al single layer (130nm thickness) on Si - by femtosec-
ond laser beam at 390 nm and repetition rate of 76 MHz (~13 ns of
interpulse time), is presented. Morphological changes of the sur-
face were induced with single pulse fluences of 10.3-14 mJ/cm?
in Al/Ti multilayer samples and with 8.6 mJ/cm? in Al single layer
samples. We have shown that the fs-LIPSS occur as periodic strings
of both nanoparticles and nanoparticle clusers (LSFL) and can be
generated on the surface if both the fluence and the exposition
time are above certain thresholds. For Al/Ti multilayered thin film,
the threshold single pulse fluence is 13 mJ/cm? and the exposition
time should be >2s. While - at this relatively low-fluence regime
- shape, height and width of the strings show no dependence
on the exposition time, the number of strings of this permanent
grating strictly depends on it. We can generate different num-
bers of lines of this permanent grating by varying the exposition
time. We achieved high-quality highly-controllable production of
surface periodic structures on nanosized multilayer films with
high-repetition-rate low-fluence femtosecond laser pulses.

The LSFL formation could be explained by regrouping of the
material under the influence of the SPP. The subwavelength spac-
ing (periodicity) is different for the two cases, the Al single layer
and the Al/Ti multilayer, due to the presence of the Ti underlayer.
For Al thin film samples, the ablation occurred in the central part of
the irradiation area and the material deposited around in the form
of the LSFL. The regularity of the ripples (LSFL) is higher at the sur-
face of the Al/Ti multilayer samples due to the presence of the Ti
underlayer. The LSFL occurring in laser-based nanopatterning pro-
cesses could be of interest — for example - in medical, tribological,
photovoltaic or decorative applications.
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Contemporary medicine (biomedicine) cannot be imagined without diagnostics and thera-
peutic methods based on nuclear, laser, acoustical and other processes. The application of
these methods is linked to common computer support, signal processing, measuring moni-
toring techniques, high degree of automatization, and image analyses. The paper analysed
contemporary technical issues related to neonatology, ophthalmology, based on the influence
of nuclear radiation and laser beams. Some statistical processing and presentations of results
obtained in the IGA KCS Hospital, Belgrade, Serbia, in curing vision of prenatal type new-
borns with a different degree of pathological state of retinopathy of prematurity are pre-
sented. The general conclusion is that, in spite of the good results, a multidisciplinary ap-
proach is needed for a deeper understanding of the role of lasers and laser techniques in
medicine as well as possible couplings. Potential new applications of lasers important for the

fields of neonatology and ophthalmology were also considered.

Key words.: retinopathy of prematurity, neonatology, laser, nuclear radiation, damage,

dosimetry

INTRODUCTION

Among diagnostic and therapeutic applications
of electromagnetic (EM) and nuclear radiations in med-
icine, the basics are the mechanisms of beam interac-
tions with material. Techniques of magnetic resonance
(MR), tomography (nuclear and optical), holography
with non-linear systems are the areas where the answers
should be found. Not involving the mechanisms of nu-
clear magnetic resonance (NMR), the obtained signals
and signal processing deserve specific attention, as well
as the signal/noise (S/N) ratio, image generation, recon-
struction, and selective excitation. Pulse sequences, the
influence of microcentres moving, correction of mov-
ing through the image series, imaging flow, MR spec-
troscopy and system design are also of interest, too [1].
An approach to the new energy resources combines la-
sers and nuclear physics and techniques, as well as biol-
ogy. This applies to therapy, diagnostics, for power

* Corresponding author; e-mail: bojana@ipb.ac.rs

sources through plants, bioconversion and biological
sensors, as well as optical recording through bacteria.
World catastrophes such as Chernobyl, accidents,
Three Miles Island, Fukushima, provoke discussions
about doses, caused biological effects of radiation and
genetics (early and late effects). Unfortunately, new
facts are provided through accidents in nuclear and la-
ser technologies [2-14]. In tab. 1 the levels of
radiobiological processes [9-13] are presented. Biolog-
ical entities and hardness of organic/inorganic materials
and systems are connected with doses with appropriate
definition, measurements, uncertainties, as well as bio-
logical radiation effects [2-17]. Many theoretical mod-
els on various organization levels are developed. From
the position of a systematic approach to the processes
and modelling principles, concepts of biophysical mod-
els on molecular, genetic and cell levels are derived.
Models should be compared and some investigations
are in [ 13] regarding boundary conditions, applications
and disadvantages. The probability estimation through
many criteria should follow the analysis for their inves-
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Table 1. Levels of processes in biology caused by radiation

Existence
Level time on
level [s]

Processes on the presented level;
possible modifications

Excitation, ionisation, elastic
collisions-thermalization and
formation of high reactivity

10 '8-10°® | radicals of macromolecules and
short lived free radicals of water
and organic molecules; no
modification

Physical

Reactions of free radicals mutually,
with organelles — forming primary
107*-107* | damage (DNA damages,
dimerizations); modification by
protector, oxygen, temperature

Chemical

Reparation, interactions of
damaged microcenters (mutation,
aberration, modification by
temperature and other agents)

Biochemical

4 105
(subcell) 107-10

Division of cells and molecular
10°-107 | chains, exchange of performances
as a result of mutations

Biological
(cellular)

tigation and experimental assessment. Theoretical ap-
proaches and results based on appropriate formalisms
are of importance in the field of radiation protection and
dosimetry, which are constantly competing due to new
sources in radiology. Molecular biology (for structure,
DNA functioning and repair processes), uses only the
simplest biological effects (inactivations of phages, vi-
ruses, and gene-mutations). The explanation through
complex biological processes and behaviour could
rather remain without results. The cell inactivation
model based on physical considerations, and later mod-
els as radiobiological ones (on the genetic level without
the existence of repair processes and chromosome
structures) are developed. Self-repair, interactions of
damages, dynamics of the processes, stochastic energy
transfer to the cells are also important topics. Micro do-
simetry, the structure of the cell traces, stochastics, clas-
sification and conceptual analyses appeared as typical.
Characteristics of physical models, the theory of dual
effect, and modifications are compared. They include
the radiobiological effects to DNA and model of cell
/systems inactivation. It is important to implement
physical doses, target theories and modifications. The
two-component dual effect model of probability on mo-
lecular and genetic levels (E. coli mutations and mam-
mals) deals with various effects (lymphocytes irradi-
ated by neutrons). Table 1, figs. 1-2 based on results
[13] show some trends in modelling and experimental
irradiations of different cells and aberrations. Figure 3
presents the qualitative behaviour of different beams
and radiation on plants.

Sensitivity of mammal cells to the irradiation of
heavy ions depending on the viability level (or sur-
vival) of the human and animal cells, (lymphocytes,
diploid fibroblasts, and kidney cells) are studied [13].
The defined threshold for survival as well as energy
loss per range of ions are parameters of interest.

S 10T o s s s S e S S B B B B S B |
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Figure 1. Chromosome aberration for lymphocytes
irradiated: moderate neutrons (0.35 MeV; 3.3 Gr)
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Figure 2. Aberrations of cells vs. the neutron dose
(0.35 MeV (1), 0.85 MeV (2), and for y radiations of “’Co

&)

W Gamma radiation 5.2 C/kg

M Ruby laser, second harmonic
347 nm 20 Jlem®

W Ruby laser, second harmonic
(347 nm) + gamma radiation

Same parameter bu first
gamma and after laser
irradiations

Figure 3. Frequency of changed barley seeds
(type Nadya) in the case of combined radiation of gamma
rays and frequency doubled ruby laser (347 nm)

The same goes for sensitivity of the mammalian
cells to the irradiation of ions, induced number of
structural changes after X-ray irradiation of the tu-
mour cell vs. dose. Models of: inactivation, Karposs
and Foloty, repaired and unrepaired damages in-
clude/(do not include) saturation processes, viability
of prokaryotes, sensibility of E. coli to neutrons,
eukaryotes, and fatal damages. Thermal damage and
critical temperatures, threshold for effects and concen-
tration limits are important. Couplings between the
nuclear power engineering, laser technique and medi-
cine are multiple (some are connected by the laser ex-
citations in the nuclear reactions and pumping neu-
trons, protons, o and 8 radiations). Modern problems
include gamma and X-rasers (X-ray Amplification by
Stimulated Emission of Radiation), or preionizations
to decrease the lasing threshold, but also for disposal
of various waste.
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The biological damage threshold is studied for
various cell types and systems. An epidemiological
study and variation of estimated doses and the real
damage are the subjects of a wide investigation in the
theory of microdosimetric cellular radiobiological ac-
tion, lymphocytes and stochastic/astochastic effects.

Considering vision, in the sense of colour preju-
dice in various problems, it should start from the pri-
mary eye functions and its mechanisms. Medically
speaking, there are numerous links between ophthal-
mology, neonatology and lasers techniques. Diagnostic
techniques and operatives, including biostimulative
treatments with lasers penetrated into many branches of
medicine and could be applied for many tissues and or-
gans. There are two phenomena where we have to stay
in one of the natural organs which is the eye: structure
complexity and simple functioning, describe modern
problems for techniques-medicine-protection cou-
plings and tasks. Since the first application of lasers in
medicine, the area of application has significantly ex-
panded, in eye surgery and diagnostics. Medical termi-
nology and diagnostics are expressed through quantita-
tive indicators for biomaterial and generalized
processes. Modern methods of coherent, linear and
nonlinear optics, have to be involved in the world of
medical diagnostics and monitoring. The dynamics of
human and animal cells, protoplazmatic and blood cir-
culation, tissue pathology, could be observed due to the
development of photon beating and Laser Doppler
Anemometry (LDA) techniques.

The paper intends to show the role of lasers in diag-
nostics, gynaecology and ophthalmology. Vision prob-
lems incurred in neonatal infants, require a complete di-
agnosis and medical history. Similar types of lasers are
used both in diagnostic and operative treatments. The
treatments differ in accessories, but essentially, models
of interaction and diagnosis are associated with many of
the general applications, where optical beams have the
role of a knife (scalpel), therapy or diagnosis. Sources are
beams of coherent radiation in the visible, infra red (IR),
far infra red (FIR) or ultra violet (UV) portion of the EM
spectra. The study of the ocular performances has come a
long way from the first images of muscle tissue and
Helmbholtz's assumption up to the present, with computer
diagnostics, polarizing microscope, Stokes parameters
and Mueller matrices [12].

Besides many diagnostic techniques in ophthal-
mology, some of the relevant laser techniques of interest
to several branches of medicine are analysed. One of
them is used for the early diagnosis of glaucoma. The so-
lutions appeared based on methods: (a) Laser Induced
Fluorescence (LIF) and (b) monitoring of the Stokes pa-
rameters through ellipsometric measurement [7, 12].
Fluorescence methods were not new in medicine, how-
ever, Raman, IR and UV spectroscopies and new areas of
nonlinear laser spectroscopies with tunable lasers, made
precise application possible. Measurements of turbidity
belong to the category of reliable, but less accurate mea-

surements. Harmonics of the Nd**: YAG (yttrium alu-
minium garnet) laser are favourable for biosamples in the
picosecond (ps)-region ( in mastitis tissue diagnosis).

The eye system is well studied in the linear re-
gion. There is data available on absorption of the eye
and its constituents, spectral sensitivity curves relative
spectral brightness and eye adaptation to the light vi-
sion (photopic and scotopic). However, the variety of
eye-damages existed even before the use of lasers.
Damages occurred in the process of welding, by the
focused radiation of the sun and sources in other por-
tions of the EM spectrum. Nowadays most of the rele-
vant data concerning laser (laser era) damage originate
from accidents. With the first giant laser pulses, it was
possible to organize the study of nonlinear effects. The
first ophthalmic devices applied on to rabbits appear as
new experimental material. The people working in
space and next to the terrestrial accelerator devices are
experiencing sparkles of light due to the environment
of cosmic and gamma rays. Absorption of the
photopigments in human eye receptors (cones and
rods), versus different wavelengths was studied. Satu-
ration effects were likewise found [18]. Data of the
normalized absorbance of the photoreceptors, or
photopigment molecules, are obtained through
microphotometry methods, and further investigations
explained the human feeling for colours. Main data
comparison between the physics, metrics of colours,
and psychological concepts can be a subject of discus-
sion.

RETINOPATHY OF PREMATURITY
INCIDENCE IN THE IGA KCS HOSPITAL

Important topics in the field of neonatology are
retinopathy of prematurity (ROP) and risk factors. In
the light of new methods for treating ROP, comprehen-
sive theoretical and experimental support is needed
and it requires a multidisciplinary approach. Optical
methods in diagnosis and treatment, light influence on
the eye systems, damage threshold, scattering and ab-
sorption processes are of interest. Lasers and
fiberoptics are also unavoidable topics in ophthalmol-
ogy. Laser surgery is rivalled by the cryo-surgery tech-
nique, but for the moment it seems that lasers have
more advantages. The institutional procedure with
questionnaires for parents before the intervention in
cases of ROP can be found on the internet. Many ques-
tions exist concerning ROP progress, laser treatments,
complications and measures of protection.

Laser methods and hazards
Laser surgery for cases of ROP is actually caus-

ing partial damage to the ischemic retina. We will not
describe the processes on a microscopic level con-
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nected to ribonucleic acid (RNA), process of periph-
eral retinal vascularization and other important fac-
tors. Destruction of ischemic retina can be performed
with various laser types: Ar™: ion (488-515 nm;
200 mW, in the appropriate regime) or semiconductor
laser (IR range, 810 nm). The binocular microscope —
ophthalmoscope, is the second necessary component,
and the systems for beam positioning and shaping with
the low power He-Ne laser. Various reference data
confirms the positive outcome with the different laser
types and details about advantages and disadvantages
of the ROP laser treatment [19-24]. Reduced
vascularisation can be observed 7 days after the inter-
vention (photocoagulation). A detailed database
should be made for both lasers and cryogenics, which
is necessary for decision making and analysing the la-
ser ROP treatment compared to other techniques. Per-
haps it is important to note that for now the y? test gives
no significant difference method.

Regulations, ecology and laser
(eye and skin damage)

The application of lasers in everyday life, biol-
ogy, ecology, medicine, pharmacy and military is re-
lated to many administrative regulations worldwide
that vary in different countries. In particular, principal
parameters and protections are defined. Nominal Ocu-
lar Hazard Distance (NOHD) was one of the first regu-
lated definitions. The classification of lasers varies
from one state to another, however most countries
share the same regulation. The lasers are classified
into four groups, assuming that both the III class as
well the IV class would lead to laser induced damage.
Therefore many investigations of laser influence on
animal eyes and plants were performed including the
investigation of the impact of various environmental
conditions (fog, smoke, and fume), using different
chemical products. The threshold for laser damage de-
pends on the different parameters of investigated
bio-objects, (biomaterials, biotargets) and pupil size;
quantitative presentation of those investigations is
connected to protection and regulation for selected la-
sers and working regimes. Therefore relevant data of
transparent, absorptive, parts of the ocular perfor-
mances are needed. Absorption of EM radiation in the
eye deals with four principal bands: (a) Microwaves
and y rays. (b) Far UV and FIR, (c) Near (N) UV, (d)
Visible and NIR regions.

There are four categories of laser (equipment)
interactions with tissue: (a) optical radiation hazards
to the eye and skin, (b) chemical, (c) electrical, and (d)
casual hazards [4]. Most of the Nd>": YAG laser beam
energy is absorbed inside the optical structure of the
eye (cornea, lens and vitreous). Note that this laser
type is also used in everyday applications in ophthal-
mology and other branches of medicine. The retinal

effects are expected in the visible and close IR-A case
(400-1400 nm). Minimal sizes of the image on the ret-
ina depend on wavelength and are limited by diffrac-
tion. Radiation in the UV or FIR portion of the spectra
is absorbed in the inner part of the eye. High levels of
exposure can permanently damage the cornea or lens.
Medium levels of the UV beams cause serious dam-
age, which is severe but temporary (analogue to indus-
trial welder flash, i. e. photokeratitis). Description of
the biological effects of radiation, according to the In-
ternational Commission on Illumination (CIE), is per-
formed in 7 spectral bands 4].

Skin damage is far less likely to occur, except in
cases of high-power lasers. The skin is usually not in-
jured by common lasers, i. e. low and medium power
lasers. Levels of skin injuries visible and IR areas re-
quire at least a few Wem 2, and depend on the skin's
surface characteristics [4]; exposure conditions are
presented by dosimetry (a laser can be viewed as a
thermal damage source). Radiation (200-300 nm)
causes burns, the same as those caused by the sun (can-
cer, erythema). Electrical hazards will not be de-
scribed in detail, however a source of high voltage
present in lasers, can provoke electric shock resulting
in electro-cauterisation. Therefore appropriate electri-
cal and electronic standards have to be applied. Con-
sidering standards and regulations in chemistry, many
highly volatile or even explosive or highly toxic mate-
rials are used in laser laboratories. During laser pro-
cessing of a material (welding/cutting) much chemical
evaporation is created. Standards for industrial manu-
facturing require adequate ventilation during the laser
operation. Items connected to retina treatment risks
(injuries) are: blue/UV light, retinal image, retinal
burns, intensity and spectral characteristics of coher-
ent sources.

ROP is the subject of research in many clinics
worldwide, as well as in Serbia. For this type of study,
trained teams, originating from various branches of
expertise (beside experts in gynaecology and ophthal-
mology) are needed. As ROP presents a disorder of
retinal blood vessel development in prematurely born
infants, it can be interrupted by laser beam interactions
with tissue. The process can affect the vitreous body
and lead to detachment of the retina. In the most severe
ROP forms, it leads to partial retinal detachment. This
can cause blindness in childhood and is considered to
be one of the main causes. We will consider some of
the important approaches in ROP diagnostics and
treatment. ROP was mentioned for the first time in
1942, and has been regularly mentioned to this day.
Various methods of operation have been attempted
during almost three quarters of a century. It was identi-
fied as a fibrous state process of the retina and vitreous
body (retrolental fibroplasia). The correlation be-
tween these processes and prematurity of childbirth
was established. The name ROP (1952.) was first men-
tioned in the middle of the last century. The study of
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pathogenesis was enhanced through development of
the animal models. The International Classification of
Retinopathy Prematurity — ICROP has been formed
over time. It represents an important and unifying cri-
terion for the diagnosis and treatment of active forms
of ROP. Screening, monitoring and treatment of ROP
are implemented in several countries. In Serbia, since
May 2003, many cases of ROP, as an active disease,
have been diagnosed. In Belgrade, Serbia, the IGA
KCS hospital initiated systematic ophthalmological
examinations. The method of using an indirect oph-
thalmoscope, provided an early diagnosis of disease,
and monitoring of severe forms of active retinopathy.

Parameters and stages of ROP

Various stages of the disease are described [20,
22,25-29]. The zone of interest is divided into the cen-
tral area of growth in the retina, which encompasses
the macula, the highest ROP and the last area of
growth. Different descriptions and classifications of
the main parameters of ICROP exist. Most of them
agree that the most important parameters are: severity
(pathological mutation) with different stages, localiza-
tion with 3 characteristic zones, prevalence — number
of hours, tab. 2, and fig. 4.

RESULTS OF ANALYSIS

The results of the study of ROP should in princi-
ple be related to the frequency of prevalence and the
appropriate time of observation in order to obtain the
data that have sufficient statistical importance. In the
analysis, several factors are included: prematurity
time, birth weight (small weight at birth), hyperoxia
and oxygeno therapy duration, sepsis, respiratory dis-
eases, coherent/incoherent EM irradiation. Figure 5
represents the percentage display of the data on the
numbers of births and treatments applied. Percentage
data are related to several hundreds of prematurely

Table 2. Stages of retinopathy

1 stage Normal but incomplete growth

2 stage Medium abnormal growth

3 stage Very abnormal growth

4 stage Partially detached retina

5 stage Retina with entirely detached retina

CLOCKHOURS 12

=

Figure 4. Typical stages of ROP and eye anatomy [30]

- A — transferred to another institution
B - died

C - cured and released

3.96 %

Figure 5. Percentage display of early childbirth with
different final outcomes — transferred to another
institution, fatal and treated in the maternity hospital
and allowed to go home

Table 3. Incidence of ROP related to weight at
birth in 2004
Incidence of ROP Number [%]
<99 g 3 newborns [0.52 %]
1000-1499 g 13 newborns [2.2 %]
1500-1999 g 7 newborns [1.19 %]

born infants; therefrom, the cases of ROP are present
in a few percents (~4 %). Table 3 covers the number of
data with respect to the weight. In figs. 6-10 the results
of the study are graphically presented.

Prematurely born infants or infants with low
body weight are the most indicated groups for ROP,
however only a small percentage of them end up witha
severe form of the disorder.

Ophthalmologic results of the examined chil-
dren despite the risk for retrolental fibroplasia, were
within normal limits, with no statistically significant
differences compared to the reference values, —p >
>0.05 (DF =67, t=0.2371), [21].

600 +

Number of premature births

Cured and released

0
Transferred to another institution Died

Figure 6. Number of premature births with different
outcomes — transferred to another institution, fatal and
treated at the maternity hospital and released home
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Figure 7. Premature births treated at the maternity
hospital and discharged afterwards — percentage of
patients' cases according to weight

A[]<999¢g
B [ 1000-1499 g
c [ 11500-1999 g

Figure 8. Incidence of ROP with respect to body weight
(2004)

Table 3 and fig. 9 represent the cases of ROP de-
veloped in children who have not been exposed to an
elevated concentration of O,. They contain informa-
tion on the ROP and sanitation.

Usually, the shortest O, therapy lasts 3 days and
the maximum lasts 86 days. The average duration of
therapy is 23 days.

According to the data analysis, a large number of
newborns with ROP has been successfully treated.
From the statistical data regarding ROP, the largest
number of detected ROP cases occurred with new-
borns weighting between 1000 g and 1499 g. In tab. 4
it can be seen that most cases are diagnosed with as-
phyxia prenatal and RDS. The number of perinatal in-
fections and pneumonia is somewhat smaller. It would
be of great interest to collect data and create a database
for diagnosis and laser treatment of ROP in Belgrade,
Serbia.

CONCLUSIONS

Discussions about the correlation between the
oxygen therapy and ROP occurrence are still present.
ROP is considered to be a serious disease and here are
the results of the study from the IGA KCS Hospital in

14

121

10

Number newborn

»
<999 g 1000-1499 g
Mass

1500-1999 g

Figure 9. Number of ROP incidence depending on body
weight (2004)

Table 4. Pathology and oxygen therapy for children with
ROP

Pathology Number of newborns
Asphyxia prenatal 48 children
RDS 47 children
Perinatal infections: sepsis 32 children
Candida 4 children
Pneumonia 21 children
Haemorrhagia pulm 3 children
BPD 8 children
IVHIand I 41 children
IVH III and IV 13 children
Hydrocephalus post-haem 4 children
Ventriculodilatatio 3 children

Belgrade, Serbia. One of the methods for ROP treat-
ment are laser techniques (semiconductor lasers are
also favourable).

Besides the ROP treatment, there are other laser
applications in gynaecology, neonatology and oph-
thalmology. One of the very important applications is
the analysis of milk quality for newborns. There are
different methods to control the quality of milk
through the measurement of turbidity (He Ne laser or
with Nd**:YAG and its harmonics in the ps-region).
Measurements of turbidity belong to the category of
reliable, but not highly accurate. Adjusted selection
with the excitation wavelength and the fluorescence
method with pulse lasers, present for a long time is a
more precise method for mastitis diagnosis. From the
references it could be seen that the distinction could be
made in the quality of milk (whether it is pathogenic or
healthy). Another application of laser treatment is the
rehabilitation of the mastitis affected tissue.
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Monnka M. XKUBKOBUW'h, Muneca XK. CPCELKOBU,
Tomucnas M. CTOJU'h, bojana M. BOKWh

YTULAJ EJEKTPOMATHETHOI 1 HYKIIEAPHOI' 3PAYEIbA Y
MEJUIIMHU 3A TEPAIINIY U JUJATHO3Y - IIPOLECH,
YNIHEHUIE 1 CTATUCTUYKA AHAJ/IU3A

CaBpeMeHa MenunuHa (OMOMENUIIMHA) HE MOKE Ja Ce 3aMUCiIu 0e3 [JMjarHOCTUKE WU
TEeparneyTCKuX MeTofa Oa3MpaHWX Ha HYKJIEapHO], JACEPCKOj, aKyCTHUYKO] TEXHUIM W TpolecuMa
3aCHOBaHMM Ha BrMa. [IpmMeHa oBUX METOJIa je Be3aHa ca pauyHapCKOM MOAPIIKOM, 0GpajloM CHTHAIA,
MEPHUM-KOHTPOJIHUM TE€XHHMKaMa, BUCOKMM CTEIIEHOM ayToMaTH3alyje ¥ aHaJIu30M Cluke. Y pajy ce
aHANM3MpPajy CaBpeMEHUu MNpoOsieMH TEeXHUYKE NpHUpOfie KOju Ce OfIHOCE Ha HEOHATOJOTHjy U
o(TaIMOJIOTHjy, a 3aCHUBAjy Ce Ha JIejCTBY HYKJICApPHOT 3padyera M Jlacepckux cHomoBa. OBre cy
IpeACTaBbeHE CTATUCTHIKE 00pajie pe3ynraTa n3 MIHCTUTYTa 32 THHEKOJIOTHjY M aKyIIepcTBO Kotmamakor
nenTpa Cpobuje, Beorpay, y Be3n nodospliama Bija HOBOpOheHIaI MPEHATAHOT THIIA € Pa3IHINTHM
CTeNeHnMa TaTOJOIIKOT CTalkba PEeTHUHONATHje. YIPKOC JOOpUM pesylTaThMma, 3akibydyje ce aa je
MYJITHAUCIAIUTMHAPHA TIPUCTYI TOTpebaH 3a 60ibe pasyMeBame yiIore jacepa U JacepCKUX TEXHUKA Y
MEQUIMHT, Kao M MOTYhHOCTH crmpesama. PasMoTpeHe cy W HOBe NMOTEHNHWjaTHE NMPUMEHE Jlacepa Off
UHTEpeca 32 HEOHATOJIOTH]Y U OPTAIMOJIOTH]Y.

Kmwyune peuu: pettiunonatiiuja ko0 HO80poOheHuaou, HeOHAON0ZuUja, Aacep, HYKAeaPHO 3paUerse,
owitieherve, 0o3umeitipuja
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Abstract

We show both experimentally and numerically, control over the acceleration of two-dimensional Airy beam propagating
in optically induced photonic lattice. Varying the lattice strength and including various defects we can reach a state,
where the acceleration is completely stopped. We find an additional class of discrete lattice beams, localized and defect
modes observed with Airy beams propagating in diamond optically induced photonic lattice.

Keywords: accelerating beams, photonic lattices, defects

1. INTRODUCTION

Airy beams are a well-known type of accelerating optical beams [1]. Unlike ordinary optical wave fields, Airy beams
show an accelerated transverse intensity distribution which remains invariant along their parabolic trajectories [2].
Originally, Airy beams were introduced as wave functions solving the one-dimensional Schrddinger equation for free
particles. Due to the equivalence between the Schrodinger equation in quantum mechanics and the paraxial equation of
diffraction in optics these concepts can be transferred to optics. The ballistic-like properties of Airy beams qualify them
for various applications ranging from particle trapping along curved paths [3] and self-bending plasma channels [4] to
ultrafast self-accelerating pulses [5] and Airy light bullets accelerating in both transverse dimensions and in time [6].
Over the years, two-dimensional Airy beams have been systematically investigated, particularly in the field of optics and
atom physics. In terms of experimental realization, optics provides a fertile ground to directly observe and study the
properties of such non-spreading waves in detail. One of the features of these beams is their potential for applications in
nonlinear optics: nonlinear interaction of light with some material and a study of accelerating beam dynamics inside
nonlinear media. Formation of accelerating self-trapped optical beams has been proposed employing the different self-
focusing nonlinearities, ranging from Kerr to quadratic nonlinearities, and also using an optically induced refractive-
index potential [7, 8].

The key for the realization of all-optical guiding and switching architectures is control of the propagating light with light
itself. Propagation dynamics of light is dramatically changed with the presence of photonic lattice. Recently, defect
guiding Airy beams in optically induced waveguide arrays is studied [9]. The propagation of such accelerated beams
inside a two-dimensional optically induced photonic lattice has not been observed yet.

We analyze theoretically and experimentally how an optically induced photonic lattice affects and modifies acceleration
of Airy beams. Various conditions for the propagation and preservation of the Airy beam shape are considered. The
acceleration of Airy beams is controlled by varying the lattice strength (refractive index modulation) and by introducing
positive and negative single-side defects. We find that a modification of refractive index modulation leads to reduced
Airy beam acceleration and formation of discrete lattice beams. However, inclusion of lattice defects changes the beam
dynamics completely: with the negative defect Airy beams experience a strong repulsion, while in the presence of
positive defect they form localized defect modes.
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2. THEORETICAL BACKGROUND AND EXPERIMENT

To study the propagation behavior of Airy beams in optical systems with induced photonic lattice, we start with
considering the following scaled paraxial equation of diffraction for electric field ¥

1 1
iag‘}’+5(8i‘{’+85‘P)+5k§W§An2(Iindu)‘P =0 . (1)
Here, y=x/w, and v=y/w, are dimensionless transverse coordinates scaled by the characteristic length wo. (=z/kw,’
represents the dimensionless propagation distance with k=2an/A. The photonic lattice enters this equation in terms of an
intensity-dependent refractive index modulation An® (Linau ), which represents the optical induction process. This equation
is also suitable to cover nonlinear light propagation in the case the inducting intensity becomes a function of field ¥
itself. In this contribution, however, we restrict ourselves to linear effects.

Considering the case for light propagation in homogenous, linear medium, where An’=0 holds, the wave equation (1)
can always be separated into two parts, each depending only on one transverse coordinate y or v, respectively. Therefore,
the solution W is also separated and can be written as a product in the following form: ¥(y,v,0)=¥(x,0)¥2(v,0). As firstly
shown in [1] each part of the wave equation is fulfilled by a non-dispersive Airy solution. Thus, the overall solution of
Eq. (1) reads as:

Y(r.v,$)= [1 4iX=(/2))exp(i(X¢/2)~i(¢*/12)) . 2
X={x.v}
We have to consider truncated solution with finite extent and energy, like ¥,(3,0)=Ai(y)exp(ay), with the positive decay
length a,, typically a,<<l. It has been shown, that this kind of solution still solves the wave equation [1] and the
distinguished properties of Airy beams are preserved. Although, the transverse intensity pattern is now non-spreading
over a limited propagation distance, this easily covers the longitudinal range necessary to observe sufficient transverse
displacement of the truncated Airy beams.

Our experimental setup for all measurements is sketched in Fig. 1(a). We use the beam from frequency-doubled,
continuous wave laser (Nd:YVO,) emitting at A = 532 nm. The beam is split into two partial beams, each illuminating a
high-resolution, programmable, phase-only spatial light modulator (SLM1, SLM2). The first one (SLMI), in
combination with two lens and Fourier mask, is employed for making of nondiffracting induction beam. By using the
calculated phase patterns, addressed to spatial light modulators, we modulate the phase and amplitude of incident plane
wave and thereby obtain the complex field of desired nondiffracting induction beam. This modulated beam is then sent
through the 20 mm long Srg 60Bag40Nb,O4 (SBN:Ce) photorefractive crystal, externally biased with E.,~2000 V/cm, an
electric dc field. The induction beam is set to be ordinarily polarized with respect to the crystal’s optical axis, to
minimize the feedback of the written refractive index structure onto the induction beam itself. Because of the high
polarization anisotropy of electro-optic coefficients of SBN:Ce crystal we are able to induce sufficient refractive index
modulations to affect the propagation of extraordinarily polarized Airy beam. The Airy beam is made the same way as
the nondiffracting induction beam by means of the second modulator (SLM?2) and the encoded complex field, calculated
in real space with the Eq. (2). To accurately overlay two beams in the crystal, we place a beam splitter directly in front of
the SBN crystal. In addition, by illuminating the crystal homogeneously with white light, we can erase modulations of
the written refractive index. With an imaging lens and a camera, mounted on a translation stage, we record the intensity
distribution in different transverse planes.

The propagation characteristics of 2D Airy beam propagating in a homogeneous medium are shown experimentally in
Fig. 1. The intensity distributions at the front and back face of the SBN:Ce crystal are shown in Fig. 1(b) and 1(c),
respectively. To experimentally realize the photonic lattice which should control the propagation trajectory of Airy beam
we use the technique of optical induction [10, 11]. Figure 1(d) shows the recorded intensity distribution of
experimentally realized nondiffracting beam used to optically induce a two-dimensional square lattice. The lattice period
A=mn/k, ~25um is chosen to match exactly the distance between the main and the first neighboring lobes of Airy beam.
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Figure 1. Experimental realization of two-dimensional Airy beams and photonic lattices. (a) Experimental setup.
LASER: Nd:YVO, at L = 532 nm, (P)BS: (polarizing) beam splitter, FM: Fourier mask, L: lens, MO: microscope
objective, SBN: strontium barium niobate crystal, SLM1, SLM2: spatial light modulators. (b) Experimentally
recorded intensity distribution of the Airy beam at the front face and (c¢) intensity distribution at the back face.
(d) Lattice intensity distribution of the induced refractive index modulation.

We support our experiments with comprehensive numerical simulations by solving the paraxial wave equation (1), which
models the light propagation in media with inhomogeneous refractive index modulations. The process of optical
induction into a photorefractive material like SBN is represented by Anz(I,-ndu), which can be calculated in the full
anisotropic model with a relaxation method. Since only linear effects are considered, the inducing intensity I;,,, is solely
given by the intensity of nondiffracting beam, I,—ndl,=\EndB|2 (cf. Eq. (3)). 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 [12, 13].

3. CONTROL OF AIRY BEAM SELF-ACCELERATION WITH PHOTONIC LATTICES

Here, we observe the way that optically induced photonic lattice affects the acceleration of two-dimensional Airy beams.
We have the self-bending of Airy beams on one side and the waveguiding and discrete diffraction effects of the photonic
lattice on the other. By increasing the modulation of refractive index we affect the beam's acceleration and by increasing
the lattice strength we affect the slowing down of the beam until we make it stops for a certain value.

In our investigation of propagation behavior of two-dimensional Airy beams in a regular photonic lattice, we are
observing the influence of defect lattices as well. We consider single-site defect lattices with positive and negative
variable defect strength.

Defect lattices are realized using the nondiffracting zero-order Bessel beam. We are increasing or decreasing the
modulation of refractive index thus making a different defect lattices. We use the effective intensity distribution of
incoherent superposition of two nondiffracting beams, the lattice beam and the Bessel beam, and make two-dimensional
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defect lattice. Since we have incoherent superposition of the two nondiffracting beams we don’t need to take care about
the phase relation between them and potential unwanted intensity modulation in longitudinal direction. As shown
earlier, this multiplexing method is suitable for fabrication of a whole set of different two-dimensional super and defect
lattices, including negative defects [14]. For the realization of negative defect we apply the electric dc field, anti-parallel
to the optical c-axis and obtain defocusing nonlinearity at the site where the Bessel beam is set to propagate.

Figure 2 illustrates the basic scheme of defect realization. The regular lattice is made by the intensity distribution shown
in Fig. 2(a). Afterwards, the Bessel beam (Fig. 2(b)), illuminates the crystal and depending on the direction of applied
electric field, the refractive index at one particular site gets increased or decreased. The resulting effective intensity
distributions for the positive and negative defect lattices are shown in Fig. 2(c) and Fig. 2(d), respectively. Figures 2(e)
and 2(f) show the numerically calculated refractive modulations for both defect lattices.
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Figure 2. 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 the positive and (f) negative lattice defects.

Figure 3 summarizes our numerical results regarding the propagation of Airy beam in regular photonic lattice as well as
positive and negative defects. To get a more detailed insight into this propagation dynamics, we monitor the ratio
between the power guided in the central waveguide and the total power of Airy beam as a function of the lattice strength
and propagation distance. The numerical results for this power ratio are shown in Fig. 2(a) for a regular lattice, (d)
negative defect and (g) positive defect. These graphs clearly demonstrates the impact of optically induced photonic
lattice and apropriate defects on the formation of discrete structures, as well as suppression of the acceleration and
bending of Airy beam. 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 grows, the interaction of Airy beam with lattice sites
becomes stronger and consequently the bending of Airy beam is decreased. In the case of regular lattice, for higher
refractive index modulations An, one can observe the localization of beam power to central waveguide at the back face
of crystal. Our results clearly show the slowing down of the self-acceleration of Airy beam (Fig. 3(b),(c)). The
corresponding intensity profiles at the back face are indicated with the letters at the respective positions. Depending on
the different lattice strengths various kinds of discrete structures arises until the lattice finally suppress the acceleration
of Airy beam. Most of the energy then stays in the lattice site, where the main lobe of Airy beam was initially launched.

Then we keep all parameters, but change the refractive index modulation An to both, positive and negative defects. The
Airy beam is positioned with the main lobe exactly located at the defect site. For the different defects we record the
intensity profiles of propagated Airy beam at the back face and monitor the percentage of power guided in the central
waveguide, as described previously. Figures 3(d) and 3(g) show the numerical results of power ratio for the negative and
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positive defect as a function of the propagation distance and refractive index modulation. The negative defect (Fig. 3(d))
significantly reduces the power guided in defect site and finally repels nearly all power, while the positive defect (Fig.
3(g)) strongly enhances the slowing-down and localization process of Airy beam. Corresponding intensity profiles are
shown in the right panel of Fig. 3 for two values of An for the negative (e), (f) and positive defect (h), (i).
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Figure 3. Airy beam propagation in diamond lattice, with and without defects. Dependence of the percentage of
Airy beam power in the incident waveguide on refractive index change An and propagation length z for a
(a) regular lattice, (d) negative defect and (g) positive defect. Numerical results for intensity distributions at the
back face for different refractive index change An for: (b), (c) regular lattice, (e), (f) negative defect and (h),
(i) positive defect.

To experimentally control the index modulation depth we take advantage of the time-dependent build up of induced
lattice, which grows monotonously with the writing time. Because in experiments is not possible to record the intensity
pattern inside the crystal, we are restricted to the profiles at the back face. In Fig. 4(d) the experimentally measured
power ratio at the back face is plotted as a function of the refractive index modulation and defect strength. Therefore, we
have repeated the experiments for 11 different defect strengths Sy =-1...1 and recorded the intensity profile at the back
face. The modulus of defect strength Sy is given by the ratio of peak intensities of the discrete and the Bessel
nondiffracting beam, while the sign is determined by the direction of applied electric field. These results illustrate the
strong dependency of propagation and acceleration properties of Airy beam on the lattice depths, as well as the defect
strength. The first and third row contains the experimental results — intensity distributions at the back face for two
different values of An. The corresponding intensity profiles at the back face are indicated with the letters at the respective
positions on graph, and presented in: (a), (e) for negative defect, (b), (f) regular lattice and (c), (g) positive defect. The
experimental results fully agree with the theoretical analysis. Comparing the numerical intensity distributions of Airy
beam at the back phase (Fig. 3) with corresponding experimental results (Fig. 4), one can see a very good qualitative
agreement. Also, comparing the numerical graphs for percentage of Airy beam in incident waveguide for propagation
distance of 20 mm with experimental graph in Fig. 4(d), very good agreement is observed for defect strength -1, 0 and
+1, which corresponds to negative defect, regular lattice and positive defect, respectively.
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Figure 4. Experimentally observed Airy beam propagation in photonic lattice. (d) Percentage of the Airy beam
power propagating in incident waveguide or defect site as a function of refractive index change An and defect
strength. Exemplary experimental results of Airy beam intensity distribution at the back face for negative defect
(a),(e), regular lattice (b),(f) and positive defect(c),(g).

4. CONCLUSIONS

In summary, we have shown, both theoretically and experimentally, that the propagation dynamics of two-dimensional
Airy beams could be controlled by optically induced photonic lattices. We demonstrated a way to change the trajectory
and shape of finite optical Airy beams. The results depend on the depth of the induced lattice which changes the
acceleration and bending of Airy beam. The beam acceleration is slowed down and finally completely stopped for a
certain amount of index modulation. Moreover, various single-side defects further affect the beam dynamics as well. By
changing the defect strength, as well as the defect type, we can either increase the localization for positive defects, or

repel all the power from a defect site, for the negative case. All our presented experimental results fully agree with the
supporting numerical simulations.
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