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Preface 
 
The International School and Conference on Photonics - PHOTONICA, is a biennial 
event held in Belgrade since 2007. The first meeting in the series was called ISCOM 
(International School and Conference on Optics and Optical Materials), but it was later 
renamed to Photonica to reflect more clearly the aims of the event as a forum for education of 
young scientists, exchanging new knowledge and ideas, and fostering collaborations between 
researchers working within emerging areas of photonic science and technology. 
 
 
The Conference consists of oral presentations and vibrant poster sessions. The aim of the 
organizers is to provide a platform for discussing new developments and concepts within 
various disciplines of photonics by bringing together researchers from academia, government 
and industrial laboratories. In addition to the official program, the participants will also have 
plenty of opportunities to interact outside of the lecture theatre during the breaks and planned 
social events. 
 
A particular educational feature of the program is provided through a series of tutorials 
specifically designed for students and scientists starting in the field. From our experience, 
they are an excellent introduction to the more specific topics covered by the regular talks.  
 
This book contains abstracts of all presentations at the 3rd International School and 

Conference on Photonics - PHOTONICA2011. During morning sessions 4 tutorial and 6 
keynote speakers will give lectures to the benefits of students and young researches. 18 
invited lectures and 17 oral presentations during afternoon sessions will present most recent 
results in their research fields. Students and young researches will present 116 poster 
presentations on their new results within the two afternoon poster sessions. 
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Dynamics of dark solitons and vortex structures in Bose-Einstein 

Condensates   
 

 P.G. Kevrekidis 

Department of Mathematics and Statistics, University of Massachusetts, Amherst, MA 01003, USA 
e-mail: kevrekid@math.umass.edu 

 
Our aim in these lectures is to give an over-arching methodology of how to approach the subject of 
dark solitons in quasi-one-dimensional and vortices in quasi-two-dimensional Bose-Einstein 
condensates (BECs). We will use a combination of analytical tools: in the near-linear, small density 
limit of the quantum harmonic oscillator, we will use bifurcation theory and Galerkin-type expansions; 
in the large density, so-called Thomas-Fermi limit, we will employ a particle-type approach and 
relevant ODE reductions that lead to equations for the dynamics of the coherent structures (solitons 
and vortices, respectively). These two analytical limits will be bridged by virtue of numerical 
continuation and bifurcation theory, as well as via direct numerical experiments that enable the full 
characterization of the mean-field approximation of the BEC system.  These analytical and numerical 
results will be corroborated by direct comparisons with experimental results from the groups of M. 
Oberthaler and D. Hall, respectively. Additionally, the considerations will be generalized from the 
single-component (single-species) gases to that of multiple components and the setting of dark-bright 
and perhaps even vortex-bright solitary waves.  Experimental comparisons in these will involve the 
work of the group of P. Engels. Connections with other areas such as nonlinear optics, integrability 
and dynamical systems theory will be highlighted along the way. A number of interesting directions 
for potential future study will also be presented. 

 
Tutorial Lectures   T.2 

 

Group IV Nanophotonics: From Silicon to Diamond  
 

M. Lončar 
School of Engineering and Applied Science, Harvard University, Cambridge, MA 02138, USA 

e-mail: loncar@seas.harvard.edu 
 

Wavelength-scale optical resonators can enable on-chip manipulation of photons, and thus are 
important building blocks for optical- and quantum-communication systems. High quality factor (Q) 
photonic crystal (PhC) cavities, based on 2D photonic crystal architectures, have received a lot of 
attention as a promising platform for achieving these goals. However, recent work by our group[1,2,3] 
and others has demonstrated that 1D photonic crystal nanobeam cavities can also support ultra-high Q 
modes, on par with those found in 2D geometries. For example, Q=750,000 was measured in a 
nanobeam cavity fabricated in silicon[1]. Owing to their tiny physical footprint, exactly the same as 
that of an optical waveguide, nanobeam resonators are ideally suited for application in densely 
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integrated photonics. Furthermore, by taking advantage of mechanical degrees of freedom of free-
standing coupled nanobeam cavities, dynamically and continuously tunable/programmable optical 
filters can be realized[4]. External electrical or all-optical signals can be used to control the separation 
between such nanocavities, which in turn has a strong effect on their resonant wavelength.  In my talk 
I will discuss application of photonic crystal nanobeam cavities in on-chip all-optical signal processing 
and bio-chemical sensing.  
 
Single-crystalline diamond is another promising nanophotonic material platform. In particular, color 
centers in diamond have attracted significant attention as promising solid-state system for quantum 
communication and quantum information processing, as well as sensitive magnetometry.  Performance 
of these systems can be significantly improved by embedding color centers within nanoscale optical 
devices including nanowires[5], nanoplasmonics[6] and all-diamond optical cavities. For example, in 
my talk I will describe a high-flux, room temperature, source of single photons based on an individual 
Nitrogen-Vacancy (NV) center embedded in a top-down nanofabricated, single crystal diamond 
nanowire[5]. 
 

       
Figure. Programmable optical filter realized in silicon and Diamond nanowires. 
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Terahertz technology and metamaterials 
 

M. Hangyo 

Institute of Laser Engineering, Osaka University 
Suita, Osaka, Japan 

e-mail: hangyo@ile.osaka-u.ac.jp 
 

Terahertz (THz) waves are electromagnetic waves between microwave and visible light in frequency 
and have been an unexploited frequency region until very recently. However, this frequency region 
has become the most rapidly growing electromagnetic wave region mainly owing to the development 
of the method of THz generation by using lasers. On the other hand, artificially sub-wavelength 
structured materials called metamaterials attract much attention. By suitably designing the structures, 
it is possible to obtain desired effective permittivity and permeability. Even negative permittivity and 
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permeability simultaneously is possible. In this case, the refractive index becomes negative. The THz 
wave region is the most suitable frequency region for developing metamaterials because the size of the 
elements (metaatoms) are of the order of several tens of microns and the required accuracy of them is 
about one micron, which is rather easy to access by modern fabrication technologies. In this tutorial 
lecture, at first I talk about the recent development of the THz technology and its various applications, 
and then, I talk about the metamaterials especially in the THz region. 
 
THz wave pulses are emitted from devices such as semiconductor photoconductive antennas and 
nonlinear optical crystals by exciting them with femtosecond laser pulses. THz waves are also emitted 
from high-Tc superconductors. The THz 
spectroscopic system can be constructed 
by using these THz pulses and coherent 
detection of them. This system is called 
a THz time-domain spectroscopic 
system (THz-TDS). The THz 
spectroscopy and imaging have been 
applied to various fields as shown in 
Fig. 1 [1]. Nowadays, the THz-TDS has 
been routinely used in basic science 
such as condensed matter physics. 
Advanced spectroscopic systems such 
as magnetooptical and ellipsometric 
ones have also been developed. Since 
the papers and plastics transmit THz 
waves, THz waves can be used to find 
illicit drugs and explosives in mails.  
 
Metallic wire grids have been used as a 
polarizer or beam splitter in the THz 
region for long time. Since the period of the wires in them are much smaller than the wavelengths, the 
wire grids can be considered as a metamaterial. In this sense, metamaterials are realistic devices in the 
THz region. The planar metamaterials in the THz region are usually fabricated by photolithography. 
We proposed to use much easier and quick method for fabricating THz planar metamaterials using the 
super-fine ink-jet printing technology [2]. Metamaterials with negative permeability can be obtained 
usually by metallic sprit-ring resonators or their variations. We have realized negative permeability by 
utilizing the Mie resonances of the dielectric TiO2 cubes.  
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Anderson localization of light 
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Fig. 1. Various applications of terahertz technology. 
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Title Optical Airy beams and bullets 
 

D. Christodoulides 

CREOL-College of Optics and Photonics 
University of CentralFlorida 

Orlando, Florida 32816 
demetri@creol.ucf.edu 

 
We provide an overview of recent developments in the area of Airy beams and bullets. The possibility 
of using these new field arrangements in applications ranging from nonlinear optics and plasmonics to 
microparticle manipulation and ranging,will be discussed.  
 
In recent years, the quest for non-spreading or non-diffracting optical beam configurations has been 
motivated by possible applications in diverse fields ranging from biology to atom optics. Lately our 

group has explored the possibility of experimentally realizing non-spreading 
accelerating Airy beams in optics. This was done by exploiting the formal 
analogy between quantum wave mechanics and paraxial diffraction optics. 
We have demonstrated, that Airy beams can exhibit a host of interesting 
characteristics. More specifically, they resist diffraction while their main 
intensity maxima or lobes tend to self-bend and accelerate in free space 
along parabolic trajectories. This ballistic 
behavior persists over long distances in spite of 
the fact that the center of gravity of these 
wavepackets remains constant and eventually 
diffraction takes over. Figure 1 depicts quasi-

diffractionless propagation of a finite-energy Airy beam where its 
“acceleration” dynamics are apparent. These intriguing properties of the 
Airy wavepackets put them in a category by themselves. In contrast to the 
already known families of non-diffracting fields they are possible in one-
dimension, do not result from conical superposition, and are highly 
asymmetric. The peculiar features of Airy beams may find applications in 
near-field microscopy where their asymmetric intensity pattern could prove 
advantageous. Particle sorting (via optical gradient forces) along bent parabolic trajectories may be 
another fascinating direction.Versatile Airy spatio-temporal bullets (Fig. 2), resisting both diffraction 
and dispersion effects will be also discussed. 
 
 
 
 

 

Fig. 1. Airy beams 

Fig.2. Airy bullets 
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Waveguide lasers fabricated by Direct Laser Writing with femtosecond 

laser pulses 
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The fabrication of buried cannel waveguides in laser gain media is nowadays reaching more and more 
attention. They constitute basic structures on which miniaturized lasers could be developed. Although 
there are several methods that have been already demonstrated to be valid for waveguide fabrication in 
laser gain media, the scientific community is still looking for new methods that can be incorporated in 
real mass production processes. In this sense Direct Laser Writing (DLW) with femtosecond laser 
pulses of waveguides has emerged as a revolutionary technique for waveguide fabrication that has 
been revealed to be almost universal as it has been already applied to a wide range of systems 
including glasses, glass-ceramics, transparent ceramics and laser crystals. The main advantages of the 
DLW waveguide is the associated reduced processing times, absence of previous sample preparation, 
true three dimensional capabilities and reduced manufacturing cost. In addition, it has been widely 
demonstrated, through confocal fluorescence imaging experiments, that DLW is a non destructive 
technique that preserves the original spectroscopic properties (and hence the laser ones) of the original 
system. 
 
In this talk I will summarize the latest results obtained in the fabrication of multifunctional laser 
waveguides fabricated by DLW in a wide range of materials. In addition, special attention will be paid 
to elucidate the different physical mechanism that are beyond the permanent refractive index changes 
that are produce after the local irradiation with ultrafast laser pulses as well as to elucidate the 
resistance of these micro-structural modifications against time and temperature. Finally, the laser 
performance of the fabricated structures will be summarized and compared to those obtained from 
waveguides fabricated by different methods. 
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Plasmonics for biosensing and metamaterials 
 

V. P. Drachev 
Birck Nanotechnology Center and School of Electrical and Computer Engineering,  
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e-mail: vdrachev@purdue.edu  

 
The recently emerged field of metamaterials promises a family of applications ranging from optical 
imaging with deeply sub-wavelength resolution to nanophotonics with the potential for much faster 
information processing. Artificially engineered materials with optical effective magnetism and 
negative refractive index employ the effect of circular currents in double layered plasmonic 
nanostructures separated by a dielectric spacer. Such a possibility has triggered intense basic and 
applied research on plasmonics over the past several years. 
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Also a progress in nanofabrication has led to significant achievements in well known plasmonic 
applications like surface-enhanced phenomena, and resulted in development of various new passive 
plasmonic components. Real-life applications require also active control to achieve signal switching, 
modulation, and amplification to compensate losses.  
 
We will overview our experimental realizations of metamagnetics and negative index metamaterials 
for the visible range in both passive and active modes. We will discuss an example of plasmonic 
nanoantennas (pairs of metal particles, which can serve as emitters or receivers of electromagnetic 
radiation [1]) for photoluminescence kinetic parameters control and nonlinear materials engineering, 
experiments on a thermally tunable metamagnetic and imaging [2], and, finally, gain assisted negative 
index materials with no losses [3].  
 
Experiments with aggregate nanostructures using bio-nanofabrication will be presented. It implies 
DNA-gold nanoparticle networks grown at cell surface marker sites with application in diagnostics of 
cancer cell lines. Profiling of human breast epithelial cells is performed to identify the membrane 
surface markers with surface-enhanced Raman scattering and dark field microscopy of plasmon 
resonances using DNA-hybridization-based gold nanoparticle networks.  
 
In this talk we discuss combined, hyperspectral LSPRS imaging and SERS mapping using gold 
nanoparticle probes for multiplex profiling of human breast epithelial cells (HBECs) to indentify the 
membrane surface markers. The plasmonic peak shift dependence on the DNA length and number of 
particles in aggregates is measured by the dark-field spectroscopy and can be extrapolated with a 
simple equation. A SERS signal of dye tag molecules is increased to the detectable level using DNA-
assembled gold nanoparticle structures. The structure can be reversibly controlled by varying the 
temperature near DNA hybridization melting point. The detection is performed at demanding 
conditions of bio-sensing with Raman spectroscopy, such as long wavelength laser, low excitation 
power, and short measurement time. The feasibility of this approach is demonstrated for CD24 and 
CD44 receptors of three breast cancer cell lines (MCF-7, MDA-MB-231, and MDA-MB-468) [4]. 
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Photonic crystals and quantum dots: from cavity QED, to single photon 
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Ginzton Laboratory and Department of Electrical Engineering, Stanford University,  
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e-mail: jela@stanford.edu 

 
Recent advances in nanofabrication have enabled the development of structures that can manipulate 
and localize light into volumes below a cubic optical wavelength with storage times of thousands of 
optical cycles. The emergence of such high quality nanophotonic structures has opened new 
opportunities for the study of light-matter interaction. For example, as a result of the localization of 
light within such ultra-small volume nano-resonators, large optical intensities can be achieved with 
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only a few photons coupled. Further, such a system also enables strong interaction between single 
atoms or atom-like quantum emitters (e.g. quantum dots) embedded within the cavity and single 
photons [1].  
 
Such quantum emitters in optical nanocavities are interesting both as a testbed for fundamental cavity 
quantum electrodynamics (QED) experiments, as well as a platform for quantum and classical 
information processing. In addition to providing a scalable, on-chip, platform, these systems also 
enable large dipole-field interaction strengths, as a result of the localization of the field to very small 
optical volumes (as an example, for InAs quantum dots inside GaAs photonic crystal cavities, the 
vacuum Rabi frequency is on the order of 10s of GHz). As a result, system dynamics occurs on much 
faster time scales. 
 
A single quantum emitter strongly coupled to an optical nanocavity can completely modify  the cavity 
transmission, from transparent to opaque for an optical beam on the cavity resonance, as we have 
recently demonstrated in the InAs quantum dot/GaAs photonic crystal nanocavity system [1,2]. This 
implies that at the frequency corresponding to the empty cavity resonance there is now a dip, i.e., the 
cavity transmission dramatically changes.  Moreover, we have shown that the cavity can be switched 
back to transparent if a control beam also shines on it, with control energies that can be as low as one 
photon per cavity photon lifetime [3].  We have also directly probed the ladder of dressed states of a 
strongly coupled quantum dot-cavity system and have employed its anharmonicity to demonstrate 
effects of photon blockade and photon induced tunneling, and to generate non-classical states of light 
[4]. Finally, we have also performed fast electrical control of the quantum dot strongly coupled to a 
cavity [5]. 
 
These demonstrations lie at the core of a number of proposals for quantum information processing, 
and could also be employed to build novel devices, such as optical gates operating at the single photon 
level and electro-optic modulators and switches with superior performance relative to state of the art 
devices. 
 
For example, fast electrical control of a quantum dot strongly coupled to a cavity is important for 
switching and routing in quantum networks, but can also be employed in an electro-optic modulator 
controlled with sub-fJ energies (more than two orders of magnitude smaller than state of the art 
devices), while exhibiting modulation speeds exceeding 10's of GHz. [5] Moreover, a quantum dot-
photonic crystal cavity laser with threshold current of 180nA has recently been demonstrated - the 
lowest threshold ever demonstrated in an electrically pumped semiconductor laser [6]. 
 

 
Fig. 1. Various quantum photonic devices based on InAs  

quantum dots embedded in GaAs photonic crystal nanocavities. 
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Since the realization by Pendry and others [1] that by patterning metal surfaces with arrays of holes 
one may create ‘spoof’ or ‘designer’ surface plasmons at longer radiation wavelengths a substantial 
body of work has now appeared. Studies at microwave frequencies confirm experimentally the 
existence of these structurally-created surface waves [2], with more recent work ranging from these 
long wavelengths down through terahertz [3] and even into the visible [4]. In the visible domain a 
surface plasmon is the combined oscillation of the free electron charge density at the surface of a 
metal together with the highly localized electromagnetic field. At lower frequencies, as the electrons 
more readily respond to the driving frequency, this surface plasmon is much less localized in the 
dielectric half space, becoming essentially like a grazing photon and in the microwave domain such a 
surface wave is often referred to as a surface current. Pendry et al showed that the strong localization 
of the electromagnetic field in the dielectric (within a distance of the order of the wavelength) is 
recovered if the planar metal surface is patterned with a regular array of holes of size provided the 
frequency of interest is below the cut-off frequency of the holes. In actuality any structure at the 
surface of the metal which gives a localized resonance leads to a flat-banded dispersion which crosses 
the grazing photon light line and thereby creates a splitting into two distinct dispersion curves, one 
which is radiative and one which is non-radiative with ‘spoof’ surface plasmon character. This then 
opens up the potential for TE as well as TM surface waves [5] and the creation of surface waves on 
thin structures patterned with metal patches or ‘mushrooms’[6]. Further work has explored a range of 
surface structures studying guiding of these surface waves by lines of holes for example [7] or self-
collimation with a laterally limited array [8]. This lecture will look at some recent developments in 
this area with particular reference to work at microwave frequencies. 
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Up to date, the world of electronics has always been an inexhaustible source of resources to satisfy the 
continuous request for larger bandwidth in communication systems. Unfortunately the bit rate limit of 
electronic devices (around 50 Gb/s) will soon be reached, and scientists and engineers are now 
struggling for alternative solutions. Among them, all-optical signal processing appears to be one of the 
most viable since it brings the promise to drastically increase the performances of transmission 
networks and, at the same time, to keep the associated costs low. However, in order to fulfill the goal 
of realizing all-optical agile communications systems and improve overall all-optical devices 
performances, it is mandatory to optimally perform fundamental network operations such as optical 
switching, data storage, ultrafast modulation, etc. In particular, wavelength conversion is required to 
realize wavelength division multiplexing systems capable of substantially increasing the bit rate by 
channeling the information on different frequency carriers.  Recently ultra-low CW pump power 
(5mW) wavelength conversion based on Four Wave Mixing (FWM) has been reported in silicon 
micro-ring resonators. Nevertheless, it is of paramount importance to study other material systems, 
since silicon is well known to suffer from two-photon absorption (TPA) that in turn induces free 
carrier losses and may affect the performance of silicon based devices. In this work we first 
demonstrated, by means of C-MOS compatible Hydex ® glass based micro ring resonators, efficient 
wavelength conversion by FWM using ultra-low continuous-wave pump power (<5 mW, 
@1553.38nm). In this first set of experiments, we used rings whose Q factor was 65,000 and whose 
free spectral range was 575 GHz. By using the experimental value of the FWM efficiency we 
estimated the nonlinear refractive index (n2) of Hydex waveguides to be as much as five times larger 
than that of standard Silica, and the nonlinear γ parameter to be around 250 times higher than that of 
typical single mode glass fibers. Furthermore, the overall field enhancement factor of our device was 
shown to be ≅ 1.4·107, much larger than in semiconductor structures where losses tend to be in the 
order of several dB/cm.  
 
Our results are comparable to the highest values reported to date in silicon ring resonators, and in 
addition they combine the advantages of ultra-low optical loss (0.06 dB/cm) with the absence of two-
photon absorption (near λ=1.5µm). We believe that these achievements may bring us a step forward in 
the quest to create very efficient all optical communication networks. 
 
Furthermore, the possibility of creating novel frequency at very affordable power levels could open up 
an host of different applications beyond their use in telecommunication networks. For example, 
integrated multiple wavelength laser sources may be considered of great importance for applications 
as high-precision broadband sensing and spectroscopy, molecular fingerprinting, optical clocks, and 
attosecond physics. Even if they have recently been demonstrated in silica and single crystal micro-
toroid resonators using parametric gain, for applications in telecommunications and optical 
interconnects, analogous devices in a fully integrated, CMOS compatible platform still do not exist. 
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While approaches such as silicon micro-ring resonators have been shown not to be ideal, other 
materials, such as Silicon nitride, have recently been proven to be a promising alternative platform for 
nonlinear optical devices since they exhibits negligible saturation effects due to multi-photon 
absorption, and this enabled the demonstration of efficient multi-wavelength optical parametric 
oscillation in integrated ring resonators.  
 
In a second set of experiments, using rings with an higher Q factor, we succeeded in realizing a fully 
integrated, CMOS compatible, multiple wavelength source. We achieve CW optical “hyper-
parametric” oscillation in a high quality factor (Q=1.2 million) doped silica glass micro-ring resonator, 
with a differential slope efficiency above threshold of 7.4% for a single oscillating mode out of a 
single port, a CW threshold power as low as 54mW, and a controllable range of frequency spacing 
from 200GHz to more than 6THz. The low loss, design flexibility, and CMOS compatibility of this 
device will enable multiple wavelength sources for telecommunications, computing, sensing, 
metrology and other areas.  
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Many important configurations in optical and matter-wave (Bose-Einstein-condensate) systems are 
based on settings with two parallel cores (waveguides), coupled by tunneling of photons or atoms. 
Basic models of such media amount to systems of linearly coupled equations with nonlinearities acting 
in each equation. A well-known example is the model of dual-core optical fibers or planar 
waveguides, which amounts to a system of linearly coupled nonlinear Schroedinger (NLS) equations. 
Similar models apply to BEC loaded into a set of parallel one- or two-dimensional tunnel-coupled 
traps. In such models, obvious symmetric soliton solutions lose their stability through symmetry-
breaking bifurcations, when the total energy (norm) exceeds a certain critical value (i.e., the 
nonlinearity acting in the cores becomes strong enough). The bifurcations, which are typically of the 
sub- and supercritical types in the cases of the self-attractive and repulsive signs of the intrinsic 
nonlinearity, respectively, give rise to asymmetric solitons. These two types of the symmetry-breaking 
bifurcations are similar, severally, to the general phase transitions of the first and second kinds.  
 
The talk aims to present an overview of basic models, results, and physical realizations of the 
symmetry-breaking phenomena in conservative and dissipative dual-core nonlinear media, including 
continual and discrete systems. 
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Numerical solutions to various generalized multidimensional nonlinear Schrödinger equations, 
including the paraxial wave equation, are very useful in many fields of physics. The reason is great 
importance of these equations as dynamical models in various fields and the lack of analytical 
solutions to them. What makes the problem of finding solutions to multidimensional nonlinear 
Schrödinger equations challenging is their inherent instability [1]. In such systems it is difficult to 
distinguish numerical instabilities from the real physical instabilities. One way out is to have at least 
two independent numerical packages that can treat the same system under the same conditions and 
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offer comparable solutions. The other is to have analytical solutions, to compare numerical solutions 
with (if and when analytical solutions are known). We utilize both ways. We have used the split-step 
beam propagation method in treating Schrödinger equations. We add to this a method based on the 
multidimensional finite-volume difference scheme. Hence, in this paper we present numerical 
computational results for several nonlinear optical processes governed by the generalized nonlinear 
Schrödinger and paraxial wave equations containing nonlinearities of various forms, using 
commercially available but suitably advanced numerical packages. The new numerical scheme is 
based on the parabolic marching in time with a finite-volume method, adapted from the heat diffusion 
equation in the computational fluid-dynamics software OpenFOAM [2]. We compare solutions 
obtained using this new method with the known numerical and analytical solutions of some 
generalized nonlinear Schrödinger equations and then proceed to find new solutions of other 
equations. 
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Cold atomic systems in optical and magnetic potentials have been demonstrated as one of the most 
powerful tools for the investigation of quantum behavior in various model potentials, such as periodic 
potentials, reduced dimensionality potentials thanks to strong radial confinement, disordered 
potentials, and other more complex geometries. Precise knowledge of the model Hamiltonian, 
manipulation of its coupling constants, possibility of working with controllable disorder are some of 
the great advantages of atomic systems in optical and magnetic potentials which make them ideal tools 
for the realization of quantum models. The combination of optical potentials with magnetic and 
electrostatic fields varying on the scale of an optical wavelength opens even wider perspectives. The 
integration of cold atomic sources and electromagnetic field sources in the same device is a major 
frontier both for fundamental science and advanced technology where Europe has an important 
leadership.  
 
I will discuss these devices, normally referred to as AtomChips, concentrating on the realization of a 
particular integrated matter wave interferometer where coherent coupling between the Bose-Einstein 
condensates in different Zeeman states is used to generate high-harmonic output signals with the 
enhanced sensitivity and maximum possible interferometric contrast. We have demonstrated a 
realisation of such an interferometer on an AtomChip providing a compact, easy-to-use, device.  
 
Matter-wave interferometry is a powerful tool for high-precision measurements of the quantum 
properties of atoms, many-body phenomena and gravity. The most precise matter-wave 
interferometers exploit the excellent localization in the momentum space and coherence of the 
degenerate gases. Further enhancement of sensitivity and reduction of complexity are crucial 
conditions for success and widening of their applications. The device I discuss introduces a multi-path 
interferometric scheme that offers advances in both these aspects hence providing a new method for 
measurement of the light-atom and surface-atom interactions and enables application of simultaneous 
multi-parameter sensing schemes in the cold-atom interferometry. 
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Electron Magneto Hydrodynamics (EMHD) plays important roles in short pulse laser plasmas, 
magnetic field reconnection in MCF and space plasmas and magnetic field generation in astronomical 
plasmas when the space/time scales are much shorter than the ion scales and the time scale is much 
longer than the electron plasma frequency. The electro-magnetic fluctuations with frequencies much 
lower than the electron plasma frequency have structures like whistler waves. The turbulence of such 
electro-magnetic fluctuations is so called “whistler turbulence”. Examples of whistler turbulence are 
the turbulences predicted by the models of gamma ray burst and by the models for relativistic electron 
beam transport in ultra intense laser plasmas. The whistler turbulence also plays important roles in the 
collisionless magnetic reconnection in solar flare or magneto-sphere. 
 
In this presentation, it is discussed that low frequency electro-magnetic fields are generated by the 
electromagnetic instabilities ( two stream Weibel instatbility ) and the thermo-electric effects. The 
self-generated electro-magnetic fields play important rolls in hot electron transport, ion acceleration 
and tera hertz radiation emission from laser plasmas.  
 
The turbulence theory predicts that low frequency electromagnetic fluctuations in two dimension 
cascade to longer wave length modes through the non-linear interaction ( inverse cascade / self-
organization). On the other hand, direction of magnetic fields becomes isotropic (Whistlerization). The 
theoretical analysis of the turbulence are applied to understand some simulation and experiment 
results. In some experiments, self-generated magnetic fields are self-organized to guide intense 
electron beams.  
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Millimeter wave (mmW) and terahertz (THz) imaging are subjects of immense interest because of 
unique applications in homeland security, biology, medicine, etc. Such systems, even though they 
usually do not contain focal plane arrays, are very expensive. Most mmW and THz imaging systems 
scan the image, thus detracting from the imaging speed. This is because focal plane arrays are usually 
not used because of detector price.  
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A solution for this problem is the use of  miniature neon indicator lamps as detectors. They are quite 
inexpensive, costing about 50 cents each. Excellent responsivities and NEP have been obtained [1] in 
direct detection, with sensitivity improvement of about two orders of magnitude in heterodyne 
detection, depending on reference wave irradiance [2]. Speed of response is microsecond order and 
even less, depending on speed of electronics. Mechanism of detection is based on increase in free 
electron velocity in the gas discharge plasma, which increases the rate of ionization collisions of such 
free electrons with neutral gas atoms, thus increasing discharge current. These "signal" electrons are 
then swept by the substantial dc bias field towards the anode, and ionize many gas atoms along the 
way through collision processes, which gives rise to significant internal signal amplification [3]. 
Small focal plane arrays of 8X8 pixels have been developed, exhibiting good quality images [4] 
despite the small number of pixels, because of superresolution techniques. Such an 8X8 array has been 
used to obtain 32X32 pixel images at 100 GHz. Both conducting and dielectric objects have been 
imaged. A new 32X32 pixel array has recently been developed. Examples of imaging at 100 GHz, 
with and without superresolution, and calibration, are presented, including imaging of concealed 
objects. 8X8 and 32X32 pixel images are compared. 
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Ultrashort pulsed laser radiation applied to inorganic dielectric materials by focusing either on the 
surface or toward the bulk depth induces, depending on the irradiation conditions, different kinds of 
modifications such as formation of surface and volume periodic structures (nanogratings), 
densification and refractive index changes, formation of micro- and nanovoids, phase transitions such 
as amorphisation of crystalline materials, etc. Such modifications are already used in optoelectronics 
and photonics (optical signal transmission, optical beam manipulation, 3D writing of information, etc.) 
and also in microfluidics and the list of potential applications is rapidly expanding. In spite of growing 
technological applications of transparent materials and their paramount promises for using in 
optoelectronics and photonics, the fundamentals of laser-induced excitation of transparent crystalline 
materials and glasses have not sufficiently studied. This is conditioned by both the complexity of the 
processes in the laser-excited dielectrics and a great variety of compound transparent materials when 
even a small variation in atomic composition and structure changes dramatically material response to 
laser excitation. Successful development of applications based on laser-induces micro- and 
nanomodifications of transparent materials requires deep understanding of the whole chain of the 
intricate processes initiated in dielectrics by femtosecond laser pulses and extending up to millisecond 
time scale with formation of permanent mechanically deformed and/or chemically modified states. 
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This Lecture is dedicated to an outline of the processes taking place in transparent crystals and glasses 
under the action of ultrashort laser pulses. The spatiotemporal dynamics of laser-induced 
modifications will be analyzed which start from material photoionization with creation of seed free 
electrons followed by electron avalanche multiplication. This results in dense plasma formation 
accompanied by changing optical response of the laser-excited region toward metallization. The 
effects of self-focusing counteracted by scattering from the laser produced plasma upon propagation of 
the laser beam inside the bulk of a transparent material will be discussed. The aspects of warm dense 
matter and plasma collective behaviors will be touched. Special attention will be given to the thermal 
and mechanical effects which have yet been poorly studied for materials excited by ultrashort laser 
pulses. Swift heating of the photo-excited region occurring at picosecond timescale and corresponding 
pressure rise result in generation of the thermoelastic waves which, depending on the heating level and 
heat localization, can either completely dissipate, or lead to significant plastic deformations of the 
material, or even to mechanical damages in the form of micro- and nanovoids in the energy-release 
zone. The dynamics of the laser-induced processes will be illustrated by the results obtained in the 
frames of several modeling approaches, including those based on the non-linear Schrödinger equation, 
the Maxwell equations, the drift-diffusion approach, and the thermoelastoplastic stress analysis. The 
timescales of manifestation of the different processes will be defined, indicating the possibility of 
applying different modeling representations at different time spans.  
 
A number of phenomena will be considered in detail such as charging of the dielectric surfaces 
culminating in Coulomb explosion, crater shaping, density redistribution upon waveguide writing; 
energy clamping effects. Finally, a short summary of several important experimental observations will 
be given which require explanations and adequate descriptions.  
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Laser modification of materials with Ultrafast (τp <10ps) laser pulses can demonstrate high precision 
by minimizing thermal diffusion during the pulse, coupling energy to the electronic system on a 
timescale shorter than the lattice heating time [1]. In metals, for example, this results in low  threshold 
fluence F < 1Jcm-2 thus requiring only µJ pulse energies while ultrafast (fs/ps) laser systems based on 
Regenerative amplifiers can provide mJ level pulses at kHz repetition rates. The need to severely 
attenuate pulse energies from mJ to µJ results in very low throughput and waste of available laser 
output. Device fabrication can therefore take inordinately long to accomplish. 
 
Spatial Light Modulators (SLM’s) are dynamic diffractive optical elements, able to modulate an 
incoming wavefront through the application of Computer Generated Holograms (CGH’s) to create any 
desired intensity distribution at the image plane of a lens. For example, an energetic fs/ps pulse can be 
diffractively split into many identical low energy spots in an arbitrary geometry and with the required 
fluence for precision micro-processing. As the intensity distribution at the lens image plane is the 
Fourier transform of the complex electric field after reflection on the SLM, the required CGH’s can be 
calculated using Inverse Fourier Transforms (IFT’s). Various algorithms (eg lens and gratings, 
Gerchberg-Saxton [2] for calculating the IFT’s will be discussed and their relative merits in terms of 
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their accuracy and speed for producing a desired intensity patterns. Here, the degree of symmetry of 
the desired pattern is an important factor which can lead to unwanted intensity modulation. 
 
We will demonstrate the use of phase only SLM’s for highly parallel laser processing both on surfaces 
and inside optical materials through refractive index engineering. For example, high speed back 
contact opening for solar cells is shown by thin film removal of SiO2 from Silicon at a rate of 1.6 106 
contacts per second (1% area opening) so that a 5” wafer could be processed in ~ 2seconds. In 
addition, parallel refractive index modification of PMMA was employed to create efficient volume 
phase gratings with mm dimensions in minutes rather than hours. ( η+1 >75% ). [3] 
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Laser interaction with matter can bring about a wide range of dynamic phenomena that can be 
observed on microscopic and macroscopic scales. Microscopic motion is e.g. associated with various 
waves (photo-acoustic, shock) that are generated during the laser-beam surface interaction and 
propagated in the surrounding media. These phenomena have been widely studied in order to 
understand the interaction processes and develop novel applications in several disciplines, such as 
non-destructive testing, spectroscopy, monitoring deexcitation processes and probing physical 
properties of materials [1]. Optodynamics has been defined as a new interdisciplinary research field 
representing a joint base for a variety of laser material processing and laser assisted medical 
applications [2]. Later a new propulsion concept was developed as an extreme example of laser 
induced mechanical motion in which thrust is produced as a reaction force of laser ablated material 
[3]. 
 
The contribution presents a synthesis of the results of original research in the area of laser material 
interaction and pulsed laser materials processing with a special emphasis on dynamic aspects of laser-
beam surface interaction, which include the links between the laser material removal and the resulting 
material motion [4]. In view of laser material processing a laser beam is not only considered as a tool 
but also as a generator of information about the material transformation. The information is retained 
and conveyed by different kinds of optically induced mechanical waves. Several generation/detection 
schemes have been developed to extract this information especially in the field of non-destructive 
material evaluation. Blast and acoustic waves, which propagate in air surrounding the workpiece, have 
been studied using microphone detection as well as various set-ups of the laser beam deflection probe. 
Stress waves propagating through the workpiece have been studied using piezoelectric transducers and 
laser interferometers. 
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Photonic technology has a history of significant contribution to biomedical research and practice. 
Revolutionary monitoring techniques such as pulse oximetry, transcutaneous gas monitoring and 
tissue spectrophotometry have all been predicated on developments in the underlying photonic 
devices. 
 
In this paper, we introduce a compact sensing technology based on the self-mixing interferometer that 
uses Vertical-Cavity Surface-Emitting Laser (VCSEL) both for the emission and the detection of light.  
The self-mixing phenomenon occurs when the laser beam is partially reflected from an external target 
and injected back into the laser cavity [1]. The reflected light interferes or ‘mixes’ with the light inside 
the laser cavity and produces variations to the threshold gain, emitted power, lasing spectrum and the 
laser junction voltage. The reflected light can be frequency shifted, by means of Doppler effect, before 
being mixed with the original laser emission. The resulting output power variations are usually 
monitored by using the photodiode integrated within the laser package [2].  
  
This phenomenon allows the laser to be used as an interferometric sensor incorporating the light 
source and the interferometer in one device thus significantly reducing the cost and the complexity of 
the sensing system. The homodyne (coherent) detection nature of this sensing scheme inherently 
provides very high sensitivity and consequently suffers minimal crosstalk between the channels in a 
free-space multichannel sensor implementation [3]. Self-mixing interferometry has been used to detect 
small displacements, change in the refractive index of materials, polarisation change and flow [4, 5]. 
In this paper we will outline several SM architectures with applications in biomedical sensing and 
imaging.  
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Investigation of protein-protein interactions in situ in living or intact cells gains expanding importance 
as structure / function relationships proposed from bulk biochemistry and molecular modeling 
experiments require demonstration at the cellular level. Fluorescence resonance energy transfer 
(FRET) based methods are excellent tools for determining proximity and supramolecular organization 
of biomolecules at the cell surface or inside the cell. FRET measured on a cell-by-cell basis in flow 
cytometry, and with subcellular resolution in the microscope is has started to infiltrate basic research 
in cell biology. In fact, the number of publications exploiting FRET has doubled in the past five years. 
Yet, there is a hitherto unexploited possibility, that of transferring the knowledge gained in basic 
cellular models to the diagnostic level in molecular pathology. One salient example of such scenario is 
the case of multiform glioblastoma. Its treatment is frequently hampered by decreased radiosensitivity, 
which has been linked to overexpression of the ErbB1 / EGFR receptor tyrosine kinase. 
 
In a model of glioblastoma expressing surplus ErbB1 we have identified that integrin β1 is also 
upregulated and decreasing radiosensitivity correlated with increasing ErbB1 and integrin 
β1expression levels. As expected, increased expression of ErbB1 and integrin molecules was 
accompanied by increased ErbB1 – integrin β1 heteroassociation when measured by flow cytometric 
FRET. Interestingly, ErbB1 homoassociation decreased in parallel, in spite of the higher number of 
molecules in the cell membrane. Since the flow cytometric FRET approach yields average FRET 
values for each cell, and is restricted to assessing population statistics for one pair of molecules per 
sample, we have also implemented a microscopic two-sided FRET method which is based on labeling 
three molecular entities with three sequentially red-shifted dyes, such that first an acceptor 
photobleaching FRET measurement can be implemented on the more red-shifted pair, and 
consecutively the donor that remains intact in this procedure can serve as acceptor  in a donor 
photobleaching protocol, using, as donor, the most blue-shifted fluorophor. This approach revealed 
that in pixels with higher ErbB1 – integrin β1 heteroassociation, ErbB1 homoassociation was lower, 
indicating a competition for association partners between these molecules. Furthermore, the shift 
towards heteroassociation was accompanied by a boosted PKB/Akt phosphorylation response to EGF, 
a possible explanation for greater radiation resistance in high expressing clones. For a clinical 
correlate, we have implemented acceptor photobleaching FRET on frozen tissue sections of grade II 
and IV clinical glioblastoma samples to further check the possible role of this ErbB1-integrin signaling 
axis. Grade IV tumors showed higher ErbB1 and integrin β1 expression levels and greater ErbB1 – 
integrin β1 heteroassociation than Grade II tumors. Of these parameters, the extent of molecular 
association was a single determinant of tumor grade in stepwise logistic regression. The revealed 
ErbB1 – integrin β1 heteroassociation raises the possibility of combining integrin blockers with kinase 
inhibitors in high grade glioblastoma. 
 
REFERENCES:  
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In vivo optical imaging, using photons as primary information, has witnessed several major 
improvements in the last decades. It was demonstrated that persistent luminescence nanoparticles 
could be used as sensitive optical probe for in vivo imaging, and that their biodistribution was highly 
dependent on both core diameter and global surface charge [1]. However, luminescence from these 
persistent luminescence nanoparticles was not intense enough to provide long-term monitoring of in 
vivo probes accumulation, unveiling the need to work on new nanomaterials with improved optical 
characteristics.  
 
To better understand the origin of such phenomenon, we suggested a mechanism of persistent 
luminescence, with hole trap acting as recombination center. We then hypothesized that trivalent 
lanthanide ions could act as an efficient electron trap for persistent luminescence [2]. Several materials 
are then presented for such applications. 
 
Starting from the hypothesis that controlling electrons trap depth could help to enhance the optical 
properties of persistent luminescence nanoparticles, we report the synthesis of several rare earth and 
transition metal doped nanoparticles. For instance divalent manganese, present in diopside silicate 
compounds, is at the origin of the red emission. We identify Pr3+ as the optimal electron trap in this 
host, which led to high performance nanomaterials, well excitable with UV light before injection in 
small animals and displaying the most intense afterglow in the near-infrared region. We managed to 
extract nanoparticles with narrow distribution from the initial polydisperse powder, and report their 
application for highly sensitive real-time in vivo bio-imaging. In some case it is possible to have an 
optical reexcitation under green/red emission in order to follow days after days the in-vivo 
nanoparticules distribution.  
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The term 'metamaterial' usually refers to periodic arrangements of artificially structured elements 
designed to achieve advantageous and/or unusual electromagnetic properties. The interest in 
metamaterials originates from their great potential for novel applications in antennas, microwave 
devices, super-resolution imaging, cloaking and illusion devices, etc. The last decade, there have been 
many efforts to increase their performance and bring their operation frequency towards the optical 
[1,2]. However, significant losses place a strict limit on the performance of conventional 
metamaterials in the RF – Terahertz frequency range, hampering thus any progress toward their 
practical use [3,4]. Superconducting metamaterials provide a dramatic reduction of losses 
accompanied by inherent nonlinearity and extreme sensitivity to external fields [4,5].  
 
Two-dimensional arrays of split-ring resonators (SRRs) made up of either low [6] or high [7,8] critical 
temperature superconducting material exhibit relative magnetic permeability less than one or even 
negative, and the ability to tune the frequency range at which this unique response occurs [9]. 
Moreover, the creation of a narrow tunnel barrier in the gap of each superconducting SRR brings the 
Josephson effect into play. These artificial meta-atoms, frequently refered to as 'Josephson junction 
rings', have much in common with the well-known in superconductivity radio-frequency 
superconducting interference devices (rf SQUIDs). It has been demonstrated that superconducting 
metamaterials composed of magnetically coupled rf SQUIDs, whose dominant nonlinearity is due to 
the Josephson effect, can operate as magnetic metamaterials exhibiting permeability oscillations and 
tunability as a function of  an external magnetic field [10].           
 
The combined effects of nonlinearity and discreteness may lead to the generation of nonlinear 
magnetic excitations in the form of dissipative discrete breathers, dynamically self-localized modes 
that may result from a delicate balance of the incident power due to the applied magnetic field and the 
intrinsic losses. The existence and stability of several types of dicrete breathers, some of which may 
co-exist, has been demonstrated in a two-dimensional rf SQUID model based on equivalent circuits 
[11,12]. Discrete breathers break homogeneity by changing locally the magnetic response of the rf 
SQUID metamaterial  from diamagnetic to paramagnetic (or vice versa). Moreover, wave transmission 
in small SQUID lattices reveals the presence of multistability and chaos [13].    
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[8] J. Gu et al., Appl. Phys. Lett. 97, 071102 (2010). 
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Metamaterials are composites consisting of artificial metaatoms/metamolecules with typical sizes less 
than the respective wavelengths. A key point of the metamaterials, which differs them principally from 
the natural one (at least in a visible wavelength range) is the magnetic response on an external electric 
field.  
 
In this work we summarize the multipole expansion approach in order to describe analytically linear 
and nonlinear effective optical properties of passive metamaterials, and optical properties of 
metamaterials with gain. In order to validate our model, we applied the formalism for the split-ring 
resonator and the cut-wire structure and compare the results with rigorous numerical calculations. The 
proposed multipole approach has been applied to describe metamaterials with disorder. A new type of 
the second order nonlinearity – so called multipole nonlinearity – has been found to appear even for 
intrinsically linear metal, which the nano resonators consist of. 
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This talk will start with a general introduction on atomic clocks, describing the main basic physical 
principles and reviewing their wide field of applications that range from fundamental physics 
experiments on ground and in space to practical devices used in everyday life, such as cell phones 
networks and satellite navigation systems. 
 
In this introduction, we will also discuss some of the significant discoveries and innovations – in 
particular related to photonics - that have brought a step forward or sometimes a real “revolution” in 
the field of atomic clocks. Among those breakthroughs, one may mention the use of laser diodes in 
“traditional” microwave-based atomic clocks, the advent of laser cooling in primary frequency 
standards (atomic fountains) and, more recently, the impact of optical combs in a new generation of 
optically-based atomic frequency standards, which may even lead to a redefinition of the second. 
 
In the second part of the presentation, we will focus on the particular case of vapor-cell atomic 
frequency standards, commonly referred to as “Rubidium clocks”, and present the main trends of this 
field of research [1].  
 
Traditionally, the basic principle of cell standards has been microwave-optical Double Resonance 
(DR) using a plasma discharge lamp and isotopic filtering. With the advent of tunable laser diodes, the 
optical pumping process could be improved and/or refined, and Coherent Population Trapping (CPT) 
has emerged as possible alternative to DR as basic physical clock principle.  
 



39 

 

In general, two objectives are being pursued: (1) reaching excellent medium and long-term frequency 
stability (fractional frequency instability of the order or below 10-14 at 1 day, which corresponds to 
approximately 1ns); (2) extreme miniaturization (1 cm3, 150mW) by exploiting modern micro 
fabrication techniques and assemblies. In the first case, high performance must be reached while 
maintaining a very low volume and power consumption (1 liter, 10 watts). In the second case, this 
stated reduction in size and power consumption has to be achieved while keeping an excellent 
performance, especially compared to quartz oscillators (fractional frequency instability of the order or 
below 10-11 and frequency drifts on the same level per day, which corresponds to approximately 1µs at 
1 day).  
 
We will illustrate these two lines of research with some examples of on-going investigations related to 
high-performance atomic clocks for the future European satellite navigation system GALILEO (the 
European counterpart of GPS) and to chip-scale atomic clocks for telecommunications. In particular, 
we will report on the recent demonstration that gas-cell standards may reach similar performances of 
much bulkier devices in the short and medium term timescales [2, 3], and present the latest results on 
CPT in micro-fabricated Cesium cells for the first European chip-scale atomic clock [4, 5]. 
 
[1] J. Camparo, Physics today, Volume 60, Issue 11, p. 33 (2007). 
[2] T. Bandi, C. Affolderbach, C. E. Calosso, and G. Mileti, Electronics Letters, 47, (12), 697 (2011). 
[3] http://telecom.esa.int/telecom/www/object/index.cfm?fobjectid=30855  
[4] D. Miletic, P. Dziuban, R. Boudot, M. Hasegawa, R. K. Chutani, G. Mileti, V. Giordano and C. 
Gorecki, Electronics Letters, 46, 15, 1069 (2010). 
[5] http://www.mac-tfc.eu/ 
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The operation principle and performance of atomic magnetometers based on optically detected 
magnetic resonance (ODMR) in paraffin-coated alkali vapor cells will be discussed. Ground state spin 
orientation (vector polarization) is created via optical pumping with circularly polarized resonant laser 
radiation. The spin polarization is destroyed by an oscillating magnetic drive field (magnetic 
resonance). Since the optical properties of the medium (here, the absorption coefficient) depend on the 
medium’s polarization, the same laser beam can be used to monitor polarization changes induced by 
the magnetic resonance process. Depolarization is most efficient when the frequency of the drive, ωrf, 
matches the Larmor frequency, ωL, of the precessing spins.  
 
In the so-called Mx-geometry [1], the transmitted light intensity is modulated at the frequency ωrf. This 
can be used to operate the magnetometer as a phase-locked loop that forces the drive field to oscillate 
at the Larmor frequency. When the drive field oscillates along the direction of propagation of the laser 
beam, the device is a true scalar magnetometer whose oscillation frequency is proportional to the 
modulus of the external field, independent of its orientation. 
 
We have developed compact magnetometer sensor heads that allow the design of multi-sensor arrays. 
Their construction will be presented, addressing in particular the high-quality paraffin-coated cells [2], 
of which we have produced >300 so far. 
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I will briefly review our previous measurement of dynamic field maps of the beating human heart 
recorded by a 21 sensor array operated in a second-order gradiometer configuration [3].  
 
A modification of the same apparatus is currently used for magneto-relaxometry measurements on 
superparamagnetic nano-particles (SPIONs). After magnetization by exposure to an external magnetic 
field the relaxation of the magnetic field produced by the SPION’s magnetization is recorded. The 
characteristics of this relaxation strongly depend on the particles environment, viz., fast thermal 
relaxation in fluids and slow (up to minutes) Néel relaxation when the particles are bound to surfaces. 
The goal of these studies is the development of a new contact-free non-invasive biomedical imaging 
technique which allows the in vivo representation of biological entities (organs, tumors) to which the 
particles attach when covered with specific functional shells. First results will be shown. 
On the more fundamental side we are part of a large collaborative effort searching for a permanent 
electric dipole moment in ultracold neutrons. This experiment calls for a precise monitoring and 
control of the temporal and spatial variations of a 1 µT magnetic field in a large shielding volume [4]. 
I will discuss on how we solved the problems of operating a large number of sensors in high vacuum 
and near a high voltage carrying electrode. 
 
Work funded by the SNSF projects 200020_130480 and CRSII2_130414/1. 
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Although several very accurate models exist to predict development of the PV market growth [1], it is 
still unclear why the penetration of PV produced electricity in the electricity supply system is so 
unsatisfactory? It was concluded that the main reason is the limited or poor utilization of the solar 
spectrum by present solar cells (SC) devices. It is obvious that a breakthrough technology is necessary 
now to solve this problem. One of the options proposed for better utilization of the sun spectra is the 
concept of intermediate band solar cell (IBSC) [2]. While the power efficiency of a single energy gap 
semiconductor SC is limited to 41% it is very challenging task to increase SC output voltage (and 
efficiency) without eventually degrading the photocurrent. One possible solution to this problem is 
that the limited efficiency can be exceeded by splitting the solar spectrum so that several sub-energy 
gap states can simultaneously convert a light energy from different spectral regions into electricity. 
Under ideal conditions, an efficiency of 63% can be achieved with a degree of flexibility in the value 
of the energy gaps and the intermediate band (IB) position. The higher efficiency is due to the fact that 
additional absorption, from valence band (VB) states to the IB and from the IB to the conduction band 
(CB) states, allows two photons with energies below the energy gap of the barrier material to be 
harvested in generating one electron-hole pair, in addition to those generated by direct VB-CB 
transitions. In this way the IBSC overcomes the problem of increasing the SCs photocurrent without 
degrading its voltage. Quantum nanostructures, such as quantum dots (QD), arranged in superlattice 
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arrays, can produce a narrow IB within the CB of the QD material and the energy gap of the barrier 
material. 
  
In my lecture I will discuss recently developed model Hamiltonian for calculation of the electronic and 
optical structures of InAs/GaAs QD arrays [3]. Taking into account realistic QD shape, QD periodicity 
in the array, as well as effects such as band mixing between states in the conduction and valence band, 
strain and piezoelectric field, the model reveals the origin of the intermediate-band formation inside 
forbidden energy gap of the barrier material. Having established the interrelation between QD 
periodicity and the electronic structure across the QD array Brillouin zone, conditions will be 
identified for the appearance of pure zero density-of-states regions, that separate intermediate band 
from the rest of the conduction band. For one realistic QD array I will present all important absorption 
coefficients in IBSC [4], and most important, radiative and nonradiative scattering times (related to the 
polariton and Auger effects), and their effect on the overall efficiency of the device [5]. 
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The most prominent conclusion, as far as the applicability of photonics, at the turn of the century is 
that of shattering of the 'all optical dream', zealously pursued in the decade(s) that preceded it.  
Indeed, many vocal proponents who tried to convince their peers that optics/photonics would 
completely push out electronics from optical transmission have been completely defeated by the 
emergence of e.g. electronic dispersion compensation and 100Gb/s transmission [1]. Nevertheless, 
optics still possesses advantages over the electronic processing in certain aspects, and in contrast to the 
non-objective pursuit of the unobtainium from the previous decade, a critical re-consideration of 
positive and negative properties of both processing domains does open a passage to a qualitatively 
better processing methodology - in terms of energy efficiency, agility and robustness.  
 
Within the realm of all optical processing for a long time, there has been a debate among the 
practitioners regarding the best processing medium. This uncertainly, however is only a superficial 
one: A diligent survey of recently published work reveals that papers devoted to parametric processing 
in high confinement silica fibers significantly outnumber all other competing platforms put together 
[2]. Furthermore, silica based all optical processing holds records in the amount and gain-bandwidth 
product [3], breadth and efficiency of wavelength conversion [4, 3], optical sampling [2] and phase 
sensitive amplification, all-optical delays [5], as well as all-optical transmission impairments 
mitigation [6].   
 
In this talk, we will give an overview of the activity and record results of the Photonics Systems group 
from the University of California San Diego. In addition to THz real time signal processing, penalty 
free signal multicasting and 0.5 PHz wavelength conversion [4], a particular emphasis will be devoted 
to high speed tunable laser sources. In particular, the laser tuning speed is set by the uncertainly 
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principle. In practice, however, the available tunable lasers reside orders of magnitude away from the 
fundamental limit. In effect, the practical limit is set by the cavity reconfiguration time which is 
required to be significantly faster (i.e. shorter) than the cavity photon life time. Recognizing this 
practical difficulty, our group has recently introduced a new approach capable of extending the tuning 
range and speed of tunable lasers by more than an order of magnitude, relying fully on the parametric 
physics [7].  
 
Summarizing the above, a judicious choice of the processing domain, as well as the approach still 
offers a lot of potential to improving the signal integrity in both high speed transmission, and more 
significantly in non-telecom applications. A thoughtful combination of optical and electronic domain 
processing represents the only viable path towards the challenging requirements of the next generation 
systems and/or applications.  
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Since the first demonstration of imaging at terahertz (THz) frequencies [1], there has been a great deal 
of interest in terahertz (THz) imaging applications, particularly in the fields of non-destructive 
inspection, security screening and biomedicine. The suitability of THz radiation to such applications 
stems primarily from the transparency of many non-polar materials at THz frequencies. Furthermore, 
THz radiation is sensitive to absorption arising from molecularly-specific vibrational modes in a wide 
range of organic and inorganic chemicals including explosives and drugs-of-abuse. 
 
In recent years, the quantum cascade laser (QCL) has attracted intense interest as a high-power, 
narrowband source for THz systems. The THz QCL is a compact, semiconductor heterostructure laser 
capable of emission from 1.2 to 5.0 THz, and with output powers exceeding 100 mW in continuous 
wave operation.  In this lecture, recent advancements in the development of imaging and sensing 
systems based on THz QCL technology will be presented. 
 
Diffuse reflectance imaging of concealed powdered samples using a THz QCL to identify differences 
in chemical composition is presented [2]. The sensitivity of this detection scheme to sub-surface 
absorption within samples is confirmed, and it is shown that the effective absorption coefficient of 
samples can be obtained from the measured backscattering cross-section through use of a scattering 
model based on the quasi-crystalline approximation. Results are compared with effective absorption 
coefficients obtained from THz time-domain spectroscopy measurements on pressed pellet samples, 
and show good agreement over the range of effective absorption coefficients studied [3]. The 
applicability of THz QCLs to spectroscopic imaging in a reflection geometry, which is most 
appropriate to real-world applications, is discussed. 
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The use of electrically-tuneable THz QCLs sources, based on a heterogeneous cascaded active region, 
to acquire multiple-frequency images in a transmission geometry is also presented [4]. Using this 
system, images of polycrystalline samples have been acquired at 3.05 THz and 3.24 THz in a single 
scan of the sample. It is demonstrated that the high-explosive PETN can be readily distinguished from 
common sugars by taking the difference-attenuation and difference-transmission images. Difference-
intensity imaging at these frequencies, by combining amplitude modulation of the QCL bias with 
lock-in detection, is also demonstrated. 
 
In addition, THz frequency imaging through use of a single QCL device for both generation and 
sensing of THz radiation is presented [5]. In this system, detection is achieved by utilising the effect of 
self-mixing in the QCL, and specifically by monitoring perturbations to the voltage across the QCL 
induced by light reflected from an external object back into the laser cavity. Self-mixing imaging 
offers high sensitivity, a potentially fast response, and a simple, compact optical design. Using this 
technique, high-resolution imaging as well as displacement sensing over a round-trip distance of 14 m 
through air have been demonstrated. 
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We present simulations in comparison to experimental results on free standing photonic crystal (PC) 
slabs fabricated from quantum well infrared photo-detectors (QWIPs). A typical application for 
QWIPs is thermal imaging. In order to build sensitive camera systems high signal-to-noise ratios are 
necessary. Additionally, the detection principle of QWIPs requires electrical field components 
perpendicular to the quantum wells. Surface normal incident radiation only has electrical field 
components parallel to the quantum well and therefore cannot excite electrons. Usually, grating 
couplers are used on the surface to diffract incident light to obtain an electric field component in 
growth direction. A more advanced possibility is to use PCs instead of a grating [1-4].  
 
The active region of the QWIPs consists of multiple GaAs/AlGaAs quantum wells. The investigated 
devices were manufactured by growing an Al0.85Ga0.15As sacrificial layer on top of a GaAs substrate. 
On this layer 26 GaAs/Al0.3Ga0.7As quantum well layers were deposited forming the active region of 
the device. For the photonic crystal, holes were etched into these layers. By selective underetching a 
free standing photonic crystal slab (PCS) was formed, separated by an air layer between active region 
and the substrate.   
 
Three-dimensional finite differences time domain (FDTD) calculations of the propagation of waves in 
the PCS-QWIP structure were performed. The wavelength dependence of the mean field component in 
growth direction <Ey

2> was determined, showing sharp peaks corresponding to resonances within the 
PCS. The resonances obtained at given wavenumbers show high agreement with the experimental 
results.    
   
In addition we performed simulations for different refractive indices of the spacer below the PC from 
nsp = 1 (removed sacrificial layer) over nsp = 2.9 (original layer) to nsp = 3.12 (no index contrast). The 
simulation showed a strong response of the PC resonances to the variation of the refractive index. A 
decrease of the PC resonances by increasing the refractive index has been observed. An analysis of the 
modes from the Ey field distribution in the x-z plane yielded information about the shift of the 
resonances to lower wavenumbers with increasing refractive index. From the obtained simulations we 
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are able to conclude clearly, that the use of free standing photonic crystal slabs for QWIPs results in 
strong absorption enhancement, which is essential for high signal-to-noise ratios in these devices.  
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Nanocomposite materials containing noble metal clusters (MNPs) in dielectric matrices have been 
extensively studied due to their potential applications as photonic devices or nonlinear optical 
elements. The unique linear and non-linear optical properties of silver, gold or copper MNPs are 
related to coherent oscillations of conduction-band electrons in response to the electric field of 
electromagnetic radiation of light and accompanying strong electric fields generated at the surface of 
such nanoparticles. This resonant excitation is known as a localized surface plasmon resonance 
(LSPR) and appears in the visible and UV part of the absorption spectrum of MNPs. The LSPR 
characteristics like wavelength, intensity and spectral width strongly depend on the size and shape of 
the nanoparticle but also on its local environment.  
 
Laser methods of MNPs precipitation has brought attention of research community as they can be 
space-selective so the growth and subsequent modification of these composites can be locally 
photoactivated.  
 
In our experiments we studied precipitation and modification of silver nanoparticles in soda-lime 
glass, containing silver ions, as the result of nanosecond Nd:YAG laser irradiation of UV (335 nm), 
visible (532 nm) and near-infrared (1064 nm) wavelengths. Glass slides doped with silver ions in ion 
exchange process, were then irradiated by specific number of laser pulses. The laser irradiated area 
was simultaneously illuminated by a white light beam and imaged onto an entrance slit of the 
spectrograph equipped with an image intensified CCD camera (ICCD). Spatially resolved (across the 
laser beam) absorption spectra were measured on-line, after each laser pulse. This way we were able to 
follow the LSPR spectra in space – across the laser beam – and in time with laser pulses deposited on 
the sample. The LSPR spectra and their variations directly indicate formation and modification of 
silver nanoparticles during laser irradiation. Above some threshold fluence of the laser pulse and after 
a specific number of pulses silver ions are reduced to atoms which then migrate and form clusters of 
different sizes within the ion exchanged layer of the glass plate. Owing to spatial resolution of our 
measurements, we could study migration of silver clusters within the irradiated area. In each single 
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experiment precipitation process of silver nanoparticles began at the center of the irradiated area 
(where the laser intensity is the highest) and was spreading outwards with successive pulses. Finally, if 
the laser fluence was high enough, dark ring with substantial number of silver nanoparticles was 
formed around the laser irradiated area. 
 
Experiments were performed with laser pulses of different energy and for samples with different initial 
concentrations of Ag ions. The latter was achieved by varying the time the glass plates were immersed 
in the molten salt bath of NaNO3 – AgNO3 (10% mol) at temperature of 320 ˚C.  
 
Our investigations reveal that the rate of NPs formation and modification but also their size and spatial 
distribution strongly depend on the characteristic of laser pulses – wavelength, fluence and number - 
as well as on the initial concentration of Ag ions. 
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Model adequate to solve the nonlinear backscattering problem of terawatt femtosecond pulses from 
photoinduced plasma and nonlinear focus in Kerr media has been elaborated. Application of the 
nonlinear eikonal related to the pulsed beam phase increment along the propagation axis allows us to 
reduce Maxwell equation to the set of two coupled equations of non-linear Schrödinger type for 
forward and backward  waves. Backscattering process is investigated in dependence on the ratio α of 
input pulse power and critical one for self-focusing.  
 
As is known, when the input pulse power exceeds the critical one it focuses in Kerr medium under 
propagation [1]. Its intensity increases and its radius decreases achieving the value less than 
wavelength. This process is accompanied with the plasma formation via the multiphoton absorption or 
tunelling mechanisms. Near the nonlinear focus medium inhomogeneity becomes maximal. Maximum 
values of the longitudinal gradient of medium refraction index and plasma density are inherent to the 
nonlinear focus region. The very backscattering [2] of the incident pulse from such medium 
inhomogeneities is the origin of a backward wave. Note that the analysis of the forward pulse 
propagation and its self-reflection near the nonlinear focus requires nonparaxial approach. Elaborated 
model is appropriate to this propagation region. As analysis shows, the reflection coefficient from 
nonlinear focus depends on the α value. In this work two regimes of backscattering from nonlinear 
focus namely including plasma and without it are compared. In the case of negligible influence of 
plasma the backscattered wave intensity does not exceed 5% of the forward one at α<20, and it can 
reach 10% and more at α> 30. At this the backward wave beam radius becomes minimal and its 
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intensity is maximal at the distance of five wavelengths  from the focus. At larger distances from 
nonlinear focus the backward wave beam defocuses essentially. The extent of the this defocusing 
depends on the parameter α. When the contribution from plasma becomes significant, the self-
reflection scenario changes. The plasma arrests the forward wave pulse self-focusing at earlier stage 
then longitudinal gradient of refraction index. The minimal diameter of the forward wave pulse is 
about 7λ that is essentially larger than in aforementioned case. For 8<α<20  the reflection from plasma 
is 3 - 4 times more than the reflection from the nonlinear focus.  Moreover, the backward wave beam 
width becomes minimal at the much shorter distance (about 0.05λ) from focus. At small distances 
from nonlinear focus the backward wave propagates in a waveguide formed by the forward wave 
pulse.  
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In this paper we will present overview of photon science at 4th generation X-ray light sources. 
Presently two facilities, FLASH in Hamburg/Germany [1] and LCLS at Stanford/USA [2] are in 
operation  and have opened new scientific possibilities reaching from ultrafast science to peak power 
experiments. The advantage of these large-scale facilities lies in their broad spectral range from the 
soft to hard X-ray regime, their tunability and the opportunity to generate ultra short pulses in the few 
10 to few femtosecond regime. The facility at FLASH furthermore allows to generate intense pulses 
from the visible to the THz spectral range that are furthermore timed up to the X-ray pulses on a few 
femtosecond timescale [3]. 
 
In this paper we would like to discuss the opportunities of 4th generation X-ray light-sources on the 
example of FLASH in Hamburg with a particular emphasis in the topic of 2 color pump probe 
experiments.  
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Mobility of localized stationary solutions in the context of the discrete nonlinear Schrödinger (DNLS) 
equation is well known. For low powers, the energy barrier imposed by discreteness and nonlinearity 
(usually called Peierls-Nabarro (PN) potential [1]) remains small and solutions will move across the 
lattice by just giving them a judicious kick [2, 3]. For larger powers, the growing energy barrier 
inhibits mobility. However, for  photorefractive media with saturable nonlinearity,  corresponding to a 
s-DNLS [4] model, there are several points, where the energy difference between the two fundamental 
localized solutions - the one centered at one site (odd mode) and the one centered between two sites 
(even mode) - vanishes for different power values [4]. Close to these points, there are regions of 
stability exchange between the even and odd solutions. Since those regions exhibit bistability, the 
appearance of an intermediate asymmetric and unstable solution is inevitable[5]. Therefore the 
effective energy barrier will strongly depend on the intermediate solutions (IS). For saturable one-
dimensional (1D) systems, this crucial issue has not been clearly identified yet. We believe this 
element could be one of the keys to experimentally observe, to the best of our knowledge for the first 
time, good soliton mobility in 1D nonlinear saturable photonic lattices.  
 
When we consider the energy barrier the solution has to pass, hence including the IS, there is always a 
nonzero barrier to overcome in order to move a localized solution across the lattice. In fact, this barrier 
can be very small but it is always nonzero. Contrary to what is expected, the fundamental solutions 
remain immobile in the points of minimal effective energy barrier. If we kick an odd or even mode, we 
are putting in motion an immobile-defined solution, therefore there is always radiation from tails. As a 
consequence, the power of the moving solution is lower than the initial one. Using a constraint method 
[6,7] to identify the ISs and to describe a pseudo-potential landscape among all stationary modes, we 
can find the regions, where the effective energy barrier decreases, when power is lowered. We show, 
that they correspond to powers close to the bifurcation points, where the IS disappear. 
 
To the best of our knowledge, mobility in this kind of systems was never predicted for a more realistic 
experimental input condition like gaussian input profiles. Previous simulations, starting from 
stationary solutions, observed good mobility [4-6,8]. However, saturable solutions are not well 
localized in the power-exchange regions and, furthermore, by increasing the power they become 
broader. Therefore, in an experiment, dynamics will be strongly determined by the power and shape of 
the chosen beam profile. Taking as input condition wide gaussian-like profile, we find different 
regions where mobility is enhanced. It is plausible to assume that this behavior corresponds to a 
manifestation of the continuously repeating bistable regions found for stationary solutions. Therefore, 
for even higher powers, we expect excellent mobility, in principle without limitations.  
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The simulation response of optical slab waveguide used in integrated optics needs numerical methods. 
These methods must be precise and useful in terms of memory capacity and time duration. 
 
In this paper, according to these criteria, we present basic analytical and finite difference methods to 
determine effective refractive index of slab waveguide. Also, appropriate effective refractive index 
value is obtained with respect to number of grid point and number of matrix size. Finally, the validity 
of the obtained values by both methods is compared to using waveguide type. 
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Recent progress in optoelectronics oscillators based on delay lines [1] or optics resonators [2,3] with 
modulation frequency in microwaves require low phase noise system. We first present a configuration 
of phase noise measurement system operating in X- band using a photonic delay line as a frequency 
discriminator. This system doesn’t need any excellent frequency reference and works for any 
frequency between 8.2 and 12.4 GHz [4]. Oscillator frequency fluctuation is converted to phase 
frequency fluctuation through the delay line. The measured phase noise includes the DUT noise and 
the instrument background. Then the use of a cross correlation decrease the cross spectrum terms of 
uncommon phase noise as √(1/m), where m is the average number. Using cross correlation on 500 
averages, noise floor of the instrument £(f) is respectively -150 and -170 dBc/Hz at 101 and 104 Hz 
from the 10 GHz carrier (-90 and -170 dBc/Hz including 2 km delay lines). Finally, the need is to 
determine uncertainty. There are two categories of uncertainties terms : ”type A”, statistic contribution 
such as repeatability and experimental standard deviation; ”type B” due to various components and 
temperature control, but also to the asymmetry of the instrument. Uncertainty on £(f) strongly depends 
on propagation of uncertainties through the transfer function. Elementary term of uncertainty for 
repeatability is found to be equal to 0.68 dB. Other elementary terms still have lower contributions. 
For instance, temperature effects, resolution of instruments are lower. Its leads to a global uncertainty 
of 1.58 dB at 2σ. This calibration system is to be integrated in measurements means of the accredited 
laboratory to improve the Calibration Metrology Capabilities (CMC) of the national french metrology 
institute (LNE). 
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Microring resonators are frequency selective elements that can perform a variety of functions such as 
add/drop filtering, switching, and modulating in wavelength-division (WDM) systems. Their compact 
size and low-power-consuming property have enabled them to become a strong candidate as building 
blocks in the future photonic integrated circuits [1], [2]. Several methods are used for calculating the 
response of a microring resonator. One of the most widely accepted is semi-analytic coupled mode 
theory in time domain, implemented usually in two space dimensions (2D) [2], or rarely in 3D 
[3].While 2D calculations are sufficient to explain concepts and phenomena, the full 3D simulations 
are necessary to determine the parameters of the devices intended to be used in real WDM systems. 
The Finite-Difference Time-Domain (FDTD) method is most popular simulation tool for that purpose, 
but due to its inherent weaknesses (stair casing error and numerical dispersion), other solutions are 
looked for. 
 
Here we present the result of 3D frequency driven finite element simulations of an add/drop 
multiplexer configuration described in reference [4], where it was analyzed using FDTD method. The 
system, shown in Fig. 1, consists of a ring and two bus waveguides made silicon on SiO2 substrate. In 
the calculations the first-order edge elements are used, and the computational domain is closed using 
standard perfectly matched layer method. 

         
                   Figure 1.                                                                       Figure 2. 
 
The calculations are performed in a wide spectral range (150-170THz) with the step of 100GHz. In 
Fig.2 the transmission coefficient of the input bus (Input-Through) is shown, while in Fig. 1 the 
electric field distribution for the frequency of the first minimum in Fig. 2 (151.35 THz) is presented. 
The results are very similar to previous FDTD calculations [4].    
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A simple low-coherence interferometric sensor for absolute position measurement based on central 
fringe maximum identification is presented. The channeled spectrum, captured by a commercial 
spectrometer, is analyzed using the algorithm based on fitting the calculated autocorrelation function 
of the captured optical power spectrum with the sum of two Gaussian functions. The position of the 
central fringe is obtained directly from the separation between two fitted Gaussian functions. In order 
to boost the precision of such a built sensing system the position of the maximum of the central fringe 
is identified by a simple algorithm. The system currently provides unambiguous measurement over a 
range of 200 µm with a minimal error of better than 1.4 nm. In addition to this the sensor is 
characterized by a very small sensing head (bare single-mode fiber with the diameter of 125 µm) and 
by very high resistance to environmental influences, thus enabling the possibility of using very long 
down-lead sensing fiber. 
 
REFERENCES 
[1] R. J.Sandeman, Appl. Opt. 10, 1087 (1971). 
[2] U. Schnell, E. Zimmermann, R. Dändliker, Pure Appl. Opt. 4, 643 (1995). 
[3] L. M. Smith, C. C. Dobson, Appl. Opt. 28, 3339 (1989). 
[4] S. Taplin, A. Gh. Podoleanu, D. J. Webb, D. A. Jackson, Electron. Lett. 29, 896 (1993). 
[5] C. Boulet, M. Hathaway, D. A. Jackson, Opt. Lett. 29, 1602 (2004). 
[6] P. Hlubina, I. Gurov, V. Chugunov, J. Mod. Opt. 50, 2067 (2003). 
[7] P. Hlubina, Opt. Comm. 212, 65 (2002). 
[8] P. Hlubina, J. Mod. Opt. 51, 537 (2004). 
[9] J. Park, X. Li, J. Lightw. Techn. 24, 2473 (2006). 
[10] Y. J. Rao, D. A. Jackson, J. Lightw. Techn. 14, 592 (1996). 
[11] M. M. Brundavanam, N. K. Viswanathan, D. N. Rao, Appl. Opt. 47, 6334 (2008). 
[12] L. M.Manojlović, Opt. Las. Eng. 48, 486 (2010). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



53 

 

Quantum Optics 

 
Oral Presentations – Quantum Optics  O.QO.1 

 

Nuclear quantum optics: Atoms and nuclei in a strong laser field 
 

A.V. Glushkov1,2  

1 Odessa University, P.O.Box 24a, Odessa-9, Ukraine 
2ISAN, Russian Academy of Sciences, Troitsk, Moscow reg., Russia 

e-mail: glushkov@paco.net 
 

An energy approach [1] is used to study interaction of nuclei and atoms with an intense and super 
intense laser field, including high power X-,gamma-ray (raser, graser) pulses Method bases on 
description of atom in a field by the k- photon emission and absorption lines. The lines are described 
by the QED moments of different orders, which can be calculated with the use of the Gell-Mann and 
Low S-matrix adiabatic formalism (T=0). In relativistic version the Gell-Mann and Low formulae 
expresses an imaginary part of the energy shift Im E{a} through the QED scattering matrix, including 
interaction of atom with electromagnetic field and field of the photon vacuum. For any atomic level 
we calculate Im E{a}(w) as function of the laser pulse central frequency w (resonant curve). We 
calculate the moments for resonance, connected with concrete atomic a-p transition (a,p-discrete 
levels; k photons is absorbed). The ac Stark resonances energies and widths for a number of atoms (H, 
Li, Tm,U etc.) and different low-lying and Rydberg states [1] are obtained. The parameters of multi-
photon resonance, ionization profiles in Cs, Yb, Gd atoms are found. We discovered a laser field effect 
of the giant broadening of widths for the Letokhov-Ivanov re-orientation decay autoionization 
resonances in Tm etc. This effect is firstly predicted for U atom and could be used in carrying out an 
optimal laser photoionization scheme of the uranium and other isotopes and nuclear isomers [1]. The 
actual application of energy approach is new consistent theory for resonant process of nuclear 
excitation by electron capture NEEC (NEET), in which a continuum electron is captured into a bound 
state of an ion with excitation of a nucleus. New data are obtained for electric and magnetic multipole 
E2, M1 transitions in U, Yb, Gd, Tm. Modelling nuclear ensembles in a super strong laser field 
provides opening the field of nuclear quantum optics and is carried out in our work too. A nuclear 
dynamic (AC) Stark shift of low-lying nuclear states due to off-resonant excitation by laser field 
(I~1025-1035 W/cm2) is studied and is described within the operator perturbation theory and the 
relativistic mean-field (RMF) model for the nucleus [2]. The ac-Stark shifts of the same order as in 
typical quantum optical systems relative to the respective transition frequencies are feasible with state-
of-the-art or near-future laser field intensities. The problem of creation of the high power 
monochromatic gamma radiation source is studied. The possible approach is based on the effect of 
discharge of meta-stable nuclei during negative µ- capture. A negative muon captured by a meta-stable 
nucleus may accelerate the discharge of the latter by many orders of magnitude [1,2]. For a certain 
relation between the energy range of the nuclear and muonic levels the discharge may be followed by 
the ejection of a muon, which may then participate in the discharge of the other nuclei. We present the 
results of modeling (within QED energy approach [2]) characteristics for discharge of a nucleus with 
emission of gamma quantum and further µ- conversion. The necessary parameters are now reached for 
example on the meson factory in Los-Alamos. The requirement of high stability of the states [T-
10(8)s] and sufficiently high transition energy [>Z(2)⋅2.8keV] transition limits a range of nuclei for 
observation of the effect. Our estimates show that the new high-energy transitions (with µ- 
conversion) can occur in a sample radiated by muons and any long-lived isomer with high-energy 
transitions can be used for observation of effect and creating high-energy gamma radiation source [1]. 
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Feasibility of interference experiments with beams of one per one photon have motivated new 
theoretical approaches, supported by numerical evaluation, to electromagnetic energy flow lines 
behind diffraction  gratings [1,2], a circular aperture and an opaque disc [3]. Interference pattern in the 
far field behind a grating [1], Talbot effect [2], well-known Poisson-Arago spot phenomenon [3] and 
four Arago-Fresnel laws governing the interference of polarized light [4] were explained in terms of 
EME flow lines. M. Gondran and A. Gondran put in the historical perspective [3] the EME based 
explanation of Poisson-Arago spot phenomena, by showing that EME flow lines provide a 
complementary answer to Fresnel’s answer to the questions presented in 1818 by the French Academy 
“deduce by mathematical induction the movements of the rays during their crossing near the bodies”. 
Davidović et al. [1] argued that EME flow lines (light rays) could be interpreted as photon trajectories. 
Recent experimental observation of avarage trajectories of single photons in a two-slit interferometer 
by Kocsis et al. [5] are supporting this argumentation, in our oppinion.   
 
According to Bohm’s theory and its applications [6] matter-wave diffraction and interference are 
explicable using particle trajectories. The trajectories are in fact the lines of quantum mechanical 
current. There is an analogy between the equation of EME flow lines and the equation of flow lines of 
a quantum mechanical current [2]. Consequently, the forms of EME flow lines and the massive 
particle trajectories behind interference gratings are very similar and explain well interference patterns 
as a result of an accumulation of single particle events. Reisinger et al. recently reported [7] 
observation of Poisson-Arago spot using a beam of neutral deuterium molecules. In this paper we 
present trajectories of deuterium molecules diffracted by a circular disk and intensity distribution of 
molecules at various distances behind this disk. We compare our theoretical and numerical results with 
the experiment of Reisinger et al. [7].  
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Singly ionized calcium may be treated as a system of an atomic core and an outer valence electron. 
The energy of the latter in a |nl›-state may be written in the hydrogen-like form 

2

22nl

Z
E

ν
= −                                         (1) 

with the atomic core charge Z=2 and ν, the effective principal quantum number. For calculation of the 
rates of spontaneous and blackbody-radiation-(BBR)-induced decay and excitation from bound states 
in singly ionized calcium, the Fues’ model potential (FMP) [1] may be used. As the FMP works better 
for higher states [1], then it gives more accurate wavefunctions for Rydberg levels. 
 
The matrix elements of S-P transitions, calculated in the FMP approach, were used for determining 

spontaneous decay rates sp
nlP  and lifetimes 1/sp sp

nl nlPτ =  of the nS-series. The calculated lifetimes 

agree well with available data [2] (below 3% discrepancy). An asymptotic (for large values of the 
principal quantum number n) approximation for the lifetimes of s-states (in ns) may be written as the 

3n  factor times a third-order polynomial of 1/n: 
3

2 3
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.                      (2) 

The S-P matrix elements may also be used for determining the BBR-induced decay and excitation 
rates from highly excited (Rydberg) states of the nS-series. For sufficiently high Rydberg states the 

rates of the BBR-induced depopulation processes (decays and excitations – dec(exc)
nsP ) may be 

comparable and even exceed the rates of spontaneous decays. The asymptotic presentation for the 
fractional decay (excitation) rate may be written as 

dec(exc) dec(exc) dec(exc) 2
dec(exc) dec(exc) sp 0 1 2

2 3
( ) ( ) / ,

[exp(0.315780 ) 1]ns ns ns

a a x a x
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where 
1/ 3

100
x

nT
= . The dec(exc)

ia -coefficients slightly depend on temperature and may be presented as 

1/3 2/3
dec(exc) dec(exc) dec(exc) dec(exc)
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,           i=1,2,3,  (4) 

where dec(exc)
ijb  are constant coefficients collected below in the table: 

i dec
0ib  dec

1ib  dec
2ib  exc

0ib  exc
1ib  exc

2ib  

0 4.937 0.00936 0.1181 1.6264 -0.2176 0.1339 
1 -5.903 2.936 -1.784 -2.4577 4.7826 -2.6020 
2 0.1967 1.489 -0.5680 1.9599 -5.419 3.2622 

  

With these coefficients, equations (3) and (4) give the values of dec(exc)
nsR  with an error below 3% for 

n>20 and T from 100 to 3000 K. 
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We consider a homogeneous polarized dipolar Bose-Einstein condensate in the presence of weak 
quenched disorder within mean-field theory at zero temperature. By solving at first perturbatively the 
underlying Gross-Pitaevskii equation and performing then disorder ensemble averages for physical 
observables, we show that the anisotropy of the two-particle interaction is passed on to both the 
superfluid density and the sound velocity. 
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In this paper we analytically and numerically study nonlinear dynamics in Bose-Einstein condensates 
induced by a harmonic modulation of the interaction and by geometry of the trapping potential. To 
analytically describe BEC dynamics, we use perturbative expansion based on the Poincaré-Lindstedt 
analysis of a Gaussian variational ansatz [1], while in the numerical approach we use numerical 
solutions of a variational system of equations and of the full time-dependent Gross-Pitaevskii 
equation. 
 
Harmonic modulation of the atomic s-wave scattering length a Bose-Einstein condensate of 7Li was 
achieved recently [2] via Feshbach resonance. Such modulation leads to a number of nonlinear effects, 
which we describe within our approach: mode coupling, higher harmonics generation and significant 
shifts in the frequencies of collective modes. In particular, analytic formulae for shifts in the 
frequencies of collective modes are derived and verified numerically for the case of spherically and 
axially symmetric condensates [3]. 
 
In addition to the strength of atomic interactions in BEC, geometry of the trapping potential [4, 5] is 
another key factor for the dynamics of the condensate, as well as for its collective oscillation modes. 
The asymmetry of the confining potential leads to important nonlinear effects, including the 
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resonances in the frequencies of collective oscillation modes of the condensate [6]. We study in detail 
such geometric resonances and derive explicit analytic results for frequency shifts for the case of 
axially symmetric condensate with 2-body and 3-body interactions. Analytically obtained results are 
verified by extensive numerical simulations. 
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European Commission under EU FP7 projects PRACE-1IP, HP-SEE and EGI-InSPIRE. 
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Investigation was carried out on the nickel base superalloy – Nimonic 263, that are widely used at 
elevated temperatures and pressures. Nimonic 263 is a nickel based superalloy, thermo-mechanically 
treated, with excellent creep strength and oxidation resistance [1,2].   
 
In the last few years the increasing availability of ultra short-pulsed lasers have opened up new 
possibilities and technologies. In the picosecond regimes [3] the laser-material interaction process is 
very different from that observed in the nanosecond regime.  
 
In this paper, the samples were exposed to Nd3+:YAG pulsed laser, with wavelength of 1064nm and 
pulse duration of 170 ps. The estimated threshold damage was 2 mJ.  
 
Different pulse energy and number of pulses were applied, in the air and helium enriched atmosphere. 
Spots obtained by laser interaction were observed by optical and scanning electron microscope and 
analyzed by energo-dispersive spectroscopy. Vickers microhardness tests were performed. 
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In this paper, the microstructural changes, arisen by different pulse energy and number of pulses, in 
the air and helium enriched atmosphere, were discussed with the aim to contribute to determination of 
optimal laser parameters in laser surface treatment process.  
 
Acknowledgements. This work is supported by the Ministry of Science of the Republic of Serbia 
under contract TR-35040. 
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The past two decades have seen significant developments in ultra-short pulse laser micro-processing. 
Thanks to the ultra-short timescale on which laser energy is coupled to the material, sub-micron 
precision processing can be achieved with very little thermal damage. As a result, industrial processes 
based on femtosecond and picosecond laser pulse durations are becoming increasingly widespread. 
Manufacturing applications include the very precise drilling of holes for fuel-injection nozzles, the 
processing of silicon wafers and the precise machining of medical stent devices [1]. 
 
Laser-material interactions are known to be strongly influenced by the polarization of the incident 
laser beam. In particular, polarization affects both the efficiency and the quality of ultra-short pulse 
micro-processes such as helical drilling and cutting. Thanks to their isotropic properties, circular 
polarized beams are chosen for most laser manufacturing applications, although they do not offer the 
best processing efficiencies [2]. The potential benefits of using radial and azimuthal polarizations for 
laser machining have been studied theoretically for several years, leading to predictions that the use of 
a radially polarized beam could enhance the efficiency of the cutting process by more than 50% 
compared to circular polarization [3]. However, producing these modes of polarization has been 
difficult until recently, making it complicated to verify these claims experimentally. Thanks to the 
latest technological developments in liquid-crystal devices such as spatial light modulators, it is now 
possible to produce such polarization modes in a relatively simple and cost effective manner. 
 
In this work, a liquid-crystal spatial light modulator has been used to convert a linearly polarized 
femtosecond pulse laser beam to a radially, azimuthally and circularly polarized beam. The micro-
processing properties of these modes of polarization have been investigated. Blind drilling, helical 
drilling and cutting tests have been carried out on metals such as stainless steel, copper and 
aluminium, generating micro-features of various depths and geometries. The resulting cutting profiles 
have been measured, demonstrating the effect polarization has on the process. Laser Induced Periodic 
Surface Structures (LIPSS) have also been investigated for the respective polarization modes. 
 
These experiments did not confirm the 50% gain in efficiency when cutting metals with radial 
polarization, predicted by some of the early theoretical models. However, polarization emerged as a 
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powerful tool for optimizing ultra-short pulse laser micro-processing. Depending on the material, the 
geometry and depth of the machined structures, radial or azimuthal polarizations produced the best 
results, reducing ellipticity, improving the edge quality of the exit apertures and reducing the 
processing time, compared with more traditional polarizations such as circular. Azimuthal polarization 
was more efficient at cutting higher aspect-ratio features, due to its high reflectivity which allows a 
larger proportion of the beam energy to be channelled to the bottom of the structure. Radial 
polarization was better for cutting lower aspect-ratio features. To our knowledge, this work is the first 
to investigate the effects of radial and azimuthal polarizations on femtosecond laser micro-processing 
of metals. 
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Due to rapid progresses in high intensity lasers over last decades, based on the invention of the chirped 
pulse amplification (CPA) and advanced femtotsecond techniques, it has become possible to drive 
electrons with relativistic energy, opening up new fields of relativistic nonlinear optics and plasma 
physics. Currently, a wide area of relativistic laser matter interactions is diverging in two main 
directions; the first, concerning a fast ignition concept in laser fusion, high energy density science and 
laboratory astrophysics, and the second, related to ultra high field science and acceleration of high 
energy particles and photon beams [1]. More recently, advancement of optical and plasma technology 
toward the attosecond regime, has opened up avenues of ultra-fast science, as sub-disciplines of 
atomic, molecular, solid-state physics and real time chemistry [2].   
 
Here we discuss two different schemes for generation of intense ultra-fast, attosecond range photon 
and electron bunches in relativistic laser interaction with plasma targets. In relativistic plasmas it is 
often found that sub-femtosecond optical pulses are also accompanied by intense sub-femtosecond 
relativistic electron bunches. First, we explore a new concept for attosecond photon pulse generation 
by a reflection of a femtosecond laser pulse from a relativistic electron beam (REB) plasma. While 
most of the existing schemes for attosecond photon pulses require nonlinear high harmonics 
generation in ultra-relativistic intensity laser-plasmas, a proposed model operates in a linear regime, 
which could allow a low intensity laser system [3]. Analytical formulae for obliquely reflected pulse, 
predict temporal compression and intensity amplification, by the factor of 2γ and 4γ2, respectively; 
where γ is the relativistic Lorentz factor of the REB plasma. We further test the feasibility by two-
dimensional relativistic particle-in-cell (PIC) simulations. In many applications single attosecond 
pulse is preferred, so a half-cycle cosine is taken as an input laser pump. Agreement between PIC and 
analytical results is found, which predicts, for NIR laser pulse reflected from 5 MeV (γ ~ 10) electron 
beam at a critical density, a pulse compression to 50 attosecond. Some ideas are proposed for future 
proof-of-principle experiments. Second, hollow cone-shaped solid plasma targets are investigated by 
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relativistic particle (PIC) simulations [4]. Introduced originally to enhance the electron transport in fast 
ignition targets, different geometries, such as: hollow cone, cone-wire and open-tip cone were 
explored. In addition, cone targets have shown a good potential for enhanced high optical harmonics 
generation of the reflected laser light which is of interest in many applications. Moreover, with 
optimized parameters, relativistic laser pulse interacting with an open cone solid plasma target can 
efficiently generate a train of forward propagating, ultra-short, attosecond electron bunches (sheets) 
with high relativistic energy (E > 10 MeV), separated in space by λ/2. 

 
REFERENCES 
[1] G.A. Mourou, et al., Plasma Phys. Contr. Fusion. 49, B667 (2007). 
[2] P.B. Corkum, F. Krausz, Nature Physics 3, 381 (2007).                                               
[3] M.M. Škorić, B. Stanić, Lj. Hadžievski, Lj. Nikolić ,  J. Plasma Phys. 75, 111 (2009).   
[4] http://iopscience.iop.org/1742-6596/112/2/022086 
 



61 

 

 

 

Poster Presentations 

 

Optical Materials 

 
Poster Presentations – Optical Materials  P.OM.1 

 

Sn/SiO2 single crystals growth by hydrothermal method at high 

temperatures and preassures  
 

I. Miron1,2, D. H. Ursu1,2, M. Miclau2, R. Banica2, M. Vasile2 and I. Grozescu1,2
 

1”Politehnica” University of Timisoara, Romania 
2National Institute for Research and Development in Electrochemistry and Condensed Matter, 

Timisoara, Romania 
e-mail: danielhoratiu@yahoo.com 

 
α-quartz type materials are of major interest due to their piezoelectric properties [1]. At the moment, 
most perspective high temperature piezoelectric materials are single crystals of langasite family and 
gallium orthophosphate (GaPO4). However, the growth of this syngle crystals has some technical 
complexities [2]. Interest in growth of silicium dioxide single crystals with α-quartz structure is 
connected to improvement of quality factor Q. Therefore, till now, the silicium dioxide single crystals 
were doped with Ge ions to improve this factor. 
 
The present paper describes growth of silicium dioxide single crystals with α-quartz structure doped 
with Sn ions. The growth of crystals was made by hydrothermal method at high temperature and 
pressure (420°C, 1500 bar). A chemical of 1.0M NaOH was used as mineralizer. Seeds were cut from 
synthetic quartz crystals. Nutrient material was prepared from synthetic quartz and there was loaded 
SnO2 powder additive in proportions to quartz nutrient. 
 
XRD spectra reveal that Sn/SiO2 single crystals has an α-quartz structure and EDAX measurements 
shows the closely stoichiometric composition with the precursor material. Also, obtained single 
crystals were investigated in terms of UV/VIS/NIR spectroscopy and FTIR spectroscopy for quality 
factor Q calculation. 
 
This work was partially supported by the International Cooperation Project MNT-ERA.Net, Project 
No. MNT 7-027/2010, Acronym PIM-FCS.  
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Nanowire (NW) based light emitting diodes (LEDs) have drawn large interest due to many advantages 
compared to thin film based devices. Marked improved performances are expected from 
nanostructured active layers for light emission. Nanowires can act as direct waveguides and favor light 
extraction without use of lens and reflectors. Moreover, the use of wires avoids the presence of grain 
boundaries and then the emission efficiency is boosted by the absence of non-radiative recombinations 
at the joint defects. The presentation will focus on the electrochemical deposition and hydrothermal 
techniques two cost-effective, low-temperature electrochemical or aqueous solution methods for 
growing zinc oxide (ZnO) nanorods on p-electrode of GaN-LEDs. ZnO is a promising wide band gap 
alternative material due to its many advantageous properties such as direct bandgap at 3.37 eV, large 
exciton binding energy of 60 meV at room temperature, instead of 25 meV for GaN base materials, 
and easy nanostructuration. Wires of high structural and optical quality have been epitaxially grown 
on p-GaN single crystalline substrates in order to produce low cost new LEDs.  
 
After integration of the heterostructure in a LED device, a rectifying behaviour has been found with a 
forward current onset at 3V. The diodes emitted a unique UV-light peak centered at about 397 nm for 
either as-prepared or annealed samples. The emission turn-on voltage was 3.9 V for the hydrothermal 
and 4.2 V for the electrodeposition. Then the UV-emission was very bright at very low applied 
forward bias leading to a new generation of UV LEDs.  
 
We have shown that the emission wavelength could be tuned and shift toward the violet-blue region 
by up to 40 nm by doping with Cu or Cd [3]. Our results clearly state the remarkable quality of the 
pure and doped-ZnO electrochemical materials and high quality of the ZnO-NWs/p-GaN interface. 
Near-UV and violet-blue sources can be combined with efficient phosphors for solid-state lighting in 
order to replace fluorescent light sources with long lifetimes and high energy saving. 
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The thin-disk laser design [1] allows the generation and the amplification of ultrashort pulses with 
very high efficiency, high output power and good beam quality [2]. Many interesting results were 
published using Yb:YAG crystal, leading to the generation of high power pulses up to 80 W [3] with a 
pulse duration around 1ps. Nevertheless, the emission cross section of Yb:YAG limits the generation 
of very short pulses, which explains the need of other materials. This is why investigating new thin-
disk materials is an interesting point of view in order to generate shorter pulses with high average 
power. 
 
In this point of view, Yb3+:CaGdAlO4 has been recently demonstrated to be very interesting for the 
development of diode-pumped short-pulse modelocked lasers. First, it has the broadest and the flattest 
emission band of all the Yb:doped materials. Second, we measured the 2 at. % Yb:CALGO thermal 
conductivity at ~6.5W.K−1.m−1 [4]. This high thermal conductivity allows high-power pumping. The 
generation of very short pulse has been demonstrated in mode-locked femtosecond oscillator with 
duration of 47 fs at 1050 nm [5]. 
 
Nevertheless, considering the good thermal properties of Yb:CALGO, the full potential of this crystal 
has not been exploited yet. This is why the thin disk structure with this crystal is very interesting to 
investigate. 
 
Laser experiments were performed with 350 µm-thick Yb3+:CaGdAlO4 crystals, grown by the 
Czochralski technique and cut to have a polarization along the σ axis, and a propagation along the π 
axis. A 90 W fiber-coupled diode emitting at 980 nm has been used for the pump module. This pump 
module permitted 24 passes of the pump light through the crystal.  
 
The first demonstration of laser operation with a thin-disk Yb:CALGO laser is presented. We have 
studied optical properties of crystals coming from different bowls, 2% or 3.5% doped, in CW regime 
and then spectral tunability have been investigated. 
 
With this material, up to 30W, with a slope efficiency of 41% and and optical-to-optical efficiency of 
32% have been obtained.  
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When YbF3 is dissolved in CaF2 the Yb ions are in the trivalent state, consequently additional charge-
compensating defects appear in the crystals. The local compensation, by pairing of Yb3+ ions with an 
interstitial or substitutional F– ion, creates various crystal field symmetries of the Yb3+ ions [1]. These 
types of charge compensation are the so-called isolated centers. As the concentration of the Yb3+ ions 
increases, besides of the isolated centers additional complex defects (clusters) are present [2]. All these 
defects lead to a multisite structure of the absorption spectra. It has been observed [3] that alkali-metal 
codoping improves the multisite structure of the absorption spectrum and the laser performance of the 
crystals. 
 
The goal of this work is to study the influence of Na+ ions on the impurity-defect formation in YbF3-
doped CaF2 crystals, especially on the NN type defects with tetragonal symmetry (C4v). 
Ca1-xYbx F2+x (x = 0.0007, 0.0017, 0.007, 0.0116) crystals with various NaF concentration (2.5-
20mol%) were grown using the conventional Bridgman technique. Transparent colorless crystals were 
obtained in graphite crucible in vacuum (~ 10-1 Pa) using a shaped graphite furnace [4].  
 
Information on impurity-defect aggregates can be obtained from spectroscopic studies and dielectric 
relaxation technique [5]. The effect of Na+ ions on the optical and dielectric spectra was studied. The 
dielectric spectra provide information about the type and number of the dipoles whose relaxation is 
observed [5]. Temperature and frequency dependence of the complex dielectric constant (the dielectric 
spectra) gives information about the relaxation processes and permits the determination of the 
activation energy for dipoles reorientation, the reciprocal frequency factor, τ0, of the relaxation time 
and the number of dipoles that contribute to the relaxation process. 
 
The relaxation parameters and the number of the dipoles, NNN , that contribute to the dielectric 
relaxation have been determined from the dielectric spectra. The correlation between NNN  and the 
optical spectra has been also discussed. From this study results that the Na+ ions inhibit the clusters 
and the NN (C4v) type defects formation, but promote the NNN (C3v) defects that consist of 
substitutional Yb3+ and interstitial Na+ pairs. For high NaF concentration only the Na+-VF dipoles 
relaxation is observed. The reducing effect of the multisite structure of the broad 2F7/2 – 2F5/2 transition 
depends on the ratio of Na+ to Yb3+ ions concentrations. 
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Microlenses are increasingly used in various optical and biomedical applications. Microlenses are 
produced on tot’hema and eosin sensitized gelatin (TESG) layer [1]. Our standard microlenses are 
concave with parabolic profile. They are formed by focused 2nd harmonic Nd YAG laser (at 532 nm). 
Standard properties of such microlenses are presented in [2]. Image of the word microlens taken 
through one of such microlenses is given on Fig. 1. 
 

 
Fig. 1. Image of the word microlens taken through the microlens 

 
For this research microlenses are written on a dog – bone shaped TESG layer. After production 
microlenses were stretched in one direction. As a result of stretching of microlenses, basic optical 
characteristics like the effective focal length were changed. The influence of TESG layer extensibility 
on imaging properties of microlenses were characterized by calculation of the RMS wavefront 
aberration, the modulation transfer function and the RMS and geometrical spot diagram. 
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A special sample was prepared for the experiment, where on one side of an aluminum plate equally 
spaced grooves were produced, making a periodic defect structure with certain space frequency and 
certain depth [1]. The other side of the plate was illuminated by short light pulses and the temperature 
distribution on the same side was analyzed by pulse infrared thermography. Temperature distribution 
on the plate surface was also periodic, showing maxima above the grooves, i.e. defects, and minima 
where there were no defects.  
 
Experimental results were obtained by a standard thermal imaging camera. The time history of the 
surface temperature after the absorption of a short light pulse is used to obtain information about the 
subsurface structure and the thermo-physical properties of the material. However, standard 
thermovision cameras do not offer the possibility of synchronizing the frame acquisition time with the 
heating light pulse, so it is often difficult to determine if the first obtained frame with increased 
temperature comes before or after the maximal temperature difference on the sample surface [2]. In 
addition, it is not possible to determine from the experimental results only if some of the frames comes 
exactly at the time of maximal temperature difference, which is essential for determination of defect 
size and depth. Therefore, it is necessary to fit the experimental points with a curve based on theory, 
and such a curve can be obtained by numerical simulation only.  
 
In order to fit the experimental points with a curve based on theory a physical model was developed 
reflecting the sample properties. A computer program for simulation based on that model was written 
in MATLAB R2008a and 2D temperature field on the sample surface exposed to the heating light 
pulse was obtained for different values of absorption coefficient and different sizes and depths of the 
defect [3].  
 
Only the central line normal to the groves from each frame was used for the analysis. The noise was 
eliminated by filtering out all but the basic spatial frequency of the temperature distribution, and from 
there minimal and maximal temperatures on the surface were determined for that frame. Temperature 
difference obtained in such a way was plotted as a function of time at time points corresponding to the 
camera frame rate. These experimental results were then fitted with the curve obtained by numerical 
simulation using least square method as the criterion for the best fit [4]. 
 
Experimental and simulation results show excellent agreement. The simulation curve lies within the 
error bars for all experimental points on most frame trains obtained after different heating pulses. The 
maximal temperature difference and its time decay rate enabled determination of the depth dependent 
defect sizes which can be determined by the method, as well as material thermo- physical properties. 
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We have fabricated Al2O3-core/SnO2-shell nanowires by thermal evaporation of Al powders and then 
coated Al2O3 nanowires with SnO2 by sputtering. We performed scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), X-ray diffraction (XRD), energy-dispersive X-ray 
spectroscopy (EDXS), and photoluminescence (PL) spectroscopy to characterize the Al2O3-core/SnO2-
shell nanowires. SEM analysis revealed that the nanowires were a few hundreds of nanometers in 
diameter and a few tens of micrometers in length. PL measurements at room temperature showed that 
Al2O3 nanowires had a strong yellow emission band centered at 580 nm and a weak broad green 
emission band centered at around 680 nm. The major emission of core-shell nanowires was found to 
be enhanced by annealing in an oxidative atmosphere but degraded in a reductive atmosphere. In 
addition, the origins of these changes by annealing are discussed. 
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We have fabricated Ga2O3-core/In2O3-shell nanowires by thermal evaporation of GaN powders On 
Au-coated and then coated Ga2O3 nanowires with In2O3 by sputtering. Transmission electron 
microscopy (TEM) and X-ray diffraction (XRD) analyses revealed that the core was a Ga2O3 single 
crystal with a monoclinic structure and that the shell was amorphous. Photoluminescence (PL) 
measurements at room temperature showed that uncoated Ga2O3 nanowires had a blue emission band 
centered at approximately 480 nm The intensity of the blue emission of Ga2O3 nanowires increased 
with increasing the In2O3 shell layer thickness. The highest emission intensity was obtained with a 
shell layer thickness of 10 nm. In addition, the origin of the PL intensity enhancement by SnO2 coating 
is discussed. 
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Measuring the light polarization gives fundamental information about light and its interaction with the 
matter. The change of the light polarization is in the base of several experimental methods studying 
the properties, the structure and the composition of many nonorganic and organic materials. It has 
application in science, industry, medicine and pharmacy, food production etc.  
 
We have built a simple and multifunctional fiber-optic polarimetric kit on the basis of highly 
birefringent single-mode fibers. The device is designed for demonstration experiments and for 
university laboratory exercises in optics and fiber optics.  
 
The device is modular in order to enable plug-and-play options for different experiments. A 532 nm 
DPSS laser is used in combination with magnetically attached rotatable polarizer. Linearly polarized 
light can be launched along the fiber birefringence axis with the help of a tunable laser-to-fiber coupler 
having a rotatable receptacle. The magnetic attachments of the rotatable holders allow accommodation 
of various components. The sizes and the design of the set-up are appropriate to keep all components 
in case for better storage and transportation. The kit is easy for manipulation. 
 
The kit is designed to demonstrate and measure some important properties and characteristics of 
highly birefringent fibers. It allows to locate birefringence axes and to preserve the polarization under 
eigenpolarization excitation. The fiber beatlength can be measured by introducing controlled 
perturbations along a direction non-coinciding with the birefringence axes. The principles of the fiber 
optic sensors can be demonstrated by measuring the fiber sensitivities to strain and temperature in the 
polarimetric response through crossed polarizer/analyzer with 45° input excitation. 
  
The fiber-optic polarimetric kit allows to perform the following laboratory exercises: 1) Fiber 
excitation and numerical aperture; 2) Polarization preservation; 3) Polarization-sensitive fiberized 
interferometers. 
 
The Gaussian distribution in the far-field can be observed by screen projection from the fiber output 
which also allows the determination of the mode-field diameter in the fibers.  
 
Excitation polarization holding under eigenpolarization can be determined with a crossed analyzer at 
the fiber output. Excitation of both polarizations at the input of the fiber allows the observation of 
temperature and strain sensitivities by observing output intensity oscillations through a crossed 
analyzer. 
 
The measurement of fiber beatlength and from it the magnitude of the birefringence is performed with 
eigenpolarization input. The fiber is lightly twisted and taped on the breadboard. A sharp edge 
transversally pressing the fiber introduces local mode coupling centers [1]. The edge is gently slided 
along the fiber and intensity oscillations are observed through crossed analyzer. Their period is the 
fiber beatlength.  
 
A beamsplitter and a tunable mirror allow a fiber optic Michelson interferometer to be built. With 
eigen polarization excitation only interferometric responses to strain and temperature are observed, 
while with excitation of both polarizations the polarimetric response will be superimposed on the 
interferometric [2]. This will allow to observe fating of interference caused by changes of polarization 
along the fiber. Both conventional and photonic crystal fibers [3] can be used with this set-up.  
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We investigate existence and propagation of surface waves at an interface between semi-infinite 
isotropic dielectric, and semi-infinite plasmonic crystal cut normally to the constituent layers. The 
geometry of the problem allows for Dyakonov-like surface waves at the boundary of anisotropic 
uniaxial crystal with positive birefringence, and optical axis oriented along the boundary with isotropic 
dielectric [1, 2].  
In dielectric-dielectric1D superlattices there is always negative birefringence [3], and so, no Dyakonov 
surface waves are possible. The presence of metallic layers is crucial for positive birefringence which 
is necessary for existence of oblique surface waves. As an example we use plasmonic crystal with 
silver (thickness dm= nm), and GaAs (thickness dd= nm) stacking interfaced with fused silica. In the 
long-wavelength limit, at the vacuum wavelength λ=1.55 µm, plasmonic crystal can be treated as a 
quasi-homogeneous but anisotropic medium with dielectric permittivity tensor components: εz = 13.5 
+ i0.003, εx= εy= 0.97 + i0.27, while the permittivity of fused silica is: ε=2.25. Therefore, the existence 
condition for Dyakonov surface waves εz > ε > εx is satisfied [1]. Moreover, the introduction of metal-
dielectric metamaterial instead of natural anisotropic uniaxial crystal reveals substantial increase of the 
range of propagation angles: 350< φ <70 0. However, in contrast to the classical Dyakonov problem, 
due to the presence of metallic layers dispersion and dissipation are non-negligible here. In order to 
see the influence of dissipation which is represented via imaginary parts of dielectric permittivity 
tensor components, one has to calculate the so called “figure of merit”. That means the ratio of real 
and imaginary parts of the wavevector representing in fact, the distance (number of wavelengths) over 
which the mode can propagate without serious attenuation. Our calculations show that the figure of 
merit is always greater than 10 in the whole range of angles where the oblique surface waves do exist. 
However, the figure of merit increases towards the smaller angles of propagation, getting to very high 
values, and therefore, almost negligible dissipation. We also study the effect of finite number of 
periods [4], and localization of modes near the edges of plasmonic crystal. 
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K3CrF6 has attracted recently considerable interest due to the high site symmetry of Cr3+ ion and 
[CrF6]

3- complex [1 and reference therein].The aim of this study is to present the results of the ab initio 
calculations (with the use of the CASTEP module [2] and the CRYSTAL09 computer program [3]) of 
the optimized crystal structure, band structure, density of states (DOS), optical and elastic properties 
of K3CrF6. Both generalized gradient approximation (GGA) with the Perdew–Burke–Ernzerhof 
functional [4] and local density approximation (LDA) with the Ceperley-Alder-Perdew-Zunger 
parameterization [5] were used in all calculations for the sake of consistency. The electronic 
configurations were 2s22p5 for the fluorine, 3s23p63d54s1 for chromium, and 4s23p64s1 for potasium. 
Ab initio calculations of the density of states allowed evaluating contribution of each ion into the 
calculated bands. In addition, the spin-polarized calculations allowed for finding difference between 
densities of the spin-up and spin-down states of 6-fold coordinated Cr3+ ion. To the best of the authors’ 
knowledge, there are no experimental data on the band structure, elastic constants and absorption 
spectrum function for this host, so the present work is the first theoretical study of this kind, and the 
theoretically obtained results could be suggestions for future experiments. 
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Phosphor based thermometry utilizes the emission properties of phosphor particles for assessing 
temperature. Phosphors are considered thermographic if they exhibit emission-changing characteristics 
with temperature. Main investigations in phosphor thermometry involves one of two types of analysis: 
the lifetime decay method or the intensity ratio method. The latter has been widely accepted since it 
eliminates a number of errors coming from fluctuations of the excitation light source, temperature 
changes of excitation bands and non-uniform dopants concentrations [1], and has been used in this 
study. 
 
The lanthanide ions activated orthovanadate phosphors have considerable practical applications in 
devices involving the artificial production of light, such as cathode ray tubes, lamps, and x-ray 
detectors [2]. In particular gadolinium vanadate has been extensively studied in the field of lasers due 
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to its stable physical and chemical properties [3]. The temperature dependence of emission intensities 
for three samples of GdVO4:Sm3+ (0.5, 1 and 2 mol.% Sm), prepared by the high temperature solid-
state method, is presented in this work. We investigated the possibility for GdVO4:Sm3+ usage in 
phosphor thermometry by observing temperature changes of trivalent samarium transitions from 4F3/2 

and 4G5/2  energy levels to the ground state. Measurements were recorded from room temperature up to 
820 K, showing that GdVO4:Sm3+ is a new, promising high temperature thermographic phosphor of 
very good sensitivity.  
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Knowing that lutetium oxide has high chemical stability and temperature resistance, we investigated 
possibility for its usage in high-temperature phosphor thermometry. The temperature-dependent 
photoluminescence emission of Lu2O3:Eu3+ (3at.% Eu) and Lu2O3:Sm3+ (1at.% Sm) were examined 
using the intensity ratio method [1, 2]. Two lines are considered appropriate for intensity ratio method 
if they both have strong emission intensity in the whole temperature range, and if their intensity ratio 
gives high temperature resolution.  
 
The photoluminescence spectra were collected under excitation light of a 450 W Xenon lamp on the 
Fluorolog-3 Model FL3-221 (Horiba Jobin-Yvon) spectroflurometer system (λexc(Lu2O3:Eu) = 393 
nm, λexc(Lu2O3:Sm) = 406 nm), elevating the temperature gradually from room temperature to 850 K. 
Variation of emission intensity with increasing temperature is monitored for main transitions of Eu3+ 
and Sm3+ ions, aiming to detect the intensity ratio of the highest gradient and linearity over the entire 
temperature range. We also tested the lifetime decay response in the same temperature region. 
 
Our experimental results demonstrate the performance of Eu3+ and Sm3+ doped Lu2O3 as high 
temperature thermographic phosphors of very good sensitivity. 
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Nanocrystalline zinc aluminate with a normal spinel structure are widely used as catalytic and 
electronic materials [1–3]. Besides, as a wide band gap semiconductor (3.8 eV), ZnAl2O4  spinels can 
be used as transparent conductor, dielectric material, and optical material [4,5]. 
 
Nanocrystalline zinc aluminate (ZnAl2O4) particles with a spinel structure were prepared by 
hydrothermal method with a post treatment at different temperatures. For preparation of zinc 
aluminate nanoparticles zinc nitrate hexahydrate and aluminium nitrate nonahydrate were used as 
precursors. Nanocrystalline ZnAl2O4 were investigated in terms of XRD and SEM/EDAX techniques. 
The XRD spectra shows that obtained zinc aluminate nanoparticles has a spinel structure and  EDAX 
measurements reveals the purity of material. Optical properties of nanocrystalline zinc aluminates 
were investigated by UV/VIS/NIR spectroscopy and PL measurements. 
 
This work was partially supported by the strategic grant POSDRU/88/1.5/S/50783, Project ID50783 
(2009), co-financed by the European Social Fund – Investing in People, within the Sectorial 
Operational Programme Human Resources Development 2007-2013. 
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Microlenses are increasingly used in different optical and biomedical applications [1, 2]. Transparent, 
aspheric, concave microlenses (individual or array) were produced on the tot’hema and eosin 
sensitized gelatin layer (TESG), by 2nd harmonic Nd:YAG laser [3, 4, 5]. Tot’hema is an oral solution 
assigned for treatment of human anemia [6]. Produced microlenses were additionally chemically 
processed. The microlens focal length of 400 µm was obtained after isopropyl alcohol processing. We 
have shown that the focal length of microlenses can be easily and precisely controlled by varying 
potassium alum concentration – focal length can be increased up to three times. After alum processing 
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microlenses retain their mechanical and optical properties indefinitely and are not affected by 
environmental influences like UV light, humidity or temperature. The temperature range was extended 
after alum processing.  
 
This method quickly and directly produces high quality, transparent, concave microlenses (individual 
or array) on a cheap, easy available and low toxic material - the fact which can be rarely found in the 
literature. 
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The magnetic-field dependence of the single electron and hole states in a nanocup [1], which is 
composed of a ring (the nanocup rim) that surrounds a disk (the nanocup bottom), is theoretically 
determined. The calculations were done for the strained (In,Ga)As/GaAs system. The strain 
distribution is determined from the model of isotropic strain using the inclusion theory [2]. The single 
particle states are extracted from the effective-mass model, whereas an exact diagonalization approach 
is employed to compute the states of the neutral exciton [3]. Furthermore, the hole energy levels 
determined by means of the single-band model are compared with those extracted from Luttinger-
Kohn model and some differences are found. The strain is found to favor the spatial localization of the 
heavy holes inside the disk, that lead to a separation of the electron and the hole like in a type-II band 
alignment. Therefore, strain increases the polarization of the exciton, which is beneficial for the 
appearance of the excitonic Aharonov-Bohm (AB) effect. When the nanocup bottom is thin, the 
oscillator strength for exciton recombination exhibits small AB oscillations with magnetic field. The 
results of our calculations show that the excitonic AB effect could occur in properly designed 
experimental nanorings fabricated by means of the Stranski-Krastanov growth [4-7].  
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In this paper, we present results of our investigation of electronic spectra and optical properties of one-
electron spherical quantum dot-quantum well (QDQW) structure. Investigated QDQW system consists 
of CdSe core surrounded by ZnS shell, CdSe shell and caped by material of a very high electron 
potential barrier compared to CdSe i.e. CdSe/ZnS/CdSe structure. Eigen energies and corresponding 
wave functions were calculated using effective mass approximation.  
 
We focused to one-electron ground (1s) and the first three excited states. For allowed transitions we 
have calculated oscillator strengths and linear and third-order nonlinear intersubband optical 
absorption coefficients for various structures i.e. different CdTe core radius, ZnS shell (barrier) width 
and CdSe shell width. Behavior  of this specific QDQW system is determined by CdSe and ZnS 
properties (effective masses and conductance band offset)  and structure composition. Change in core 
and shells dimensions induces a change in electron wave function, followed by significant change in 
energy of state. This change in electron localization, at geometries characteristic for each state, reflects 
to transitions that include this state. As a result optical properties of this system are greatly dependent 
on the QDQW structure. 
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Strontium aluminate (SrAl2O4) and the indium aluminate (SrIn2O4) spinels have been proven to be 
efficient host materials, which offer the possibility of generating broadband emission after doping with 
rare earth trivalent ions [1]. By doping them with Eu3+ ions, Eu3+ will substitute the aluminum ions and 
the indium ions in the two crystals, in six fold coordination with oxygen ions; having a monoclinic site 
symmetry. No charge compensation is necessary. 
 
The present work is devoted to the comparative study of the crystal field parameters (CFPs) and 
energy levels scheme for the trivalent europium ion doped in SrAl2O4 and SrIn2O4 spinels, in the frame 
of the superposition model of the crystal field [2]. Using the intrinsic parameters for Eu3+- O2- bonds 
[3-5], and the geometry structure of the each crystal, we modeled the CFPs and simulated the low-
lying energy levels schemes. In order to give the reliable CFPs we made the standardization of the 
monoclinic HCF of each system using the relations from [6]. 
 
The obtained results are discussed and compared with the experimental data [7-9].  
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We have determined phonon eigenvectors of graphene at high symmetry points (Γ and K) of the 
Brillouin zone. For the point K we used Wigner’s method of group projectors. For the Γ point we 
applied an alternative, simpler method. We compare our results with those obtained by other, more 
conventional methods which are published in the literature [1-3]. 
 
REFERENCES 
[1] M.S. Dresselhaus, G. Dresselhaus, A. Jorio, Group theory, Springer Verlag, Berlin (2008). 
[2] C. Mapelli, C. Castiglioni, G. Zerbi, K. Müllen, Phys. Rev. B 60, 12710-12725 (1999). 
[3] M. Mohr, J. Maultzsch, E. Dobardžić, S. Reich, I. Milošević, M. Damnjanović, A. Bosak, M. 
Kirsch, C. Thomsen, Phys. Rev. B 76, 035439 (2007). 

 
Poster Presentations – Optical Materials  P.OM.20 

 

3d electron transitions in Co and Ni doped MgSO3·6H2O 
 

P. Petkova1 
1Shumen University”Konstantin Preslavsky”, 115 Universitetska street, 9712 Shumen, Bulgaria 

e-mail:Petya232@abv.bg 
 

Absorption spectra of magnesium sulfite hexahydrate (MgSO3.6H2O), doped with Co and Ni have been 
studied in the spectral region 1,46-3,82 eV. The investigations have been carried out with linear 
polarized light E||c, E┴c (c is the optical axis of MgSO3.6H2O) which propagates in the direction 
(1210). The Co structure manifests in the spectral region 2,07-3,1 eV and the Ni structures manifest in 
the spectral region 1,46-3,82 eV. The peculiarities of the Jahn-Teller effect and spin-orbit interaction 
in dependence of the impurity ions in the crystal lattice of MgSO3.6H2O are analyzed and discussed. 
The electron transitions in Co2+ and Ni2+ ions are determined for E||c, E┴c. The crystal field parameter 
Dq and Racah parameters B and C are also calculated. 
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We are investigated the absorption of the glasses (80-x)Sb2O3-20Na2O-xWO3 (x % mol of WO3) in the 
spectral regions 21053-13333 cm-1 and 2000-8000 cm-1. The samples are doped with 0.05 % mol of 
Co3O4 from x = 10 % until x = 40 %. On the basis of the comparison with [1, 2, 3], the observed 
absorption bands are due to the Co-impurity. The absorption band of glasses in the visible spectral 
region does not contain information about the exactly energy position of Co-levels. Therefore, we are 
calculated the second derivative of absorption. It is established that Co2+-ions are surrounded by 

distorted tetrahedral coordination in the investigated glasses.The energy level structure of the Co2+ ion 
in the samples is also presented. We are calculated the crystal field parameter Dq and the Racah 
parameters B and C.  
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ZnO is a semiconductor with a wide band gap (3.3 eV), large exciton binding energy (60 meV), n-type 
conductivity, abundant in nature and environmentally friendly. These characteristics make this 
material attractive for many applications, such as solar cells, optical coatings, photo catalysts, 
electrical devices, antibacterial coatings, active medium in UV semiconductor lasers and in gas 
sensors [1, 2, 3]. In ZnO each Zn2+ ion is tetrahedral surrounded by O ions, with a slight distortion to 
C3v symmetry along the c-axis of the crystal. If a Zn2+ ion is substituted by a transition metal ion the 
electronic structure of the partly filled d shell can be described by ligand field theory for distorted 
tetrahedral complexes. In Td symmetry, the e orbital are lower in energy than the t2 orbital [4]. The 
aim of this paper is to present two methods of calculation the spin Hamiltonian parameters of Co2+ 
doped in ZnO. First method is based on the higher order perturbation and second one use the complete 
diagonalization of the spin-Hamiltonian of the system. I will calculate also the EPR parameters for 
Co2+ doped in ZnO in DFT method. The results are discussed and compared with experimental data 
[5] and a good agreement is observed. 
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MF2 (M=Ca, Sr, Ba) doped with Mn2+ ions have been matter of great interest because of their 
relevance as scintillators, phosphors and in general for understanding basic properties of the optical 
materials [1]. Doped crystals are attractive since Mn2+

 occupies the cation site of the fluorite structure 
with eightfold coordination. 
 
The aim of this work is to present the crystal field analysis of the [MF8]

6- complex in the static and 
vibronic interactions in the dynamic crystal field. The modeling of the crystal field parameters and 
simulated energy levels scheme is presented in exchange charge [2] and superposition models [3]. The 
electron-phonon interaction of the bivalent manganese ion doped in MF2 was studied, using the single 
configurational coordination model. Some physical quantities associated with the normal vibration 
modes a1g, eg, and t2g of the [MF8]

6- complex, coupled with electron states of Mn2+, like the electron-
vibration constants, the Stokes shifts, the Huang-Rhys factors and the Jahn-Teller stabilization energy 
were calculated. The obtained results are discussed  and compared with experimental data. 
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II-VI compounds are frequently studied materials since of their important applications [1], but the 
detailed nature of the electronic properties associated with the transition-metal ions doped in such host 
materials are not still understood. The aim of present paper is to report our theoretical analysis on the 
modeling of the crystal field parameters of Cr2+ doped in II-VI host matrix ZnS, ZnSe, and simulate its 
energy levels scheme. The fine structure of the energy levels and the Jahn-Teller interactions have 
been taken into account. For this, first we calculate the parameters of the free Cr2+ ion taken into 
account the fine interactions [2] and then investigated the influence of these fine interactions on the 
energy levels of the doped ions in above crystals. The vibronic Jahn-Teller coupling constants have 
been calculated in the exchange charge model of crystal field [3, 4]. The liniar vibronic coupling 
constants are numerically calculated for each case of the Jahn-Teller interactions and all considered 
types such  interaction are expected to give information on the new peculiarities of the absorption and 
emission bands, as well as of non-radiative transitions between the electronic states of impurity 
ions.The obtained results were disscused, compared with similar obtained results in literature and with 
experimental data. 
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In most cases, among all the interactions occurring in a free many-electron atom, only the strongest 
interactions are taken into account, such as the electrostatic repulsion of electrons and the spin–orbit. 
The analysis of the behavior of iron-group ions in crystals, using a free-ion Hamiltonian, that involves 
terms with only four parameters(B, C, ξ and α) seems to be erroneous since it is incapable of 
predicting correctly the levels of even a free ion [1]. Such calculations may lead to wrong conclusions 
concerning the crystal-field effects and the electron–phonon interaction. In this paper we present the 
results of calculation the parameters which characterize the free ions of Mn5+ and Fe6+

 with 3d2 

configuration out of full shells. The effective Hamiltonian of the free ions taken into account all 
interactions besides the spin-orbit, the relativistic interactions spin-spin, orbit-orbit, spin-other-orbit 
interactions and liniar correlation effect [1,2]. In such way, each from above free ions will be 
characterized by seven parameters: B,C(Racah), ξ(spin-orbit interaction), α, β, ( linear configuration 
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interaction) and M0, M2(Marvin integrals) .The values for these parameters are obtained by fitting 
experimental data with the minimum value of the r m s error. The final results are discussed .  
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If the model of photoacoustic response of an investigated system contains many unknowns parameters, 
like it is the case with multilayered samples, than the inverse procedures for determination of the 
parameters are highly sensitive to the experimental noise. This problem cannot be solved by 
development of experimental setup or data acquisition, but by improvement of theoretical approach. In 
this paper is analyzed the applicability of the effective medium theory to the multilayered samples. It 
has been shown that the theory is not applicable in general. The explicit expressions for the effective 
values of thermal diffusivity, relaxation time, and conductivity in some special cases have been 
derived. 
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We present the fully analytical theory of the Dirac fermionic states in a circular graphene quantum dot. 
It has been established that the electron and hole states in graphene nanostructures are strongly 
dependent on the edge topology. For instance, for a zigzag termination in triangular and hexagonal 
graphene quantum dots, there arises a band of zero-energy edge-localized states [1-3]. In the present 
study, the Dirac-Weyl equation is solved for the case of an applied perpendicular magnetic field. We 
study differences between the results for zigzag and infinite-mass boundary conditions. The Landau 
levels are found to form due to a transition from the edge dominated confinement at low magnetic 
fields to the magnetic-field dominated confinement at high magnetic fields. The quantum-dot states 
which form the zero-energy Landau level are found to become pseudo-spin polarized for both adopted 
boundary conditions. However, the band of the zero-energy states appear in the energy spectrum for 
only the zigzag boundary condition. The differences in the electronic structure for the two boundary 
conditions are found to affect interband absorption spectra. As a matter of fact, much larger absorption 
is found for the infinite-mass boundary condition than for the zigzag boundary condition. Those 
differences are explained to arise from different electron-hole and intervalley symmetries for the two 
cases. Moreover, selection rules for interband transitions are determined and discussed.   
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Mercury cadmium telluride (Hg1-xCdxTe) is a very important semiconductor material for infrared (IR) 
detection and infrared thermal imaging. Due to its unique properties, it has many advantages 
comparing to other semiconductors. It can be seen as a pseudo binary compound, (HgTe)(1-x)(CdTe)x, 
with an arbitrary proportion of components. The semiconductor bandgap can change continuously 
from -0.3 to 1.6 eV, depending on the parameter x, covering almost the entire IR band [1]. A variety of 
different photosensitive devices can be built from Hg1-xCdxTe. However, the well-known Hg1-xCdxTe 
surface (or interface with other materials, instability) can significantly influence device characteristics, 
so its surface passivation becomes a necessity. It seems that passivation plays a more important role as 
the device complexity increases. 
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Surface carier mobility differs substantialy from their bulk mobility [2]. It is determined by carrier 
scattering on phonons, charge centers and surface micro-roughnesses, all of which can be influenced 
by passivation process [3,4]. Operation of some semiconductor devices, like MISFETs, criticaly 
depends on minority carier surface mobility, therefore it’s investigation is important. 
 
A special MIS sample was prepared for Hg1-xCdxTe minority carier surface mobility investigation. 
Semiconductor was a bulk grown Hg1-xCdxTe monocrystal, with x = 0.215 - 0.34, vacancu doped with 
p ≈ 1016 - 8×1015 cm3 and with the bulk mobility of µh ≈ 250-400 cm2V-1s-1 at 77 K. Two electrodes 
were deposited at different levels of MIS structure - one at the insulator layer and the other at the 
upper metal layer. Both electrodes are adequately biased to stop the majority carriers current. An ac 
voltage is applied on the electrode attached to the metal layer with the frequency f coresponding to the 
low frequencies C/V structure characteristics and the produced current J was measured. 
 
J/f was ploted against f and the minority carier surface mobility µ n was determined from the 
characteristic point (second drop of the J/f) on the obtained diagam. Values for µn were in the range 
20×103 cm2V-1s-1 for 77 K and 2×103 cm2V-1s-1 for 120 K. 
 
We would like to thank RD&P Center „Orion“ for providing excellent experimental facilities. 
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We investigate the optical response of graphene via spectroscopic ellipsometry in the UV and visible 
ranges. Samples are made by micromechanical exfoliation of graphenium flakes [1], and are resting on 
top of the Si/SiO2 substrate. Graphene’s dispersion relation [2,3] shows that density of states function 
has a logarithmic van Hove singularity corresponding to transitions at the M point of the Brillouin 
zone. Theoretically this results in an infinite real part of optical conductivity [4]. It manifests itself as 
an intense absorption in the ultraviolet part of the spectrum [5,6,7]. In the nearest-neighbor tight-
binding model, this peak is symmetrical and located at around 5.2eV [8,9]. In reality the single particle 
model is not sufficient to describe this effect [8]. The strong electron-hole interaction present at this 
singularity introduces an energy downshift and asymmetry of the resonant peak. The observed 
excitonic resonance is explained phenomenologicaly with a Fano model of a strongly coupled 
excitonic state and a band continuum [6,7]. The parameters of this model are extracted from our 
spectroscopic ellipsometry measurements. The exciton binding energy is calculated as the difference 
between the resonant and the saddle point energies. 
 
This work is supported by the Serbian Ministry of Science through Projects OI 171005, III 45018, and 
by the EU FP7 project NIM NIL (gr. a. no 228637 NIM NIL: www.nimnil.org). We are grateful to K. 
Novoselov and S. Anisimova for their help regarding graphene exfoliation. 
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Graphene has many unique properties that make it an ideal material for researches as well as for 
potential applications [1]. Several approaches have been successfully developed to produce graphene. 
Industrial applications make it desirable to develop deposition methods that enable the deposition of 
graphene on large areas.  In this study graphene films are deposited on copper substrate [2] by using 
hot filament CVD, and characterized by Raman spectroscopy which is a nondestructive technique, 
applied to determine the structural and electronic properties of carbon nanostructures films. Three 
samples of graphene on copper substrate have been produced and designated as type A, B and C, 
according to the preparation conditions. Experiments were conducted at temperatures 800 and 1000 
OC, gas pressure of 500 Torr, and exposure times 1, 5 and 30 minutes. Raman spectroscopy was used 
to evaluate the quality of the graphene layers (G peak), obtain information about defects (D peak) and 
numbers of layers (2D peak) [3]. Relative intensity I(D)/I(G) indicates similar size of grain and similar 
degree of defects in all three samples and I(G)/I(2D) has avarage values higher than one which 
indicates us that it is probably few-layer graphene [4]. 
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In the past few years there has been an increased interest in metamaterials with relative dielectric 
permittivity close to zero (ENZ, ε-near-zero metamaterials). In 2006 Silveirinha and Engheta [1] 
proposed the structure for energy tunneling using two parallel plate waveguides connected by a very 
narrow channel. They suggested that ENZ materials can improve transmission efficiency of 
waveguides with sharp bends or discontinuities and concentration of energy in a small subwavelength 
cavity. However, these theoretical studies did not take into account real losses in dielectrics and in 
metal plates as it was analyzed in our previous work [2]. 
 
In this work we propose a novel and simple design of ε-near-zero (ENZ) channel operating in 
frequency range 3.95-5.85 GHz. It consists of two input foam waveguides mounted on dielectric 
substrate that also serves as an ENZ channel. For ENZ channel we chose a standard microwave 
dielectric substrate with Cu-cladding on both sides which provides precise thicknesses in the range of 
0.1÷1.5 mm and a small loss tangent (0.0009 to 0.003). Waveguide sections are made from 
ROHACELL dielectric foam, which is easy to cut and shape. 
 
Many papers about ENZ waveguides published so far [3-6], emphasized that frequency of energy 
tunnelling, i.e. zeroth-order resonance (ZOR) is independent on channel length, which is not the case 
with Fabry-Perot resonance. It was shown that frequency of  ZOR is fixed by dielectric permittivity of 
the channel (εrch) and by waveguide width a (

rch
ch

TEZOR acff ε2/
10

=≅ ). 

 
In this paper we also propose the way how to change ZOR frequency using two longitudinal slots 
placed at the metallic plate of the channel (top or bottom). It is shown that position and length of the 
slots affect the tuning sensitivity of the channel. In a difference to orthogonal slots (placed 
orthogonally to wave propagation), which extensively radiate, longitudinal slots are almost non-
radiative. That is the main difference between ENZ channel and classical waveguides where both type 
of slots radiate.  
 
By using longitudinal slots,  ZOR resonance can be changed in tuning range of 12.55% while at the 
same time, Fabry-Perot resonance is shifted for 10.61%. Our simulations include the real 
characteristics of dielectrics and metals used in ENZ channel in order to compare directly measured 
and simulated characteristics. Experimental measurements are expected in the near future.  
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Surface plasmon resonance-based devices belong to the most convenient and ultrasensitive label-free 
chemical or biological sensors. A generalization of these devices are sensors based on plasmonic 
metamaterials [1], where one is able to utilize the "Catalyst Plus" concept [2] to improve the 
adsorption of the targeted analyte. To this purpose one designs a hybride structure that simultaneously 
represents an ordered metal-dielectric medium with metamaterial properties and a porous medium 
with pores representing the building blocks of the metamaterial. Adsorption is greatly enhanced in 
pores owing to the large effective surface, and this in turn causes larger changes of refractive index 
due to the presence of adsorbed analyte, thus modulating evanescent wave propagation and facilitating 
chemical detection at lower levels of analyte concentration. 
 
We chose metal-organic frameworks (MOF) as a convenient platform for metamaterial-based hybrid 
structures. They are a relatively recently introduced concept and represent 1D, 2D or 3D crystalline 
compounds, typically porous, which simultaneously contain metal ions or ion clusters and organic 
molecules. Their pores ensure especially large effective surface for adsorption [3]. They were also 
proposed for storage of different guest molecules like carbon dioxide or hydrogen [4]. The use of 
MOF materials for the improvement of analyte adsorption in surface plasmon resonance-based sensors 
was described in [5]. 
 
We considered theoretically and experimentally a strategy to enhance metamaterial-based plasmonic 
sensors by combining the concepts of metamaterial sensors and MOF materials. To this purpose one 
introduces one or more layers consisting of MOF nanocrystals into metamaterial sensor structure. The 
simplest approach is to use dip or drop coating of metamaterial scaffold with MOF nanocrystal 
emulsion. The scaffolds we investigated included metal-containing freestanding, self-supported 
ultrathin membranes and sandwich structures with nanoaperture arrays. Regarding materials, we 
investigated the applicability of four different inorganic-organic hybrid (MOF) compounds, including 
VO(C6H5COO)2, V4O4(OH)2(O2CC6H4CO2)·DMF, VO(C10H7COO)2 VO(C14H9COO)2 [6].  
 
It is our conclusion that the preferential concentration of analytes within the MOF pores may ensure 
improved adsorption and thus large sensor signal enhancement compared to non-functionalized 
structures. In addition to that, one may obtain increased selectivity by introducing plasmonic material 
nanoparticles or by utilizing other functionalizing materials like catalysts or various ligands. 
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The optical properties of the fishnet metamaterials in near infrared and optical frequencies were 
studied. The angular dependence of the polarized reflection and ellipsometric spectra were simulated 
and discussed. The dispersion of the surface plasmon polaritons[1,2], localized resonance at the cut-off 
frequencies [3] and the Wood's anomalies [2] were observed in the ellipsometric spectra. The 
calculated field distributions at the characteristic resonances revealed the nature of the certain modes. 
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The effects of electromagnetic wave tunneling through a low-refractive-index barrier have received 
much attention in recent years. Part of this attention is focused on calculating times needed for the 
electromagnetic wave to tunnel through such barrier. Most widely used tunneling times are dwell time, 
which is related to electromagnetic energy propagation through the barrier, and group delay, which is 
related to the wave phase propagation. So far, these tunneling times have been calculated for linear 
non-absorptive non-dispersive [1], linear absorptive dispersive [2], nonlinear non-absorptive non-
dispersive [3] and nonlinear absorptive dispersive materials [4]. Also, impact of the Goos-Hänchen 
shift on these times has been calculated [5]. 
 
In this paper, we present theoretical and numerical research on tunneling times in anisotropic media. 
We derive expressions for calculating tunneling times in layered periodic material, which expresses 
anisotropic properties due to its structure. Numerical calculations of these expressions have been 
performed on new type of anisotropic metamaterial [6], showing strong impact of anisotropy on 
tunneling times through such structure. 
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The enormous interest in metamaterials originates from the possibility of engineering the effective 
medium parameters (permeability and permittivity) and thus controlling the transmission and the 
reflection of impinging electromagnetic waves in a prescribed manner. Motivation for analyzing this 
type of materials lies in the fact that the majority of proposed and experimentally demonstrated 
metamaterials is based on metallic inclusions and exhibit high optical losses which are detrimental to 
their performance and limit the applicability [1-3]. One of the major challenges at present is to  reduce 
the optical losses [1-5] and a promising research directions involves trying to compensate the losses by 
adding gain, i.e. designing active metamaterials. The idea is to replace metallic components by low-
dimensional semiconductor quantum structures, such as quantum cascade laser or quantum amplifier, 
where substantial gain may be achieved via carrier injection [1,2,6,7]. This would enable all-
semiconductor metamaterial realization, which relies on using the well established technology of 
epitaxial growth and incorporation into existing optical semiconductor devices. Particular attention is 
paid to the left-handed materials, also called negative-refraction media, since the directions of energy 
flow and the phase velocity are opposite therein, leading to unusual properties described by a negative 
index of refraction [3].  
 
We have analyzed metamaterials made of very thin semiconductor layers, whose composition 
corresponds to GaAs/AlGaAs quantum cascade laser, placed in a very strong external magnetic field 
(15T – 40T) to maximize the optical output. The role of the magnetic field is to assist the attainment of 
sufficient population inversion, necessary to effectively manipulate the permittivity. By discretizing 
the in-plane electron motion, external magnetic field influences all the relevant relaxation processes in 
the structure [8-10]. This enables one to control and to tune the value of the complex dielectric 
permittivity so to fulfill the negative refraction conditions [11]. Apart from illustrating the influence of 
magnetic field magnitudes on the permittivity and metamaterial’s features, effects of varying electron 
surface densities and the operating temperature have been presented as well. 
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Extinction spectra of parallel gold nanowires (diameter – 28 nm, length – 9 µm) in porous alumina 
were studied in spectral range of 360 – 1200 nm. The spectra were measured at various angles of 
incidence θ of exciting light beam. Here, θ is the angle between the propagation direction of exciting 
beam and the axis of nanowire.  
 
The extinction spectra contain two bands. First, T-band is caused by the excitation of the transversal 
oscillations of the free electrons, i.e. longitudinal surface plasmon (SP) mode in Au nanowire. Second, 
L-band is caused by longitudinal surface plasmon modes of nanowire. The spectral position of L-band 
changes non-monotonically with: θ it red shifts at the increase of θ from 0 to 300 and blue shifts at the 
increase of θ from 30 to 700. The bandwidth changes with change of θ non-monotonically as well: it 
has maximum at θ = 300, and has smaller values at lower and higher incidence angles. 
 
The longitudinal surface plasmon modes in long metallic nanowires have the character of surface 
plasmon polaritons (SPP) propagating along the axis of nanowire. SPPs are reflected from the ends of 
the nanowire, and the standing SPP waves arise. Thus, the nanowire acts as optical resonator. The 
theoretical calculations show that θ = 300 is the angle at which the most efficient excitation of the 
longitudinal SPP occurs. At this condition the axial SPPs are excited that propagate along the 
nanowire axis. This mode has lowest energy and damping. At other angles of incidence the non-axial 
SPP modes are excited that propagate angle-wise to wire axis. Non-axial modes have the higher 
energies and damping that explains the observed dependencies of L-band characteristics on θ. 
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The dependences of the surface plasmon energy were studied for silver nanoparticles in the size range 
11–30 nm and in the temperature interval 293–650 K.  
 
The energy of SPR in silver nanoparticles embedded in silica glass host matrix depends on the size 
and the temperature of the nanoparticles. Our experiments exhibit the nonlinear red shift of the SPR as 
the size of the nanoparticles decreases. The increase of the surface scattering rate of the free electrons 
causes the red shift of the SPR energy as the particle size decreases.  
 
As the temperature of the sample increases, the SPR red shifts. The volume thermal expansion of the 
nanoparticles leads to red shift of the SPR. As the temperature of the particle increases, the volume of 
the nanoparticle increases and the density of the free electrons decreases. The lower electron density 
leads to the lower plasma frequency of the electrons and subsequently to the red shift of the SPR. The 
red shift of SPR with the increase of temperature is linear for large (25 nm and 30 nm) silver 
nanoparticles and becomes nonlinear (superlinear) for smaller nanoparticles (17 nm, 11 nm). The 
nonlinearity of the dependence of SPR energy on temperature becomes stronger for smaller 
nanoparticles (17 nm, 11 nm). These two effects can be rationalized by the dependence of the 
coefficient of the volume thermal expansion on the size and temperature of the nanoparticles, The 
coefficient of the volume thermal expansion increases when the nanoparticle size decreases and with 
the increase of the temperature of the nanoparticle. 
 
Spill-out and electronic environmental effects were considered as possible mechanisms of the shift of 
SPR as the temperature and size of the nanoparticles changes. The calculations of the SPR shift caused 
by these two effects show that it is negligibly small. 
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We theoretically investigate tunable two-dimensional plasmonic crystals with semiconductor rods at 
terahertz frequencies. The tuning of the plasmonic crystals is achieved by changing charge carrier 
concentration in the rods [1], [2]. In this way, it is possible to achieve either tunable photonic band-
gaps [3] or tunable effective refractive index [4]. The tunable photonic band-gaps arise due to the 
localized plasmonic resonances in individual rods when electric field is normal to them or due to 
negative effective permittivity when the electric field is parallel to the rods. The tunable effective 
refractive index can be obtained within allowed bands. This is applied to graded plasmonic crystals for 
the implementation of tunable gradient refractive index structures.  
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In the past ten years, a new class of materials has emerged and it has attracted a lot of attention due to 
its counterintuitive optical behavior and revolutionary potential applications – metamaterials. 
Metamaterials are materials engineered for displaying unusual electromagnetic properties and they 
have been associated with negative refractive index [1, 2], invisibility [3], light-based nanocircuits [4-
6], etc. Most of these spectacular phenomena are based on surface plasmon resonances – the property 
whereby, in metallic nanostructures, light can collectively excite the electron population at surfaces. 
However, in mapping the plasmonic patterns on the surfaces of nanostructures, the diffraction limit of 
light remains an important obstacle. Here we demonstrate that this limit can essentially be removed. 
We have studied nanostructures made of nickel and palladium, deposited by electron beam lithography 
in different geometrical patterns, including the G-shaped design that we proposed previously [7-10]. 
We show that, upon illuminating nanostructures, the resulting surface plasmon pattern is imprinted on 
the structures themselves allowing for subsequent imaging with Scanning Electron Microscopy and 
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Atomic Force Microscopy (AFM). The resulting resolution of plasmon pattern imaging can therefore, 
in principle, be brought down to that of the AFM. Our results open a new avenue for studying 
plasmonic patterns at the nanoscale [11]. 
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Different nonlinear processes can occur when atoms or molecules are exposed to an intense laser field 
[1, 2]. Generally, these processes can be categorized into two main groups: laser-assisted processes 
and laser-induced processes [1]. In the first group belong phenomena, which can occur without 
influence of a laser field. The presence of a strong laser field enriches the structure of their 
characteristic spectra [3]. On the other hand, the laser-induced processes can happen only in the 
presence of a laser field and they usually require a threshold value of the number of absorbed laser 
photons. In this paper we are interested in two processes: laser-assisted electron-atom scattering (LAS) 
and high-order above-threshold ionization (HATI). Their electronic spectra are characterized by two 
plateaus. The first plateau is due to direct scattering (ionization), where the scattered (ionized) electron 
goes directly to the detector. The second plateau is a consequence of the rescattering, since the laser 
field may drive a previously scattered (ionized) electron back to its atom (parent ion). Finally, the 
rescattered electrons can be accelerated to high energies. The plateaus manifest themselves as broad 
ranges of the energy spectrum in which the photoelectron yield is practically constant. On the high 
energy end, these ranges are terminated by abrupt cutoffs. 
 
We present quantum-mechanical LAS theory and show how the rescattering effects can be described 
within the second Born approximation [3]. Also, we will use two versions of the atomic (molecular) 
strong-field approximation (SFA) in order to describe HATI process [4-8]. In the improved strong-
field approximation (ISFA), which describes HATI, the rescattering of the ionized electron on the 
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parent ion is described within the first-order Born approximation. More recently, we have introduced 
the low-frequency approximation (LFA) for atomic HATI [5] as well as for molecular HATI in few-
cycle laser pulses. In the LFA theory the first-order Born approximation for the elastic rescattering 
amplitude is replaced by the exact scattering amplitude taken on the energy shell. Our theory is in good 
agreement with available experimental data for atomic (molecular) HATI with long [8, 9] and 
ultrashort laser pulses. 
 
Sponsorship has been provided by the Alexander von Humboldt Foundation and funding by the 
German Federal Ministry of Education and Research in the framework of the Research Group Linkage 
Programme. 
 
REFERENCES 
[1] D. B. Milošević, F. Ehlotzky, Adv. At., Mol., Opt. Phys. 49, 373 (2003). 
[2] M. Lein, J. Phys. B 40, R135 (2007). 
[3] A. Čerkić, D. B. Milošević, Phys. Rev. A 75, 013412 (2007). 
[4] M. Okunishi, T. Morishita, G. Prümper, K. Shimada, C. D. Lin, S. Watanabe, K. Ueda,   
      Phys. Rev. Lett. 100, 143001 (2008). 
[5] Z. Chen, A. T. Le, T. Morishita, C. D. Lin, Phys. Rev. A 79, 033409 (2009). 
[6] A. Čerkić, E. Hasović, D. B. Milošević, W. Becker, Phys. Rev. A 79, 033413 (2009). 
[7] M. Busuladžić, A. Gazibegović-Busuladžić, D. B. Milošević, W. Becker, Phys. Rev. Lett.   
      100, 203003 (2008); Phys. Rev. A 78, 033412 (2008). 
[8] D. B. Milošević, W. Becker, M. Okunishi, G. Prümper, K. Shimada, K. Ueda, J. Phys. B 43,  
     015401 (2010). 
[9] M. Okunishi,  R. Itaya, K. Shimada, G. Prümper, M. Busuladžić, A. Gazibegović-Busuladžić,  
      D. B. Milošević, W. Becker, Phys. Rev. Lett.  103, 043001 (2009). 

 
Poster Presentations – Nonlinear Optics  P.NO.2 

 

Ellipticity dependence of the plateau structures in different atomic and 

molecular processes in strong laser field 
 

A. Čerkić1, M. Busuladžić2, E. Hasović1,3, A. Gazibegović-Busuladžić1, 
S. Odžak1 and D. B. Milošević1,3  

1Faculty of Science, University of Sarajevo, Zmaja od Bosne 35,  71000 Sarajevo, Bosnia and Herzegovina 
2Medical Faculty, University of Sarajevo, Čekaluša 90, 71000 Sarajevo, Bosnia and Herzegovina 

3Max-Born Institut, Max-Born Strasse 2a, 12489 Berlin, Germany 
e-mail: mustafabusuladzic@bih.net.ba 

 
The study of atomic and molecular processes in strong fields has attracted a lot of attention during last 
decades (see the recent reviews [1-3] and references therein). Particular attention has been devoted to 
high-order laser-induced processes: high-order harmonic generation (HHG) and high-order above-
threshold ionization (HATI). These phenomena can occur only in the presence of a strong laser field. 
They are of great interest for deeper understanding of the laser-matter interaction. Both of them can be 
described using the so-called three-step model. In the first step, atom or molecule is ionized. During 
this process the irradiated system absorbs more photons than is necessary for ionization. This is the so-
called above-threshold ionization (ATI).  In the second step, the electron is driven back by the laser 
field and revisits its parent atomic (molecular) ion. For the HHG process, in the third step, the electron 
recombines with the parent ion and a high-energy photon is emitted, while for HATI the laser driven 
electron backscatters off the parent ion and can be accelerated to high energies. 
 
There are also processes, which can occur without the influence of the laser field. The presence of a 
strong laser field enriches the structure of their characteristic spectra [4]. One of them is the laser-
assisted electron-atom scattering (LAS). All mentioned phenomena are characterized by a plateau 
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which finishes by an abrupt cutoff. In the most papers different processes were investigated in a 
linearly polarized field. In the last few years some exciting features of the spectra of different 
processes in an elliptically polarized laser field were found [5, 6].  
 
In this paper we present an appropriate quantum-mechanical theory in order to describe laser-induced 
and laser-assisted processes with emphasis on elliptically polarized strong laser field [7-9]. The 
features of the high-energy regions of spectra and their cutoffs are analyzed in detail for different 
values of ellipticity, laser intensities and various atomic and molecular species. 
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During the ionization of atoms with low-frequency laser fields, the tunneling ionization occurs for 
values of Keldysh parameter γ 1≪ . One of the most used theories is ADK (Ammosov-Delone-
Krainov) theory, which was developed both for linearly and circularly polarized laser fields. Here is 
examined the influence of modified ionization potential on ionization rate in ADK theory for the case 
of circularly polarized laser field. The studied atoms are K, Na, Li and Cs; they are ionized by CO2 

laser in the intensity regime between 14 210 W / cm  and 16 210 W / cm . It is found that ionization rates of 
atoms with similar values of ionization potential behave in similar manner; also, the influence of 
modified ionization potential on ionization rates is much stronger as laser intensities increase. 
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Two formulas for energy at which the maximum number of ejected photoelectrons is detected are 
examined; one is maxE  with non-zero momentum included in both exponent and pre-exponent part of 

expression, and the other is max AppE  which represents a previous formula, but approximated for higher 

intensity laser fields. It is analyzed which formula gives the numerical values closest to the 
experimental values obtained in this area of research, concerning tunnel ionization of K and Xe atoms 
by linearly polarized laser fields. 
It is found that formula maxE  gives satisfactory results in a wide range of laser field intensities, for 

both atoms; for intensity 12 24 10 W / cm×  it is max 9.046 eVE =  in the case of potassium atom. Also, 

for Xe atom, maxE  appears at intensity 13 25 10 W / cm× , while in experiment it was determined that 

this value occurs at 13 27.5 10 W / cm× . Formula for max AppE  is applicable for higher laser intensities; it 

is also consistent with one for maxE  at  range of field intensities 15 1610 10− . 
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Binding energy of neutral (D0) hydrogenic impurity located at the center of the CdTe/ZnTe spherical 
quantum dot in the external electric field has been investigated.  
 
Calculations for the case without field are performed under the effective mass approximation on the 
basis of exact solution of the Schrödinger and Poisson equations. Eigenfunctions are expressed in 
terms of the Whittaker and Coulomb wave functions. Results for D0 - impurity energies of ground 1s, 
and excited 2p states strongly depend on CdTe/ZnTe QD size if QD radius is less than one effective 
Bohr radius. 
 
Stark shift energy levels and their wave functions in external electric field were determined based on 
variational calculations scheme within the effective mass approximation. The results show the 
hydrogenic impurity binding energy dependence on the dot radius and the external electric field 
strength. 
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Formation, stability and dynamical properties of the soliton complexes formed of fundamental solitons 
pinned at linkage site in the system with one-site coupled two-dimensional lattices are investigated. 
The system can be realized in terms of Bose-Einstein condensates, and may occur in a range of 
artificially built discrete nonlinear media. The model of wave propagation in the system is extension of 
the previously established one [1] which accounts local modification of the potential of the lattices 
caused by the inter-lattice coupling between the linked sites. This is mathematically described by the 
system of the discrete nonlinear Schrödinger equations: 
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written here in rescaled form, where coefficient ς accounts for the additional local potential acting at 
the linkage sites. The last is proposed to be of the order of the inter-site coupling parameter ε . 
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We study consequences of the additional feedback effect on the properties of the interface soliton 
complexes. This is quantitatively measured by the ratio between coefficients ς  andε . The main goal 
is to see if the modification of the lattice coupling at the linkage sites reflects on the symmetry 
breaking, which was previously discovered in the system formed of two locally linked two-
dimensional lattices. We use the variation approximation and numerical methods [1] to find the 
parameter regions of existence and stability of the localized symmetric, asymmetric and antisymmetric 
soliton complexes pinned to the linkage site.  
 
The spontaneously symmetry-breaking pitchfork bifurcation of the supercritical type is found, which 
destabilizes the symmetric complexes and simultaneously creates stable asymmetric ones, as well as 
the areas of the bistability between the antisymmetric modes and either symmetric or asymmetric 
ones. The bifurcation parameter values and boundaries of the bistability area depend on the ratio 
between coefficients ς  andε , but the properties of the soliton complexes will not be qualitatively 
affected by the additional effect. 
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The complexes formed from the fundamental interface solitons in the system of three one-site coupled 
semi-infinite one-dimensional nonlinear lattices are investigated. This system may be realized in 
nonlinear optics and Bose-Einstein condensates. The wave propagation is modeled by the system of 
three discrete Schrödinger equations with cubic nonlinearity. The formation, stability and dynamics of 
symmetric and asymmetric complexes of fundamental solitons centered at the interface are 
investigated by variational and numerical approach. Both of them show that two asymmetric and two 
antisymmetric branches exist in the entire parameter space, while four asymmetric complexes and the 
symmetric one can be found below some critical value of the inter-lattice coupling parameter. The 
symmetric solution branch loss of stability accompanied with appearance of one stable and the other 
unstable asymmetric branches is related to the symmetry-breaking bifurcation in the trilete system. At 
the bifurcation point the antisymmetric branch is getting stabilized against oscillatory perturbations.  
 
Direct simulations demonstrate that unstable symmetric complexes are transformed into robust 
oscillating localized interface breathing complexes by radiating way a part of their power. On the other 
hand, the unstable asymmetric complexes form breathers traveling away from the interface across the 
lattice. Dynamics of the surface modes can be related to the competition between the repulsion from 
the interface and the intra-lattice attractive interactions.  
 
REFERENCES 
[1] M. Stojanović, A. Maluckov, Lj. Hadžievski, and B. A. Malomed, Physica D in press. 
[2] M. Heinrich, R. Keil, F. Dreisow, A. Tünnermann, S. Nolte, A. Szameit, New Journal of Physics 
12, 113020 (2010). 

 
 



97 

 

Poster Presentations – Nonlinear Optics  P.NO.8 
 

Exact spatio-temporal soliton solutions to the two-component co- and 

counter-propagating beams in Kerr-like media 
 

N. Petrovic1,2, H. Zahreddine1 and M. Belic1  
1Texas A&M University at Qatar,  

Education City, Doha, Qatar 
2Institute of Physics, 

Belgrade, Serbia 
e-mail: nikola.petrovic@qatar.tamu.edu  

 
We apply techniques that were developed in [1] and extended in [2-4], i.e. the F-expansion method 
using Jacobi elliptic functions combined with the principle of harmonic balance, to find exact spatio-
temporal soliton solutions to the two component optical systems in Kerr-like media. We consider both 
co- and counter-propagating beam geometries. We obtain novel solutions for c=3, where c is the cross-
phase mixing parameter of the two beams, that display interaction between the two beams. We also 
obtain that Manakov systems, i.e. c=1, cannot be expressed through Jacobi elliptic functions in this 
way. 
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We investigated the interactions of two-component counterpropagating Bose-Einstein condensate 
(BECs) when illuminated by laser beams that form optical lattices, producing periodic external 
potentials. Our approach is similar to the one given in [1]. The question of stability or robustness of 
matter waves is addressed by numerical analysis of sufficiently long propagation. By analyzing the 
temporal evolution of two counterpropagating condensates in the periodic potential we shall be able to 
conclude how to pick characteristic parameters in order to stabilize them. It is well known that an 
optical lattice formed by laser beams, with corresponding periodic potential, can stabilize an otherwise 
unstable BEC, but we are interested in stability of propagation of solitonic solutions. We study the 
interaction of two counterpropagating (CP) condensates that are initially confined to the so-called 
pancake shape [2, 3] and propagate head-on along the square optical lattice. In this manner we 
numerically consider the evolution of two BECs for which it is possible to take separated wave 
functions. We show how the proper choice of characteristic parameters of involved waves can 
stabilize BEC during the propagation. We investigated time evolution of counterpropagating Bose-
Einstein condensate (BEC) in two dimensional square and hexagonal optical lattices. 
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We investigate numerically solitons in a highly nonlocal three dimensional (3D) scalar nematic liquid 
crystal (NLC) in the presence of an externally applied bias voltage. We calculate fundamental (shape-
invariant) soliton profiles by using modified Petviashvili's method. We present main results 
concerning boundary and finite size effects on solitons in uniaxial NLCs. 
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Present paper has for an object (i) to carry out numerical quantum computation of  a temporal 
dynamics of populations’ differences at the resonant levels of atoms in a large-density medium in a 
nonrectangular form laser pulse and (ii) to determine possibilities that features of the effect of internal 
optical bi-stability at the adiabatically slow modification of effective filed intensity appear in the 
sought dynamics. It is known that the dipole-dipole interaction of atoms in dense resonant mediums 
causes the internal optical bi-stability at the adiabatically slow modification of radiation intensity. The 
experimental discovery of bi-stable cooperative luminescence in some matters, in crystal of 
Cs3Y2Br9Yb3+ particularly, showed that an ensemble of resonant atoms with high density can manifest 
the effect of optical bistability in the field of strong laser emission. The Z-shaped effect is actually 
caused by the first-type phase transfer. On basis of the modified Bloch equations, we simulate 
numerically a temporal dynamics of populations’ differences at the resonant levels of atoms in the 
field of pulse with the nonrectangular ch−1t form. Furthermore, we compare our outcomes with the 
similar results, where there are considered the interaction between the ensemble of high-density atoms 
and the rectangularly- and sinusoidally-shaped pulses. The modified Bloch equations, which describes 
the interaction of resonance radiation with the ensemble of two-layer atoms subject to dipole-dipole 
interaction of atoms, are as follows:   

                                                       )1()(
2 **1 nEPPE

Ti

d

dn
−+−=

ℏ

µ

τ
                                                 (1) 

,
)(12

2
1

1
T

bni
PT

nTi

d

dP +δ−
−

µ
=

τ ℏ  
where n = N1 − N2 are the populations’ differences at the resonant levels, P is the amplitude of atom’s 
resonance polarization, E is the amplitude of effective field, b = 4πµ2N0T2/2h is the constant of dipole-
dipole interaction, T1 is the longitudinal relaxation time, δ = T2(ω − ω21) is the offset of the frequency 
ω of effective field from the frequency of resonance transition ω21, N0 is the density of resonance 
atoms, µ is the dipole moment of transition, τ = t/T1. Analytical solution (1) cannot be found in general 
case. So, the numerical modeling has been carried out [1]. The temporal dynamics for the populations’ 
differences at the resonant levels of atoms in a nonrectangular form pulse field:  
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has been defined. In the numerical experiment τ varies within 0 ≤ τ ≤ Tp/T1 and Tp is equal to 10Т1. It 
is known from general examination of set (1) that on the assumption of b > 4 and b > |δ| with δ < 0 
(the long-wavelength offset of incident light frequency is less than Lorenz frequency ωL = b/T2) and if 
the intensity of light field has certain value (I0 = 4|E0|

2µ2T1T2/h
2) then there are three positive 

stationary states ni (two from them with maximal and minimal value of n are at that stable). This can 
be considered as evidence and manifestation condition of the internal optical bistability effect in the 
system. A fundamental aspect lies in the advanced possibility that features of the effect of internal 
optical bi-stability at the adiabatically slow modification of effective filed intensity for pulse of ch−1t 
form, in contrast to the pulses of rectangular form, appear in the temporal dynamics of populations’ 
differences at the resonant levels of atoms. 
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Ginzburg-Landau (GL) is a generic name for a class of basic models of nonlinear science, with a wide 
range of applications. They combine most fundamental features that underlie pattern formation in 
nonlinear media: linear and nonlinear dissipation, gain, nonlinearity, and diffraction and/or dispersion. 
Much research is invested in simulating GL equation and efficiency implementation on hardware. To 
make simulation more accurate and to speed up execution time, many numerical methods and 
hardware were developed. A recent development in computational science is the use of video graphics 
cards for numerical problems, because of high parallelization capabilities and low cost. The Graphical 
Processing Units (GPU) are structured to have many moderate speed Arithmetic Logical Units (ALU) 
arranged in a very efficient hardware orientation. For some problems, the GPUs have the potential to 
speed up computations by a factor of over one hundred. The other advantage of using GPUs is that 
simulations can be implemented without requiring too much extra code development time. On the 
basis of that, we concentrate our efforts on the parallelization of numerical methods for solving GL 
equation on a GPU. Beside achieving higher execution speed, we also improved the numerical 
algorithm. We noticed that traditional finite difference time domain (FDTD) method is not precise 
enough and made some improvement. It consists in implementing a split step method with improved 
accuracy. Simulations were performed in two and three spatial dimensions. This algorithm is also 
implemented on CPU, to compare with the GPU. Results are presented visually and discussed 
extensively, to achieve the best solution for the given problem. 
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A wide class of systems, ranging from nonlinear optics, plasma physics, and fluid dynamics to 
superfluidity, superconductivity, and Bose-Einstein condensates, can be modeled by complex 
Ginzburg-Landau equations [1, 2]. In nonlinear optics, the two-dimensional complex cubic-quintic 
Ginzburg-Landau equation for the normalized complex envelope of the electrical field E  reads 
 

   
 
Parameter  is positive and without loss of generality can be taken as =1. The stability of the pulse 
background involves the linear loss, thus, the parameter  must be positive. Parameters  and  are 
associated with cubic gain and quintic loss terms respectively. Term with  in Eq. (1) corresponds to 
diffusion of the field. This equation has stable solutions corresponding to localized solitonic structures. 
A spatial soliton is completely localized in all transverse dimensions whenever diffraction is 
compensated by nonlinearity [3]. In dissipative systems, the solitonic structure can be preserved if 
appropriate gain match linear and nonlinear losses. In Ref. [3] we extended variation method in order 
to establish stability domain in space of parameters for radially symmetric two-, and three-dimensional 
solitons. In subsequent papers the stability of asymmetric Gauss beam is analyzed and the 
selforganization of dissipative solitons is established [4, 5]. 
 
In this paper a stability analysis of the Ginzburg-Landau system is performed using variation method. 
Growth rates for radially symmetric and asymmetric perturbations of fundamental steady state 
solutions of cubic-quintic Ginzburg-Landau equation are found. The region for small gain parameter  
of the obtained stability domain corresponds to negative growth rates for both radially symmetric and 
asymmetric perturbations. Therefore, the stability of fundamental dissipative solitons is established. In 
the region with big  fundamental steady state solutions are unstable to the asymmetric perturbations 
while they are stable to the symmetric ones. Analytical results are confirmed by exhaustive numerical 
simulations. 
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Extended reach Ultra Dense Wavelength Division Multiplexing (UDWDM) systems, operating at 
multi gigabit rates with large number of densely spaced channels [1], require high input powers in 
order to bridge long distances without Signal-to-Noise Ratio (SNR) deterioration. Due to the high 
powers, the impact of the Four-Wave Mixing (FWM) can be significant even in Single Mode Fibers 
(SMF) [2]. Therefore, it is important to investigate the effects of FWM in SM fibers for the conditions 
of high powers and low channel spacing. 
  
It has been shown that the power of the new (idler) wave generated through FWM between the pump 
and signal waves does not depend solely on the FWM efficiency, but also on the conditions of the 
optical power transfer within the process [3]. Thus, we investigated the FWM idler power evolution 
along the standard SM fiber in extended reach UDWDM-PON scenario. The impact of the signal input 
power on properties of optical power transfer within the FWM process and consequent idler gain 
characteristics are analyzed for the case of high power limits. The investigation was conducted 
following the FWM model presented in [3]. 
 
In our simulations, we considered 0.08nm (~11GHz) channel spacing between the signal and the pump 
waves, aiming at emulating the UDWDM scenario. The pump power was kept constant at 0.1W 
(20dBm), while the signal power was varied by 1 dB from 20dBm to 17dBm. To emphasize the power 
transfer dynamics within the FWM process, we considered the case of zero attenuation since it does 
not influence the direction of the process. As the idler wave experiences periodic amplification and 
deamplification, depending on the direction of optical power transfer governed by the relative phase 
mismatch between the waves, it exhibits a sinusoid spatial distribution along the fiber length. As 
expected, the results suggest a strong dependency of the idler spatial distribution amplitude on the 
signal input power. It is evident from the results that the growth of the signal power led to the increase 
of the frequency of power transfer sinusoid and the decrease of its amplitude. Thus, it was shown that 
the growth of the signal input power is followed by the idler gain drop-off. 
  
We have shown that the signal power increase of 3dB was followed by the idler power distribution 
and pump depletion amplitude decrease of 0.23dB (2.4mW) and 10.3dB (9.5mW), respectively. This 
behavior can be explained by noting that the signal input power highly affects both the frequency and 
amplitude of the sinusoid that governs the relative phase evolution along the fiber [3, 4]. This is 
confirmed in our simulations by exploring the effect of signal power increase on the relative phase 
spatial distribution along fiber length. The results further suggest that, for sufficiently high signal 
power limits, the idler gain drop-off exhibited saturation. This approach can thus be used for the 
purpose of FWM mitigation in extended reach UDWDM systems.  
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Light propagation in various photonic lattices consisting of nonlinear waveguide arrays whose 
characteristics nowadays may be controlled during fabrication process practically at will represent an 
active research field. Uniform photonic lattices are periodic structures exhibiting band gap structure 
with stop and pass bands. Several unique phenomena such as discrete diffraction, diffraction 
management, gap solitons, Tamm oscillations and Landau-Zener tunneling are seminally observed in 
such systems [1]. Gap solitons in lossless lattices are strongly localized structures which may occur in 
the case when dispersive and nonlinear effects are mutually balanced. Except in uniform lattices, gap 
solitons are investigated in lattices with deliberately induced defects [2,3], in binary arrays in which 
either the width of individual channels [4,5] or the distance between adjacent channels [6] alters 
periodically. Both types of above mentioned binary lattices may be regarded as superlattices [7] in 
which additional periodicity opens a new mini-gap in which light propagation is not allowed. 
Interestingly, gap solitons may be also observed in Bose-Einstein condensates in optical superlattices 
[8] and in diatomic lattices [9].  
 
In this contribution, we explore theoretically light propagation in one-dimensional binary waveguide 
array consisting of double-channel cells where all channels are identical but spacing between two 
adjacent channels in the cell and two adjacent cells differs. We focus on media with saturable 
defocusing nonlinearity such as photovoltaic lithium niobate crystal and use simplified discrete model 
[10] to derive the corresponding dispersion relation. The existence of the new mini-gap in which the 
nonlinear energy localization is possible, giving the rise of the so-called symmetric gap solitons, is 
shown. The anti-symmetric solutions exist in the regular gap. Field envelope of the first type of 
solutions changes its phase between cells, while it remains in phase inside the cell. On the other hand, 
anti-symmetric field envelope has out-of-phase relation from site to site. Analysis show that anti-
symmetric localized structures stay stable during the propagation for lower powers, while for higher 
powers they propagate in the form of breather preserving its original structure. In the case of 
symmetric localized modes, direct simulation describes breather-like behavior of the obtained 
solutions with smaller oscillations in amplitude for structures which are “deeper” in the mini-gap, 
whereas the increase of power necessary for light localization leads to its corruption. In addition, we 
study numerically the parallel interactions between different types of gap solitons [11], looking for 
nonlinear all-optical switching in such double-periodic photonic lattices. Depending on the type of 
interacting solitons , attracting and repulsive interactions can be observed leading to fusion of two 
solitons into single one or forcing them to change their propagation course through the lattice. 
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The AC Stark shift (light-shift) is the frequency shift of atomic energy levels due to interaction 
between oscillating electric field (light) and the induced atomic dipole moment. This light shift is one 
of the main sources of instability in atomic clocks on medium - to long - term time scales [1]. We 
experimentally studied the light-shift in two different schemes for Rb gas-cell clocks: Double 
Resonance (DR) clock scheme, where light shift comes from monochromatic optical excitation and 
Coherent Population Trapping (CPT) clock scheme, where light shift comes from the multi-frequency 
optical excitation. 
 
Our experimental setup allowed us to measure and study the AC Stark shift in both clock schemes. 
Light from a compact laser head [2] is frequency-stabilized to the Rb D1 transition (795 nm) and 
passes through an Electro-Optical Modulator (EOM). Before irradiating the resonance cell, the laser 
beam is linearly polarized, and has a diameter of 5 mm. The vapor cell is cylindrical, 14 mm long and 
has 14mm diameter, contains pure 87-Rb, and its inner walls are coated with paraffin. This cell is 
placed in a magnetron-type microwave cavity. The volume of the total physics package, including two 
layers of magnetic shielding, is approximately 1 litre. DR or CPT signals are obtained by injecting the 
microwave signal either directly into the microwave cavity or into an Electro-Optical Modulator 
(EOM) for creating a multi-frequency laser spectrum, respectively. 
 
We precisely measure the light shift as a function of laser intensity and frequency in both the DR and 
CPT clock schemes. This shift depends on the spectrum of the optical radiation and may be expressed 
by the two coefficients α and β, often referred to as the intensity light-shift coefficient (α) and the 
frequency light-shift coefficient (β) [3]. Under typical operating conditions, the intensity light-shift 
and the frequency light-shift are 1.5 x10-11 (µW/cm2)-1 and 3x10-11/MHz, respectively, and are of 
comparable value for both DR and CPT.  
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for their contributions to this work. 
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Coherent short wavelength (XUV and beyond) radiation sources of some intensity and short pulse 
duration, such as the accelerator based FEL (Free Electron Laser), open the way for the exploration of 
highly excited multielectron states well beyond the standard single photon absorption probe technique. 
The combination and synchronization of such sources with optical lasers of ultrashort duration, and 
possibly controllable phase, may for the first time allow the study of the coupling between highly 
excited states. One can thus realistically contemplate the coupling of Auger or multiply excited states 
which would provide a rather unique probe of such highly correlated configurations offering the 
ultimate test of degree of validity of theoretical approaches and calculations [1]. 
 
In this study, we discuss the dynamics of the two-photon resonant ionization of helium involving two 
autoionizing states in the presence of two-color laser fields.  The ground state is coupled to the 2s2p 
1Po autoionizing state, through a laser with frequency ω1. A second laser, with frequency ω2, couples 
the 2s2p 1Po state to the 3s2 1S autoionizing state. The laser coupling between the doubly excited states 
is shown to lead to modifications of the Beutler-Fano profile and the appearance of an Autler-Townes 
doublet. This double resonance effect between autoionizing states can be observed at moderate laser 
intensities easily attainable by currently operated sources [2]. 
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High-power gas-discharge laser sources, oscillating from deep ultraviolet (DUV) to middle infrared 
(MIR) spectral ranges, are objects of great interest, because of a wide variety of applications, 
concerning with laser-matter interaction and laser-induced phenomena in laser surgery, microbiology, 
high-precision processing of different materials, high-density optical recording of information, 
modification of various materials and etc. [1]. Nowadays excimer lasers are generally used as light 
sources in the DUV range. Demand for high beam quality and laser linewidth is high, and increasing. 
The good spatial structure of the laser beam is generally important for the good quality image 
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projected, while the narrow linewidth would reduce the chromatic aberrations. Due to the broad gain 
curve and the naturally short (around 20 ns) laser pulse duration, the excimer lasers can neither reach 
the spatial structure nor the linewidth required. Their wide application is also impeded by their cost 
and considerable overheads. Recently, by means of a free electron laser (FEL) with variable 
wavelength between 3 and 20 µm, it has been found that the laser radiation at 6.45 µm is the most 
effective tool for soft tissue and bone ablation with minimal thermal damage and smear layer [2]. 
While the use of the FEL has shown much promise for surgical applications in viable clinical systems, 
further advances are inhibited by its size, cost, and considerable overheads.  
 
Metal and metal halide vapour lasers are very perspective for application, because of the possibility to 
oscillate in different spectral ranges – from DUV to MIR. High beam quality and narrow-linewidth are 
inherent for metal vapor lasers. DUV and MIR laser systems, which are based on powerful high-beam-
quality long-lifetime DUV Ne-CuBr and MIR He-SrBr2 lasers excited in nanosecond pulsed 
longitudinal discharge, are developed, patented and studied. Optimal discharge conditions, such as 
active zone diameter, vapor pressure, buffer-gas pressure, electrical excitation scheme parameters, 
average input power, pulse repetition frequency, are found. The highest output laser parameters are 
obtained for the DUV Cu+ and 6.45-µm Sr atom lasers, respectively. These lasers equipped with 
optical systems for control of laser radiation parameters, such as laser beam divergence, laser intensity 
distribution, etc. are applied in a series of applications, such as microhole drilling in glass, polymers 
and semiconductors, laser-induced modification of conducting polymer and metal-polymer layers, as 
well as photoluminescence and determination of linear optical properties of new materials, as 
alternative laser sources of the excimer and free electron lasers, which could not reach either the 
spatial structure or the emission linewidth, or the relevance of the metal vapour lasers. 
 
A MOPA system, which is based on the high-beam-quality high-power CuBr vapour laser and is 
equipped with an optic system for laser beam control and with X-Y stage controlled by adequate 
software as well, is developed and used in high-precision micromachining of samples made of Nickel 
and tool steel. 
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Magneto-optical resonances observed in the laser induced fluorescence of alkali metal vapors [1,2], 
caused by zero-field level-crossing can be dark or bright [3] depending on the particular hyperfine 
transition selected by the exciting laser radiation. If the total atomic angular momentum of the ground 
state (Fg) is greater than or equal to the total atomic angular momentum of the excited state (Fe) the 
resonance is expected to be dark. In the opposite case (Fg < Fe) a bright resonance is expected. These 
simple rules hold while distinct hyperfine transitions are resolved under Doppler broadening. If the 
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latter condition is not fulfilled the observed resonance would be influenced by all of the overlapping 
hyperfine transitions. 
 
If Rubidium atoms are confined in a vapor cell at a room temperature and the D2 line is excited, only 
the ground state hyperfine level can be unambiguously selected, while the structure of the excited state 
remains unresolved. In this situation the influence of "bright" or "dark" transitions on the total 
resonance signal can be controlled by tuning the excitation frequency over the wide Doppler profile. In 
this way, a dark resonance can be “converted” to bright resonance simply by changing the excitation 
frequency [4]. Moreover the bright resonance, which typically has a very low contrast, seems to 
become dark when the excitation power density is increased. The polarization axis of the linearly 
polarized exciting radiation and the controlled magnetic field are mutually perpendicular. 
 
Both experimental results and theoretical calculations obtained by a model, based on the optical Bloch 
equations are presented. The theoretical model has been successfully applied to describe similar 
resonances observed at D1 excitation of Rubidium [4] and other systems. The model accounts for 
energy shifts of the magnetic sublevels and mixing among hyperfine levels in the presence of a  
magnetic field. Averaging over the different velocity groups and their respective frequency shifts due 
to the Doppler effect is also performed. 
 
The study is supported by the Latvian State Research Program Grant No. 2010. 10-4/VPP-2/1, the 
ERAF project No. 2010/0242/2DP/2.1.1.1.0/APIA/VIAA/036, and the ESF project No. 
2009/0223/1DP/1.1.1.2.0./09/APIA/VIAA/008. 
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In 1924 W. Hanle discovered the effect, named after him, in which a static external magnetic field 
depolarizes the resonance fluorescence from atoms in an atomic vapor [1]. The effect was later 
explained in terms of the interplay of excited state spin polarization created by absorption of polarized 
radiation, the precession of the associated magnetization in the magnetic field, and relaxation induced 
by the decay of the excited state and/or by collisions.  
 
Almost half a century later, Dupont-Roc and colleagues discovered a related effect in the ground state, 
in which spin polarization is created by optical pumping [2]. In these experiments one measures the 
power of a (circularly or linearly) polarized resonant light beam traversing an atomic vapor. The 
ground state Hanle effect manifests itself as a level crossing resonance, which is observed as a 
resonant change of the transmitted power, when the magnitude of a (suitably oriented) applied 
magnetic field B is scanned across B=0.  
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In recent years the ground state Hanle effect has received a renewed interest, when interpreted in terms 
of coherent population trapping (CPT), electromagnetically induced transparency/absorption 
(EIT/EIA). To our knowledge, no theoretical treatment has been presented in the literature which 
describes the dependence of the Hanle resonance lineshapes (amplitude, width) for arbitrary field 
geometries, nor how the experimental parameters can be used to infer the longitudinal and transverse 
relaxation rates of the medium’s orientation and alignment. 
 
We have studied ground state Hanle resonances using circularly polarized light in the weak intensity 
limit, in which the atoms undergo only a single optical pumping cycle. We will present equations 
which describe the dependence of the amplitudes and widths of the resonances for arbitrary magnetic 
field orientations, and show how the longitudinal (γ1) and transverse (γ2) spin relaxation rates can be 
inferred from the resonance parameters.  
 
We made measurements in which a longitudinal/transverse magnetic field (with respect to the laser 
beam’s propagation) was scanned. The characteristic change of the resonance amplitude and width as 
a function of discrete values of a weak transverse/longitudinal field yields consistent determinations of 
γ1 and γ2. The intrinsic values of these rates are obtained by a linear extrapolation to zero laser power. 
In this way we determine the relaxation parameters that characterize a given cell (at a given 
temperature). 
 
We will discuss the pros and cons of this technique compared to the optically detected magnetic 
resonance method which we have used in the past for the quality control of more than 300 paraffin-
coated cells produced in our laboratory [3]. 
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In this work, a model of thermoconducting component of the photoacoustic (PA) response is derived, 
which includes thermal memory properties of the examined material and its fluid environment. A 
comparison is made between the derived model and the classic one, which neglects the influence of 
thermal memory. It has been shown that, at modulation frequencies lower than certain critical 
frequency of the light source, these models tend to overlap, while, at higher frequencies, noticeable 
differences occur. The cutoff frequency depends on heat propagation velocity through the sample and 
its thickness. 
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Our results limit the validity domain of the classic model, offering, at the same time, the possibility of 
obtaining thermal memory properties using PA effects at frequencies above the critical one.  
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A number of earlier reports have examined the fluorescence emission of the laser dye Rhodamine B 
[1-5]. A nonlinear absorption of Rhodamine B in methanol and water has been investigated 
extensively [6]. Srinivas et al. [6] performed also lifetime measurements of the first excited state of 
Rhodamine B in water and methanol and they observed that the fluorescence lifetimes were much 
smaller in water (about 1.4 ns) than in methanol (about 2.6 ns).  
 
M. Fikry et al. [3] described the fluorescence characteristics of the thin film samples of Rhodamine B 
when polymethylmethacrylate (PMMA) is used as a host medium, as well as Rhodamine B dissolved 
in ethanol and tetrahydrofurane (THF). In this paper, using the Time Resolved Laser Induced 
Fluorescence (TR-LIF) spectroscopy, we have extended the study presented in [3], analyzing the 
fluorescence lifetime of Rhodamine B in ethanol and THF solvents, including the effect of solution 
concentration.  
 
The time resolved fluorescence emission spectra of Rhodamine B in ethanol and tetrahydrofurane 
solvents were acquired using a streak camera (Hamamatsu model C4334-01). Pulsed light excitation is 
provided by a tunable Nd-YAG OPO laser system (Vibrant model 266 made by Opotek, Inc.). The 
OPO is excited with the fourth harmonic of the Brilliant laser at 266 nm. The output level at 266 nm is 
50 mJ, with pulse duration of about 5 ns and repetition rate of 10 Hz. After passing through the OPO 
pulse length could be reduced to around 1 ns, the energy is about 5 mJ. The output of the OPO can be 
continuously tuned over a spectral range from 320 nm to 475 nm. 
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A detailed description and some of the preliminary results of our experimental set up are published 
recently [7-9].  
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The development of a new type of cell for atomic spectroscopy, so called Extremely Thin Cell (ETC, 
with thickness of a few microns and less) was first demonstrated by D. Sarkisyan et al. [1]. The most 
important characteristic of this type of cell is the anisotropy of its dimensions: typically, the 
transversal dimensions are about four orders of magnitude larger than the cell thickness. Due to this 
space anisotropy and to the very small cell thickness atoms confined in the cell can be distinguished in 
respect to their velocity component along the laser beam direction of propagation. The cell thickness is 
in order of the irradiating light wavelength, which for Cs D2 – line is λ=852 nm. 
 
Recently it has been demonstrated [2] that in the ETC absorption and fluorescence spectrum, the 
single beam spectroscopy of the open atomic transitions shows interesting features, especially when 
increasing the cell thickness up to almost 3 micrometers. When laser irradiating the ETC strongly 
saturates the atomic transition, one observes dips in the fluorescence and absorption profiles. The dips 
have a width smaller than that of the sub-Doppler profile of the hyperfine transition.  
 
In this work we present our recent experimental results related to further enhanced cell thickness, 
comparing ETC with thickness of about 5µm (precisely 6λ) with a cell with thickness ∼19µm (22λ). 
We demonstrate that for the cell with thickness 6λ, in the absorption and fluorescence profiles a 
narrow velocity selective optical pumping deep appears when irradiating three Fg = 3 → Fe = 2, 3, 4 
hyperfine transitions by resonant laser light. Fg denotes the quantum number of the ground state and 

Fe - the exited state of Cs D2 – line. We also show that for this cell the crossover resonances are not 
observable in the explored irradiating intensity range. While using the cell with thickness 22λ we also 
observe velocity selective optical pumping deeps at the hyperfine transition centers, in addition some 
crossover resonances are already present having better contrast in thin cell reflection spectrum.  
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The narrow resonances in 6λ cell are very convenient for building simple and robust frequency 
reference because they are obtained by single beam irradiating the ETC, which is different from 
Saturated Absorption (SA) scheme, where one needs two overlapped beams. In 22λ cell we observe 
together with hyperfine transitions resonances their crossover resonances except the crossover 
resonance between Fg = 4 → Fe = 3 and Fg =4 → Fe = 5 transitions, which masks Fg = 4 → Fe = 4 
resonance in SA scheme. Hence, the thin cell with thickness 22λ offers us a perspective to build a 
frequency reference with the maximum possible frequency markers for Cs D2 – line. 
 
Presented results contribute to the further advancement in fundamental studies of saturation and 
optical pumping in extremely thin vapor layers. 
 
Authors are grateful for the partial supports by the Bulgarian NCSR (grant № DMU 02/17 – 
18.12.2009 and grant № DO 02-108/22.05.2009). 
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We present our microwave spectroscopic studies on laser-microwave double-resonance signals, 
obtained from a micro-fabricated Rb vapor cell. This study concentrates on the characteristics and 
systematic shifts of the ground-state “clock transition” in 87Rb (Fg=1, mF=0〉 → Fg=2, mF=0〉), and 
represents a first step towards a miniature atomic clock based on the double-resonance scheme [1].  
 
The micro-fabricated cell is realized using anodic bonding [2]. Its inner dimensions are 5 mm diameter 
and 2 mm height (volume < 40 mm3). The cell is filled with metallic Rb and an appropriate mixture of 
Nitrogen and Argon as buffer gases, which allows us to observe an inversion temperature (of 
temperature shift). Double-resonance signals are obtained using pump light from a compact, 
frequency-stabilized laser head [3], with the laser frequency locked to the |Fg=2> → |Fe=1> transition 
(Rb D1 line at 795nm), while the microwave field is applied to the atoms using a magnetron-type 
cavity [4]. 
 
Double-resonance clock signals with nearly 2% of contrast and a linewidth of 7.4 kHz (FWHM) are 
obtained. This sets a signal-to-noise limit of 1.8*10-11 τ-1/2 for the stability of a Rb atomic clock based 
on this approach. Our measured clock stability shows a short-term stability of 2*10-11 τ-1/2, in good 
agreement with the signal-to-noise limit, and meeting typical requirements for miniaturized atomic 
clocks.  
 
We also have studied systematic shifts of the resonance frequency, due to, e.g., the light shift (AC 
Stark shift) and temperature effects, which are among the main sources of clock instabilities at longer 
timescales. At integration times of τ ≥ 1000 s, we find a clock stability on the order of 10-11, limited by 
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light-shift effects (≈10-9/µW level) and temperature shifts. The instability due to temperature shifts can 
still be reduced by at least a factor of 10 by optimization of the cell contents. Detailed results will be 
presented at the conference. 
 
Acknowledgement: This work was supported by the Swiss National Science Foundation (grant 
CRSI20_122693/1) and the European Space Agency (ESA). We thank F. Gruet, P. Scherler, and 
M. Durrenberger for their contributions to the realization of the hardware. 
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One of the biggest problems in color reproduction processes are color shifts occurring when the 
images are viewed under different illuminants. Process ink colors and their combinations that match 
under one light source will often appear different under the other. Many people incorrectly refer to this 
phenomenon as metamerism. This problem is referred as Color Balance Failure or Color Inconstancy.  
According ISO standards ICC color profiling assumes the print is viewed under CIE D50 lighting. 
With most pigment sets (CMYK inks solid and/or used together) the gray gradient and all colors shifts 
considerably when viewed under different illuminants.  
 
The main goals of this research are investigation and determination of Color Balance Failure (Color 
Inconstancy) of offset printed images expressed by Color Difference in dependence of different 
standard illuminant conditions. For experiment were chosen three of most commonly used in practice 
illuminants – CIE D50 natural horizon daylight with color temperature 5003 K; CIE F2 cool white 
fluorescent, 4230K; CIE A typical Tungsten-filament lighting, 2856 K. A special test form that have 
been used contains different control strips and measurement components include test chart TC6.02 
with about 1000 color patches with different percent combinations of Cyan, Magenta, Yellow and 
Black. The papers, printing inks and printing presses used in experiment are some of most commonly 
used in practice for producing of high quality color reproductions. A spectrophotometer/densitometer 
of type SpectroEye and X-Y SpectroScan of GretagMacbeth has been used for measuring of optical 
density and the color characteristics in the CIE Lab color system.  
 
A series of colorimetric and densitometric measurements were performed for different combinations 
of C, M, Y, K in single, double, triple and quadruple overprint for high tones, middle tones and dark 
tones.  
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For estimating of Color Balance Failure for all above mentioned measurements it have been calculated 
the color difference in dependence of standard illuminants CIE D50, CIE F2, CIE A. The results 
achieved are important from scientific and practical point of view. 
  
For a first time a methodology is suggested and implemented for examination and estimating of color 
shifts by studying a big number of color changes in various ink combinations for different illuminants.  
 
Keywords: Color difference, Color Balance Failure, Standard Illuminant, Image quality 
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Terahertz (THz) spectral region attracts much attention of scientists anticipating its importance for 
solutions of many problems, for example, such as biomedical diagnostics, law enforcement, 
environment monitoring, characterization of complex molecules, nanostructures, metamaterials, etc. 
Since the THz frequency range corresponds to the inverse of femtosecond pulse duration, femtosecond 
lasers have been widely used to generate broadband single-cycle THz waves. As a result the 
broadband THz pulse covering many rotational transitions in molecular vapors may excite 
simultaneously multiple transient coherent signals [1]. However, many applications for ultrahigh-
speed optoelectronic devices and THz time-domain spectroscopy require not only single-cycle THz 
pulse generation or cw THz sources, but also arbitrary THz waveform generators. Therefore the 
development of schemes of the THz pulse shaping is timely. In the work [2] the effective method of 
THz pulse shaping which consists in synthesis of THz pulses via optical rectification of shaped laser 
pulses has been developed. At this one can produce mono- an many-cycle pulses that have strong peak 
powers able to reach several tens of milliwatts.  
 
In this work we consider the propagation of THz pulses resonant with lowest rotational levels in 
ammonia vapors (in particular, 0.6 THz and 1.2 THz) and estimate experimental realization of pulse 
propagation in solitonic regime. We also demonstrate the possibility of simulton propagation of two 
color THz pulses accounting for many involved transitions. At this, simulton formation is available for 
pulses of comparable (equal) as well as different intensity in dependence on preliminary preparation of 
the medium. More intensive pulse may be two- and even three-humped while the weak pulse is one-
humped and its area may be much less then 2π. The more-humped intensive pulse the weaker the 
second one The stability of the coupled state of two pulses is provided by that the two-humped pulse 
makes the medium transparent for the one-humped pulse. Moreover we investigate the conditions of 
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interchanneling of two copropagating THz pulses with different frequencies in ammonia vapors. The 
form and intensity of such pulses are estimated and the origin of pulse interchanneling is discussed.  
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A new class of problems has been arisen in the modern quantum optics and spectroscopy and 
connected with modelling of the co-operative laser-electron-nuclear phenomena in the molecular 
systems [1,2]. It includes a calculation of the probabilities and energies of the mixed γ-optical quantum 
transitions in molecules, intensities of the complicated γ-transitions due to the changing of the 
molecular excited states population under action of laser radiation, quantum calculation of a system 
“laser-nucleus-electron shells of a molecule” [2]. Due to the emission or adsorption of the nuclear γ-
quantum in molecular system there is changing the electron vibration-rotation molecular states. We 
developed new quantum approach to calculation of electron-nuclear γ transition spectra (set of 
vibration satellites) of nucleus in a molecule, based on the  density functional (DF) formalism and 
energy approach (S-matrix formalism of Gell-Mann and Low) [1]. Decay and excitation probability 
are linked with imaginary part of the atom (molecule) - field system. Calculation results of electron-
nuclear γ-transition spectra of the nucleus in some diatomic and multiatomic molecules are presented. 
As illustration in figures a and b the spectrum of emission and adsorption of nucleus 127I (Eγ=203keV) 
in molecule of H127I is presented (the initial state of molecule: (a) va=0,Ja=0; b). νa=1, Ja=0). Estimates 
are made for vibration-nuclear transition probabilities for number of molecules: diatomics, 3-atomic 
XY2 (D∝h), 4-atomic XY3(D3h), 5-atomic XY4(Td), 7-atomic XY6(Oh) ones. 
 

 
a 

 
b 
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Light scattering, as an optical method, is very efficient in experimental estimation of many quantities 
in various fields. The scattered laser beams give the description of a scattering medium, i.e. it is the 
response of a medium to a certain light impact – the response that contains certain information about 
the matter. The measurement of scattered light properties offers many optical, acoustical, dielectric, 
thermodynamic and other data about the scattering medium.  
 
Brillouin spectroscopy in various modifications and with different laser types has become a 
measurement technique in acoustics long time ago. It enables more detailed and more exhaustive 
knowledge of the acoustic properties of a matter, beside of optical data. 
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A series of Rayleigh-Brillouin spectra are recorded for set of organic solutions and their mixtures. The 
equipment used in spectrum recording enables the measurement of four components of scattered laser 
intensity Ihh, Ihv, Ivv and Ivh. The ratios of the width of different lines, as well as their distance, are 
determined for Rayleigh-Brillouinovih spectra. According to Brillouin shifts, the velocity of 
hypersound, and absorption coefficients of analyzed fluids can be calculated. There are numerous 
softwares for processing of data obtained in laser interaction (scattering ) with matter in various fields, 
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created with different programming tools. The analysis of obtained spectra is performed, i.e. the 
examination of which distribution (Gaussian or Lorenzian) explains or support better the 
experimentally obtained diagrams (Fig.1). 
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We present a detailed model for calculating the optical gain of quantum cascade laser that operates in 
the terahertz spectral range [1-6], when subjected to a strong magnetic field, as well as the total 
relaxation rates due to the emission of LO phonons and interface roughness scattering [5,6], as a 
function of the applied field. When the magnetic field is applied in the direction perpendicular to the 
plane of the layers, each energy state is split into series of discrete Landau levels, which are 
magnetically tunable and it is therefore possible to control the modulation of the population inversion, 
and consequently the optical gain, just by varying the magnetic field [3,5, 7-13]. In this model, the 
gain is obtained by solving the full system of rate equations, from which one can calculate the carrier 
densities of each level. The simulations are performed on a system that comprises two-well design 
quantum cascade laser that operates at 4.6 THz [2], implemented in GaAs/Al0.15Ga0.85As. Numerical 
results are presented for magnetic field values from 0.1T up to 20T, while the band nonparabolicity is 
taken into account.  
 
ACKNOWLEDGEMENTS 
This work was supported by the Ministry of Science (Republic of Serbia), ev. no.III 45010.  
 
REFERENCES 
[1] N. Péré-Laperne, L. A. de Vaulchier, Y. Guldner, G. Bastard, G. Scalari, M. Giovannini, J. Faist, 
A. Vasanelli, S. Dhillon, C. Sirtori, Appl. Phys. Lett. 91, 062102 (2007). 
[2] S. Kumar, C. W. I .Chan, Q, Hu and J.Reno, Appl. Phys. Lett. 95 14110  (2009). 
[3] A. Wade, G. Fedorov, D. Smirnov, S. Kumar, B. S. Williams, Q. Hu, J. L. Reno, Nature Photon. 3, 
41 (2009). 
[4] G. Scalari, M. I. Amanti, C. Walther, R. Terazzi, M. Beck, J. Faist, Opt. Express 18, 8043 (2010) 
[5] A. Leuliet, A. Vasanelli, A. Wade, G. Fedorov, D. Smirnov, G. Bastard and C. Sirtori,  Phys. Rev.  
B 73, 085311 (2006). 
[6] T. Unuma, M. Yoshita, T. Noda, H. Sakaki and H. Akiyama, J. Appl. Phys. 93, 3 (2003). 
[7] I. Savić, N. Vukmirović, Z. Ikonić, D. Indjin, R. W. Kelsall, P. Harrison, V. Milanović, Phys. Rev. 
B 76, 165310 (2007).  
[8] I. Savić, Z. Ikonić, N. Vukmirović, D. Indjin, P. Harrison, V. Milanović, Appl. Phys. Lett. 89, 
011109 (2006).  
[9] Y. Chen, N. Regnault, R. Ferreira, B.-F. Zhu, G. Bastard, Phys. Rev. B 79, 235314 (2009). 
[10] J. Radovanović, V. Milanović, Z. Ikonić, D. Indjin, P. Harrison,  J. Appl. Phys. 97, 103109 
(2005).  
[11] J. Radovanović, A. Mirčetić, V. Milanović, Z. Ikonić, D. Indjin, P. Harrison, R. W. Kelsall, 
Semicon. Sci. Technol. 21, 215 (2006). 



116 

 

[12] A. Daničić, J. Radovanović, V. Milanović, D. Indjin, Z. Ikonić, J. Phys. D: Appl. Phys .43, 
045101 (2010). 
[13] C. Becker, A. Vasanelli, C. Sirtori and G. Bastard, Phys. Rev. B 69, 115328 (2004). 

 
Poster Presentations – Laser, Laser Spectroscopy  P.LS.15 

 

Development of an array of scalar and vector Cs magnetometers for a 

neutron EDM experiment 
 

Z. Grujic1, M. Kasprzak1, P. Knowles1, and A. Weis1
 

 1Department of Physics, University of Fribourg,  
CH-1700 Fribourg, Switzerland 
e-mail: zoran.grujic@unifr.ch 

 
The existence of a nonzero permanent electric dipole moment (EDM) of the neutron is a question of 
primary importance in fundamental particle physics. For neutrons precessing in a small constant 
magnetic field, an EDM is detectable via a proportional shift that a static electric field (applied parallel 
or anti-parallel) to the magnetic field it induces in the precession frequency. This frequency shift is 
measured by Ramsey's method of time separated oscillating fields applied to stored ultracold neutrons. 
The experimental goal is to achieve an EDM sensitivity of 10-28 e·cm, needed to advance the field. To 
achieve this precision, the measurement and control of the offset magnetic field and all its spatial and 
temporal gradients has to be done with sensitivity below 100 fT/Hz1/2. For this purpose, an array of 
optically pumped atomic Cs magnetometers has been developed at Fribourg University. 
 
The magnetometers are based on double resonance in an anti-relaxation (paraffin) coated, spherical 
vacuum cells containing Cs vapour at ambient temperature [1]. The vapor is magnetized by optical 
pumping with circularly polarized laser light on the Fg = 4 → Fe=3 D1 transition at 894 nm. The 
precession of the magnetization around offset magnetic field is driven by small magnetic rf field 
oscillating at the Larmor frequency. The spin precession induces a modulation of the light intensity, 
whose phase with respect to the oscillating field is measured. Magnetic field changes are then 
monitored as changes of that phase.  
 
The present magnetometer system, installed at the Paul Scherrer Institute (Switzerland), consists of 12 
vacuum compatible sensors, of which four are high voltage compatible. The system is in constant 
evolution in order to adapt it to the operating environment of the nEDM experiment and to improve its 
sensitivity. Recently, the sensor geometry has been modified to provide true scalar devices [2]. 
Currently we are working on the development of vector magnetometers based on the techniques 
proposed in [3]. Progress of this work shall be presented. 
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Retinopathy of Prematurity (ROP) is a leading cause of blindness in children. The ROP is a disease 
that occurs in premature infants and affects the blood vessels of the developing retina. The unique 
feature of ROP relates to its occurrence only in premature infants with immature and incompletely 
vascularized retina. We reduce the blindness from ROP by appropriate screening and effective diode 
laser treatment (diode red 810nm). Ocular fundus photos are performed as a part of ROP screening. 
During screening examination, the RetCam3, equipped with 130° lens, is used to obtain the color 
images of both eyes. In all cases of active posterior ROP the laser treatment is performed. In those 
infants the fundus images are taken in sessions of laser treatment and it is repeated one or two weeks 
later. The goal of each imaging session is to obtain clear and focused images of all parts of the ocular 
fundus. The images are stored on the RetCam3computer hard drive. 
 
This paper attempts to compare certain methods of quantifying results of several stages of the 
pathological eye conditions in clinical practice based on RetCam image records. The first image 
processing is related to the application of color analysis by the program Matcad. It is scrutinized if the 
increased or decreased presence of certain colors in an image of a full eye or specific parts of the eye 
indicates the degree/severity of the disease (pathological state). Another approach is the 
implementation of the program Image J. The third quantification belongs to fractional analysis where 
several approaches are executed related to the application of different filtrations. Herein it is addressed 
the analysis of concrete examples and analysis of different utility levels of processing technique. In 
particular, some issues of interaction of the three laser types with eye tissue in various operating 
modes (ex. Q-switched lasers and others) are particularly discussed. 
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Resin composites are widely used as a core build up restorations of endodontically treated teeth prior 
to a crown placement [1]. Besides many favorable characteristics, resin composite core build up 
restorations have the potential to generate deformation and stresses of dental tissues due to 
polymerization contraction. Contraction stress resulting from polymerization shrinkage could be 
potentially a serious problem for surrounding tooth tissues [2, 3]. A total amount of resulting stress 
and strain depends on many factors and cannot be determined in a simple manner [4].   
 
The primary aim of this study was detecting and recording the deformation of an abutment teeth 
prepared for a full ceramic crown during dental composite core build up polymerization using real 
time holography. The second aim was to calculate stress and strain induced using finite element 
analysis (FEA) on the previously created mathematical models.  
 
Materials and methods: Five intact maxillary first incisors were endodontically treated and prepared 
for all-ceramic restoration, as a standard procedure [1]. Deformation of the hard dental tissues during 
polymerization of resin composite core build up was recorded and measured using real time 
holographic interferometry. The interference pattern was recorded with a CCD camera. Interferograms 
were analyzed by counting fringes during illumination. One fringe was equivalent to approximately 
532 nm deformation. The mechanical model of the abutment, containing the prepared cavity, was done 
as a solid model with complex geometry in the program for solid modeling SolidWorks according to 
the literature data (Solid Works Corporation, USA). Stress and strain of the dental tissue were 
calculated using FEA in software Abaqus (SIMULIA, Dissault Systems S.A., USA). 
 
Results: The deformation of dental hard tissue due to light-induced polymerization process of dental 
composite core build up was recorded. During polymerization, the fringes appeared at the top of the 
abutment teeth and started to travel down towards the root. The maximum deformation was attained at 
the end of the illumination process. The greatest value of the dental hard tissue deformation was 8.5 
µm. The numerical calculation of an internal stress was performed, based on holographic deformation 
measurement. The mechanical model was meshed and FEA showed that the greatest Von Mises stress 
was found on the abutment teeth cavity inner edges and corners  (4.15 MPa). Von Mises stress in the 
entire coronal tissue was in range from 1.3 MPa to 4.15 MPa. The stress values found were lower if 
compared to the literature data stress values which could cause a damage of an abutment tissue [5]. 
 
Conclusion: The deformation of the dental tissue found and the stress calculated by FEA could not 
cause a damage of the abutment.  
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Among all the performances of a dental materials and tooth structures, their mechanical properties can 
be investigated either experimentally or with numerical simulations. In the other hand, any in vivo 
experiment or clinical trial performed could be ethically questionable, very expensive and/or time 
consuming. According to that, a development of the mathematical model of tooth structures is very 
desirable.  
 
The first step made in the development of the 3D complex tooth mathematical model, was using the 
literature data in order to build the simplified mathematical model [1]. This simplified mathematical 
model can be used in calculation of various types of stress and strain in the tooth structures generated 
by different therapeutic procedures [2]. Calculation of stress and strain is usually done in programs for 
the finite element analysis. 
 
In this paper, development of the 3D solid model of the human maxillary premolar based on CT data 
is presented. The first step was a scanning procedure of the extracted upper second premolar by 
Sensation 64 Cardic CT scanner (Siemens, Germany). The scannes were written in the series of files in 
DICOM file format. The program AMIRA (Visage Imaging, USA) was used for analysis and forming 
input data for the program SolidWorks (SolidWorks Corp. USA). The program SolidWorks is well 
known program for construction of a 3D solid models and finite element analysis. All of mayor tooth 
tissues and surrounding structures were modeled: enamel, dentin, pulp, peridontal ligament and 
cortical bone. In the finite element analysis the linear static analysis was used, and all of the tooth 
structures were represented by Young’s modulus of elasticity and Poisson’s ratio.  
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Mechanical properties of a dental restorative material influence stress distribution during mastication 
in both, the remaining tooth structure and restorative material as well [1]. An investigation of these 
properties can be done experimentaly [2] and numericaly [3]. Due to the fact that in vitro and in vivo 
experiments may be quite expensive and ethically questionable, the use of a 3D solid tooth models and 
numerical simulations became a valuable tool for saving time and money spent in laboratory and/or 
clinical research [4]. 
 
The aim of this study was to investigate an influence of the restorative material with different modulus 
of elasticity on stress distribution in the 3D solid tooth model using a finite element analysis (FEA).  
Computed tomography (CT scan) data of the human maxillary second premolar was used for the 3D 
solid model generation. Tooth reconstruction with four different composite resins: modulus of 
elasticity of 6.7 GPa (Gradia Direct Posterior, GC, Japan), 9.5 GPa (Herculite XRV, Kerr Corp, USA), 
14.1 GPa (Charisma, Heraeus Kulzer, Germany) and 21 GPa (Filtek Z100, 3M ESPE, USA) for MOD 
(mesio-occluso-distal) cavity restoration was simulated in SolidWorks 2009 software (Dassault 
Systèmes SolidWorks Corp, USA). Each model was subjected to a  resulting force of 200 N directed 
to occlusal surface and stress distribution and maximal von Mises stresses were calculated using finite 
element analysis. 
 
The stresses in the enamel and dentin did not vary much with changing modulus of elasticity of the 
composite resin. In contrast, maximal von Mises stresses in restorative material increased (6.7-12.2 
MPa) with increasing the composite resin modulus of elasticity. For all the models, stresses were 
concentrated at the loading point and at the cervical region of palatal surface. This is in accordance 
with clinical experience in MOD restored premolars, where palatal cusp fractures more often than 
buccal. 
 
The results showed that tooth reconstruction with the low modulus composite resin material provided 
more favorable biomechanical performance in restoring premolar with MOD cavity. On the other 
hand, the restorative material modulus of elasticity did not influence the stress distribution pattern. 
These findings proved the numerical simulation is a useful method for investigation tooth 
biomechanics after different restorative procedures. 
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The influence of radiation used for photodiagnosis of skin diseases on iron release by ferritin is 
investigated in this work. 
 
The ferritins are family of iron storage proteins and play a key role in biochemical transformations 
between iron and oxygen. The processes are exceptionally important for all living organisms. The iron 
stored within the ferritin as a mineral core of insoluble crystal is in the form of Fe(III). It is well 
known, however, that the core can be reduced by visible light as well as by near IR or UV with 
subsequent release of Fe(II), the last being dangerous agent. This work considers the induction of 
Fe(II) release from ferritin under exposure to photodiagnostic radiation with wavelength 635 nm. The 
quantity of the reduced iron in the solution is determined by the method of potentiometric titration. 
This technique already was proved to be a reliable tool for detection of Fe(II).  
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Spectroscopic techniques, like ultraviolet-visible (UV-VIS), infrared (IR), X-ray diffraction (XRD) 
and Fourier-transform infrared (FTIR), are attractive analytical methods commonly used in materials 
science, and for bio-materials and biological tissues [1, 2]. The methods are non-contact, non-
destructive, providing the information on the composition of the sample and on the structure. Due to 
its short wavelength, XRD provide the best resolution. In FTIR, beams with different combinations of 
wavelengths propagate consecutively through a sample and from recorded spectra of each transmitted 
beam the information on the sample is derived. 
 
Hydroxyapatite (HAP) is the inorganic matrix of bone tissue [3]. Among many bioactive materials in 
dentistry, it can be used as bone substitute or as a pulp caping material. It strengthens soften dentine at 
the application site and induces the formation of the barrier of solid dental tissue without major 
destruction of the pulp tissue below. HAP bioactivity could be influenced by the surrounding 
conditions such as saliva presence. XRD can be used for analyzing the crystallographic structure, 
chemical composition and physical properties of HAP [4]. The degree of change in all HAP particles 
cannot be determined by solely one spectroscopic method; therefore a combination of different 
methods of different resolutions from different areas of the electromagnetic spectrum (from X to IR) 
should be used. In this work, the aim is to determine - by using XRD and FTIR - the structural, 
morphological and chemical changes of HAP induced by artificial saliva. 
 
Materials and methods. Ten HAP samples, each of 0.5 g, have been exposed to artificial saliva for 
35 days. XRD patterns (Siemens 50 rd) of the samples have been recorded at regular intervals in order 
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to determine the structural changes. Simultaneously, the FTIR spectrum of HAP solution in artificial 
saliva was recorded by Perkin-Elmer FTIR 403.  
 
Results. XRD and FTIR analyses have shown that the artificial saliva induces the activation of HAP. 
Both the dissociation of calcium ions into the surrounding solution and the increase in free 
phosphorous ions concentration on the sample surface were evidenced by FTIR analysis. At the same 
time, there was a considerable degree of degradation of the basic crystalline structure of HAP 
(amorphization) as evidenced by XRD.  
 
Conclusion. Using the combination of X-ray diffraction and FT-infrared spectroscopy, it was possible 
to obtain the data on changes occurring in the HAP-saliva system, under which it is possible to set the 
hypothetical mechanisms of HAP activation induced by saliva 
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Optical tomography of biological tissues is a rapidly expanding research area that is expected to 
provide powerful non-invasive, non-radioactive methods for early diagnosis of human tissue diseases. 
The numerous variants of optical tomography being developed at present (see [1-3] and references 
therein) require knowledge of the optical properties of the tissues and the laws governing the radiative 
transfer within the investigated biological objects. This fact conditions the intensive investigations 
performed last years on the propagation of light inside turbid media which simulate real biological 
media (e.g., [4-6]).  
 
In this work the propagation is investigated theoretically of a continuous laser beam through 
homogeneous tissue-like turbid media such as diluted emulsions of Intralipid having sharply forward 
directed Henyey-Greenstein indicatrices. The detected forward-propagating light power spatial 
distribution is described analytically, for relatively large or small “optical depth”, in the so-called 
small-angle approximation. It is shown, in particular, that near the entrance of the laser beam into the 
turbid medium, when the receiver aperture size exceeds the beam radius, the on-axis detected light 
power decreases exponentially with the depth in the medium, with the absorption coefficient as decay 
factor. At larger depth, another exponential-fall-off region exists along the beam axis, where the 
extinction coefficient is the decay factor. Further, a third in-depth region exists, where the decrease of 
the detected light power is inversely proportional to the depth in power of three or four.  
 
Some experimental results have also been obtained concerning the detected-power cross-sectional 
radial distribution at different depths along the beam axis. They are consistent in general with the 
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analytical expressions obtained that are shown to allow one to estimate in principle the extinction, 
reduced-scattering and absorption coefficients and the g-factor of the investigated media. 
 
The investigations performed and the results obtained are important for the development of new 
methods and techniques for more accurate determination of the optical parameters of turbid media 
such as tissues and experimental tissue-like phantoms. They would also be useful in the process of 
establishing the laws governing the radiative transfer inside the optically investigated biological 
objects.  
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Beetroot (Beta Vulagris) juice contains a large number of fluorophores which can fluoresce [1, 2]. 
Betanin (C24H27N2O13) makes up 75-95% of the total colouring matter found in the beet root, therefore 
it is used as a natural food coloring agent [3]. There is a growing interest in beet root extracts analysis, 
see [4] and references therein. On the other hand, there is only limited information about beetroot 
obtained without sample preparation and/or extraction of components from sample.  
 
In this work we continue our study presented in [5], analyzing and comparing beet root extracts 
originating from several sites, using time resolved laser-induced fluorescence (TR-LIF) technique to 
measure fluorescence of samples at different excitation wavelength (340-475 nm) and for different 
sample dilutions. The fluorescence signals were detected without any special treatment of the red beet 
juice. The measurements can be a useful tool to provide information on changes in juice constituents, 
and can be used to compare varieties of beetroots. Fluorescence excitation-emission spectroscopy is 
also applied in this study to characterize the fresh juice of beetroot.  
 
The time resolved fluorescence emission spectra of beetroot extract were acquired using a streak 
camera (Hamamatsu model C4334-01). Pulsed light excitation is provided by a tunable Nd-YAG OPO 
laser system (Vibrant model 266 made by Opotek, Inc.). The output of the OPO can be continuously 
tuned over a spectral range from 320 nm to 475 nm.  
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A detailed description and some of the preliminary results of our experimental set up are published 
recently [5-7].  
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S-layer proteins display intrinsic self-assembly property, forming monomolecular crystalline arrays 

[1, 2], which have been identified as outermost structures of the cell envelope in many organisms 

[3, 4]. The biological functions of S-layer proteins are not completely understood. It is assumed that S-
layer proteins act as protective coats, cell shape determinants, molecular and ion traps, adhesion sites 
for exoenzymes, as well as structures involved in cell adhesion and surface recognition [1, 2]. 
 
It is known that the S-layer protein subunits are non-covalently linked to each other, as well as to the 
supporting cell wall, and can be disintegrated into monomers by denaturing agents or by cation 
substitution [1]. Using circular dichroism (CD) spectroscopy, in this work, we have studied the 
thermal denaturation of an S-layer peptide, extracted from Lactobacillus salivarius. 
 
The far and near UV CD spectra of the S-layer peptide have been collected and the temperature 
dependence of the circular dichroism in the far and near UV spectral domains has been analyzed. The 
variable temperature results show that the secondary and tertiary structures of peptide change 
irreversibly due to the heating of the sample. After the cooling of the heated sample, the secondary and 
tertiary structures are partially recovered. 
 
We have also found that the peptide unfolding depends on the sample concentration and on the rate of 
change temperature. Taken together, these properties concerning the thermal behavior of the S-layer 
protein could be important for a better understanding of the protein structure and function. 
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Sloted waveguide structures have attracted significant research interests since they were first proposed 
[1]. Such slotted configurations exploit the fact that the introduction of a sub-wavelength slot in 
conventional slab waveguides leads to an extremely high electric field confinement inside the slot 
region. Various functional devices with complicated designs, such as ring resonators [2], have been 
made with the slot structures for potential optical communications or sensing applications.  
 
In this paper we have investigated numerically parameters of practical interest such as bending loss, 
peak field localization, power confinement in various regions of the sloted optical ring 
microresonators waveguide structure shown in Fig. 1. The system consists of a ring (with a 60nm wide 
slot) and a bus waveguides made of silicon on the SiO2 substrate. Presented results are obtained using 
3D frequency-domain  finite element method, where computational domain is closed using perfectly 
matched layers approach. 

         
                              Figure 1.                                                                                Figure 2. 
 
The calculations are performed in the 187-200 [THz] (1.5-1.6 [µm]) spectral range with the step of 
100GHz, for different slot positions. In Fig.1 we present the magnetic field distribution for the central 
slot position, at the first minimum (188.2 THz) of the transmission coefficient of the input bus (shown 
in Fig.2). The obtained results are compared with the 2D simulations for similar system based on the 
coupled mode theory (CMT) [3], and some limitations of the CMT are discussed. Also, it is shown 
that electromagnetic field confinement strongly depends on the slot position, in accordance with [4]. 
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In scientific papers, there are many implementations of inclination sensors such as resistive [1], 
capacitive [2], inductive [3-5] and optical [6-10] sensors. The paper presents a relatively simple and 
low-cost plastic fiber optic inclination sensor based on refraction of light through medium. The sensor 
is cylindrical shaped and made of plastic with water as a liquid and two plastic optical fibers. At the 
center of the top and bottom base of the cylinder are plastic optical fibers connected to transmitter and 
receiver which are realized with ultra bright red LED and phototransistor, respectively. Sensor housing 
is filled with water to half of the height of the cylinder. The sensor is based on the Fresnel refraction 
on the boundary surface of two media inside sensor. The sensor is mounted on a precise manual 
rotation stage. As angle of the rotation stage increases, angle of boundary surface water-air in relation 
to fibers is changed. This causes change in intensity of received light in dependence on angle. In this 
paper the characteristic of the sensor measured in steps of 5 degrees is also given. Measured 
characteristic is symmetric in respect to 180 degrees. It has four linear regions and each linear region 
extends along 30 degrees. Immunity to electromagnetic interference is the advantage of this sensor 
realization compared to the resistive, capacitive and inductive. In the paper [10] is described fiber 
optic inclination sensor with mercury as a liquid, but with a different principle of operation. The 
advantage of our realization compared to the aforementioned is that in our solution we are using non-
toxic materials. 
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This paper deals with the tunneling of electrons through a quantum system with many barriers and 
asymmetric wells in an external and constant electric field. Due to the asymmetry of the confining 
potential in the growth direction, an internal electric field appears, perpendicular on the heterostructure 
layers. So one gets faced with the Rashba spin-orbit interaction (SOI), which creates a spin-splitting of 
the energy levels. Moreover, the transmission coefficient through the quantum heterostructure 
dependends on the spin direction. The purpose of the paper is to compute some of the characteristic 
times corresponding to the electron tunneling through the considered system.The dependence of such 
times on the spin branches has also been discussed. 
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In this paper, the step-profile plastic optical fiber (POF) has been considered to give a quantitative 
example of how Goos-Hänchen (GH) shift effects on the ray transit time for traveling in axial 
distance z . The application of the three dimensional ray-tracing method based on Monte Carlo 
simulation reported earlier [1], has been adapted in order to study the importance of GH shift 
correction on pulse dispersion in POFs. The GH shift is considered as an accumulated effect along the 
length of the optical fiber. The GH shift corrections to pulse dispersion in POF are only significant 
when the angle θ  is near the critical angle cθ . 
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Plastic optical fibers (POFs) are highly promising transmission media for future short-range 
applications including in LANs, multi-node bus networks, sensors, power delivery systems, and light 
guides (as in toys, entertainment and medical devices). This paper presents the effect of the refractive 
index valley at boundary core and cladding on the group delay in W-shaped POFs. For this purpose we 
derive the analytical expression that allow calculating the temporal broadening due to the fact that 
different rays take different amounts of time to propagate through the fiber. Finally, we carry out a 
comprehensive numerical analysis in order to investigate of dependence of modal dispersion on the 
depth of the index valley. We concluded that, in the case where NA = 0.24  with 1.5ρ = , the index 

exponent 1.96q =  is value that is corresponding to minimum pulse dispersion.  
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Using the power flow equation, we have calculated spatial transients of power distribution as well as a 
steady state distribution for the mode coupling condition from guided to leaky modes in a W-type 
optical fiber. A numerical solution has been obtained by the explicit finite difference method. Results 
show that power distribution in W-type optical fiber depends both on the intermediate layer width and 
the coupling strength. W-shaped index profile of optical fibers is effective in reducing modal 
dispersion and therefore in improving the fiber bandwidth. 
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The power flow equation is employed to calculate frequency response and bandwidth in addition to 
mode coupling and mode-dependent attenuation in step-index plastic optical fibers. The frequency 
response is specified as a function of distance from the input fiber end. A good agreement between our 
analytical results and experimental results obtained previously is seen. Mode-dependent attenuation 
and mode dispersion and coupling are known to be strong in plastic optical fibers, leading to major 
implications for their frequency response in data transmission systems.   
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One of the most important parameter describing the quality of components and devices in photonics is 
a free spectral range (FSR). It is also used to define finesse which represent the estimate of device 
quality. The larger FSR and finesse means the better quality of the device. In adition, larger FSR is 
preferred in telecommunication, since devices operate on a single wavelength.  
 
The adjustment of FSR for resulting outgoing power for both incidental modes can be carried out by 
altering two basic geometric parameters of a racetrack resonator: coupling length and racetrack radius. 
The objective is to adjust geometric parameters so that FSR coincides with the existing experimental 
FSR obtained for Silicon-On-Insulator (SOI) rib racetrack resonator with the following nominal 
geometric parameters: coupling length 500µm, waveguide width 1µm and racetrack radii 100, 200 or 
300µm. Operating wavelength is 1.55µm. 
 
This paper presents analytically obtained FSR dependences regarding geometric parameters. On the 
basis of those dependences, the pairs of geometric parameters values that coincide with experimental 
results have been obtained. This procedure gives the possibility to estimate FSR for different 
geometric parameters, as well as for prediction of device functionality. 
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For a long time wavelength-division-multiplexed (WDM) passive optical networks (PONs) have been 
considered as an ultimate solution for the next-generation broadband access networks capable of 
providing speeds higher then 10Gb/s to each subscriber. A lot of effort has been invested on trying to 
develop a low-cost WDM-PON based on the sources in the optical network unit (ONU) that are 
“color-free” or wavelength independent. Recently, in order to overcome this problem, several 
proposals have been offered. One possible approach is to remodulate the downstream signal at each 
ONU. A saturated reflective semiconductor optical amplifier (R-SOA) modulator [1] is used to 
remodulate the high speed modulated downstream signal [2]. However, until now, these networks 
have been implemented to operate at the moderate speeds due to the limited bandwidth of directly 
modulated colorless transmitters. The bandwidth of R-SOA based on the bulk III-V materials is 
limited by the carrier lifetime and it is only about 2GHz. At the time being, R-SOA can be directly 
modulated up to 10 Gb/s only by using electronic equalization techniques [2].  
 
In this paper we investigate carrier dynamics in a multi-quantum well (MQW) SOA and methods to 
speed up SOA response as well as its recovery time. We base our study on the model of the rate 
equations for the carrier density in the bulk and the bound states of MQW. The model takes into 
account the gain dependence on the well carrier density in the regime of saturation. In the case of the 
linearized gain dependence on the carrier density, solutions of the rate equations can be obtained in a 
closed analytical form. This provides possibility to analyze the carrier density and gain recovery 
analytically in dependence on various input parameters as are modulation current, carrier capture and 
escape time, carrier radiative and nonradiative recombination time, differential gain and optical 
confinement factor etc. Our analysis shows that besides the capture and escape time, SOA’s response 
and recovery times significantly depends on differential gain.      
 
REFERENCES: 
[1] H. Takesue, T. Sugie, IEEE J. Lightw. Technol. 21, 2546 (2003). 
[2] K.J. Cho, Y. Takushima, Y.C. Chung IEEE Photonics Technol. Lett. 20, 1533 (2008).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



131 

 

Poster Presentations – Optoelectronics and Optocommunications  P.OE.10 
 

Intersubband absorption in quantum dashes 

with various cross-section profiles 
 

J.V. Crnjanski  
School of Electrical Engineering, 

University of Belgrade, Serbia 
e-mail: jasna.crnjanski@etf.rs 

 
Self-organized growth mechanisms have been investigated widely for the last decade. Although self-
organization provides high quality growth of low-dimensional structures, it usually means limited 
control of the absolute structure size, in contrast to the lithographic techniques of pattern definition 
[1]. Moreover, it leads to a wide stochastic size distribution and thus, to an energy spreading of the 
confined subbands and consequently broadening of the ensemble absorption or gain spectrum [2], [3]. 
Depending on the material system and growth conditions (temperature and growth rates), self-
assembled quantum dashes (QDHs) may have various cross-section profiles, as well as different mean 
values and standard deviations of the size distribution. Usually, the size distribution is approximated 
with a Gaussian function [3] or with a bimodal distribution consisting of two or three Gaussian 
functions [4]. In the case of InAs/InP dashes, the cross section profile can be approximated with a 
semi-parabolic [5] or trapezoidal shape [4], whereas InAs/InAlGaAs dashes are not truncated and have 
full triangle-like cross section [1]. Moreover, in order to simplify the calculation of the electronic band 
structure, the semi-parabolic cross section profile is often approximated with an equivalent rectangular 
shape chosen in such a way to preserve the same area as in case of the semi-parabolic profile [3], [5]. 
 
The shape and the size of a nanostructure may significantly affect electronic and therefore optical 
properties of the nanostructure. However, self-assembled nanostructures, such as quantum dashes, 
usually have irregular edges of the transversal cross section, and in some cases it is uncertain what 
shape is the best approximation of the dash cross section. In this work, we investigate the influence of 
QDH cross section profile on intersubband absorption in the conduction band of quantum dashes, 
taking into account fluctuation of their size, described by a Gaussian distribution [1]. In order to 
determine the optical intersubband absorption of a QDH ensemble with given cross section profile, we 
separately calculate absorption for each dash size in the ensemble at room temperature, taking into 
account the influence of the wetting layer. Then, we calculate the ensemble average (absorption per 
dash) by adding together the previously calculated QDHs absorptions, weighted by the probability of 
finding the QDH with corresponding dimensions in the ensemble [2]. In order to make a fair 
comparison of the ensemble absorption with differently shaped QDHs, we assume that each 
corresponding element in the ensembles for semi-parabolic, trapezoidal, triangle and rectangular QDH 
shape have the same area. Calculation is performed for InAs well material, which is grown on and 
surrounded by GaAs. For the central dash dimension (14 × 3 nm) in the ensemble, the difference in the 
intersubband absorption spectra for equivalent parabolic and trapezoidal cross section is negligible, 
while spectra for corresponding triangular and rectangular profiles exhibit red shift (~ 5 meV) and blue 
shift (~ 3 meV), respectively, with approximately the same peak absorption.  
 
REFERENCES 
[1] J. P. Reithmaier, G. Eisenstein, A. Forchel, Proc. of IEEE 95, 1779 (2007). 
[2] J. Crnjanski, D. Gvozdić, Appl. Phys. Lett. 97, 091906 (2010). 
[3] J.H. Wei, K.S. Chan, J. Appl. Phys. 97, 123524 (2005). 
[4] B. S. Ooi, H. S. Djie, Y. Wang, C.-L. Tan, J. C. M. Hwang, X.-M. Fang, J. M. Fastenau, A. W. K. 
Liu, G. T. Dang, W. H. Chang, IEEE J. Selected. Top. Quantum Electron. 14, 1230 (2008). 
[5] M. Gioannini, IEEE J. Quantum Electron. 40, 364 (2004). 
 

 



132 

 

Poster Presentations – Optoelectronics and Optocommunications  P.OE.11 
 

Interface shape studies in Bridgman growth of multicrystalline silicon 
 

O. Bunoiu, M. Stef, A. Popescu and D. Vizman 

Physics Faculty,West University of Timisoara,Bd. V. Parvan 4, 300223  
Timisoara, Romania 

e-mail:stef@quantum.physics.uvt.ro 
 

According to the European Photovoltaic Industry Association (EPIA) SET for 2020-study [1] solar 
energy could supply as much as 12% of EU electricity demand by 2020 – up from less than 1% at 
present. The main challenges in the production of multicrystalline silicon ingots are to maintain the 
purity of the silicon raw material and to determine optimal values for different growth parameters in 
order to control the growth process during directional solidification and to obtain satisfactory crystal 
quality. The ingot casting method for the crystallization of multi-crystalline silicon for solar cells was 
developed in the 80-ties [2]. 
 
The key point here is the control of grain growth during directional solidification of multicrystalline 
silicon which is strongly related with the solid-liquid interface shape. For this purpose silicon crystals 
were obtained using a Bridgman equipment. The equipment is designed for fundamental research of 
solidification processes in crucibles of maximum 3cm diameter. Numerical simulations were 
performed in order to optimize the temperature field in the Bridgman apparatus for crystallization of 
silicon. The comparison between numerical results and experimental measured temperature 
distributions are presented. Multicrystalline silicon was obtained for different growth parameters 

(temperature gradients – in the melt and in the solid- and pulling rates) and concerning the 
experimental results the focus was on the determination of the solidification interface shape . 
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The injection locking is an advanced technique which finds a lot of applications in the fields of optical 
communications and optical signal processing. Some recent applications of the injection locking are 
related to the next-generation of wavelength-division-multiplexed (WDM) passive optical networks 
(PONs), in which upstream transmission from an optical network unit to the central office is achieved 
by injection-locked transmitter [1] instead of more expensive tunable laser. Moreover, the theoretical 
and experimental investigations have proved that modulation response of injection-locked lasers can 
be significantly improved compared to the free-running lasers [2]. In addition, the technique of 
injection-locking can ensure single mode operation, reduce the linewidth of a free-running laser, and 
eliminate mode partition noise, mode hopping, and frequency chirp from modulated lasers [2]. 
 
In this work we study dependence of the modulation response and corresponding −3dB bandwidth of 
side-mode injection-locked Fabry-Perot (FP) laser diodes (LDs) on master laser injection power and 
frequency detuning between the master and the slave FP-LD laser. Our analysis is based on the small-
signal modulation response, derived from the set of linearized multimode rate equations, which 
besides the carrier rate and photon-density-rate equations for unlocked modes, comprises the photon 
density and phase rate equations for injection-locked side mode. The modulation response is 
investigated in two important cases. In the first case, the model comprises two longitudinal modes, the 
central and the injection-locked side-mode, while in the second case, all longitudinal modes (locked 
and unlocked modes) are taken into account. Both cases lead to the similar conclusions, although there 
are some differences which will be discussed in the paper. 
 
Our investigation shows that for low bias currents of the slave laser (close to the threshold current Ith), 
low injection powers of the master laser (less than -10dBm) and injection-locked modes close to the 
central mode, modulation response exhibits resonant peak, which is not sufficient to improve the 
bandwidth of the laser compared to the free-running case. The enhancement can not be seen either for 
larger injection powers, since the influence of the resonant poles disappear. A significant improvement 
of the bandwidth can be achieved for somewhat larger bias currents (e.g. I ≈ 3Ith or larger). In this 
case, for weak or moderate detuning (e.g. |∆ω|≤7Ω, where Ω=1010 rad/s), the stable locking as well as 
the resonant peak occurs for medium injection powers (from 0 dBm to 4 dBm for I ≈ 3Ith), leading to 
the bandwidth enhancement by factor 2 or even 3 compared to the free-running case. For even larger 
injection powers the bandwidth of the slave laser rapidly decreases, leading to the bandwidth 
deterioration compared to the free-running case. This result indicates that for a fixed but weak 
detuning, there is the optimum injection power, for which the bandwidth has the maximum. For larger 
detuning or higher order injection-locked side modes (e.g., > 20) this optimum rapidly decreases and 
becomes of the order of the bandwidth in the free-running regime. An increase of the bias current 
increases the upper limit of the injection power for which the bandwidth can be enhanced. 
 
The detuning significantly affects the bandwidth. For a negative detuning and low or medium injection 
powers the bandwidth is smaller than for positive detuning, while for larger injection powers, the 
situation is reversed. Moreover, the bandwidth exhibits the maximum versus detuning. This provides 
possibility to find the optimum injection power and the detuning for which the bandwidth may reach 
the maximum. 
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Long-period gratings (LPGs) written in all-silica photonic crystal fibres (PCFs) have been used as 
sensors of refractive index, strain or temperature [1]. Several direct fabrication methods have been 
proposed: electric arc, laser-induced hole collapse, femtosecond (fs) laser-pulse and mechanical 
inscription. As these methods do not require doping or hydrogenation, the mono-material composition 
of the gratings allows for studies of the modification of the silica during inscription. 
 
In this poster, we present a numerical and experimental study of the fabrication and properties of the 
fs-laser inscribed LPGs in endlessly single mode PCF [2]. Due to the scattering of the laser beam by 
the holes, these gratings are characteristically birefringent. Here, we find the grating index profile and 
use the birefringence to quantify both the fibre-specific fabrication parameters and the general fs-
inscription parameter that relates the laser pulse energy to the refractive index change in the silica. 
 
We first present the numerical model that calculates the intensity distribution of the writing beam in 
the PCF and verify its validity by comparing the results to the profiles of fabricated gratings. Using the 
generated index profile we obtain the grating birefringence as a function of the parameter that relates 
the laser pulse energy to the amplitude of the index change. The fit to the measured birefringence 
gives the value of this parameter. We further study the dependence of the grating birefringence on the 
fibre orientation and identify the inscription conditions that generate highly birefringent gratings. 
Finally, we compare the performance of these gratings with the birefringent gratings written in other 
fibres. 
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We present a procedure for the optimized design of GaN/AlGaN quantum well (QW) based up-
converter for silicon solar cells, aimed at making a better use of the solar spectrum [1-3]. One of the 
major obstacles for high-efficiency power conversion of the sun light with conventional 
semiconductor materials is that only photons with energies close to that of the semiconductor energy 
gap (Eg) are effectively converted into electron-hole pairs. A prospective solution is to place another 
device component, “light converter”, in front of an existing solar cell (SC) to absorb the photons with 
energy lower than Eg  and re-emit the light at higher energy in order to match the region where SC 
exhibits a very good spectral response (up- conversion) [4-6]. In quantum well structures this can be 
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achieved by utilizing nonlinear optical effects based on intersubband transitions. Optimization of up- 
converter may be performed by maximization of the second order susceptibility derived from the 
density matrix formalism [7]. 
 
In our procedure, based on the use of global optimization tools [8-10], we vary the structural 
parameters of nonpolar-nitride quantum well in search of the best QW profile, offering highest value 
of the relevant nonlinear susceptibility. This particular combination of materials provides a large 
enough conduction band offset to accommodate three bound states with sufficient energy spacing 
[11,12], as required for the frequency up-conversion. For calculating the electronic states we used a 
one band model that takes into consideration the effects of strain and band nonparabolicity [13,14]. In 
one-step quantum wells the following input arguments are needed for evaluating the susceptibility: the 
widths of step and well layers and the content of AlN in the step regions. The best solution is 
determined by using the generic algorithm optimization tool for varying these parameters, subject to 
physical and technological constraints, thus enabling us to obtain a realistic optimized quantum-well 
profile. 
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In this paper we introduce a new model for a spurious gas sensor, for example for CO2 detection. The 
detection method of the sensor is based on absorption spectroscopy and evanescent field sensing [1] 
using an optical waveguide. The presence of CO2 molecules in an (evanescent) electromagnetic field 
of a specific resonant frequency leads to a loss of optical power that is guided in the waveguide. Here 
not only energy absorbed at the resonant frequency but also higher harmonics may be used. One of the 
higher harmonics that drives vibration transitions of CO2 corresponds to a wavelength of 1.58 nm. 
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Because of cheap and widely available light sources and detectors in this range, we utilized absorption 
in this spectral region for CO2 detection. 
 
A main part of the optical waveguide sensor is a TiO2 layer which is formed by the sol-gel dip-coating 
technique [3] on an optical fiber. Its purpose is both, guiding the light and increasing the interaction 
volume of light with gas molecules by using the huge surface of the nanoporous TiO2 layer. Titanium 
oxide is chosen because of its high optical quality and high refractive index. The sol-gel method which 
is applied by the dip-coating technique forms uniform layers with excellent optical properties. The 
thickness of the waveguiding layers can be tailored by the speed of withdrawing the substrate from the 
sol-gel solution and by adjusting the viscosity of the solution. Layers can be formed at plain surfaces, 
cylinders and spheres. Here, as a physical support for the thin TiO2 film, a single-mode optical fiber is 
used. In this way it thus provides a cheap substrate material with low optical absorption in the 
wavelength region of interest. 
 
Due to adsorption CO2 molecules will attach preferentially to the TiO2 surface. This enables strong 
interaction of the gas molecules with the evanescent electromagnetic field of the high-refractive-index 
waveguide, TiO2 on silica glass. A huge increase of the effective surface area is achieved by 
introducing nanometer-sized pores in the TiO2 coating, while at the same time these pores will not 
influence the general guiding characteristics of the TiO2 layer. 
 
In order to overcome coupling problems of light into the thin coated layer, the end of the optical fiber 
used as a substrate is tapered and broken by purpose at the waist. After tapering the TiO2 layer is 
formed over the whole fiber-taper area. Smooth changes of the fiber's diameter due to tapering, lead to 
smooth changes of the TiO2 thickness, which will however not affect the characteristics of light 
coupled at the fiber tip and afterwards guided in TiO2 layer. 
 
In this paper we report on our results to realize an optimized geometry of tapered fiber and thickness 
and refractive index of the coated layer according to experimentally realizable values. To compare the 
results the numerical simulations an analysis of the mode propagation is done by FD-BPM [3]. 
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Self-trapped nonlinear surface states (surface solitons) propagating along the interfaces of different 
media have attracted a great interest in optical systems [1, 2]. Recently, special attention has been 
devoted to the nonlinear surface vortex solitons. Such solitons were demonstrated experimentally at 
the surface of an optically induced 2D photonic lattice [3]; they are also observed at the interface of 
two different optical lattices imprinted in Kerr-type focusing nonlinear media [4]. 
 
Here we report on the existence and properties of vortex solitons at the edge and in the corner of two-
dimensional triangular photonic lattices. We describe novel types of discrete vortex solitons as well as 
the ring surface vortex solitons, localized in the lattice corners or at its edges. Stable surface vortex 
solitons exist only in the form of a discrete six-lobe solution at the edge of the triangular photonic 
lattice. Other solutions are observed, in the form of ring vortex and discrete solitons with two or three 
lobes that oscillate during propagation in a way that neighboring lobes exchange power. We observe 
dynamical instabilities of surface vortex solitons, for higher beam powers. We focus more attention on 
the study of dynamical properties of such solitons. Angular momentum transfer of such solutions 
during propagation is investigated in some detail. 
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Photonic crystals are dielectric materials that exhibit band gaps (BG) in which electromagnetic wave 
propagation is forbidden [1]. Several photonic band-gap materials such as dichromated gelatin [2, 3], 
polymers with TiO2 [4] and photoresists [5, 6] have been used for fabrication of photonic structures 
using holographic techniques. Here we report the fabrication of photonic crystals using the optical 
holography.  
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One-dimensional photonic crystals were fabricated as volume reflection holograms. The hologram was 
obtained by interference of two oppositely directed beams inside the emulsion. The interference 
pattern consists of planes parallel to the substrate surface with spacing d = λ/2n, where λ is the 
wavelength of the laser source and n is the refractive index of the recording material. The pullulan (a 
linear polysaccharide of biologic origin), sensitized with ammonium dichromate, is used in this study 
as a recording medium. A single-frequency, diode pumped Nd-YAG laser, at 532 nm, is used for 
exposure.  
 
We have found that the position of the band gap can be tuned by changing the exposure. The spectral 
measurements show that the band gap centre shifts towards the longer wavelength with decreasing 
exposure. The tuning is a consequence of the different amounts of swelling of photosensitive material. 
Efficient tuning the position of the band gap for about is obtained. These results are important as they 
present a convenient way to move the center wavelength of band gap of the photonic crystal, thus 
making a tunable filter. 
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Anderson localization is the absence of diffusion of waves in a disordered medium [1]. It is a general 
wave phenomenon that applies to the transport of electromagnetic waves, acoustic waves, quantum 
waves, spin waves, etc. It has become a central part of recent investigations of discrete, photonic, 
band-gap lattices with random structures. Experimental realizations of transverse Anderson 
localization were reported in two-dimensional (2D) [2], and one-dimensional (1D) photonic lattices 
[3]. It has also been observed by localization of a Bose-Einstein condensate in a 1D disordered optical 
potential [4]. 
 
We investigated Anderson localization in the stripe geometry when the lattice has a finite extend into 
one dimension but infinite in the other. Depending on the width of the stripe we may trace a crossover 
between 1D and 2D cases which are characterized by different localization lengths. First, we studied 
the limiting cases of 1D and 2D photonic lattices. We use a periodic square lattice potential defined as 
a sum of Gaussian beams. To observe Anderson localization we include disorder in such lattice using 
random lattice intensity and also random lattice period. We found that Anderson localization in linear 
regime is more pronounced in the case of 2D lattice then in 1D lattice. But in nonlinear system, it is 
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not the case. In different nonlinear regimes, there are also cases when 1D localization is more 
pronounced comparing to 2D localization.  
 
Next, to consider the crossover between 1D and 2D lattices, we used the same square lattice potential 
and keep fixed lattice period in one transverse direction but change it in another one. With such 
geometry, we can study transition effects, and with sufficient large lattice period along another 
transverse direction, we observe 1D case. The localization is less pronounced in intermediate cases 
then in both 1D and 2D for linear regime, but in nonlinear case it depends on the strength on 
nonlinearity.  
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A crucial task in multicolor holographic recording onto silver-halide light sensitive materials is to 
realize reconstruction at the wavelengths of recording. Typical for these materials, when used for  
RGB recording of volume reflection (Denisyuk’s) holograms, is the shrinkage of the layers, leading to 
a shift  of diffraction peaks towards lower wavelengths in reconstruction approximately at 20 nm in 
the blue, 50 nm in the green and 60 nm in the red spectral regions.  To compensate the shrinkage of 
the layers and to ensure reconstruction of the Bragg reflection holograms at the wavelengths of 
recording, suitable swelling has to be performed before final drying of the holograms. For the purpose, 
the holograms are put in a bath of water solution of collagen hydrolizate at different concentrations.  
 
The report presents the recent results, obtained for swelling of holograms recorded at wavelengths in 
the red, green and blue spectral regions on a single plate. The cases of successive and simultaneous 
irradiation of the holographic plate with the laser light from the used three lasers are compared. 
Experiments on repeatability of the swelling procedure are also provided. Ultra-fine grain 
panchromatic silver-halide emulsion for recording of RGB volume reflection holograms, production of 
IOMT-BAS is used for the experiments. The emulsion, created by the so called “double stream” 
technology, is characterized with 10 nm average size of initial silver halide grains. This ensures high 
values of resolution, diffraction efficiency and signal-to-noise ratio of holographic recording. The used 
sensitizers for the red and green spectral regions are selected to achieve maximal absorption and 
maximal hologram’s recording sensitivity respectively at 632.8 and 532 nm. Natural emulsion 
sensitivity is used for recording in the blue spectral region (400 – 442 nm). Chemical processing of the 
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exposed plates includes standard for silver–halide emulsion procedures - development to form 
amplitude modulation of holographic recording and bleaching for translation to phase volume 
reflection holograms as a final product. Diffraction efficiency of bleached single exposure volume 
reflection holograms in red, green and blue has values higher than 50% for exposure energy about  

2.0 mW/cm2  both for the CW and pulse lasers. The developed ultra-fine grain panchromatic silver-
halide emulsion with improved characteristics is suitable for recording of high quality multicolor 
volume reflection holograms, as well as for recording of synthesized reflection holograms in 
holoprinters. 
 
Keywords: Silver-halide holographic emulsion, reflection holograms, RGB holographic recording, 
swelling. 
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Generation of sinusoidal fringes is a crucial issue in many phase-measuring techniques for distant 
determination of the surface relief of 3D objects. Using of phase gratings with coherent illumination 
has the advantage of providing a large measurement volume. In the present work we analyze the 
quality of fringes generated with two sinusoidal phase gratings. The first grating is recorded on a 
silver-halide holographic plate by means of Michelson interferometer. The spatial resolution of the 
used silver-halide material is greater than 6000 lines per millimeter. The second grating is formed as a 
sinusoidal phase variation on a LCoS phase-only reflective display with a resolution of 1920x1080 
pixels, pixel pitch 8 µm and 256 phase levels.  
 
Two contradictory requirements should be fulfilled for acceptable quality of fringes. In the first place, 
the influence of higher harmonics should be negligible to ensure satisfactory phase retrieval accuracy. 
The contribution of higher harmonics of fringes increases with the modulation parameter which 
defines the contrast of the grating phase distribution. In the second place, accurate measurement 
entails comparatively high contrast of the generated fringes which requires increase of the modulation 
parameter. Frequency content of the generated with both gratings fringes is compared on the basis of 
the calculated Fresnel diffraction pattern, taking in account that the sinusoidal phase distribution in the 
case of the spatial light modulator is both sampled and quantized. The optimum values of the 
modulation parameter of the gratings are determined for both cases from simulation of surface relief 
measurement. Experimental spectra of the generated fringes are also provided.   
 
Keywords: sinusoidal phase grating, SLM, surface relief measurement. 
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The holography is a technique that enables permanent record of 3D color pictures. Due to its sub-
micronics structure, holograms are remarkable safety elements which are very difficult to counterfeit. 
Dot-matrix technology, as one of  the commonly used methods, represents substantial obstacle to all 
types of fraudulent activities. This kind of holograms is mainly used for the purpose of protection 
against forgery of checks, cards, passports, etc. Such a high resolution technics enable also 
engineering of 2D and 3D structures leading potentially to the construction of metamaterials. In this 
paper we describe the high resolution holographic structures obtained by dot matrix device of novel 
construction.  
 
This device consists of mechanical, electrical and optical components which were driven via control 
and customized recording software. As a source of coherent light emission we used diode pumped 
solid state laser with 473 nm wavelength and 50 mW output power. The motorized XY table was used 
for positioning photosensitive material with resolution up to 25 nm. By using mirrors and prisms, we 
separated two parallel laser beams to desired distance and introduced them into microscope objective. 
We put different photosensitive materials like pullulan and photoresist in the objective focus in order 
to obtain interference patterns of coupled laser beams. Each 15 µm diameter elliptical dot recorded in 
such way corresponds to microscopic diffraction grating with 1 µm periodicity.  
 
With such sophisticated device we obtained high resolution security hologram and we will be able to 
generated novel metamaterial structure. 
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A holographic phase-shifting realization of the photoelastic-coating method is an effective approach to 
separate the stress components over the tested specimen due to its easier and faster implementation in 
comparison with the oblique-incidence method, the strip coating method and the strain gage separation 
method. For the purpose, a series of six photoelastic fringe patterns are recorded at different 
preliminary known orientations of the polarization elements in a circular polariscope to build both 
isochromatic and isoclinic phase maps which give the loci of points with a constant difference of 
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principal stresses and constant principal stress direction respectively. In addition, holographic 
recording of four fringe patterns is applied for retrieval of isopachic fringes which give the sum of 
principal stresses. If a two-load phase-shifting technique is applied for unambiguous phase retrieval of 
all photoelastic parameters required for full-field stress analysis, the number of the fringe patterns used 
for the final calculation of the stress components doubles. This increases the requirements set on the 
accuracy of the phase retrieval. Therefore the reliable stress separation crucially depends on the signal-
to-noise ratio in the recorded fringe patterns. The easiest way to perform a combined polariscopic and 
holographic measurement for full-field stress analysis is to use a laser light source. However, the 
speckle noise at coherent illumination violates the requirement for high signal-to-noise ratio in the 
recorded patterns and worsens the accurate phase estimation and unwrapping. To answer the question 
how the speckle noise affects the phase retrieval of isochromatics, isoclinics and isopachics we solved 
two tasks in the presented report: i) modelling of the phase-shifting photoelastic measurement based 
on calculation of the complex amplitudes in a Mach-Zender interferometer combined with a circular 
polariscope; ii) comparison of different denoising algorithms with and without normalization by 
processing simulated and experimental fringe patterns. The latter were recorded at pure tensile load for 
PhotoStress coated samples with different mechanical stress concentrators. 
 
Keywords: stress separation, photo-elastic coating, speckle 
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There are two problems of interpretation of mathematical theories; it is primarily their translation into 
the language of human communication and other matter lies in the circumstances that the cognitive 
range of quantum physics boundary between descriptions and explanations of phenomena are not 
clear. In connection with this fact is the hypothesis that the photon is a bound state of neutrino and 
antineutrino. This hypothesis has been sent to CEWQO Symposium 2010 [1]. Consequence of this 
paradigm: The hypothesis that the photon bound states of the neutrino and antineutrino has resulted in 
the first place that there are three types of photons, due to the fact that there are three types of 
neutrinos: electron, muon and tau neutrino. The present viewpoint in science is that the photons differ 
in their energies, and taking into account the fact of equivalence of matter and energy, the different 
types of energy we can join different types of material photon. 
 

       ( )γ ν ν ν ν= + =e e e e e     ( )µ µ µ µ µγ ν ν ν ν= + =    ( )τ τ τ τ τγ ν ν ν ν= + = .  (1) 
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It is important to note that the operation + means bound states, which may not be valid energy 
conservation law (comes to the transfer of energy into information which is responsible for 17 layer of 
consciousness, which enables nonlocality of quantum theory). Here it is necessary to introduce one 
more assumption about the electron bound states. From the standpoint of current science known facts 
about W minus bosons is “W-bosons decay to produce either a quark and a differently charged 
antiquark or a charged lepton and a neutrino (or antineutrino).” This conclusion should be replaced 
with the hypothesis that the electron is bound states of W minus bosons and neutrinos. 

                                                          ( )ν ν− − −= + =e ee W W .                                                                      (2) 
The fact that the electron mass around 160 000 times smaller than the associated weight W minus 
boson has so far resulted in the negative W boson decays into an electron and electron antineutrino [3]. 
From the perspective of our interpretation, of minus W boson, cannot exist independently, in order to 
survive is linked electron neutrino from photon in cosmic ray (other particle is electron antineutrino is 
detect) and provides a stable electron structure of the material. Come up with Wave-energy-
information transformation into a stable material (it must be made to work to form a stable substance, 
and this requires energy) in our view that energy conservation law is valid. From the perspective of 
our interpretation, the graviton is a hypothetical elementary particle responsible for equations (2) that 
mediates the force of gravitation in the framework of quantum field theory. If it exists, the graviton 
must be masless (because the gravitational force has unlimited range) and must have a spin of 2. 
Equation (2) is satisfied for spin number. 
 
REFERENCES 
[1]  http://www.st-andrews.ac.uk/~cewqo10/submission/762a2.pdf.  
[2]  N.V. Delić, J.P.Šetrajčić, D.Lj.Mirjanić, Z.Ivanković, D.Martinov, S.Jokić, I.Petrevska–ðukić, 
D.Tešanović, S.Pelemiš„Micro Electronic and Mechanical Systems”, ISBN 978-953-307-027-8, pp. 
493-514, Ed.Kenici Takahata, IN-TECH,  Croatia 2009. 
http://www.intechopen.com/books/show/title/micro-electronic-and-mechanical-systems.  
[3] http://www.hep.ucl.ac.uk/~jpc/all/ulthesis/node45.html. 

 
Poster Presentations – Quantum Optics  P.QO.2 

 

Radiation transitions from Rydberg states of lithium atoms in a blackbody 

radiation of environment 
 

I.L. Glukhov and V.D. Ovsiannikov 
1Department of Physics, Voronezh State University, Voronezh, 394006, Russian Federation 

e-mail: glukhovofficial@mail.ru 
 

Lithium atoms are the simplest single-valence-electron atoms with hydrogen-like spectrum of  bound-
state energies 

 21/ 2nlE ν= − , 

determined by an effective principal quantum number 1rnν λ= + +  with rn , an integer radial 

quantum number. λ  stands for the angular momentum l, which for S-, P- and D-states is a non-integer 
effective angular-momentum quantum number. For Li atoms λ  becomes close to integer l only for 
states with higher angular momentums, 3lλ = ≥ . The distinction from the hydrogen energy spectrum 
results in essential difference of radiation properties of the Rydberg states with 3l < . In particular, the 
spontaneous decay rate of the P-series is more than one order smaller than those of hydrogen and 
helium atoms [1], while the rate of S-state spontaneous decay is twice as big as that of the hydrogen 
atoms, and only the D-state natural decay rates become comparable with those of hydrogen. Yet more 
significant departure from hydrogen appears in particular properties of the three different radiation 
processes: (i) decay, (ii) excitation and (iii) ionization, induced in the Rydberg-state lithium atoms by 
the blackbody radiation (BBR) of environment. The most important of these differences is caused by 
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the irregular behaviour of the nS-state ionization cross section. This irregularity starts from the 
threshold ionization of the lowest states. The cross section falls down with the growth of the principal 
quantum number n, up to n=33-34 [2,3]. Starting from n=35, the cross section of the threshold 

ionization begins to grow up with n following a power law, thr q
nl nσ ∝ , with the exponent 0q q>  

where 0 5 / 3q =  is the exponent, characteristic of the asymptotic behaviour of the Rydberg-state 

ionization cross-section, as the semiclassical theory predicts for all Rydberg series independently of 
the angular momentum l [4]. The smallness of the ionization cross section makes negligibly small the 
contribution of ionization to the BBR-induced broadening of the nS-states. The principal role in the 
BBR-induced broadening belongs to bound-bound transitions: downward (decays) for the S-series and 
upward (excitations) for the P- and D-series. For example, at room temperature (300 K) the BBR-

induced broadening of the 61S-state equals about 93% of the natural width ( 1
61 5328sp

S s−Γ = ). 70.7% 

of this belongs to the contribution of decays and 22.8% is due to the excitations. The contribution of 

the BBR-induced ionization here does not exceed 0.001% of 61
sp

SΓ . 

 
Simple analytical approximations for the fractional probabilities of the BBR-induced photo-processes 
are proposed, which e.g., for decay (excitation) may be written as 

 
( ) ( ) ( ) 2

( ) ( ) 0 1 2
2 3

( ) ( ) /
exp( ) 1

d e d e d e
d e d e sp
nl nl nl

a a x a x
R T T

n x

+ +
= Γ Γ =

 − 
 

where 3 3315780 /x n T=  is the ratio of the energy of transitions between neighbour Rydberg levels 
31/nlE n∆ ≈  and the thermal energy / 315780kT T=  (in atomic units). The coefficients ( )d e

ia  and 

their very smooth dependence on temperature are determined from the standard curve polynomial fit 
procedure. The error of the approximation equations in the region of 1x <  is below 2%. 
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We study double-Λ atomic scheme that interacts with four laser light beams so that the closed loop of 
radiation-induced transitions is formed. When specific relations for field phases, frequencies and 
amplitudes are satisfied, coherent superpositions (so called “dark states”) can be formed in a double- 
Λ, which leads to the well known effect of electromagnetically induced transparency (EIT). If the 
interaction scheme in a double-Λ system is such that closed loop is formed, the relative phase of the 
laser light fields becomes very important [1]. We here analyze the effect of the lasers’ relative phase 
on the overall EIT profile. 
 
Theoretical study of interactions of lasers with a double-Λ atomic scheme is commonly done by 
solving optical Bloch equations (OBEs). We here use perturbative method [2] to solve OBEs, where 
the interaction of lasers with double-Λ is considered a perturbation. Advantage of perturbative method 
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is that it generally produces simpler solutions and analytical expressions can be obtained. We present 
analytical expressions for  the lower-order corrections of the EIT signal. Our results show that the EIT 
by perturbative method can be approximated by the sum of products of complex lorentzians. Through 
these expressions we see in which way relative phase affects overall EIT profile. 
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Four-level double-Λ atomic scheme i.e., two Λ systems sharing the same two ground levels, that 
interacts with four laser light fields is studied theoretically. Peculiarity is that each of the two ground 
states can be coupled to each excited state by two laser light fields. Certain energy difference exists 
between excited-state levels. We consider this energy small enough, so that laser resonant to either one 
transition can also couple the other transition. We test whether coupling of the more detuned laser is 
not non-negligible. Multiply connected states were also recently analyzed (and the comparison with 
the experiment was presented), but for the simpler, two and three level atomic schemes [1]. 
 
Theoretical treatment of the double-Λ atomic scheme is commonly done by solving optical Bloch 
equations (OBEs). When rotating-wave approximation (RWA) is applied, OBEs become, by their 
form, a set of linear differential equations with constant coefficients. Theoretical treatment of the 
interaction scheme treated here leads to OBEs with coefficients that are not constant, but oscillate with 
time, even after RWA is applied. Under certain assumptions, the approximation can be used where the 
time-dependent coefficients are averaged over their periods [1]. The method yields new system of 
equations (similar to standard OBEs), but with more independent variables and can also be solved in a 
usual way. The results presented here analyze validity of this approximation by comparing results for 
the double-Λ atomic scheme with single- and two-fold coupled transitions. We test whether in the 
limit of large energy splitting between excited-state levels both approaches lead to similar results. 
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Using the results from [1], where some difficulties related to the definition of non entire functions of 
the creation and annihilation operators present in the literature - were avoided, we analyze a new 
quantum phase operator defined on the von Neumann lattice- as proportional to the difference of 
logarithms of creation and annihilation operators. We compare phase distributions for some 
characteristic states obtained with this new operator and some other results for phase distributions 
obtained with earlier approaches. We discuss the obtained results. 
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We present effects of Ramsey method of separated oscillatory fields (pump and probe) on 
electromagnetically induced transparency (EIT). Both pump and probe lasers are locked to the  
Fg =2→Fe=1 in D1 line transitions of 87Rb. Effects are analyzed in the Hanle configuration and in a 
room temperature Rb vapor cell. The pump laser beam is used for creation and the probe laser beam 
for detection of the coherence between ground-state Zeeman sublevels. 
 
We show that EIT can be obtained with spatially separated and counter-propagating pump and probe 
beams. In comparison with the single laser beam, substantial narrowing of the probe Hanle EIT is 
obtained due to temporal evolution of the pump induced Zeeman coherence and later probed by the 
probe laser. The interference between atomic coherences and the probe laser are confirmed from 
changes of the resonances line shape with the angle between linearly polarized pump and probe laser 
beams, i.e., due to different initial phases of the atomic coherences. These results are compared with 
results obtained with co-propagating pump and probe laser beam [1], and in counter-propagating 
scheme we have overcome problems due to scattered pump beam light that was mixed with probe 
beam on photo detector. This allowed us to use lower light power in probe beam and to obtain slightly 
narrower resonances. 
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Coherent population trapping (CPT) is a coherent superposition of atomic levels of long lived 
hyperfine states, while Electromagnetically induced transparency (EIT) [1], nonlinear magneto-optical 
rotation of polarization, and slow light [2] are quantum optical phenomena, related to CPT. Our 
experimental realization of EIT is based on Zeeman coherences between magnetic sublevels of 
hyperfine level of rubidium electronic ground state. Slow light effect of the probe laser pulse, in the 
presence of a resonant, strong pump laser beam is due to a high dispersion, centered at a EIT peak, 
which hereafter leads to very low group velocity of the light pulse. 
 
In our experiment, we derive two optical fields of different circular polarizations from a single laser 
beam locked to the transition 52S1/2, Fg=2 → 52P1/2, Fe=1 in 87Rb. Zeeman coherences between 
magnetic sublevels whose numbers differ by 2 were generated by σ+  and σ- laser light. Gaussian like 
pulse of σ- circular polarization (probe) was obtained by applying voltage pulse to the Pockels cell, 
i.e., LiNbO3 crystal. This pulse co-propagates with much stronger optical field of σ+ circular 
polarization through hot Rb cell filled with 30 Torr of Ne buffer gas. These two fields yield to 
electromagnetically induced transparency and to slower probe pulse propagation due to low group 
velocity. We define fractional time delay as a ratio of an absolute time delay of the slow light pulse to 
its temporal length. 
 
We investigated experimentally and theoretically effects of separated excitation fields on probe EIT 
linewidths and time delay of probe pulse. Due to atom diffusion out and back again in the laser beam, 
atomic coherence spends time in a “dark” making conditions for Ramsey effect on resonance line 
narrowing. This effect can be seen by using single probe laser pulse. We enhanced Ramsey effect by 
applying successive probe pulses thus allowing more atoms in the superposition state to evolve in the 
“dark” before the second excitation pulse. We have done thorough investigation of various 
experimental parameters in order to achieve highly contrasted and narrow EIT resonances as well as 
the minimal values of group velocity and fractional time delay of polarization light pulses. We 
changed total laser intensity, the ratio of σ- light power to the σ+ light power, duration of the probe 
pulse, time interval between subsequent probe pulses and temperature of the Rb cell. We showed that 
there is an important influence of all these parameters on EIT and slow light features. One of the 
possible applications of such experiment is the preparation of the system so that storage of light [3] 
could be achieved as a first step to quantum information processing and atomic quantum memory. 
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We will present a handheld device for rendering the signals produced by individual photons. The 
device is intended to be used for lecture (or public) demonstrations of the discrete nature of light. It is 
based on a Hamamatsu type H10722-01 photomultiplier (PM) which contains a controllable high 
voltage supply and a pulse preamplifier [1]. The PM operates on ±5 V, which is supplied by 
rechargeable batteries. A simple electronic discriminator circuit allows the analog pulses of varying 
amplitudes produced by the PM to be converted into digital TTL pulses. 
 
Light enters the device through a narrow solid angle collimator made of 0.3 mm diameter apertures. 
Two interference filters (10 nm bandpass) inserted between the apertures prevent overloading the PM. 
The apertures and filters are held in a removable collimator block that is mounted onto the PM using 
Hamamatsu’s type A10030 adapter block [2]. The collimator, PM, and batteries are mounted in a 
handheld housing. Small potentiometers allow the individual control of the PM’s high voltage and the 
discriminator level. 
 
Electric pulses produced by individual photons in the PM are rendered acoustically by a small 
loudspeaker built into the housing. Output connectors allow the pulse signals to be displayed by an 
external amplifier/loudspeaker system, an oscilloscope, or to be further processed by pulse counting 
electronics.  
 
Besides its use as a standalone device that demonstrates photon pulses, the device has a number of 
interesting other applications in teaching: When using a collimator block with interference filters that 
pass only a specific spectral line one can demonstrate the remote sensing of chemical elements, such 
as the presence of mercury (identified by its 546.1 nm green line) in a fluorescence light tube or a 
street lamp. When pointing the device at a distant surface illuminated by an enlarged laser spot, one 
may demonstrate the proportionality relation between the brightness of the spot and the photon click 
rate. When increasing the incident radiation such that the average photon rate exceeds the inverse of 
the pulse widths (≈20 µs), the individual pulses pile up to form a fluctuating continuous signal that is 
well suited for illustrating the concept of shot noise and for making quantitative measurements thereof. 
The collimator/PM assembly is routinely used by us in our demonstration experiments on the wave-
particle duality of light [3] and the phenomenon of quantum erasing [4,5]. 
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Constrained Hamiltonian dynamics [1,2] is exploited to provide the mathematical framework of a 
coarse-grained description of the quantum system of nonlinear interacting oscillators [3]. The classical 
system has finite dimensional phase-space and the quantum system viewed as the Hamiltonian system 
is infinite dimensional in an essential way. Kinematical and dynamical properties of the classical 
system are obtained from the quantum one via the two step procedure consisting of a coarse-graining 
followed by classical limit. The coarse-graining is mathematically treated as an equivalence relation 
on the set of quantum states, and as a result emerges the classical phase-space. The equivalence 
relation imposes a constraint on the Hamiltonian dynamics of the quantum system. The constraints 
preserve constant and minimal quantum fluctuations of the canonical observables. The formulation of 
the most appropriate finite set of constraints that fulfill the goal is not straightforward and involves the 
nonlinear interaction potential. Resulting constrained Hamiltonian system on the coherent state 
constrained manifold represents the coarse-grained description of the quantum system of oscillators. 
The system differs from the classical system with the same potential only in the terms that are 
arbitrary small in the classical i.e. macroscopic limit. 
 
The procedure can be used to obtain other classical systems from the corresponding coarse-grained 
quantum systems in the corresponding classical limit. 
 
This work is partly supported by the Serbian Ministry of Science contracts No. 171017, 171028, 
171038 and 45016. 
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Recently in the Institute of Solid State Physics, Bulgarian Academy of Sciences in collaboration with 
groups from Faculty of Physics of Sofia University, rubidium atoms (85Rb and 87Rb) were cooled 
and trapped in a standard 3D magneto-optical trap (MOT). A systematic characterization of the 
rubidium MOT in terms of the total number of trapped atoms versus several laser intensities, laser 
detuning, and magnetic field gradients have been done. The total amount of fluorescence emitted by 
the cold atoms has been measured with a calibrated photodiode subtending a known solid angle, while 
a high-speed video camera connected to a computer via an image acquisition board is used to monitor 
the size and the shape of the atomic cloud. The temperature measurements are made by a method of 
shaking MOT [1,2]. 
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We investigate the influence of quantum fluctuations upon dipolar Bose gases by means of the 
Bogoliubov-de Gennes theory. Thereby, we make use of the local density approximation to evaluate 
the dipolar exchange interaction between the condensate and the excited particles. This allows to 
obtain the Bogoliubov spectrum analytically in the limit of large particle numbers. After discussing the 
condensate depletion and the ground-state energy correction, we derive quantum corrected equations 
of motion for harmonically trapped dipolar Bose gases by using superfluid hydrodynamics. These 
equations are subsequently applied to analyze the equilibrium configuration, the low-lying oscillation 
frequencies, and the time-of-flight dynamics. We find that both atomic magnetic and molecular 
electric dipolar systems offer promising scenarios for detecting beyond mean-field effects. 
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The properties of dipolar Bose-Einstein condensates (BEC) in optical lattice have been in a research 
focus during past few years [1], [2]. Here we study dipolar BEC in an one-dimensional very deep 
optical lattice, modeling the system by discrete nonlinear Schrödinger equation with dipole-dipole 
interaction term [1]. We demonstrate the existence of stationary states with periods equal to twice that 
of the optical lattice. Their occurrence coincides with the onset of dynamical instability of states of the 
usual Bloch form with the lattice periodicity (continuous-wave, cw solution) [3]. Actually, the 
changing of their stability at critical value of the system parameter gives rise to two double periodic 
solution (DPS) branches which are stable with respect to the mentioned perturbation. In general, in the 
anti-continuum limit (very deep optical lattice) the supercritical pitchfork bifurcation is associated 
with this transformation.  
 
The exact form of the period-doubled solutions is found and main conclusions are derived analytically 
by the variational approach and numerically. To generate spatial doubled periodic pattern in the model 
the presence of local (contact) or/and nonlocal (dipole-dipole) interaction was needed. It is shown that 
the DPS occurs in the form of unstaggered or staggered periodic pattern with a twice of the lattice 
periodicity. Except in the anti-continuum limit the DPSs are unstable with respect to arbitrary small 
perturbation.  
 
Dynamical calculations show two interesting points for very deep lattices. In the presence of a small 
perturbation with a twice lattice period, the DPS pattern conserves its form and the cw solution 
evolves into the double periodic breathing pattern in the long time limit (the order of a few dozens of 
milliseconds which corresponds to the experimentally reached life times of the dipolar BECs). This 
period doubling patterns can be also related with the framework of the so called Peierls instability 
which occurs in the spatially periodic electron systems in the condensate matter physics and leads to 
transition from conduction to isolator phase. Therefore, studies of this kind of problem in the dipolar 
BEC could be also interesting in more general point of view, than the physics of ultracold gases is.   
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The interaction with laser beams can ameliorate the micro-hardness of many materials, among which 
the superalloys are attractive and new. Nimonic-263 superalloy is widely used in harsh surroundings 
(elevated temperature and pressure) due to its robust characteristics. Laser treatments induce the 
changes in the microstructure of superalloys including the formation of nano-particles [1, 2]. We have 
investigated the microstructure changes of Nimonic-263 surface occurring after laser treatments 
(mechanical and thermomechanical), with the aim to improve the mechanical properties of the 
material. 
 
For the mechanical treatment, the absorbent material was applied to the surface, and the samples were 
submerged in the transparent liquid and exposed to laser beam radiation. For the thermomechanical 
treatment, the laser beam action occurred directly on the material. The treatments of the surface were 
performed with pulses of Ti:Sapphire and Nd3+:YAG laser beams with various repetition rates. 
 
The microstructure changes arisen in the material after laser beam interaction with the samples were 
observed by scanning electron microscopy and analyzed by energo-dispersive spectrometry. Different 
structural morphologies and various forming clusters of micro-constituents were noticed, analyzed 

and – from technological point of view – labeled as wanted or unwanted. Grain size of the clusters was 
measured and the micro-hardness Vickers-tests were performed. The results were analyzed and 
discussed. The investigations are intended to contribute to the study on the level of the microstructure 
changes due to the laser processing, in order to obtain better mechanical properties of superalloys. 
 
Acknowledgements: This work is supported by the Ministry of Science of the Republic of Serbia 
under contract III45016. 
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Titanium-aluminum and titanium-nickel are well known alloys with very good physicochemical 
characteristics such as thermo chemical stability for high temperature wear and corrosion protection. 
Multilayered nanometric thin films, composed of titanium and aluminum/nickel, are attractive due to 
their unusual phase compositions, which are not attributed to uniform bulk of the single metals. 
Conventional mechanical micro/nano structuring of such multilayerd composites is difficult and 
application of a focused laser beam is often the solution.   
 
Nano composites in form of alternating nanolayers were created by physical vacuum deposition 
(PVD).  Deposition of Al/Ti and Ni/Ti on silicone substrate, were conducted in a single vacuum run, 
by switching sputtering from one metallic target to the other. Total thickness of the deposited 
structures was ~250 nm, each consisting of 10 individual layers. Laser surface modification 
/processing of samples were done by a focused Er,Yb,Cr-glass laser. The wavelength was 1540 nm, 
pulse duration 60 ns and pulse energy from 2 to 10 mJ. The irradiation was conducted in air. Before 
and after the laser irradiation, surface morphology of the samples was monitored by optical 
microscopy (OM) and scanning electron microscopy (SEM). Chemical and phase composition were 
determined by X-ray photoelectron spectroscopy (XPS). Profilometer was used to characterize 
topographic changes of the modified areas. 
 
The surface modification of samples was investigated after one, two, five or ten pulses with the 
constant energy per pulse. In the experiment, energy density was varied from 10 to 20 Jcm-2. During 
irradiation of (Al/Ti)/Si and (Ni/Ti)/Si systems with nanosecond laser pulses, the main part of the 
absorbed energy was rapidly transformed into heat which, depending on energy density, caused 
melting, phase transformation, material ejection, ablation, etc. For applied pulse number-energy 
density combination, the surface changes of the (Al/Ti)/Si and (Ni/Ti)/Si can be clearly recognized. 
For both systems surface changes/phenomena can be summarized as: (i) intensive removal of surface 
material with crater like characteristics; (ii) appearance of hydrodynamic features, resolidified droplets 
in near and farther periphery; (iii) sporadic cracking and, (iv) manifestation of spark-like plasma in 
front of the target after first and subsequent pulses. The differences in laser surface modification 
between both systems were evident.  
 
Morphological changes of (Ni/Ti)/Si system included partial modification of the silicon substrate in 
the form of polygonal/mosaic structures and appearance of hydrodynamic features in the shape of 
nano-globules. This result indicated recrystalization and redeposition of the system components.  For 
the (Al/Ti)/Si multilayer, showed amorphisation of the irradiated region. At the constant laser fluence 
and same number of pulses, the craters were slightly deeper for (Ni/Ti)/Si than for (Al/Ti)/Si system. It 
was also found that ablation rate in case of (Ni/Ti)/Si system was greater than ablation rate for the 
(Al/Ti)/Si system. Different shape and dimension of the formed craters for both systems, as well as the 
absence of specific structure on the Si substrate in the case of (Al/Ti)/Si system, are mainly due to 
different thermo physical properties of the building components, especially low melting point of 
aluminum.  
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Femtosecond laser pulses at low fluences can generally produce conditions for no dissipation of laser 
beam energy out of the irradiated area, due to highly excited electrons that facilitate Coulomb 
explosion and, consequently, direct ablation. Irradiation by short laser pulses provides unique 
possibilities for high precision material processing. Due to rapid energy delivery to the material 
surface, heat-affected zones in the irradiated targets are strongly localized with minimal residual 
damage, which can allow generation of well-defined nano- micro- structures of high quality and 
reproducibility. For producing controllable features, the parameter of special importance is the damage 
threshold fluence (Dth(1)) of a single pulse. This value depends on the properties of the material and 
on the laser pulse parameters. In the present work we investigated the effects of single femtosecond 
laser pulses by varying energy per pulse, on multilayered protective coatings. The coating was 
composed of alumina ceramic (Al2O3) top layer over titanium aluminium nitride single layer (TiAlN). 
The optimal conditions at which the irradiation by a single laser pulse produced partial exfoliation of 
the top layer were recorded. Partial exfoliation in the form of regularly distributed micro holes could 
be useful, for example, as a “bed” for solid lubricant in tools manufacturing, in microelectronics, etc. 
 
The laser used was a Ti:sapphire equipped with a chirped pulse amplification (CPA) system (Clark-
MRX 2101). The wavelength of the amplified output beam was 775 nm, with 200 fs pulse duration. 
The pulse energy ranged from 0.5 to 50 µJ. The spatial profile of the beam was Gaussian, and the 
irradiations were performed in air. The linearly polarized beam was focused with a 75 mm focus lens 
and directed perpendicular to the target surface. The experimental sample, multilayered protective 
coating of Al2O3 and TiAlN (total thickness 2.4 µm) was deposited on a steel substrate by the PVD 
sputtering technique.  
 
To determine the damage threshold fluence, a series of laser pulse energies (E) was used. The fluences 
that corresponded to pulse energies used ranged from 0.1 to 7.0 J cm-2. The procedure was computer 
controlled. Before and after laser irradiation, the sample was characterized by several analytical 
techniques. The coating was analysed by energy-dispersive X-ray and Auger electron spectroscopy 
(EDXS and AES). Detailed analyses of the surface morphology were performed by scanning electron 
microscopy (SEM&EDX). Profilometry was used for estimating the damaged/ablated area diameters, 
depths and for morphology analysis. The damage/ablation threshold for these multilayered coatings 
was found to be Dth (1)=1.2 µJ or F(1) =0.22 J cm-2. The top 1.4 µm Al2O3 layer was ablated within 
the range of fluences from 0.22 to 1.90 J cm-2, without affecting the remaining TiAlN layer. 
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In this contribution we have studied experimentally and in controlled conditions the condensation of 
water on the surface of a metal. The measurement was fully laser supported, from surface preparation 
through laser treatment to the laser evaporation of condensed water and to optodynamic response 
measurements with a laser deflection probe. 
 
When light is rapidly absorbed in matter nonstationary phenomena occur which together constitute 
optodynamic response of the material [1]. It consists of a wide range of phenomena such as heating, 
expansion, deformation, vaporization, ablation, formation of shock and sound waves in the material 
and the surrounding area, etc.. When nanosecond Er: YAG laser pulses are absorbed in water rapid 
heating occurs, which can be followed by evaporation, explosive boiling [2] and removal of material 
(ablation). The wavelength emitted by Er: YAG laser (2940 nm) lies in the part of the spectrum, where 
there is a maximum in water absorption and is often used in scientific and technological applications 
related to water, such as biological and medical fields. Optodynamic waves which are created 
following the absorption of a laser pulse in the material and the surrounding area are a rich source of 
information about the phenomenon. They can be detected with a laser deflection probe, which has the 
advantage of being non-contact and having a wide frequency response, limited only by the 
characteristics of the detection electronics. 
 
The surface was cooled to a constant temperature below the dew point. Condensation was studied as a 
dynamic phenomenon, from the beginning of accumulation of water on a dry surface until equilibrium 
quantity of water on the surface is reached under given conditions. Er:YAG pulses were also used as a 
laser cleaning tool [3] for prior drying of the experimental area. After the water was allowed to 
condense on the metal surface for a prescribed time interval we illuminated it with a single laser pulse 
and detected the resulting optodynamic waves with a laser deflection probe in the surrounding air. The 
relationship between the optodynamic response and condensation dynamics was examined by 
changing the measurement parameters such as surface temperature, humidity of the ambient air and 
the time of condensation.   
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Reconfigurable, multi band devices play an important role in modern wireless systems. A number of 
papers published so far presents the application of split-ring resonators (SRRs) in design of multi band 
filters operating simultaneously in two or three frequency bands [1-2]. Despite that concept we 
investigate different spatial arrangements of split-ring resonators, obtained by rotating individual split-
rings, which can be done electronically. It was shown that twisting the angle between SRRs 
significantly influences the electromagnetic properties and operating frequency range and can be use 
as additional degree of freedom in design of tunable multi band devices from microwaves to terahertz. 
[3]. 
 
In this work we present theoretical and experimental results of the effective electromagnetic 
parameters [4-5] for different transmission lines consisting of coupled split-ring resonators. We 
investigate how the effective electromagnetic parameters and group delay depend on the angle 
between SRRs. Three different shapes of SRRs: square, rectangular and meander type, which have the 
same length, are considered in order to maximize group delay per one unit cell. It was shown that unit 
cells with SRRs placed symmetrically in respect to transmission line exhibit considerably smaller 

group index ng (
ω

ω
d

dn
n

v

c
n

g
g +== ) and consequently the smaller group delay τg (

ω

ωφ
τ

d

d
g

)(
−= ), 

than if a little asymmetry is introduced by twisting the resonators by 90 degrees. It is noticed that if 
mutual position of gaps in square SRRs changes from 0 to 180 degrees in respect to transmission line, 
the group delay exhibits variation of more than four times (from 0.75ns to 3.1ns). The variation of 
group delay is even more pronounced in case of rectangular SRRs and reaches almost six times (from 
0.78ns to 4.7ns). At the same time group velocity of light can be reduced by factor of 600 with 
relatively low losses. 
 
In order to verify simulated results, different configurations of SRRs coupled with microstrip line are 
fabricated and measured in microwave range from 4GHz to 10GHz. The measured transmission and 
reflection coefficients as well as the extracted effective parameters show a very good agreement with 
simulations. 
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