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Abstract: The iridescent features of the butterfly species Apatura iris 
(Linnaeus, 1758) and A. ilia (Denis & Schiffermüller, 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. 

References and links 

1. M. Srinivasarao, “Nano-optics in the biological world: beetles, butterflies, birds, and moths,” Chem. Rev. 99(7), 
1935–1962 (1999). 

2. P. Vukusic, J. R. Sambles, C. R. Lawrence, and R. J. Wootton, “Quantified interference and diffraction in single 
Morpho butterfly scales,” Proc. Biol. Sci. 266(1427), 1403–1411 (1999). 

3. P. Vukusic, and J. R. Sambles, “Photonic structures in biology,” Nature 424(6950), 852–855 (2003). 
4. R. O. Prum, T. Quinn, and R. H. Torres, “Anatomically diverse butterfly scales all produce structural colours by 

coherent scattering,” J. Exp. Biol. 209(4), 748–765 (2006). 
5. P. Vukusic, “Structural colour in Lepidoptera,” Curr. Biol. 16(16), R621–R623 (2006). 
6. N. L. Garrett, P. Vukusic, F. Ogrin, E. Sirotkin, C. P. Winlove, and J. Moger, “Spectroscopy on the wing: 

naturally inspired SERS substrates for biochemical analysis,” J Biophotonics 2(3), 157–166 (2009). 
7. M. D. Shawkey, N. I. Morehouse, and P. Vukusic, “A protean palette: colour materials and mixing in birds and 

butterflies,” J. R. Soc. Interface 6(Suppl 2), S221–S231 (2009). 
8. H. Ghiradella, “Light and color on the wing: structural colors in butterflies and moths,” Appl. Opt. 30(24), 3492–

3500 (1991). 
9. H. Ghiradella, “Hairs, bristles, and scales,” in Microscopic Anatomy of Invertebrates, Vol. 11A: Insecta, F.W. 

Harrison and M. Locke eds. (Wiley, New York, 1988). 
10. H. Ghiradella, D. Aneshansley, T. Eisner, R. E. Silberglied, and H. E. Hinton, “Ultraviolet reflection of a male 

butterfly: interference color caused by thin-layer elaboration of wing scales,” Science 178(4066), 1214–1217 
(1972). 

11. L. P. Biró, K. Kertész, Z. Vértesy, G. I. Márk, Z. Bálint, V. Lousse, and J.-P. Vigneron, “Living photonic 
crystals: butterfly scales – nanostructure and optical properties,” Mater. Sci. Eng. C 27(5-8), 941–946 (2007). 

12. Z. Han, L. Wu, Z. Qiu, and L. Ren, “Microstructure and structural color in wing scales of butterfly Thaumantis 
diores,” Chin. Sci. Bull. 54(4), 535–540 (2009). 

13. M. Imafuku, Y. Hirose, and T. Takeuchi, “Wing colors of Chrysozephyrus butterflies (Lepidoptera; Lycaenidae): 
ultraviolet reflection by males,” Zoolog. Sci. 19(2), 175–183 (2002). 

14. P. Vukusic, J. R. Sambles, and C. R. Lawrence, “Structurally assisted blackness in butterfly scales,” Proc. Biol. 
Sci. 271(Suppl 4), S237–S239 (2004). 

15. P. Vukusic, and I. Hooper, “Directionally controlled fluorescence emission in butterflies,” Science 310(5751), 
1151 (2005). 

#141253 - $15.00 USD Received 19 Jan 2011; revised 1 Mar 2011; accepted 1 Mar 2011; published 14 Mar 2011
(C) 2011 OSA 28 March 2011 / Vol. 19,  No. 7 / OPTICS EXPRESS  5817



  

16. S. M. Luke, P. Vukusic, and B. Hallam, “Measuring and modelling optical scattering and the colour quality of 
white pierid butterfly scales,” Opt. Express 17(17), 14729–14743 (2009). 

17. K. Kertész, G. Molnár, Z. Vértesy, A. A. Koós, Z. E. Horváth, G. I. Márk, L. Tapasztó, Z. Bálint, I. Tamáska, O. 
Deparis, J. P. Vigneron, and L. P. Biró, “Photonic band gap materials in butterfly scales: a possible source of 
“blueprints”,” Mater. Sci. Eng. B 149(3), 259–265 (2008). 

18. Z. Vértesy, K. Kertész, Z. Bálint, G. Molnár, M. Erős, and L. P. Biró, “SEM and TEM investigations in the 
scales of the European nymphalid butterfly Apatura ilia dark and light phenotypes,” in BioPhot Meeting Abstract 
Book, Levente Tapasztó ed. (Reserach Institute for Technical Physics and Materials Science, Budapest, Hungary, 
2007), pp. 14–15. 

19. Z. Han, L. Wu, Z. Qiu, H. Guan, and L. Ren, “Structural colour in butterfly Apatura ilia scales and the 
microstructure simulation of photonic crystal,” J. Bionics Eng. 5(Supplement 1), 14–19 (2008). 

20. R. E. Silberglied, “Visual communication and sexual selection among butterflies,” In The Biology of Butterflies. 
Symposium of the Royal Society of London, No. 11, R. I. Vane-Wright, and P. E. Ackery eds. (Academic Press, 
London. 1984) pp. 207–223. 

21. R. J. C. Page, “Perching and patrolling continuum at favoured hilltop sites on a ridge: a mate location strategy by 
the Purple Emperor butterfly Apatura iris,” The Entomologist’s Record 122, 61–70 (2010). 

22. S. Berthier, “Photonique des Morphos,” (Springer-Verlag France, Paris, 2010). 
23. G. A. Blackburn, “Hyperspectral remote sensing of plant pigments,” J. Exp. Bot. 58(4), 855–867 (2006). 
24. M. A. Giraldo, S. Yoshioka, and D. G. Stavenga, “Far field scattering pattern of differently structured butterfly 

scales,” J. Comp. Physiol. A Neuroethol. Sens. Neural Behav. Physiol. 194(3), 201–207 (2008). 
25. S. Yoshioka, and S. Kinoshita, “Wavelength-selective and anisotropic light-diffusing scale on the wing of the 

Morpho butterfly,” Proc. Biol. Sci. 271(1539), 581–587 (2004). 

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 & Schiffermüller, 
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. Ilia 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. Stojanović), and Apatura ilia – Mt. Fruška Gora, 
Northern Serbia (July 2009, leg. D. Stojanović). 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

2
). 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 III digital 
camera (Soft Imaging System, Münster, 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). 

 

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. 

 

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. 

 

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. 

 

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. 

 
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. 

 

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 (γ + 2α + 
2β = π/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 α of the scale is large (~20°), as can be verified by the strong 
shadow cast by each scale in Figs. 2a and 2b. 

 

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 β) and the scale as a whole (angle α). γ is the angle of incidence of light 
with respect to the wing membrane. Axes x and z are in agreement with Fig. 10. 

 
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. 12c. 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.
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I. INTRODUCTION

Self-accelerating Airy beams were first demonstrated in
quantum mechanics [1] as a dispersion-free solution of the
Schrödinger 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
Schrödinger 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:LiNbO3 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

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:LiNbO3 crystal with
0.5 × 3 × 10 mm3 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× microscope objective
with a numerical aperture (NA) of 0.55. Our sample has
waveguides of approximately 10 μm width, with spacing
between the centers of the adjacent waveguides of d = 20 μm.
We fabricate various one-dimensional waveguiding systems
with a refractive index change of �n ∼ 1 × 10−4, 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 μW
input Airy beam, roughly 10 μm 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 Schrödinger equation

i
∂E

∂z
= −1

2

∂2E

∂x2
− V (x)E, (1)

where E is a slowly varying envelope, V (x) = ns −
�n cos2(πx/d) is the periodic refractive-index profile of the
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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 LiNbO3 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 LiNbO3 crystal,
and imaged into a CCD camera. L-lens, PH- pinhole, M-mirror,
O-objective, PC-computer.

array with the lattice period d, ns is a bulk material refractive
index, and �n 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

FIG. 2. (Color online) Airy beam propagation in homogeneous
LiNbO3 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 μm, width of the main Airy lobe
10 μm.

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(f)].

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 0 for negative and 2�n 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 (Piw) on refractive index change
�n 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 �n. 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 �n. We
monitor a percentage of the Airy beam power in incident
waveguide (Piw), 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,

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) �n = 3 × 10−4; (d)–(f)
�n = 5 × 10−4. (g) Airy beam power in incident waveguide (Piw)
at the crystal exit as a function of refractive index change �n.
A vertical dotted line shows experimental refractive index change.
Physical parameters are as in Fig. 4.

at appropriate propagation distance. A dependence of Piw

on the refractive index change �n 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 �n higher
than in our experimental sample. Intensity distributions for
two values of refractive index change are shown: �n =
3 × 10−4 (first row) and �n = 5 × 10−4 (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
�n, amplitude modulations take place, and they are more
pronounced with higher �n. 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 (Piw) at the crystal exit as a function of refractive
index change �n [Fig. 5(g)]. For waveguide arrays with no
defects, Piw after 10 mm propagation distance is slightly
changed, decreases with lower, but increases with higher �n.
In the case of a negative defect, Piw has maximal values at
�n ∼ 3 × 10−4. 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 �n ∼ 1.3 × 10−4. 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

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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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 PACS number(s): 42.40.Jv, 42.25.Fx, 42.70.Nq

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
Schrödinger 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
Schrödinger 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].

*Corresponding author: falko.diebel@uni-muenster.de

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
�:

i
∂�

∂ζ
+ 1

2

(
∂2�

∂χ2
+ ∂2�

∂ν2

)
+ 1

2
k2

0w
2
0�n2(Iindu)� = 0. (1)

Here, χ = x/w0 and ν = y/w0 are the dimensionless
transverse coordinates scaled by the characteristic length w0.
ζ = z/kw2

0 represents the dimensionless propagation distance
with k = 2πn/λ. The photonic lattice enters this equation
in terms of an intensity-dependent refractive index modu-
lation �n2(Iindu), 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
� itself. In this contribution, however, we restrict ourselves to
linear effects.
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For the case of linear light propagation in homogenous
media, where �n2 = 0, the wave equation (1) can always
be separated into two parts, each depending only on one
transverse coordinate, χ or ν, respectively. Consequently, also
the solution � separates and can be written as product in the
following form: �(χ,ν,ζ ) = ψ(χ,ζ )ψ(ν,ζ ), where ζ 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

�(χ,ν,ζ ) = ψ(χ,ζ )ψ(ν,ζ ) (2)

with

ψ(X,ζ ) = Ai[X − (ζ/2)2] exp[i(Xζ/2) − i(ζ 3/12)] (3)

and X = {χ,ν}.
The solution �(χ,ν,ζ ) describes a nonspreading, two-

dimensional optical Airy beam which is transversely accel-
erated while propagating along the longitudinal coordinate
ζ . 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 � 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 ψ(X,0) = Ai[X] exp[aXX],
with the positive decay length aX, typically aX � 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 aχ,ν �= 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

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 kt, 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 EndB then reads as

EndB(x,y,z) =
4∑

n=1

Ene
ikt(x cos ϕn+y sin ϕn)eikzz, (4)

with ϕn = π (2n + 1)/4 and k2 = k2
t + k2

z . 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 � = π/kt ≈ 25μm is chosen to exactly match
the distance between the main and the next neighboring lobes
of the Airy beam. To realize different lattice strengths �n, 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 : YVO4 laser emitting at a
wavelength of λ = 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 Sr0.60Ba0.40Nb2O6 (SBN:Ce) crystal, which is
externally biased with an electric dc field of Eext ≈ 2000 V/cm
aligned along the optical c 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 c 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 �n; (g)–(j) corresponding numerical results. (k) The shaded area represents the mask for
the calculation of power ratio. (l) Dependance of the percentage of the Airy beam power in the incident waveguide on refractive index change
�n and propagation length z.

refractive index modulations. The resulting optically induced
index modulation in the photorefractive material is represented
by �n2(Iindu), which can be calculated in the full anisotropic
model [21] with a relaxation method. Since only linear effects
are considered, the inducing intensity Iindu is solely given
by the intensity of the nondiffracting beam, Iindu = |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(l) 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 �n 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
�n, 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(l). 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, r13 � 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

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 c 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
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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 �n 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 �n and defect strength Sd. (c), (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.

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 ζ and
the refractive index modulation �n are presented as panels
(a) in both figures. We picked two particular cases with �n =
0.75 × 10−4 [panel (c)] and �n = 2.25 × 10−4 [panel (d)] for
representation and show the intensity profile at the back face
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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 �n 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 �n and defect strength Sd. (c), (d) Exemplary
numerical results of Airy beam intensity distribution at the back crystal face. (e), (f) Experimentally recorded output intensity distributions.
The letters in panels (a) and (b) indicate the corresponding intensity pictures.
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of the crystal. The positions corresponding to these intensity
profiles are indicated with the letters (c) and (d) in the power
ratio plot (a).

Because in experiments it is not possible to record the
intensity pattern inside an inhomogeneous crystal, we are
restricted to the profiles at the back face. In Figs. 4(b) and 5(b)
the experimentally measured power ratio at the back face is
plotted as a function of the refractive index modulation and the
defect strength. Therefore, we have repeated the experiments
for five different defect strengths for both positive and negative
defects and recorded the intensity profile at the back face. The
modulus of the defect strength Sd 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 �n 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.

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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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
Schrödinger 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:

i
∂A
∂ζ

+
1
2

(
∂ 2A
∂ χ2 +

∂ 2A
∂ν2

)
+

1
2

k2
0w2

0∆n2(I)A = 0. (1)

Here, χ = x/w0 and ν = y/w0 are the dimensionless transverse coordinates scaled by the
characteristic length w0. ζ = z/kw2

0 represents the dimensionless propagation distance with
k = 2πn/λ .

In this equation, the nonlinearity is given by an intensity-dependent refractive index mod-
ulation ∆n2(I), with I ∝ |A|2, 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 φ , [29]

∇
2
φ +∇ ln(1+ I) ·∇φ = Eext

∂

∂x
ln(1+ I)+

kBT
e

(
∇

2 ln(1+ I)+(∇ ln(1+ I))2
)
, (2)

where the refractive index modulation results from the electro-optic effect as ∆n2 = n4
0reff∂xφ ,

and rreff is the effective electro-optic coefficient.
This model precisely describes the optical induction process in a photorefractive nonlinear

medium with applied electric field Eext 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 T 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 ∆n(I) = 0 holds, the wave equation can be solved by two-
dimensional truncated Airy beam solutions that reads as

ψ(χ,ν ,ζ ) = A0ϕ(χ,ζ )ϕ(ν ,ζ ), (3)

with

ϕ(X ,ζ ) = Ai
[

X− ζ 2

4
+ iaX ζ

]
exp

[
i

12
(
6a2

X ζ −12iaX X +6iaX ζ
2 +6Xζ −ζ

3)] , with X = {χ,ν} (4)

Here, Ai(X) is the Airy function, A0 the amplitude and aX a positive decay length that truncates
the solution to become physically relevant. In the focal plane (ζ = 0) the one-dimensional
Airy functions reads as ϕ(X ,0) = Ai[X ]exp[aX X ], 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 ∆n2(Iindu), 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 Iindu = |A|2 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 ∆n2(Iindu), 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:YVO4 laser continuously emitting light at a wavelength of
λ = 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
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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 Sr0.60Ba0.40Nb2O6
(SBN:Ce) crystal which is externally biased with an electric dc field of Eext ≈ 1000Vcm−1

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 ≈ 50µm 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 π phase
difference. (e–h) Evolution of four Airy beams in experiment and numerics. (e,f) in phase,
(g,h) with π 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≈ 25µm.

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 π 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 π 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 π 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
(∆n(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-
lution 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 ≈ 50µm 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: Pin ≈ {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 (a1)
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 = 20mm
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
r = Imax,out/Imax,in (see 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 Iin ≈ {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



(c)

nu
m

er
ic

s 
(3

d 
in

te
ns

ity
)

ex
pe

rim
en

t
nu

m
er

ic
s

weak nonlinearity strong nonlinearity 

(a1) (a2) (a3) (a4)

(b1) (b2) (b3) (b4)

propagation direction

100 µm
0

1

2

r = 1.0 r = 0.9 r = 1.1 r = 2.0

r = 1.1 r = 1.1 r = 1.2 r = 1.9

Iin = 0.42 Iin = 0.83 Iin = 1.67 Iin = 2.50

0

1

2

0

1

2

0

1

2

0

1

2

0

1

2

0

1

2

0

1

2

P = 237 nW P = 475 nW P = 950 nW P = 1425 nW

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 π 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



weak nonlinearity strong nonlinearity weak nonlinearity strong nonlinearity weak nonlinearity 

100 µm 1

0

2

3

4

r = 1.9 r = 1.7 r = 3.3

r = 1.8 r = 1.7 r = 2.4

Pin = 0.5 µW Pin = 1.0 µW Pin = 3.0 µW

Iin = 0.25 Iin = 0.50 Iin = 1.50

1

2

3

4

1

0

2

3

4

1

0

2

3

4

1

2

3

4

1

2

3

4

2

0

4

6

8

r = 1.6 r = 2.4 r = 6.9

r = 1.9 r = 2.7 r = 7.0 r = 1.8 r = 1.7 r = 2.4

Pin = 1.0 µW Pin = 3.0 µW

Iin = 0.125 Iin = 0.25 Iin = 0.75

2

0

4

6

8

2

0

4

6

8

2

0

4

6

8

2

0

4

6

8

2

0

4

6

8

ex
pe

rim
en

t
nu

m
er

ic
s

nu
m

er
ic

s 
(3

d 
in

te
ns

ity
)

(d1) (d2) (d3)

(e1) (e2) (e3)

(a1) (a2) (a3)

(b1)

(c) (f)

(b2) (b3)

Pin = 0.5 µW

propagation direction
propagation direction

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 π 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 π 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 π , nevertheless we restrict ourselves to the two cases: either all
beams are in phase, or with π 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 Pin ≈ {0.5,1.0,3.0}µW (Figs. 5(a)) clearly show the described for-
mation of the solitary state as the transition from the four separated Airy main lobes (see (a1))
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 π 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 π . 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 π 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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a  b  s  t  r  a  c  t

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
behavior  of  the LIPSS  is due  to  thin  film  structure.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

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

In the femtosecond range, near infrared (NIR) irradiation

around 800 nm)  with fluences >100 mJ/cm2 is commonly used
ith the tendency that produced periodic structures disintegrate

fter a great number of pulses [4,7,9]. For many metals, the

∗ Corresponding author. Tel.: +381 11 3713 008; fax: +381 11 3162 190.
E-mail address: Aleksander.Kovacevic@ipb.ac.rs (A.G. Kovačević).

ttp://dx.doi.org/10.1016/j.apsusc.2014.10.180
169-4332/© 2014 Elsevier B.V. All rights reserved.
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

dx.doi.org/10.1016/j.apsusc.2014.10.180
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.10.180&domain=pdf
mailto:Aleksander.Kovacevic@ipb.ac.rs
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he literature [24–27]. The interaction of femtosecond laser beam
ith Al/Ti multilayer structures on silicon has not been sufficiently
escribed in literature, especially for low laser intensities, below
he ablation threshold. Therefore, it is expected that exposing the
l/Ti multilayer to fs beam would change the tribological and
hemical properties of the surface. We  have irradiated the Al/Ti
ultilayer and Al single layer thin films with femtosecond UV

390 nm)  laser pulses of low single pulse fluence (<100 mJ/cm2)
nd demonstrated the emergence of femtosecond-laser induced
eriodic surface structures (fs-LIPSS) on the top surface of the mul-
ilayered structure. The evolution of initial nanoroughness to the
SFL has been interpreted and the causes of the LSFL formation
ave been suggested. The difference in surface modifications after

s laser interactions with Al/Ti multilayered and Al single layered
hin films has been demonstrated.

. Experimental setup

We  have irradiated two  types of targets. The target/specimen of
he first type was comprised of the silicon (1 0 0) wafer on which
ve Al/Ti bilayers were deposited reaching the total thickness of
130 nm (each layer of ∼13 nm). The second type was  Al single

ayer of ∼130 nm of thickness on the wafer of same type. The depo-
itions were performed by the Balzers Sputron II apparatus using
.3 keV argon ions and with 99.9% of Al and Ti targets purity.
The irradiations were performed in air with focused femtosec-
nd laser beam under normal incidence at the top layer (Al). The
eam was generated by the Coherent Mira 900 Ti:Sapphire sys-
em, frequency-doubled by the Inrad 5-050 ultrafast harmonic

ig. 1. Experimental setup; PL – pump laser, PB – pump beam, FS – femtosecond laser
f  = 5 mm),  MPX, MPY, MPZ  – micropositioners, SM – spectrometer.

ig. 2. SEM micrograph of the spots generated on the Al/Ti sample by the beam of: (a) 14
pot  1.06 MW/cm2); (b) 14 mJ/cm2 and 2 s (1.06 MW/cm2); (c) 13.6 mJ/cm2 and 10 s expo
ce Science 326 (2015) 91–98

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 ∼150 fs, 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 300 s.

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 �m3) and atomic force
microscopy (AFM) by the NT-MDT NTEGRA Prima system in the
tapping mode with NSG01 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/cm2. The irradiation time was  between 1 and 300 s.

In Fig. 2(a), the illuminated area (IA) on Al/Ti multilayer thin film
sample generated by the beam of single pulse fluence14 mJ/cm2

during 1 s of exposition time is shown. This corresponds to effective
delivered power per spot of 1.06 MW/cm2. 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 �m × 3.40 �m 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

, FB – femtosecond beam, SHG – second-harmonic generator, FL – focusing lens

 mJ/cm2 single pulse fluence and 1 s exposition time (effective delivered power per
sition time (1.03 MW/cm2). White bar represents 1 �m.



A.G. Kovačević et al. / Applied Surface Science 326 (2015) 91–98 93

Fig. 3. SEM micrograph of the spot on the Al thin film specimen, generated by the beam o 2 2

(a)  exposition time 1 s; (b) exposition time 4 s; (c) exposition time 10 s. White bar represe

Fig. 4. SEM micrograph of the spot on the Al thin film specimen, generated by the
beam of 8.6 mJ/cm2 single pulse fluence and exposition time of 2 s (effective deliv-
ered power per spot 654 kW/cm2). Detailed view with the dimensions of ripples.
White bar represents 1 �m.

Fig. 5. SEM micrograph of irradiated areas, white bar represents 5 �m,  the samples were tra
the  sample), exposition time ∼300 s: (a) Al/Ti specimen, single pulse fluence14 mJ/cm2 (c
Inset  in (b) shows enlarged part.
f 8.6 mJ/cm single pulse fluence (effective delivered power per spot 654 kW/cm ):
nts 1 �m.

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 �m 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 (390 nm), 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
LSFL stripes

Periodicity

AlTi 2(b) 152 × 106 2 (∼310 ± 20) nm
AlTi 2(c) 760 × 106 8 (314 ± 20) nm
AlTi 5(a) ∼23 × 109 and scanning 68–70 (320 ± 20) nm
Al  5(b) Scanning >50 (∼350 ± 20) nm
Al  3(a) 76 × 106 5–6 (∼260 ± 20) nm
Al  3(b) 304 × 106 7–8 (∼262 ± 20) nm
Al  3(c) 760 × 106 6–7 (∼314 ± 20) nm

nslated during the irradiation (arrows indicate the direction of beam traversing over
orresponding to 1.06 MW/cm2); (b) Al thin film sample, 8.6 mJ/cm2 (654 kW/cm2).
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Table 2
EDS analysis (in weight %) of non-irradiated area and modified area (MA) irradiated
with single pulse fluence of 14 mJ/cm2.

Element (%) Non-irradiated area MA  during 1 s MA during 300 s

Si 88.6 70.72 51.33
Al  3.58 3.05 2.17
4 A.G. Kovačević et al. / Applied

idth of the LSFL seems to remain unchanged with exposition time.
he ruffles are the precursor to the formation of the ripples – the
trings of nanoparticles.

The specimen of the second type, the Al single layer thin film,
as exposed to 8.6 mJ/cm2 of the single pulse fluence and the same

xposition times (for (a), (b) and (c), respectively) and the results
re presented in Fig. 3. For 1 s of irradiation, Fig. 3(a), the material
n the MA  regrouped in the form of ripples. For longer exposition
imes, Fig. 3(b) and (c), ablation took part in the central part of the

A (dark spot) and ablated material accumulated around in the
orm of ripples (LSFL). The width of the ripples could be determined
o ∼200–220 nm and approximate spatial period to ∼260–314 nm
Fig. 4). The ripples, with the direction perpendicular to the polar-
zation direction of the beam, show lower regularity compared to
he ones of the Al/Ti samples.

In order to see whether the relative movement between the laser
eam and the samples influences the occurrence of the LSFL, the
amples were slowly translated with estimated speed between 1
nd 4 �m/s  while exposed; the irradiation lasted ∼300 s.

For 14 mJ/cm2 of the single pulse fluence (corresponding to
.06 MW/cm2), the Al/Ti sample was translated in parallel (Fig. 5(a),
one 1 arrow) and both perpendicular and parallel (Fig. 5(a), zone

 arrows) directions in respect to the beam polarization direction.
t is apparent that the arrangement of the LSFL is independent on
he sample translation. This suggests that the interaction between
he incident laser beam and induced surface wave [8,9], the surface
lasmon polariton (SPP), together with dewetting [28,29] plays an

mportant role in the formation of the LSFL. It should also be noted
hat, in spite of the long exposition times (∼300 s while scanning),
he disintegration of the LSFL has not occurred for the Al/Ti sample.
rom the extracted profile of the pixel brightness in Fig. 5(a), the
patial period of the LSFL has been determined to be (315 ± 20) nm.
he sample was moved in such manner that the laser beam, after
eing switched on, first traversed over the sample in the direc-
ion to the left and stopped. The rightmost group of the stripes
epresents the position where the laser beam was shut off. Next
ovement of the sample positioned the beam for next ∼2 �m to

he left, where the sample stopped and the beam was  switched
n for ∼300 s. While the laser beam still being switched on, the
ext movement with the speed of ∼1–2 �m/s  led the beam for
ext 10 �m (the long white arrow pointing to the left, Fig. 5(a)),
long the polarization direction, where the sample stopped and
he laser beam was left on for ∼300 s. Without switching the laser
eam off, the beam traversed (by sample movement) to the left
the long white arrow pointing to the left) with speed ∼3–4 �m/s
or next 10 �m,  entered the zone 2, stopped and left for ∼300 s. The
iscrepancies in the thickness of the ripple trace might come for
he reasons of the speed instability of the sample movement. Then
he beam traversed with ∼2 �m/s  in the direction of the small up-
ointing arrow for 5 �m,  then back down for ∼5 �m,  then to the

eft ∼5 �m and in the end back to the right and stopped, remain-
ng in the zone 2 for ∼300 s. In all cases of the movement, the
olarization direction was as shown in the Fig. 5(a), i.e. horizon-
al.

The implementation of the low single pulse fluences
∼14 mJ/cm2, corresponding to 1.06 MW/cm2) enables the
eneration of permanent high-quality LSFL tracks (ripple trace)
n the multilayer film for the length of ∼20 �m,  indicating the
otential of LSFL fabrication, covering of large surface areas
ithout loss of quality. This is in contrast to the case of the Al

ingle layer sample, where obtained LSFL structure is loose and
ontains bifurcations (Fig. 5(b)). The sample was translated along

he polarization direction (arrow in the Fig. 5(b), with the scanning
peed of 5 �m/s). The LSFL are less prominent, but still noticeable

 see inset in Fig. 5(b). Fig. 5 demonstrates that the regularity of
SFL is highly improved with using the multilayer configuration.
Ti  8.36 6.52 4.53
N  0 19.70 31.25
O  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/cm2 single pulse fluence during 1 s (corresponding
to 1.06 MW/cm2) – where only the HSFL-like noise appeared, and
(3) from MA irradiated with 14 mJ/cm2 single pulse fluence during
300 s (corresponding to 1.06 MW/cm2) – 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×
(Al/Ti)/Si sample, together with 2D FFT (see Fig. 2), is shown as
the AFM images in Fig. 6. The irradiation by 14 mJ/cm2 during 2 s
(corresponding to 1.06 MW/cm2) 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 ∼130 nm could be estimated
from Fig. 6(b). Moreover, in the central part, the height of the LSFL
reached a value of about (45 ± 0.5) nm above the mean. On the other
hand, the irradiation during 10 s 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, l˛, 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] l˛ = 1/˛  = �/4��,  for picosecond pulses [23,35,36], where
� 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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ig. 6. (a) AFM micrograph of the irradiated spot (SEM presented in Fig. 2(b)): single
long  the dashed line, captured by AFM; (c) 2D FFT of the area shown in (a).

f the LSFL as surface ripples on metals (Pt, Ag, Au, Cu, W)  under
he irradiation of femtosecond beam of 160–480 mJ/cm2 fluences
nd small repetition rates (1 kHz) have been reported in Refs. [7–9],
howing that the incident wavelength influences the periodicity of
he LSFL and that the LSFL gradually disappear in the central area of
he spot for further increase of the number of shots. Our SEM anal-
sis has shown that the beam of ∼10.3 mJ/cm2 single pulse fluence
corresponding to 783 kW/cm2) induced the occurrence of small-
mplitude ruffles, the HSFL-like noise, on the Al/Ti samples. The
eams of both 13.6 and 14 mJ/cm2 (1.03 and 1.06 MW/cm2, respec-
ively) induced the occurrence of the HSFL-like noise for shorter
xposition times and the LSFL for longer exposition times. It could
e concluded from Fig. 7(b) that the number of the LSFL (ripples)

ncreased with the increase of the exposition time while their width
nd height did not change. The damage threshold of the Al topmost
ayer is increased and the surface electron temperature is decreased
ue to the presence of the Ti underlayer. The lattice temperature

s formed through the interplay between two  competing mech-
nisms: electron–phonon (which induces heat localization) and
arrier transport linked to the electron heat conductivity (which
ransfers heat away from the laser-exited region) [37]. The dif-
erence in electron–phonon coupling between the two materials
eads to the steep change of the lattice temperature inside the
nner (Ti) layer. Top layer electrons can quickly transfer energy to
he next inner layer (Ti). In this way thermal energy is transmit-
ed through the Al/Ti interface, it is then coupled to the lattice and
ransferred away from the interaction zone [38]. On the other hand,
hen the ratio between the interpulse time (∼13 ns in our case)

nd pulse duration (∼150 fs in our case) is more than five, more
nergy from the surface is available to be transferred towards the
attice before it dissipates to the bulk through transport mecha-
isms. For even greater ratio, mass removal and phase transition
re less pronounced. This could be one of the possible causes of the
aterial regrouping in the form of ruffles/ripples on the surface of

l/Ti system without ablation [39].

For the Al samples, the LSFL also occurred with similar spatial
eriod close to the irradiation wavelength. However, the LSFL show
uch better regularity in Al/Ti samples compared to the single Al
 fluence14 mJ/cm2, exposition time 2 s (corresponding to 1.06 MW/cm2); (b) profile

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/cm2, corre-
sponding to 988 kW/cm2, 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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ig. 7. (a) AFM micrograph of the irradiated spot (SEM presented in Fig. 2(c)): single
ashed line, captured by AFM; (c) 2D FFT of the area shown in (a).

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

The dimensions of the individual nanoparticles were in the
nterval from ∼50 to ∼150 nm.  In the periphery of the MA,  that is,
n the boundaries of the Gaussian laser beam profile, lower fluence
n the Al/Ti target generates nanoparticles of smaller dimension. In
he 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
ayer samples, the LSFL were most probably caused by the surface
lasmon polariton (SPP).

The subwavelength spatial period of the LSFL seems to be
ependent on the implemented wavelength. The period of 280 nm
as obtained for the laser light at 400 nm,  and of 542 nm for the

00 nm laser light [9]. Taking into consideration the previous inves-
igations of the generation, evolution and disintegration of the LSFL

nder high fluences, low repetition rates and specific wavelengths,
ne could see different explanations for their occurrence, pointing
o various causes, but the most probable is the interaction between
he incoming beam and induced surface wave [9,12,40–41]. In spite
 fluence13.6 mJ/cm2 and 10 s exposition time (1.03 MW/cm2); (b) profile along the

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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oreover, two competing forces (recoil and surface tension) would
queeze the originally produced profile and therefore decrease the
eriod [39]. The presence of Ti underlayer would affect the squeez-

ng, resulting in different values of the periodicity for the two cases
single layer Al and multilayer Al/Ti).

. Conclusion

The study of surface modifications induced at two  types of thin
lms – five (Al/Ti) bilayers (total thickness of 130 nm)  on Si as
ell as Al single layer (130 nm thickness) on Si – by femtosec-

nd laser beam at 390 nm and repetition rate of 76 MHz  (∼13 ns of
nterpulse time), is presented. Morphological changes of the sur-
ace were induced with single pulse fluences of 10.3–14 mJ/cm2

n Al/Ti multilayer samples and with 8.6 mJ/cm2 in Al single layer
amples. We  have shown that the fs-LIPSS occur as periodic strings
f both nanoparticles and nanoparticle clusers (LSFL) and can be
enerated on the surface if both the fluence and the exposition
ime are above certain thresholds. For Al/Ti multilayered thin film,
he threshold single pulse fluence is 13 mJ/cm2 and the exposition
ime should be ≥2 s. While – at this relatively low-fluence regime

 shape, height and width of the strings show no dependence
n the exposition time, the number of strings of this permanent
rating strictly depends on it. We  can generate different num-
ers of lines of this permanent grating by varying the exposition
ime. We  achieved high-quality highly-controllable production of
urface periodic structures on nanosized multilayer films with
igh-repetition-rate low-fluence femtosecond laser pulses.

The LSFL formation could be explained by regrouping of the
aterial under the influence of the SPP. The subwavelength spac-

ng (periodicity) is different for the two cases, the Al single layer
nd the Al/Ti multilayer, due to the presence of the Ti underlayer.
or Al thin film samples, the ablation occurred in the central part of
he irradiation area and the material deposited around in the form
f the LSFL. The regularity of the ripples (LSFL) is higher at the sur-
ace of the Al/Ti multilayer samples due to the presence of the Ti
nderlayer. The LSFL occurring in laser-based nanopatterning pro-
esses could be of interest – for example – in medical, tribological,
hotovoltaic or decorative applications.
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Con tem po rary med i cine (biomedicine) can not be imag ined with out di ag nos tics and ther a -
peu tic meth ods based on nu clear, la ser, acous ti cal and other pro cesses. The ap pli ca tion of
these meth ods is linked to com mon com puter sup port, sig nal pro cess ing, mea sur ing mon i -
tor ing tech niques, high de gree of au tom a ti za tion, and im age anal y ses. The pa per analysed
con tem po rary tech ni cal is sues re lated to neo na tol ogy, oph thal mol ogy, based on the in flu ence
of nu clear ra di a tion and la ser beams. Some sta tis ti cal pro cess ing and pre sen ta tions of re sults
ob tained in the IGA KCS Hos pi tal, Bel grade, Ser bia, in cur ing vi sion of pre na tal type new -
borns with a dif fer ent de gree of patho log i cal state of retinopathy of prematurity are pre -
sented. The gen eral con clu sion is that, in spite of the good re sults, a multidisciplinary ap -
proach is needed for a deeper un der stand ing of the role of la sers and la ser tech niques in
med i cine as well as pos si ble cou plings. Po ten tial new ap pli ca tions of la sers im por tant for the
fields of neo na tol ogy and oph thal mol ogy were also con sid ered.

Key words: retinopathy of prematurity, neo na tol ogy, la ser, nu clear ra di a tion, dam age,
do sim e try 

IN TRO DUC TION

Among di ag nos tic and ther a peu tic ap pli ca tions
of elec tro mag netic (EM) and nu clear ra di a tions in med -
i cine, the ba sics are the mech a nisms of beam in ter ac -
tions with ma te rial. Tech niques of mag netic res o nance
(MR), to mog ra phy (nu clear and op ti cal), ho log ra phy
with non-lin ear sys tems are the ar eas where the an swers 
should be found. Not in volv ing the mech a nisms of nu -
clear mag netic res o nance (NMR), the ob tained sig nals
and sig nal pro cess ing de serve spe cific at ten tion, as well 
as the sig nal/noise (S/N) ra tio, im age gen er a tion, re con -
struc tion, and se lec tive ex ci ta tion. Pulse se quences, the
in flu ence of microcentres mov ing, cor rec tion of mov -
ing through the im age se ries, im ag ing flow, MR spec -
tros copy and sys tem de sign are also of in ter est, too [1].
An ap proach to the new en ergy re sources com bines la -
sers and nu clear phys ics and tech niques, as well as bi ol -
ogy. This ap plies to ther apy, di ag nos tics, for power

sources through plants, bioconversion and bi o log i cal
sen sors, as well as op ti cal re cord ing through bac te ria.
World ca tas tro phes such as Chernobyl, ac ci dents,
Three Miles Is land, Fukushima, pro voke dis cus sions
about doses, caused bi o log i cal ef fects of ra di a tion and
ge net ics (early and late ef fects). Un for tu nately, new
facts are pro vided through ac ci dents in nu clear and la -
ser tech nol o gies [2-14]. In tab. 1 the lev els of
radiobiological pro cesses  [9-13] are pre sented. Bi o log -
i cal en ti ties and hard ness of or ganic/in or ganic ma te ri als 
and sys tems are con nected with doses with ap pro pri ate
def i ni tion, mea sure ments, un cer tain ties, as well as bi o -
log i cal ra di a tion ef fects  [2-17]. Many the o ret i cal mod -
els on var i ous or ga ni za tion lev els are de vel oped. From
the po si tion of a sys tem atic ap proach to the pro cesses
and mod el ling prin ci ples, con cepts of bio phys i cal mod -
els on mo lec u lar, ge netic and cell lev els are de rived.
Mod els should be com pared and some in ves ti ga tions
are in [13] re gard ing bound ary con di tions, ap pli ca tions
and dis ad van tages. The prob a bil ity es ti ma tion through
many cri te ria should fol low the anal y sis for their in ves -
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ti ga tion and ex per i men tal as sess ment. The o ret i cal ap -
proaches and re sults based on ap pro pri ate formalisms
are of im por tance in the field of ra di a tion pro tec tion and 
do sim e try, which are con stantly com pet ing due to new
sources in ra di ol ogy. Mo lec u lar bi ol ogy (for struc ture,
DNA func tion ing and re pair pro cesses), uses only the
sim plest bi o log i cal ef fects (in ac ti va tions of phages, vi -
ruses, and gene-mu ta tions). The ex pla na tion through
com plex bi o log i cal pro cesses and be hav iour could
rather re main with out re sults. The cell in ac ti va tion
model based on phys i cal con sid er ations, and later mod -
els as radiobiological ones (on the ge netic level with out
the ex is tence of re pair pro cesses and chro mo some
struc tures) are de vel oped. Self-re pair, in ter ac tions of
dam ages, dy nam ics of the pro cesses, sto chas tic en ergy
trans fer to the cells are also im por tant top ics. Mi cro do -
sim e try, the struc ture of the cell traces, stochastics, clas -
si fi ca tion and con cep tual anal y ses ap peared as typ i cal.
Char ac ter is tics of phys i cal mod els, the the ory of dual
ef fect, and mod i fi ca tions are com pared. They in clude
the radiobiological ef fects to DNA and model of cell
/sys tems in ac ti va tion. It is im por tant to im ple ment
phys i cal doses, tar get the o ries and mod i fi ca tions. The
two-com po nent dual ef fect model of prob a bil ity on mo -
lec u lar and ge netic lev els (E. coli mu ta tions and mam -
mals) deals with var i ous ef fects (lym pho cytes ir ra di -
ated by neu trons). Ta ble 1, figs. 1-2 based on re sults 
[13] show some trends in mod el ling and ex per i men tal
ir ra di a tions of dif fer ent cells and ab er ra tions. Fig ure 3
pres ents the qual i ta tive be hav iour of dif fer ent beams
and ra di a tion on plants.

Sen si tiv ity of mam mal cells to the ir ra di a tion of
heavy ions de pend ing on the vi a bil ity level (or sur -
vival) of the hu man and an i mal cells, (lym pho cytes,
dip loid fibroblasts, and kid ney cells) are stud ied [13].
The de fined thresh old for sur vival as well as en ergy
loss per range of ions are pa ram e ters of in ter est.

The same goes for sen si tiv ity of the mam ma lian
cells to the ir ra di a tion of ions, in duced num ber of
struc tural changes af ter X-ray ir ra di a tion of the tu -
mour cell vs. dose. Mod els of: in ac ti va tion, Karposs
and Foloty, re paired and unrepaired dam ages in -
clude/(do not in clude) sat u ra tion pro cesses, vi a bil ity
of prokaryotes, sen si bil ity of E. coli to neu trons,
eukaryotes, and fa tal dam ages. Ther mal dam age and
crit i cal tem per a tures, thresh old for ef fects and con cen -
tra tion lim its are im por tant. Cou plings be tween the
nu clear power en gi neer ing, la ser tech nique and med i -
cine are mul ti ple (some are con nected by the la ser ex -
ci ta tions in the nu clear re ac tions and pump ing neu -
trons, pro tons, a and b ra di a tions). Mod ern prob lems
in clude gamma and X-rasers (X-ray Am pli fi ca tion by
Stim u lated Emis sion of Ra di a tion), or preionizations
to de crease the lasing thresh old, but also for dis posal
of var i ous waste.
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Ta ble 1. Lev els of  pro cesses in bi ol ogy caused by ra di a tion

Level
Ex is tence
time on
level [s]

Pro cesses on the pre sented level;
pos si ble mod i fi ca tions

Phys i cal 10–18-10–8

Ex ci ta tion, ion is ation, elas tic
col li sions-thermalization and
for ma tion of high re ac tiv ity
rad i cals of macromolecules and
short lived free rad i cals of wa ter
and or ganic mol e cules; no
mod i fi ca tion

Chem i cal 10–14-10–4

Re ac tions of free rad i cals mu tu ally, 
with organelles – form ing pri mary
dam age (DNA dam ages,
dimerizations); mod i fi ca tion by
pro tec tor, ox y gen, tem per a ture

Bio chem i cal 
(subcell) 10–4 -105

Rep a ra tion, in ter ac tions of
dam aged microcenters (mu ta tion,
aberration, mod i fi ca tion by
tem per a ture and other agents)

Bi o log i cal
(cel lu lar) 103-107

Di vi sion of cells and mo lec u lar
chains, ex change of per for mances
as a re sult of mu ta tions

Fig ure 1. Chro mo some ab er ra tion for lym pho cytes
ir ra di ated: mod er ate neu trons (0.35 MeV; 3.3 Gr)

Fig ure 2. Ab er ra tions of cells vs. the neu tron dose
(0.35 MeV (1), 0.85 MeV (2), and for g ra di a tions of 60Co
(3)

Fig ure 3. Fre quency of changed bar ley seeds
(type Nadya) in the case of com bined ra di a tion of gamma 
rays and fre quency dou bled ruby la ser (347 nm)



The bi o log i cal dam age thresh old is stud ied for
var i ous cell types and sys tems. An ep i de mi o log i cal
study and vari a tion of es ti mated doses and the real
dam age are the sub jects of a wide in ves ti ga tion in the
the ory of microdosimetric cel lu lar radiobiological ac -
tion, lym pho cytes and sto chas tic/astochastic ef fects.

Con sid er ing vi sion, in the sense of col our prej u -
dice in var i ous prob lems, it should start from the pri -
mary eye func tions and its mech a nisms. Med i cally
speak ing, there are nu mer ous  links be tween oph thal -
mol ogy, neo na tol ogy and la sers tech niques. Di ag nos tic
tech niques and op er a tives, in clud ing biostimulative
treat ments with la sers pen e trated into many branches of
med i cine and could be ap plied for many tis sues and or -
gans. There are two phe nom ena where we have to stay
in one of the nat u ral or gans which is the eye: struc ture
com plex ity and sim ple func tion ing, de scribe mod ern
prob lems for tech niques-med i cine-pro tec tion cou -
plings and tasks. Since the first ap pli ca tion of la sers in
med i cine, the area of ap pli ca tion has sig nif i cantly ex -
panded, in eye sur gery and di ag nos tics. Med i cal ter mi -
nol ogy and di ag nos tics are ex pressed through quan ti ta -
tive in di ca tors for biomaterial and gen er al ized
pro cesses. Mod ern meth ods of co her ent, lin ear and
non lin ear op tics, have to be in volved in the world of
med i cal di ag nos tics and mon i tor ing. The dy nam ics of
hu man and an i mal cells, protoplazmatic and blood cir -
cu la tion, tis sue pa thol ogy, could be ob served due to the
de vel op ment of pho ton beat ing and La ser Dopp ler
Anemometry (LDA) tech niques.

The pa per in tends to show the role of la sers in di ag -
nos tics, gy nae col ogy and oph thal mol ogy. Vi sion prob -
lems in curred in neo na tal in fants, re quire a com plete di -
ag no sis and med i cal his tory. Sim i lar types of la sers are
used both in di ag nos tic and op er a tive treat ments. The
treat ments dif fer in ac ces so ries, but es sen tially, mod els
of in ter ac tion and di ag no sis are as so ci ated with many of
the gen eral ap pli ca tions, where op ti cal beams have the
role of a knife (scal pel), ther apy or di ag no sis. Sources are 
beams of co her ent ra di a tion in the vis i ble, in fra red (IR),
far in fra red (FIR) or ul tra vi o let (UV) por tion of the EM
spec tra. The study of the oc u lar per for mances has come a 
long way from the first im ages of mus cle tis sue and
Helmholtz's as sump tion up to the pres ent, with com puter
di ag nos tics, po lar iz ing mi cro scope, Stokes pa ram e ters
and Mueller ma tri ces [12]. 

Be sides many di ag nos tic tech niques in oph thal -
mol ogy, some of the rel e vant la ser tech niques of in ter est
to sev eral branches of med i cine are ana lysed. One of
them is used for the early di ag no sis of glau coma. The so -
lu tions ap peared based on meth ods: (a) La ser In duced
Flu o res cence (LIF) and (b) mon i tor ing of the Stokes pa -
ram e ters through ellipsometric mea sure ment [7, 12].
Flu o res cence meth ods were not new in med i cine, how -
ever, Raman, IR and UV spectroscopies and new ar eas of 
non lin ear la ser spectroscopies with tun able la sers, made
pre cise ap pli ca tion pos si ble. Mea sure ments of tur bid ity
be long to the cat e gory of re li able, but less ac cu rate mea -

sure ments. Har mon ics of the Nd3+: YAG (yt trium alu -
minium gar net) la ser are fa vour able for biosamples in the 
pi co sec ond (ps)-re gion ( in mas ti tis tis sue di ag no sis).

The eye sys tem is well stud ied in the lin ear re -
gion. There is data avail able on ab sorp tion of the eye
and its con stit u ents, spec tral sen si tiv ity curves rel a tive 
spec tral bright ness and eye ad ap ta tion to the light vi -
sion (photopic and scotopic). How ever, the va ri ety of
eye-dam ages ex isted even be fore the use of la sers.
Dam ages oc curred in the pro cess of weld ing, by the
fo cused ra di a tion of the sun and sources in other por -
tions of the EM spec trum. Now a days most of the rel e -
vant data con cern ing la ser (la ser era) dam age orig i nate 
from ac ci dents. With the first gi ant la ser pulses, it was
pos si ble to or ga nize the study of non lin ear ef fects. The 
first oph thal mic de vices ap plied on to rab bits ap pear as 
new ex per i men tal ma te rial. The peo ple work ing in
space and next to the ter res trial ac cel er a tor de vices are
ex pe ri enc ing spar kles of light due to the en vi ron ment
of cos mic and gamma rays. Ab sorp tion of the
photopigments in hu man eye re cep tors (cones and
rods), ver sus dif fer ent wave lengths was stud ied. Sat u -
ra tion ef fects were like wise found [18]. Data of the
nor mal ized absorbance of the photoreceptors, or
photopigment mol e cules, are ob tained through
microphotometry meth ods, and fur ther in ves ti ga tions
ex plained the hu man feel ing for colours. Main data
com par i son be tween the phys ics, met rics of colours,
and psy cho log i cal con cepts can be a sub ject of dis cus -
sion. 

RETINOPATHY OF PREMATURITY
IN CI DENCE IN THE IGA KCS HOS PI TAL 

Im por tant top ics in the field of neo na tol ogy are
retinopathy of prematurity (ROP) and risk fac tors. In
the light of new meth ods for treat ing ROP, com pre hen -
sive the o ret i cal and ex per i men tal sup port is needed
and it re quires a multidisciplinary ap proach. Op ti cal
meth ods in di ag no sis and treat ment, light in flu ence on
the eye sys tems, dam age thresh old, scat ter ing and ab -
sorp tion pro cesses are of in ter est. La sers and
fiberoptics are also un avoid able top ics in oph thal mol -
ogy. La ser sur gery is ri valled by the cryo-sur gery tech -
nique, but for the mo ment it seems that la sers have
more ad van tages. The in sti tu tional pro ce dure with
ques tion naires for par ents be fore the in ter ven tion in
cases of ROP can be found on the internet. Many ques -
tions ex ist con cern ing ROP prog ress, la ser treat ments,
com pli ca tions and mea sures of pro tec tion.

La ser meth ods and haz ards

La ser sur gery for cases of ROP is ac tu ally caus -
ing par tial dam age to the ischemic ret ina. We will not
de scribe the pro cesses on a mi cro scopic level con -
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nected to ri bo nu cleic acid (RNA), pro cess of pe riph -
eral ret i nal vascularization and other im por tant fac -
tors. De struc tion of ischemic ret ina can be per formed
with  var i ous   la ser  types:  Ar +:  ion  (488-515  nm;
200 mW, in the ap pro pri ate re gime) or semi con duc tor
la ser (IR range, 810 nm). The bin oc u lar mi cro scope –
oph thal mo scope, is the sec ond nec es sary com po nent,
and the sys tems for beam po si tion ing and shap ing with 
the low power He-Ne la ser. Var i ous ref er ence data
con firms the pos i tive out come with the dif fer ent la ser
types and de tails about ad van tages and dis ad van tages
of the ROP la ser treat ment [19-24]. Re duced
vascularisation can be ob served 7 days af ter the in ter -
ven tion (photocoagulation). A de tailed da ta base
should be made for both la sers and cryo gen ics, which
is nec es sary for de ci sion mak ing and ana lys ing the la -
ser ROP treat ment com pared to other tech niques. Per -
haps it is im por tant to note that for now the c2 test gives 
no sig nif i cant dif fer ence method.

Reg u la tions, ecol ogy and la ser
(eye and skin dam age) 

The ap pli ca tion of la sers in ev ery day life, bi ol -
ogy, ecol ogy, med i cine, phar macy and mil i tary is re -
lated to many ad min is tra tive reg u la tions world wide
that vary in dif fer ent coun tries. In par tic u lar, prin ci pal
pa ram e ters and protections are de fined. Nom i nal Oc u -
lar Haz ard Dis tance (NOHD) was one of the first reg u -
lated def i ni tions. The clas si fi ca tion of la sers var ies
from one state to an other, how ever most coun tries
share the same reg u la tion. The la sers are clas si fied
into four groups, as sum ing that both the III class as
well the IV class would lead to la ser in duced dam age.
There fore many in ves ti ga tions of la ser in flu ence on
an i mal eyes and plants were per formed in clud ing the
in ves ti ga tion of the im pact of var i ous en vi ron men tal
con di tions (fog, smoke, and fume), us ing dif fer ent
chem i cal prod ucts. The thresh old for la ser dam age de -
pends on the dif fer ent pa ram e ters of in ves ti gated
bio-ob jects, (biomaterials, biotargets) and pu pil size;
quan ti ta tive pre sen ta tion of those in ves ti ga tions is
con nected to pro tec tion and reg u la tion for se lected la -
sers and work ing re gimes. There fore rel e vant data of
trans par ent, ab sorp tive, parts of the oc u lar per for -
mances are needed. Ab sorp tion of EM ra di a tion in the
eye deals with four prin ci pal bands: (a) Mi cro waves
and g rays. (b) Far UV and FIR, (c) Near (N) UV, (d)
Vis i ble and NIR re gions.

There are four cat e go ries of la ser (equip ment)
in ter ac tions with tis sue: (a) op ti cal ra di a tion haz ards
to the eye and skin, (b) chem i cal, (c) elec tri cal, and (d)
ca sual haz ards [4]. Most of the Nd3+: YAG la ser beam
en ergy is ab sorbed in side the op ti cal struc ture of the
eye (cor nea, lens and vit re ous). Note that this la ser
type is also used in ev ery day ap pli ca tions in oph thal -
mol ogy and other branches of med i cine. The ret i nal

ef fects are ex pected in the vis i ble and close IR-A case
(400-1400 nm). Min i mal sizes of the im age on the ret -
ina de pend on wave length and are lim ited by dif frac -
tion. Ra di a tion in the UV or FIR por tion of the spec tra
is ab sorbed in the in ner part of the eye. High lev els of
ex po sure can per ma nently dam age the cor nea or lens.
Me dium lev els of the UV beams cause se ri ous dam -
age, which is se vere but tem po rary (an a logue to in dus -
trial welder flash, i. e. photokeratitis). De scrip tion of
the bi o log i cal ef fects of ra di a tion, ac cord ing to the In -
ter na tional Com mis sion on Il lu mi na tion (CIE), is per -
formed in 7 spec tral bands 4].

Skin dam age is far less likely to oc cur, ex cept in
cases of high-power la sers. The skin is usu ally not in -
jured by com mon la sers, i. e. low and me dium power
la sers. Lev els of skin in ju ries vis i ble and IR ar eas re -
quire at least a few Wcm–2, and de pend on the skin's
sur face char ac ter is tics [4]; ex po sure con di tions are
pre sented by do sim e try (a la ser can be viewed as a
ther mal dam age source). Ra di a tion (200-300 nm)
causes burns, the same as those caused by the sun (can -
cer, er y thema). Elec tri cal haz ards will not be de -
scribed in de tail, how ever a source of high volt age
pres ent in la sers, can pro voke elec tric shock re sult ing
in elec tro-cau teri sa tion. There fore ap pro pri ate elec tri -
cal and elec tronic stan dards have to be ap plied. Con -
sid er ing stan dards and reg u la tions in chem is try, many
highly vol a tile or even ex plo sive or highly toxic ma te -
ri als are used in la ser lab o ra to ries. Dur ing la ser pro -
cess ing of a ma te rial (weld ing/cut ting) much chem i cal 
evap o ra tion is cre ated. Stan dards for in dus trial man u -
fac tur ing re quire ad e quate ven ti la tion dur ing the la ser
op er a tion. Items con nected to ret ina treat ment risks
(in ju ries) are: blue/UV light, ret i nal im age, ret i nal
burns, in ten sity and spec tral char ac ter is tics of co her -
ent sources.

ROP is the sub ject of re search in many clin ics
world wide, as well as in Ser bia. For this type of study,
trained teams, orig i nat ing from var i ous branches of
ex per tise (be side ex perts in gy nae col ogy and oph thal -
mol ogy) are needed. As ROP pres ents a dis or der of
ret i nal blood ves sel de vel op ment in pre ma turely born
in fants, it can be in ter rupted by la ser beam in ter ac tions 
with tis sue. The pro cess can af fect the vit re ous body
and lead to de tach ment of the ret ina. In the most se vere 
ROP forms, it leads to par tial ret i nal de tach ment. This
can cause blind ness in child hood and is con sid ered to
be one of the main causes. We will con sider some of
the im por tant ap proaches in ROP di ag nos tics and
treat ment. ROP was men tioned for the first time in
1942, and has been reg u larly men tioned to this day.
Var i ous meth ods of op er a tion have been at tempted
dur ing al most three quar ters of a cen tury. It was iden ti -
fied as a fi brous state pro cess of the ret ina and vit re ous
body (retrolental fibroplasia). The cor re la tion be -
tween these pro cesses and prematurity of child birth
was es tab lished. The name ROP (1952.) was first men -
tioned in the mid dle of the last cen tury. The study of
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pathogenesis was en hanced through de vel op ment of
the an i mal mod els. The In ter na tional Clas si fi ca tion of
Retinopathy Prematurity – ICROP has been formed
over time. It rep re sents an im por tant and uni fy ing cri -
te rion for the di ag no sis and treat ment of ac tive forms
of ROP. Screen ing, mon i tor ing and treat ment of ROP
are im ple mented in sev eral coun tries. In Ser bia, since
May 2003, many cases of ROP, as an ac tive dis ease,
have been di ag nosed. In Bel grade, Ser bia, the IGA
KCS hos pi tal ini ti ated sys tem atic ophthalmological
ex am i na tions. The method of us ing an in di rect oph -
thal mo scope, pro vided an early di ag no sis of dis ease,
and mon i tor ing of se vere forms of ac tive retinopathy.

Pa ram e ters and stages of ROP

Var i ous stages of the dis ease are de scribed [20,
22, 25-29]. The zone of in ter est is di vided into the cen -
tral area of growth in the ret ina, which en com passes
the macula, the high est ROP and the last area of
growth. Dif fer ent de scrip tions and clas si fi ca tions of
the main pa ram e ters of ICROP ex ist. Most of them
agree that the most im por tant pa ram e ters are: se ver ity
(patho log i cal mu ta tion) with dif fer ent stages, lo cal iza -
tion with 3 char ac ter is tic zones, prev a lence – num ber
of hours, tab. 2, and fig. 4.

RE SULTS OF ANAL Y SIS

The re sults of the study of ROP should in prin ci -
ple be re lated to the fre quency of prev a lence and the
ap pro pri ate time of ob ser va tion in or der to ob tain the
data that have suf fi cient sta tis ti cal im por tance. In the
anal y sis, sev eral fac tors are in cluded: prematurity
time, birth weight (small weight at birth), hyperoxia
and oxygeno ther apy du ra tion, sep sis, re spi ra tory dis -
eases, co her ent/in co her ent EM ir ra di a tion. Fig ure 5
rep re sents the per cent age dis play of the data on the
num bers of births and treat ments ap plied. Per cent age
data are re lated to sev eral hun dreds of pre ma turely

born in fants; there from, the cases of ROP are pres ent
in a few percents (~4 %). Ta ble 3 cov ers the num ber of
data with re spect to the weight. In figs. 6-10 the re sults
of the study are graph i cally pre sented. 

Pre ma turely born in fants or in fants with low
body weight are the most in di cated groups for ROP,
how ever only a small per cent age of them end up with a 
se vere form of the dis or der.

Ophthalmologic re sults of the ex am ined chil -
dren de spite the risk for retrolental fibroplasia, were
within nor mal lim its, with no sta tis ti cally sig nif i cant
dif fer ences com pared to the ref er ence val ues, –p >
>.0.05 (DF = 67, t = 0.2371), [21].
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Ta ble 2. Stages of retinopathy

1 stage Nor mal but in com plete growth

2 stage Me dium ab nor mal growth

3 stage Very ab nor mal growth

4 stage Par tially de tached ret ina

5 stage Ret ina with en tirely de tached ret ina

Fig ure 4. Typ i cal stages of ROP and eye anat omy [30]

Fig ure 5. Per cent age dis play of early child birth with
dif fer ent fi nal out comes – trans ferred to an other
in sti tu tion, fa tal and treated in the ma ter nity hos pi tal
and al lowed to go home

Ta ble 3. In ci dence of ROP re lated to weight at
birth in 2004

In ci dence of  ROP Num ber [%]

<999 g 3 new borns [0.52 %]

1000-1499 g 13 new borns [2.2 %]

1500-1999 g 7 new borns [1.19 %]

Fig ure 6. Num ber of pre ma ture births with dif fer ent
out comes – trans ferred to an other in sti tu tion, fa tal and
treated at the ma ter nity hos pi tal and re leased home



Ta ble 3 and fig. 9 rep re sent the cases of ROP de -
vel oped in chil dren who have not been ex posed to an
el e vated con cen tra tion of O2. They con tain in for ma -
tion on the ROP and san i ta tion.

Usu ally, the short est O2 ther apy lasts 3 days and
the max i mum lasts 86 days. The av er age du ra tion of
ther apy is 23 days.

Ac cord ing to the data anal y sis, a large num ber of 
new borns with ROP has been suc cess fully treated.
From the sta tis ti cal data re gard ing ROP, the larg est
num ber of de tected ROP cases oc curred with new -
borns weight ing be tween 1000 g and 1499 g. In tab. 4
it can be seen that most cases are di ag nosed with as -
phyxia pre na tal and RDS. The num ber of perinatal in -
fec tions and pneu mo nia is some what smaller. It would
be of great in ter est to col lect data and cre ate a da ta base
for di ag no sis and la ser treat ment of ROP in Bel grade,
Ser bia.

CON CLU SIONS

Dis cus sions about the cor re la tion be tween the
ox y gen ther apy and ROP oc cur rence are still pres ent.
ROP is con sid ered to be a se ri ous dis ease and here are
the re sults of the study from the IGA KCS Hos pi tal in

Bel grade, Ser bia. One of the meth ods for ROP treat -
ment are la ser tech niques (semi con duc tor la sers are
also fa vour able).

Be sides the ROP treat ment, there are other la ser
ap pli ca tions in gy nae col ogy, neo na tol ogy and oph -
thal mol ogy. One of the very im por tant ap pli ca tions is
the anal y sis of milk qual ity for new borns. There are
dif fer ent meth ods to con trol the qual ity of milk
through the mea sure ment of tur bid ity (He Ne la ser or
with Nd3+:YAG and its har mon ics in the ps-re gion).
Mea sure ments of tur bid ity be long to the cat e gory of
re li able, but not highly ac cu rate. Ad justed se lec tion
with the ex ci ta tion wave length and the flu o res cence
method with pulse la sers, pres ent for a long time is a
more pre cise method for mas ti tis di ag no sis. From the
ref er ences it could be seen that the dis tinc tion could be
made in the qual ity of milk (whether it is patho genic or
healthy). An other ap pli ca tion of la ser treat ment is the
re ha bil i ta tion of the mas ti tis af fected tis sue.

AU THORS' CON TRI BU TIONS

The idea and re sults for the pre sented re search
were ini ti ated and per formed by M. Živkovi} at the IG
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Fig ure 7. Pre ma ture births treated at the ma ter nity
hos pi tal and dis charged af ter wards – per cent age of
pa tients' cases ac cord ing to weight

Fig ure 8. In ci dence of ROP with re spect to body weight
(2004)

Fig ure 9. Num ber of ROP in ci dence de pend ing on body
weight (2004)

Ta ble 4. Pa thol ogy and ox y gen ther apy for chil dren with
ROP

Pa thol ogy Num ber of new borns

As phyxia pre na tal 48 chil dren

RDS 47 chil dren

Perinatal in fec tions: sep sis 32 chil dren

Candida 4 chil dren

Pneu mo nia 21 chil dren

Haemorrhagia pulm 3 chil dren

BPD 8 chil dren

IVH I and II 41 chil dren

IVH III and IV 13 chil dren

Hy dro ceph a lus post-haem 4 chil dren

Ventriculodilatatio 3 chil dren



KCS Hos pi tal. The data pro cess ing and graphic pre -
sen ta tion i. e. manu script prep a ra tion were car ried out
by M. Ž. Sre}kovi}, T. M. Stoji}, and B. M. Boki}. The
manu script was writ ten by M. Živkovi} and M. Ž.
Sre}kovi} and all the au thors par tic i pated in the dis -
cus sion of the re sults pre sented in the fi nal ver sion of
the pa per.
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UTICAJ  ELEKTROMAGNETNOG  I  NUKLEARNOG  ZRA^EWA  U
MEDICINI  ZA  TERAPIJU  I  DIJAGNOZU ‡ PROCESI,

^IWENICE  I  STATISTI^KA  ANALIZA

Savremena medicina (biomedicina) ne mo`e da se zamisli bez dijagnostike i
terapeutskih metoda baziranih na nuklearnoj, laserskoj, akusti~koj tehnici i procesima
zasnovanim na wima. Primena ovih metoda je vezana sa ra~unarskom podr{kom, obradom signala,
mernim-kontrolnim tehnikama, visokim stepenom automatizacije i analizom slike. U radu se
analiziraju savremeni problemi tehni~ke prirode koji se odnose na neonatologiju i
oftalmologiju, a zasnivaju se na dejstvu nuklearnog zra~ewa i laserskih snopova. Ovde su
predstavqene statisti~ke obrade rezultata iz Instituta za ginekologiju i aku{erstvo Klini~kog 
centra Srbije, Beograd, u vezi poboq{awa vida novoro|en~adi prenatalnog tipa sa razli~itim
stepenima patolo{kog stawa retinopatije. Uprkos dobrim rezultatima, zakqu~uje se da je
multidisciplinarni pristup potreban za boqe razumevawe uloge lasera i laserskih tehnika u
medicini, kao i mogu}nosti sprezawa. Razmotrene su i nove potencijalne primene lasera od
interesa za neonatologiju i oftalmologiju.

Kqu~ne re~i: retinopatija kod novoro|en~adi, neonatologija, la ser, nuklearno zra~ewe,
.........................o{te}ewe, dozimetrija
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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 Schrödinger equation for free 
particles. Due to the equivalence between the Schrödinger 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 ߖ 
 

2 2 2 2 2
0 0

1 1( ) (I ) 0
2 2 indui k w nζ χ ν∂ Ψ + ∂ Ψ + ∂ Ψ + Δ Ψ =  .                                          (1) 

Here, χ=x/w0 and ν=y/w0 are dimensionless transverse coordinates scaled by the characteristic length w0. ζ=z/kw0
2 

represents the dimensionless propagation distance with k=2πn/λ. The photonic lattice enters this equation in terms of an 
intensity-dependent refractive index modulation Δn2 (Iindu ), 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 Ψ 
itself. In this contribution, however, we restrict ourselves to linear effects. 

Considering the case for light propagation in homogenous, linear medium, where Δn2=0 holds, the wave equation (1)  
can always be separated into two parts, each depending only on one transverse coordinate χ or ν, respectively. Therefore, 
the solution Ψ is also separated and can be written as a product in the following form:  Ψ(χ,ν,ζ)=Ψ1(χ,ζ)Ψ2(ν,ζ). 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: 

2 3

{ , }

( , , ) (X ( / 2) ) exp(i(X / 2) i( /12))
X

Ai
χ ν

χ ν ζ ζ ζ ζ
=

Ψ = − −∏  .                          (2) 

We have to consider truncated solution with finite extent and energy, like Ψχ(χ,0)=Ai(χ)exp(aχχ), with the positive decay 
length aχ, typically aχ<<1. 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:YVO4) emitting at λ = 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 (SLM1), 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 Sr0.60Ba0.40Nb2O6 (SBN:Ce) photorefractive crystal, externally biased with Eext≈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 (SLM2) 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 
Λ=π/kt ≈25μm 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:YVO4 at λ = 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 Δn2(Iindu), which can be calculated in the full 
anisotropic model with a relaxation method. Since only linear effects are considered, the inducing intensity Iindu is solely 
given by the intensity of nondiffracting beam, Iindu=|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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

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. (e) 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 Δn, 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 Δn 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 Δn for the negative (e), (f) and positive defect (h), (i). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 Δn 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 Δn 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 Sd = -1…1 and recorded the intensity profile at the back 
face. The modulus of defect strength Sd 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 Δn. 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 Δn 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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Преглед научне активности 

 

Бојана Бокић је била ангажована на испитивањима интеракције фемтосекундног ласерског 
зрачења са материјалима различитог порекла. Фемтосекундни импулс у неким аспектима 
фундаментално мења механизам интеракције ласера и материјала у поређењу са ласерима 
дужег импулса. Развој фемтосекундних ласера отворио је читав низ поља за научна 
истраживања. Већина истраживања се ослања на три јединствене карактеристике ултракратких 
ласерских импулса: 1) кратак ласерски импулс се може користити за мерење веома брзих 
процеса; 2) кратак импулс може створити веома неравнотежна стања; 3) фемтосекундни 
импулси имају веома велики интензитет електричног поља па су нелинеарни ефекти веома 
изражени.  

Била је ангажована и на истраживањима фотонских структура биолошког порекла. 
Испитивана је спектрална и просторна селективност нанометарских структура на површини 
крила лептира Apatura ilia и Apatura iris. Показано је да крило веома интензивно рефлектује 
светлост у уском спектралном и угаоном интервалу, што даје еволутивну предност овим 
инсектима. Осим тога, специфичност нанометарских структура на крилу лептира даје путоказ 
за реализацију спектрално и угаоно селективних филтера. Ово истраживање је разултирало 
радом који је објављен у водећем међународном часопису. 

Бојана Бокић је у оквиру пројекта ОИ 171038 ангажована на експерименту испитивања 
ефеката фемтосекундног ласерског снопа, таласне дужине из ултраљубичастог дела спектра и 
фреквенције 76 MHz, на два типа танких филмова на супстрату силицијума – једнослојном 
танком филму алуминијума, и вишеслојном танком филму који се састоји од пет 
алуминијум/титанијум бислојева (укупне дебљине 130 nm). Модификација површина мета је 
урађена сноповима ниских флуенци и различитим временима озрачавања, не прелазећи време 
од 300 s. Формиране су периодичне површинске наноструктуре, периода око 315 nm и висине 
45 nm. Ови експериментални резултати су објављени у водећем међународном часопису.   

Бојана Бокић је ангажована и на билатералном пројекту са Немачком, под називом 
„Пропагација и локализација светлости у системима са комплексним фотоничним 
решеткама“. У протеклој години радила је на експерименту са Еири зрацима у фотоничним 
структурама са различитим дефектима као и линеарној и нелинеарној интеракцији више Еири 
зрака у кристалу стронцијум баријум ниобата.   

Главни циљ пројекта био је изучавање пропагације и локализације светлости у 
фоторефрактивним срединама, и стварања директне везе са процесом процесуирања 
информација. У Немачкој су експериментално потврђени резултати линеарне и нелинеарне 
интеракције дводимензионалних Еири снопова, који су претходно добијени теоријски и 
нумеричким симулацијама у Београду. Испитивана је кохерентна и некохерентна 
суперпозиција два и четири дводимензионална Еири снопа, када су у фази као и када су у 
различитим фазама. За разлику од линеарне суперпозиције, нелинеарна интеракција је показала 
формирање структура налик солитонима, формирање једног „солитона“ када су снопови у фази 
и формирање два „солитона“ када су снопови у различитим фазама. Након добијених 
експерименталних резултата, и њиховог поређења са нумеричким резултатима, уследила је 
обрада резултата као и припрема за публиковање. Написан је научни рад и послат у часопис 
међународног значаја са веома високим импакт фактором. Током овог пројекта објављена су 3 
рада у водећим међународним часописима и два саопштења са међународних скупова.  
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